
C
o
p
y
r
i
g
h
t
 
 
2
0
2
0
.
 
P
r
i
n
c
e
t
o
n
 
U
n
i
v
e
r
s
i
t
y
 
P
r
e
s
s
.
 
A
l
l
 
r
i
g
h
t
s
 
r
e
s
e
r
v
e
d
.
 
M
a
y
 
n
o
t
 
b
e
 
r
e
p
r
o
d
u
c
e
d
 
i
n
 
a
n
y
 
f
o
r
m
 
w
i
t
h
o
u
t
 
p
e
r
m
i
s
s
i
o
n
 
f
r
o
m
 
t
h
e
 
p
u
b
l
i
s
h
e
r
,
 
e
x
c
e
p
t
 
f
a
i
r
 
u
s
e
s
 
p
e
r
m
i
t
t
e
d
 
u
n
d
e
r
 
U
.
S
.
 
o
r
 
a
p
p
l
i
c
a
b
l
e
 
c
o
p
y
r
i
g
h
t
 
l
a
w
.

EBSCO Publishing : eBook Collection (EBSCOhost) - printed on 2/13/2023 11:37 AM via 
AN: 2316583 ; Andrew Dobson, David Tilman, Robert D. Holt.; Unsolved Problems in Ecology
Account: ns335141



UNSOLVED PROBLEMS  
IN ECOLOGY

 EBSCOhost - printed on 2/13/2023 11:37 AM via . All use subject to https://www.ebsco.com/terms-of-use



 EBSCOhost - printed on 2/13/2023 11:37 AM via . All use subject to https://www.ebsco.com/terms-of-use



UNSOLVED PROBLEMS  
IN ECOLOGY

edited by  

Andrew Dobson, Robert D. Holt,  

and David Tilman

PRINCETON UNIVERSITY PRESS

PRINCETON AND OXFORD

 EBSCOhost - printed on 2/13/2023 11:37 AM via . All use subject to https://www.ebsco.com/terms-of-use



 Copyright © 2020 by Princeton University Press

Requests for permission to reproduce material from this work 
should be sent to permissions@press​.princeton​.edu

Published by Princeton University Press
41 William Street, Princeton, New Jersey 08540

6 Oxford Street, Woodstock, Oxfordshire OX20 1TR

press​.princeton​.edu

All Rights Reserved
Library of Congress Cataloging-in-Publication Data

Names: Dobson, Andrew, editor. | Holt, Robert D., editor. |  
Tilman, David, 1949– editor.

Title: Unsolved problems in ecology / edited by Andrew Dobson,  
Robert D. Holt, and David Tilman.

Description: Princeton : Princeton University Press, [2020] |  
Includes bibliographical references and index.

Identifiers: LCCN 2019056794 (print) | LCCN 2019056795 (ebook) |  
ISBN 9780691199832 (hardback) | ISBN 9780691199825 (paperback) |  

ISBN 9780691195322 (ebook)
Subjects: LCSH: Ecology. | Population biology. | Coexistence of species. |  

Ecosystem management. | Biodiversity conservation.
Classification: LCC QH541.145 U57 2020 (print) | LCC QH541.145 (ebook) |  

DDC 577–dc23
LC record available at https://lccn.loc.gov/2019056794

LC ebook record available at https://lccn.loc.gov/2019056795

British Library Cataloging-in-Publication Data is available

Editorial: Alison Kalett and Abigail Johnson
Production Editorial: Kathleen Cioffi

Text and Cover Design: Carmina Alvarez
Production: Brigid Ackerman

Publicity: Matthew Taylor and Amy Stewart
Copyeditor: Gregory W. Zelchenko

Cover image courtesy of Andrew Dobson

This book has been composed in Charis SIL

Printed on acid-free paper. ∞

Printed in the United States of America

1 ​3 ​5 ​7 ​9 ​10 ​8 ​6 ​4 ​2

 EBSCOhost - printed on 2/13/2023 11:37 AM via . All use subject to https://www.ebsco.com/terms-of-use

https://lccn.loc.gov/2019056794
https://lccn.loc.gov/2019056795
http://press.princeton.edu


 We would like to dedicate this volume to
John Tyler Bonner,

Henry Horn,
and

Robert “Bob” May.

They each had a huge influence on each of us
and we can see signs of their huge intellectual influence

in every chapter in this volume.

 EBSCOhost - printed on 2/13/2023 11:37 AM via . All use subject to https://www.ebsco.com/terms-of-use



 EBSCOhost - printed on 2/13/2023 11:37 AM via . All use subject to https://www.ebsco.com/terms-of-use



Contents

Preface	 xi
Andrew Dobson, Robert D. Holt, and David Tilman

List of Contributors	 xvii
PART I

Populations, Variability, and Scaling

Ecological Scaling in Space and Time: A New Tool in  
Plain Sight?	 3
Elizabeth T. Borer

How Will Organisms Respond to Complex,  
Novel Environments?	 16
Emilie C. Snell-Rood and Megan E. Kobiela

Variance-Explicit Ecology: A Call for Holistic Study  
of the Consequences of Variability at Multiple Scales	 25
Marcel Holyoak and William C. Wetzel

Why Does Intra-Genotypic Variance Persist?	 43
C. Jessica E. Metcalf and Julien F. Ayroles

Population Dynamics of Species with Complex Life Cycles	 55
Andrew Dobson

What Determines Population Density?	 67
Robert M. May

PART II
Population Biology and the Ecology of Individuals

Neglected Problems in Ecology: Interdependence  
and Mutualism	 79
Egbert Giles Leigh Jr.

 EBSCOhost - printed on 2/13/2023 11:37 AM via . All use subject to https://www.ebsco.com/terms-of-use



vi i i   •   Contents 

Ecology “through the Looking Glass”: What Might Be the  
Ecological Consequences of Stopping Mutation?	 92
Robert D. Holt

Ecology and Evolution Is Hindered by the Lack of  
Individual-Based Data	 107
Tim Coulson

Do Temperate and Tropical Birds Have Different  
Mating Systems?	 115
Christina Riehl

Leaf Structure and Function	 124
Peter J. Grubb

PART II I
Coexistence

The Dimensions of Species Coexistence	 145
Johnathan M. Levine and Simon P. Hart

Evolution, Speciation, and the Persistence Paradox	 160
Andrew R Tilman and David Tilman

What Is the Species Richness Distribution?	 177
Pablo A. Marquet, Mauricio Tejo, and Rolando Rebolledo

Two Sides of the Same Coin: High Non-Neutral Diversity  
and High-Dimensional Trait Space in Pathogen Populations  
and Ecological Communities	 189
Mercedes Pascual

PART IV
Ecological Communities and Ecosystems

What Regulates Growth across Levels of Organization?	 203
Ian Hatton

The Ecosystem: Superorganism, or Collection of Individuals?	 218
Michel Loreau

Untangling Food Webs	 225
Robert M. Pringle

 EBSCOhost - printed on 2/13/2023 11:37 AM via . All use subject to https://www.ebsco.com/terms-of-use



Contents  •  ix

What Determines the Abundance of Lianas and Vines?	 239
Helene C. Muller-Landau and Stephen W. Pacala

The World Beneath Us: Making Soil Biodiversity  
and Ecosystem Functioning Central to Environmental Policy	 265
Diana H. Wall and Ross A. Virginia

PART V
Ecology and Health

Ecology and Medicines	 279
Andrew F. Read

Six Wedges to Curing Disease	 288
Michael E. Hochberg

PART VI
Conservation Biology and Natural  

Resource Management

Collective Cooperation: From Ecological Communities to  
Global Governance and Back	 311
Simon Levin

Keeping the Faith: The Case for Very-Large Terrestrial  
and Marine Protected Areas	 318
Tim Caro

How Does Biodiversity Relate to Ecosystem Functioning  
in Natural Ecosystems?	 338
Rachael Winfree

PART VII
Final Thoughts

A Science Business Model for Answering Important Questions	 357
Kevin Lafferty

Going Big	 374
Stefano Allesina

Index	 381

 EBSCOhost - printed on 2/13/2023 11:37 AM via . All use subject to https://www.ebsco.com/terms-of-use



 EBSCOhost - printed on 2/13/2023 11:37 AM via . All use subject to https://www.ebsco.com/terms-of-use



Preface

Andrew Dobson, Robert D. Holt, and David Tilman

The centenary of the Ecological Society of America inspired us to ask ecol-
ogists their thoughts about the next century, specifically on the broad 
question of “What are the Unsolved Problems in Ecology?” We imagined 
that they might identify two classes of problems: (1) Those people have 
wrestled with, but where solutions have remained elusive and (2) prob
lems that someone may have just recognized as being potentially huge 
yet unexamined. The motivation for the book stems from a deep convic-
tion that ecology will be a central defining science of the twenty-first 
century, just as physics defined the twentieth, and chemistry the nine-
teeth. Consequently, we put our authors in the position of defining what 
they think the key agenda for ecology will be within their area of re-
search for the next decades to a full century. Sutherland et al. (2013) 
honored the centenary of the British Ecological Society by compiling a 
list of key unanswered questions—in effect, a series of bullet points aim-
ing at future progress in the discipline. We, instead, asked authors to pro-
vide a more discursive reflection on open, important questions in the form 
of essays, providing a more expansive vista across possible future intel-
lectual landscapes.

A strong motivation for the book was a previous volume of essays pub-
lished in the 1970s that simply asked “What are the unsolved problems 
for the 20th Century” (Duncan and Weston-Smith 1977); there were only 
two biological chapters, including one by John Maynard Smith, who as-
tutely pointed out that we did not know why sex had evolved. Curious as 
it seems, no one had explicitly realized that this was a problem prior to 
Maynard Smith’s explication of the inherent “cost of sex” (1971, 1977; see 
Bell 1982); although Darwin as early as 1862 presciently remarked “we 
do not even in the least know why new beings should be produced by the 
union of two sexual elements, instead of by . . . ​parthenogenesis” (cited 
in Kirk 2006), and Bonner (1958) and others do adumbrate some aspects 
of the issue. This book chapter helped spark the genesis of a whole sub-
discipline of studies within evolution, behavioral ecology, and epidemiol-
ogy. We are ambitious enough to hope that at least one of our chapters in 
this volume can likewise unearth an intellectual goldmine that transforms 
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thinking within ecology and the broader disciplines of evolution and en-
vironmental science. The other biological essay in the 1977 compilation 
was by Peter Grubb, who pointed out that our knowledge of leaf structure 
and function at the time was woefully inadequate. This chapter also led 
to multiple developments in plant physiology and ecology. We were de-
lighted when Peter accepted our invitation to write a chapter for the 
current book, and doubly so, when he decided to write a chapter that 
describes how much we still need to know about leaf structure and func-
tion, some four decades after his initial distillation of this question.

Some unsolved questions that the authors in this volume bring up are 
radically new, but others are longstanding. Robert MacArthur towards the 
end of his life sketched an array of outstanding problems in ecology (Mac
Arthur 1972), focused around the theme of species coexistence, many of 
which are still with us and touched on in the current volume, including 
for instance the need for network perspectives, and the importance of un-
derstanding “why are some species able to adjust niche widths rapidly 
when put in a new situation while others are rigid?”; the latter question 
foreshadowed current concerns with themes such as niche conservatism 
and evolutionary rescue. MacArthur argued for intellectual pluralism and 
suggested that ecologists needed to get beyond the biological sciences (in-
cluding in particular, he notes, the earth sciences) to really come to grips 
with the issue of species coexistence. These insights resonate today.

We initially planned to obtain three temporal perspectives on the un-
solved problems identified by the authors, corresponding roughly to dif
ferent stages in the trajectories of careers. To this end, we split the set of 
authors we invited into three broad and overlapping categories: (1) We 
asked younger researchers whose careers are expanding rapidly as to what 
they see as the major conceptual challenges facing their research, (2) we 
asked midcareer scientists to describe what they plan to focus on as the 
major targets of opportunity in their own careers, and (3) we asked indi-
viduals who have helped to define the study of ecology over the last 30 to 
50 years to describe the problems they have found intractable or continu-
ally challenging, given available techniques and methodology. The skel-
eton of this structure is faintly discernible within the chapters we received 
for the final volume, although we perceive two distortions, one of which 
can fairly readily be dealt with, the other of which presents a significant 
“unsolved problem in ecology.” The first distortion is that we tended to 
ask people whom we knew personally to write chapters. Although we have 
all been active in the Ecological Society of America, the British Ecologi-
cal Society, the American Society of Naturalists, and the Society for Con-
servation Biology (among others) for more than 30 years, we surely (if 
unconsciously) are biased in asking friends and colleagues, rather than a 
broader array of people we may have admired from a distance in these 
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and other ecological societies. This is partly because it is so much easier 
to pressure and cajole friends and colleagues to deliver manuscripts and 
forebear with us when the editorial process slows down.

We could have assembled and organized the book in different ways, 
for instance by soliciting chapters that focused on specific areas of cur-
rent or historical controversy, or by dividing the contributions papers into 
those that focus on specific issues, versus more general scientific and so-
cietal problems. We again resisted this, partly because such approaches 
would reflect our own personal knowledge and biases. One notable fea-
ture of our collection of essays is that they are all are each by one to two 
authors. Yet many of the problems identified by these authors will require 
collaborative efforts among many scientists, and indeed the ecological lit
erature is becoming dominated by multiauthor publications.

In past years, the National Center for Ecological Analysis and Synthe-
sis (NCEAS) in Santa Barbara) was an excellent forum for pushing syn-
thesis in ecological theory and practice. NCEAS supported working groups, 
postdoctoral fellows, and visiting scholars working on themes such as co-
existence theory, ecological networks, and phylogenetic perspectives on 
community structure. After the ending of core National Science Founda-
tion (NSF) funding, NCEAS metamorphosed into an entity more tightly 
focused on critical applied issues, such as global food systems sustainabil-
ity, ocean health, conservation practice, and also providing a venue syn-
thesis across the Long Term Ecological Research Network (LTER) network 
of sites. These are of course all very important issues to address, but this 
change in focus means that ecology does not have a think tank where 
groups of ecologists—often with dissenting opinions—can convene to 
identify common ground and hatch new perspectives on key conceptual 
problems in the ecological sciences. The traditional forums of symposia 
and talks at annual conferences do not at all fill this niche. It is too easy 
for opposing parties to posture and defend their position rather than work 
with each other cooperatively and constructively. The long time delays 
inherent in production allow differences of opinion to fester, slowing the 
development of new and vital knowledge. Current debates in the ecologi-
cal literature, ranging from subtleties in coexistence theory, to articulat-
ing the biodiversity consequences of habitat fragmentation, to the dilu-
tion versus amplification effects in host–parasite ecology, to priority effects 
and alternative stable states, could all benefit from the working group en-
vironment provided by the original avatar of NCEAS.

As pointed out by one of the referees of this volume, “Few if any sig-
nificant debates in ecology have ever been resolved. People either die or 
get tired of arguing them. This is not a good thing!” This was much less 
of a problem when we had NCEAS as a facility to host discussions of areas 
of controversy which often led to an emerging consensus. The absence of 
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such a concrete center—a think tank for the basic ecological sciences—is 
in our view a major unsolved problem in ecology.

Just as each essay reflects the personal stance of the author, the se
lection we have ended up with reflects our own collective vision as to 
important directions for future research in ecology. A different set of edi-
tors might well have ended up with a different suite of unanswered ques-
tions in our discipline.

The second distortion is harder to deal with and reflects a broader prob
lem in science. Our initial list of potential authors was well-balanced by 
subdiscipline and as well-balanced as we could between male and female 
authors. Most of the more senior women we approached felt themselves 
too overcommitted with other work to be able to contribute a chapter. 
Most expressed frustration at the limited amount of time they had avail-
able to write primary research papers or even grant proposals, given the 
heavy loads they experience in terms of being asked to participate in a 
broad range of administrative—but not directly scientific—tasks. This is 
a parlous state of affairs that excludes important and insightful voices from 
not just our compilation of thought pieces, but broader discussions of ecol
ogy and other academic disciplines. We hope this situation can be re-
solved over the next decade, as the different ecological societies, academic 
institutions, and funding agencies nurture and mentor the next genera-
tion of younger scholars. Nonetheless, it is a major unsolved problem that 
we still need to address with increasing vigor in both the scientific and 
policy arenas of ecology and the environmental sciences.

We hope the book will appeal to at least three different groups of ecol-
ogists: (1) Graduate students at early stages of their careers, who are 
looking for new and exciting areas in which to develop their research 
careers. (2) Established ecologists, who are thinking about different di-
rections to take their research, or simply inquisitive about new ideas to 
include in their courses and symposia. (3) Historians of science who are 
interested in the forces that shape the development of new ideas within 
different scientific disciplines.

We thank the authors of each chapter for their contributions, particu-
larly those who also acted as referees for chapters other than their own 
and provided insightful comments that further enhanced the quality of 
these chapters. We humbly also thank the two anonymous referees who 
read the complete volume for Princeton University Press. Their vital in-
sights are reflected in the expanded title, in some of the threads of this 
introduction and in a modified organization of the order of the chapters. 
As is inevitable, the task took longer than we first assumed; grappling with 
the task of compiling and editing this lively set of essays greatly increased 
our respect for the editors, reviewers, and authors of the ecological jour-
nals that keep our discipline vibrant and rigorous. We finally thank every
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one involved for their patience, and hope that the final product matches 
our and your expectations. We have learned a lot and thoroughly enjoyed 
reading these contributions, and hope that you, and the broader reader-
ship of our community, may likewise profit from careful perusal of these 
essays.
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Ecological Scaling in Space and Time

A New Tool in Plain Sight?

Elizabeth T. Borer

Rapid changes in climate and nutrient deposition in regions around Earth 
are inducing equally rapid changes in the biosphere (Schimel et al. 1997, 
Ellis et al. 2010, Running 2012). These abiotic factors are not changing at 
the same rate or in the same direction in all locations, so organisms are 
increasingly experiencing novel combinations of precipitation, tempera-
ture, and nutrient deposition (Williams et al. 2007, Rockström et al. 2009). 
The reliance of humans on processes provided by organisms and their 
interactions within the local biotic and abiotic environment, such as car-
bon fixation, nutrient cycling, disease transmission, and the quantity, qual-
ity, and persistence of freshwater, provides a pressing reason for ecologists 
to develop a mechanistic understanding of the links between organisms, 
ecosystem processes, and regional and global cycles (Worm et al. 2006, 
Kareiva 2011, Cardinale et al. 2012). Yet, the combination of climate and 
nutrient supply experienced by organisms also results from feedbacks 
between the physiology of individual organisms and global biogeochemi-
cal cycles (Ehleringer and Field 1993, Vitousek et al. 1997, Arrigo 2005, 
Hooper et  al. 2005), making clear our need to better understand pro
cesses that span temporal scales from minutes to millennia and spatial 
scales from suborganismal to Earth’s atmosphere to predict future effects 
of the changing environments on Earth.

The problem of scaling in ecology is not new. Three decades ago, 
scaling occupied the minds of many ecologists. For example, three de
cades ago John Wiens wrote an essay calling for a shift to multiscale 
thinking, development of new theory, and greater focus on collecting 
data to resolve discontinuities in processes across spatial scales (Wiens 
1989). A few years later, Simon Levin published another excellent syn-
thesis of the state of ecological knowledge of scaling (Levin 1992), ar-
guing that knowledge of both large-scale constraints and the aggregate 
behavior of organisms will be necessary for achieving a predictive, mech-
anistic understanding of the feedbacks between organisms and ecosystem 
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fluxes. A key topic raised by both Wiens and Levin also was addressed 
in a book published at nearly the same time (Ehleringer and Field 1993) 
in which many authors tackled the issue of scaling and cross-scale feed-
backs from organismal physiology to global climate and back again.

In the decades since these papers were written, ecologists have con-
tinued to develop an understanding of long-term feedbacks, heteroge-
neity, and links across spatial scales. For example, the effects of forest 
warming over the short term have been demonstrated to stimulate soil 
respiration, whereas turnover in microbial composition can increase the 
carbon use efficiency of the community, leading to attenuation of soil 
respiration under continuous long-term warming (Melillo et  al. 2002, 
Frey et al. 2013). The effects of diversity on productivity also function 
via long-term feedbacks. For example, long-term, chronic nutrient addi-
tion causes productivity to increase initially, but these effects attenuate 
over multiple decades because of ongoing loss of species diversity (Isbell 
et al. 2013). In a different subfield of ecology, research using metage-
nomic tools is highlighting the links and feedbacks among spatial scales 
that determine the resident microbial composition, or microbiome, of a 
host. For example, the identity and relative abundance of microbial spe-
cies inhabiting an individual is determined at the regional scale by the 
composition and relative transmission ability of microbial species and at 
the local scale by the relative abundance of hosts and microbial competi-
tive ability and fitness within individual host species (reviewed in Borer 
et al. 2013). Many factors, including the abiotic environment (Fenchel 
and Finlay 2004), host quality (Smith et al. 2005), and host behavior (Lom-
bardo 2008), can play a role in these interactions and feedbacks across 
spatial scales.

In spite of the forward progress of this field, the fundamental issue 
of effectively using information about processes at one scale in predic-
tions about outcomes at another scale remains unsolved. In 2011, the 
Macrosystems Biology program at the National Science Foundation (NSF) 
was launched to stimulate research and advance greater mechanistic 
understanding of processes spanning spatial scales (Dybas 2011). Al-
though the availability of funding is certainly a key constraint on in-
tellectual progress, identifying and collecting the types of data that 
will be useful for making predictions that span scales also represents a 
major challenge (Levin 1992, Ehleringer and Field 1993, Leibold et al. 
2004, Elser et al. 2010, Nash et al. 2014). Perhaps most importantly, ecol-
ogists studying feedbacks and linkages across spatial scales are faced 
with tradeoffs in our capacity to gather data about the biosphere at any 
scale: the spatial extent versus the temporal extent of a study, the local 
replication versus the spatial extent of a study, or site-based experimen-
tal work versus large-scale observation (Soranno and Schimel 2014).
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A New Tool Hiding in Plain Sight

Over the past several decades, a fairly continuous stream of publications 
has identified conceptual areas of spatial scaling where our ignorance re-
mains vast (e.g., Wiens 1989, Levin 1992, Ehleringer and Field 1993, Pe-
ters et al. 2007, Borer et al. 2013). However, ecological science has changed 
a great deal during this time, giving us a range of new tools and more 
highly resolved data to study ecological scaling relationships. Meta-
analysis has become an accepted tool for quantitative synthesis of the 
ecological literature and has been used, for example, to examine support 
for a range of hypotheses about the key determinants of species diversity 
across spatial scales (Field et al. 2009). Sequencing technology and metage-
nomics is rapidly extending the conceptual realm and spatial scales being 
actively considered by ecologists (Borer et al. 2013). Electronic technol-
ogy also has changed our ability to tackle questions about scaling in myr-
iad ways, including computerization of data acquisition and access, satel-
lite imagery, remote sensing, drone technology, and interpolation of a wide 
array of environmental data (Campbell et al. 2013). One example of the 
exciting cutting-edge of technology to examine scaling in ecology is re-
search that is advancing our ability to use remotely sensed spectral vari-
ation as a tool for estimating local and regional biodiversity, and concur-
rently documenting leaf-level traits and functional differences among taxa 
(Cavender-Bares et al. 2016).

However, the change in the past 30 years that is perhaps most under-
appreciated for its potential to advance this field is neither statistical nor 
technological; it is the shift in the culture of ecological science from a field 
dominated by single investigator projects to one of collaboration (Hamp-
ton and Parker 2011, Goring et al. 2014).

Distributed Experimental Networks

Most ecological research is conducted by one or a few scientists over 
relatively short time scales and small spatial scales (Heidorn 2008), and 
whereas large-scale, multi-investigator collaborations have become in-
creasingly common in ecology over the past several decades (Nabout 
et al. 2015), the vast majority of these collaborations generate, share, and 
analyze observational data (e.g. Baldocchi et al. 2001, Weathers et al. 2013). 
Although observations of ecological systems represent an exceptionally 
important tool for characterizing and comparing among systems, manipu-
lative experiments are a far more powerful tool for forecasting a system’s 
behavior under novel environmental conditions. Given the pressing need to 
effectively forecast ecological responses in a changing global environment, 
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multifactorial experiments measuring responses and feedbacks spanning 
spatial and temporal scales will be a key tool to complement meta-analyses, 
large-scale observations, and models.

Although most experiments in ecology are conceived of and performed 
by single investigators, large-scale, grassroots distributed experimental 
collaborations are rethinking ecological experimentation and are over-
coming the historical tradeoffs in our capacity to gather long-term ex-
perimental data across multiple spatial scales (Borer et al. 2014a). By 
replicating the same experimental treatments and sampling protocols 
and openly sharing data with each other, ecologists collaborating in dis-
tributed experimental networks are able to replicate experiments and 
directly compare biological and abiotic responses across spatial scales 
ranging from centimeters to continents. Depending on the question, sam-
pling can occur at multiple scales within sites (e.g., within individual, 
within plot, plot, block, site) to quantify a plethora of responses to ex-
perimental treatments that map onto future scenarios (e.g., multiple 
nutrients, herbivory, high-latitude warming, drought, and loss of biodi-
versity; see Arft et al. 1999, Borer et al. 2014b, Duffy et al. 2015, Fay 
et al. 2015).

This emerging approach to network science is requiring a rethinking 
of collaboration and a change in scientific culture (Guimerà et al. 2005, 
Hampton and Parker 2011, Borer et al. 2014a). By using common experi-
mental treatment and sampling protocols and sharing data openly among 
collaborators, every site improves the dataset through contribution and 
each investigator benefits from the opportunity to contribute data and 
ideas as a result of their efforts (Borer et al. 2014a). As with any effective 
collaboration, careful fostering of a culture of trust and sharing means 
that contributors have confidence that their efforts will be included and 
rewarded (Hampton and Parker 2011). In this model, participation is vol-
untary, and for most distributed experiments organized as grassroots ef-
forts, investigators at each site shoulder the cost of implementing the 
treatments and collecting the data rather than funding such efforts 
through a single centralized grant. This pay-to-play funding model means 
that participation, particularly by international collaborators in under-
studied regions of the world, is increased when costs are low. And, for a 
field that seems to perpetually struggle with physics envy, this model of 
egalitarian collaboration was once called “the dream” by the Director 
General of the European Center for Particle Research (CERN), Dr. Robert 
Aymar (Ford 2008).

To forecast future scenarios for ecological responses and feedbacks in 
nonanalog environmental conditions (Williams and Jackson 2007, Rock-
ström et al. 2009), we need experiments that manipulate multiple global 
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change factors over long periods of time, and we need to understand how 
novel conditions influence the resulting spatial patterns and processes 
across multiple scales. Without multifactorial experiments replicated across 
many sites, it remains difficult to effectively estimate interactions among 
factors and contingencies in responses associated with, for instance, cli-
mate, evolutionary, or geological history. Distributed experimental net-
works provide such an opportunity.

The benefits of a distributed experiment for tackling questions about 
processes spanning and feeding back across spatial scales are enormous. 
This widespread collaboration among scientists dramatically expands the 
spatial extent of observation while retaining resolution (grain) at the scale 
of individuals, but also generating data that can be aggregated to capture 
patterns at larger grain such as block or site. The spatial replication gen-
erated by a network with many collaborators allows clear quantification 
of responses that are shared among sites as well as responses that are con-
tingent on site characteristics (e.g., climate, soils, or evolutionary history). 
The replication of experimental treatments across many sites and condi-
tions also allows investigation into the patterns and feedbacks resulting 
from multiple interacting factors by breaking up the colinear and con-
founded variables that plague single-site studies. By working as a wide-
spread collaborative team to establish multiple treatments and sample at 
locations spanning regions and continents, distributed experiments over-
come the tradeoff between the spatial and temporal scales of sampling 
that has caused ecologists to rely so heavily on models and meta-analysis 
for which interactions among treatments and site variables are difficult 
(and usually impossible) to disentangle.

We provide a few case studies to develop how we envision that this type 
of approach, harnessing the intellectual and data collection power of sci-
entists spanning regions and continents, could interlink with existing ap-
proaches (e.g., modeling, streaming data) to generate a predictive under-
standing of how biological processes will change and feed back across 
scales in response to changing environments on Earth.

Case Study 1: Plant Productivity

As we move across spatial and temporal scales of observation, the key con-
trols on the processes and resulting patterns in primary productivity shift 
(Wiens 1989, Ehleringer and Field 1993, Polis 1999, Peters et al. 2007). For 
example, roots foraging for soil resources may occur at the scale of mil-
limeters, inducing organismal constraints on productivity (Tian and 
Doerner 2013). At the scale of meters, intraspecific and interspecific in-
teractions among organisms seeking the same resources may generate 
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webs of direct and indirect interactions that may determine the net car-
bon fixation and annual productivity of a plant community. For example, 
concurrent changes and feedbacks in plant quality and composition in 
response to grazing (Zheng et al. 2012) or chronic nutrient addition (Is-
bell et  al. 2013) can lead to long-term declines in productivity within 
fields. At regional scales, solar radiation, precipitation, nutrients, or 
other physical factors may impose the most important constraints on 
productivity (Polis 1999, Del Grosso et al. 2008). Although local, long-
term patterns of evapotranspiration can predict the dominant flora, and 
thus biome, of a region, direct measurements of leaf-scale transpiration 
or small-scale measurements of local plant communities may fail to pre-
dict the larger-scale pattern (Wang and Dickinson 2012). Thus, we re-
main limited in our ability to use observed responses at the scale of roots 
and stomata to interpret satellite information or predict regional climate, 
although we believe that these changes are important pieces of the 
puzzle.

The use of meta-analysis has advanced our understanding of the role 
and interactions among climate, plant chemistry, and vegetation type on 
regional-scale patterns of plant productivity (Del Grosso et al. 2008). How-
ever, in spite of the important insights arising from synthesis across stud-
ies, such studies have relied on interpolation and derived metrics of pro-
duction that may underestimate the role of local-scale processes and 
overestimate the role of regional climatic drivers (Shoo and Ramirez 2010). 
They also fail to provide a strong estimation of trajectories of productiv-
ity under future scenarios of climate and nutrient deposition. Thus, our 
ability to predict productivity responses to multiple interacting factors 
(e.g., concurrent changes in the supply rates of multiple nutrients or cli-
mate factors) and feedbacks from plant productivity to climate and nutri-
ent cycles remains limited by the lack of simultaneous, direct manipula-
tions of the environment and measurements of the rates of primary 
productivity within and among sites.

A coordinated, long-term experiment spanning a wide range of climate 
and nutrient supply could produce data to test the multiscale hypotheses 
generated with meta-analysis. By concurrently manipulating factors most 
likely to determine productivity within sites, regions, and across conti-
nents (e.g., climate, local nutrient supply, herbivory; Milchunas and Lauen-
roth 1993, Del Grosso et al. 2008, Fay et al. 2015), such a study could 
generate data to clarify the likely trajectories of change in productivity 
in future, nonanalog environments. These direct estimates of primary pro-
ductivity, under a wide variety of natural and manipulated environments, 
produced through large-scale collaboration among scientists, would gener-
ate data to clarify the interactions among factors, spatial and temporal 
feedbacks, and spatial scales at which each factor most strongly constrains 
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primary productivity. Far from supplanting other approaches to studying 
ecological systems (e.g. observations, meta-analysis, models), this is a com-
plementary approach that takes advantage of the collective power of the 
research community to generate directly comparable data spanning unpre
cedented spatial scales.

Case Study 2: The Microbiome

Developments in metagenomics over the past decade have shown that 
most of the genes and approximately half of the carbon in a human is of 
microbial origin (Shively et al. 2001, Nelson et al. 2010, Brüls and Weis-
senbach 2011), leading to a fundamental reassessment, among other 
things, of what it means to be an individual. Metagenomic studies have 
demonstrated that an individual’s microbiome, the identity and relative 
abundance of microbial species inhabiting an individual, plays many 
important functional roles for animal and plant hosts, including digestion 
and nutrient acquisition, production of anti-inflammatory compounds, 
and resistance to pathogens (van der Heijden et al. 1998, Gill et al. 2006, 
DiBaise et al. 2008, Rodriguez et al. 2009, Fraune and Bosch 2010). Thus, 
the accumulation of microbes and turnover of species within the micro-
bial community of a host are fundamentally important processes that de-
fine the composition and function of each host’s microbiome. Although 
what we do know suggests that these processes span and feed back across 
spatial scales from biotic interactions at microscopic scales within hosts to 
regional drivers of the abiotic environment, our understanding of the spa-
tial scaling and feedbacks across scales that control host–microbe interac-
tions remains poorly developed (Medina and Sachs 2010).

Recent syntheses of this body of empirical work demonstrate that there 
are many links and feedbacks from local microbial interactions within a 
host to larger-scale distributions of microbes (Borer et al. 2013, Borer et al. 
2016). Studies of microbes have demonstrated that some taxa are capable 
of extremely long-distance dispersal, leading to the increasingly debated 
hypothesis that microbes lack dispersal limitation, and local microbial 
communities are determined solely through environmental tolerance and 
selection (Baas-Becking 1934, Cho and Tiedje 2000, Fenchel and Finlay 
2004, Antony-Babu et al. 2008, Peay et al. 2010). In addition to regional-
scale selection, the abiotic environment also can determine the outcome 
of competition among microbes within a host (Yatsunenko et al. 2012, La-
croix et al. 2014) and alter the composition of a host’s microbiome through 
feedbacks that alter the nutritional quality of host tissues, from a microbe’s 
perspective, as well as the relative abundance of conspecific hosts (Smith 
et al. 2005, Keesing et al. 2006, Clasen and Elser 2007, Borer et al. 2010). 
Another key finding is that hosts are not vessels, but rather play a role in 
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sanctioning and turnover of microbes to favor more beneficial species or 
strains (Kiers and Denison 2008), thereby feeding back to alter the local 
and regional composition of microbial taxa. Related to this, recent work 
has revealed that the composition and relative abundance of the microbes 
that make up a host’s microbiome is constantly changing, likely deter-
mined by processes such as host sanctioning, competition, and succession 
of microbial taxa that feed back across spatial scales (Yatsunenko et al. 
2012, Copeland et al. 2015).

However, most studies of the microbiome within hosts are observa-
tional, not experimental, and are performed at single sites, focused on 
single microbial species, examine only a single host species, and do not 
characterize the regional microbial pool (but see U’Ren et al. 2010, U’Ren 
et al. 2012). Thus, our knowledge of the relative importance of processes 
operating at different scales is lacking. Because of this, our ability to pre-
dict the response of within-host microbial community diversity and func-
tion in a changing biotic and abiotic world is limited by the lack of simul-
taneous, direct manipulations of the environment and measurements of 
within-host microbial communities across sites.

Sampling the microbiome of hosts within a distributed experimental 
network could lay the foundation for predicting how global changes will 
alter the function of microbial communities inhabiting hosts and feed back 
to determine the relative abundance of hosts, themselves. For example, 
by quantifying the effects of experimentally manipulated global change 
factors on the identity, diversity, and relative abundance of microbes 
among host plant tissues (scale of millimeters), individual host plants (cen-
timeters to meters), among plots (meters), among species and treatments 
within a site, among sites (kilometers or greater), and as a function of re-
gional and experimentally imposed environmental gradients, we could 
better characterize dispersal distances and the role of environmental fil-
tering and, importantly, understand the conditions and scales at which 
this community filtering is a dominant process controlling the microbi-
ome of individual hosts.

The microbiome is a community of species and interacting individuals; 
ecological metacommunity paradigms (Leibold et al. 2004, Borer et al. 
2016) can help us sort through patterns and responses by the microbiome 
to experimental treatments spanning spatial scales. For example, a dis-
tributed experiment would allow us to determine whether within-host mi-
crobial richness increases as a saturating function with increasing micro-
bial taxon pool size (Fukami 2004) and whether this consistently differs 
by experimental treatment among sites. If niche-based processes (e.g., host 
chemistry, environmental nutrients) primarily determine microbial com-
position at the local scale, we expect a strong correlation between host 
microbial composition and the local environment (Cottenie et al. 2003, 
Leibold et al. 2004, Chase 2007). Thus, by directly measuring the response 

 EBSCOhost - printed on 2/13/2023 11:37 AM via . All use subject to https://www.ebsco.com/terms-of-use



Ecological Scaling in Space and Time  •  11

of host-associated microbes to multiple concurrent global change factors 
across a globally relevant range of conditions, a distributed experimental 
network could generate critical empirical data about the interactions and 
feedbacks among factors controlling the microbiome. By harnessing the 
capacity of the research community deeply invested in these questions, 
these data could effectively complement insights from metagenomic ob-
servations, single-site (or lab) studies, and models, providing insights about 
generality and contingencies determining a host’s microbiome at an unpre
cedented range of spatial scales.

Conclusions

Perhaps this will simply be another essay pointing out our need for pro
gress in understanding the mechanisms underlying ecological relation-
ships spanning spatial and temporal scales. If so, it will be an essay in 
venerable company. However, as a discipline, we have an ever richer and 
more diverse set of young scientists spanning the globe. This growth and 
diversity of ecologists can become a direct asset that can position our field 
to rethink how we work as a society of scientists. We can harness the col-
lective skills and knowledge of our amazing colleagues to create the new-
est tool in our own toolbox for generating previously unattainable experi-
mental data documenting processes and feedbacks across scales. More 
generally, innovation and progress can come in many forms, including re-
thinking our approach to science. By rethinking how we study the world, 
redefining how we collect data, and pursuing avenues outside the range 
of conventional approaches, ecologists may be able to push this field fur-
ther in the coming decades than we have in the preceding ones.
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How Will Organisms Respond to  
Complex, Novel Environments?

Emilie C. Snell-Rood and Megan E. Kobiela

The world is changing rapidly and organisms are experiencing environ-
ments drastically different from those in which they evolved. Biologists 
are increasingly interested in predicting how organisms will respond to 
such environmental change. Much of the initial work in this area has fo-
cused on species-level traits to make such predictions; for instance, using 
characteristics of a species’ current distribution to predict range changes 
in the face of climate change or following an introduction to a new re-
gion (Peterson 2008, Arau and Peterson 2012). However, variation in in-
dividual responses to environmental change will likely play an important 
role in how populations and species respond. For instance, standing ge
netic variation will shape the evolutionary potential of a population and 
plastic, developmental responses will influence how individuals survive 
in novel conditions (Chevin et al. 2010, Hoffmann and Sgro 2011, Snell-
Rood et al. 2018). Integrating evolutionary and ecological approaches has 
proven to be particularly successful with respect to predicting responses 
to climate change (Huey 2012, Foden 2008). However, environmental 
change is occurring simultaneously on many different axes, many of which 
are more challenging to quantify than changing climate, such as novel 
toxins, habitats, competitors, predators, or resources. Here we discuss 
some of the challenges of this question, and explore types of plasticity and 
individual-level traits that could result in adaptive responses to a wide 
range of complex environmental change.

Extending Reaction Norms into Novel Space

When will an organism have an adaptive plastic response to a novel en-
vironment? In other words, when will an individual be able to develop-
mentally adjust their behavior, physiology, and morphology in a way that 
maintains performance in new conditions? Reaction norms capture the 
phenotypic response of genotypes to environmental variability (Schlichting 
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and Pigliucci 1998), but do not necessarily predict whether such a response 
will be adaptive when an organism is presented with new conditions. 
What exactly is a “novel” environment? Here, we treat novelty on a contin-
uum, as an environment that occurred infrequently in the recent evolu-
tionary history of a species. It has been suggested that plastic responses 
to environmental change will likely only be adaptive if evolution has had 
an opportunity to shape that part of the reaction norm, meaning that 
adaptive plastic responses to completely novel environments will be rare 
(Ghalambor 2007). Although nonadaptive plasticity still has important 
implications for responses to novel environments, adaptive responses to 
novel environments are more likely to result in persistence of entire pop-
ulations, which can impact the course of survival and diversification in 
the new environment. For instance, genetic bottlenecks are much less 
likely if the entire population survives in a new environment due to plas-
ticity, thus fueling subsequent evolutionary change. We argue that there 
are several cases where adaptive plastic responses to novel environments 
may occur, and considering the developmental or physiological mecha-
nisms underlying a reaction norm can give insight into the likelihood of 
an adaptive response to novel conditions.

In some cases, existing mechanisms of plasticity may be adaptive if they 
are “ramped up” in novel conditions. In other words, an underlying reac-
tion norm may adaptively extend into novel environmental space. We 
know that organisms can cope with variable temperatures through physi-
ological mechanisms, such as heat-shock proteins, and behavioral re-
sponses, such as microhabitat choice (Munoz and Losos 2018, Feder and 
Hoffmann 1999). For some range of temperatures, these plastic responses 
result in maintenance of performance, even for presumably novel temper-
ature. At some point of temperature extremes, the adaptive plastic re-
sponse breaks down, but there may be some window of novel tempera-
ture space where the plastic response is adaptive. What determines the 
breadth of this window of environmental space? It is hard to know, but it 
is possible that the degree of variation in their evolutionary history might 
matter. For instance, temperate and tropical species vary in their evolu-
tionary history with variable temperatures, which shapes thermal toler-
ance and survival in novel climates (Janzen 1967, McCain 2009).

Reaction norms may adaptively extend into novel space for those traits 
that have evolved to fit a range of environments or respond to multiple 
stressors—traits that could be considered generalized or multipurpose. 
This idea of multipurpose traits has popped up in several disparate areas 
concerned with how organisms persist in the face of novel toxins. The term 
cross-resistance was first introduced by microbiologists who observed that 
bacteria that had evolved resistance to one type of antibiotic often gained 
protection against different classes of antibiotic to which they had never 
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been exposed (Szybalski and Bryson 1952). Cross-resistance is also dis-
cussed in the insecticide resistance literature, where arthropods that have 
coevolved with certain plant defensive chemicals are usually the first to 
evolve resistance to novel pesticides (Dawkar et al. 2013). For instance, 
in a common crop pest, the spider mite Tetranychus urticae, similar suites 
of genes are important for coping with natural chemical defenses in to-
mato plants and for resistance to pesticides (Dermauw et al. 2013). In the 
ecological and ecotoxicology literature, the concept of multipurpose traits 
has been termed cotolerance, first used when it was observed that grass 
species adapted to one heavy-metal pollutant were often also tolerant of 
elevated levels of other metallic elements (Cox and Hutchinson 1979). Most 
intriguing for multidimensional anthropogenic change, cotolerance may 
also occur between seemingly disparate types of stressors, but those that 
share similar mechanisms of damage to organisms. For example, frogs 
locally adapted to the genotoxic effects of increased ultraviolet type B 
radiation at higher elevations exhibit increased resistance to polycyclic 
aromatic hydrocarbons, pollutants that also have genotoxic effects (Mar-
quis et al. 2009). We argue that considering the natural stressors to which 
organisms are currently adapted may help us predict which species may 
tolerate novel, anthropogenic stressors in a way that current models 
may not.

Ramping up existing plastic responses and multipurpose traits repre-
sent two areas where extending reaction norms into novel space may re-
sult in an adaptive response. However, it is unclear to what extent these 
responses would result in adaptive plastic responses when considering 
complex, multidimensional environmental change. Ramping up heat-shock 
protein response may be adaptive given a simple linear change in tem-
perature. But even for climate change, there are changes in extreme 
weather events, temperature variability, precipitation, and humidity. At 
the same time, there are changes on many axes that can be challenging 
to align in a linear fashion. Organisms are presented with novel toxins, 
predators, resources, habitat structure, and levels of available nutrients. 
For such complex landscapes of environmental change, we argue that “de-
velopmental selection” forms of plasticity are the most likely to produce 
adaptive, novel phenotypes.

Developmental Selection and Adaptive Plastic  
Responses to Novel Environments

A reaction norm approach can be useful for some applications, but it alone 
fails to capture the underlying developmental mechanism of plasticity, 
which can have major implications for the likelihood that an adaptive trait 
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develops in a novel environment. Developmental selection is a mechanism 
of plasticity that involves both variability and refinement within an indi-
vidual over developmental time (Snell-Rood 2012). In the case of learn-
ing and neural development, variability stems from different motor pat-
terns produced in response to various environmental stimuli or on the 
basis of broad neural projections early in development; reinforcement 
stems from strengthening or weakening of neural connections that lead 
to positive or negative consequences, respectively. Similar processes occur 
in the development of adaptive immunity, from initial variability of B-cell 
antibodies to reinforcement based on interaction with antigens (Frank 
1996). Although developmental selection is best characterized with re
spect to behavior and immunity, the basic components of the process are 
present throughout other levels of development (Snell-Rood et al. 2019, 
Snell-Rood 2012). The development of muscle and bone structure is re-
sponsive to mechanical load—in this case, there is spatial selection on 
cells that tend to experience more force, which may vary depending on 
the foraging or locomotor behavior of an individual (Adams et al. 2003, 
Menegaz 2010). Stochasticity in gene expression, coupled with epigenetic 
mechanisms that are responsive to environmental inputs suggests such 
mechanisms may even play out at the level of gene expression (Feinberg 
and Irizarry 2010). Finally, diversity in the microbiome may be selectable 
within an individual depending on their diet or environmental conditions 
(Gilbert 2010). It is possible that organisms that rely more on developmen-
tal selection at some levels (e.g., morphology), also rely on it at other 
levels (e.g., behavior, physiology), either because plasticity in one devel-
opmental system requires complementary plasticity in other systems, or 
due to common selective pressures (West-Eberhard 2003).

Forms of plasticity that rely on developmental selection are likely to 
result in an adaptive response to a novel environment because they in-
volve sampling and selection within an individual. One can think of an 
individual exploring phenotypic space over developmental time, adopting 
traits that work particularly well in the local environment. However, the 
benefits of developmental selection scale directly with the costs, which 
stem from the sampling process (Frank 1996). Gathering information takes 
time, energy, and investment in structures to process such information, 
such as large, energetically expensive brains in the case of learning, or 
the production of many B cells in the case of acquired immunity. This “cost 
of being naïve” means that reliance on developmental selection should 
lead to lengthened developmental time, delays in reproduction, and de-
pendence on greater parental investment to survive this sampling period, 
thus resulting in lower fecundity. In other words, developmental selection 
forms of plasticity should shift life histories from fast to slow life histories 
(Snell-Rood 2012). It is possible that quantifying aspects of an organism’s 
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life history might hint at their developmental selection potential, but this 
is an area in need of more research.

Developmental selection forms of plasticity should be particularly impor
tant in considering responses of organisms to novel environments that dif-
fer from ancestral environments in a range of different ways. Many of the 
classic examples of plasticity, such as social insect castes or seasonal poly-
phenisms, fall into a different category—that of evolved developmental pro-
grams, or plastic developmental switches (West-Eberhard 2003). However, 
these forms of plasticity tend to be specific to the environmental range in 
which they have evolved. Furthermore, switch mechanisms of plasticity are 
not conducive to complex landscapes of environmental variation because 
developmental programs specific to a wide range of environments are vul-
nerable to relaxed selection (Snell-Rood et al. 2010).

These ideas suggest that different mechanisms of plasticity should have 
different population-level consequences in the face of environmental 
change. Developmental selection forms of plasticity should be more likely 
to result in adaptive responses to novel environments for a significant por-
tion of a population. Other forms of plasticity may be more likely to re-
sult in nonadaptive plastic responses in variable directions across a popu-
lation (Ghalambor et al. 2007). These population-level consequences may 
generate interactions between different types of plasticity and evolution-
ary responses to new environments. Developmental selection forms of 
plasticity should be likely to shift an entire population to a novel selec-
tive peak. Models suggest such a shift will reduce selection intensity 
(Lande 2015), referred to as behavioral inertia with respect to plasticity 
in behavior (Huey et al. 2003). However, these forms of plasticity are ex-
tremely costly, which should select for loss of plasticity and the genetic 
assimilation of the novel phenotype if the novel environment is somewhat 
stable or can be stabilized through behavioral choices such as habitat pref-
erences (Snell-Rood 2013, Stamps 1995). Because the entire population 
persists, underlying genetic variation may be maintained, facilitating evo-
lutionary responses. At the same time, because developmental selection 
forms of plasticity are associated with life-history tradeoffs associated with 
a slower life history, it is possible that population growth rate may be 
slower, dampening the evolutionary response to rapid environmental 
change (Reznick and Ghalambor 2001). For nonadaptive forms of plastic-
ity, where population-level responses are uncorrelated, it is more likely 
the population will go through a bottleneck, and the exact direction of 
phenotypic change may be less likely to predict. Regardless, it is clear 
there are multiple interesting and open questions about how plastic re-
sponses will interact with evolutionary responses to novel environments, 
paving the way for both theoretical and empirical work in the decades to 
come. Recent models of evolutionary rescue in novel environments have 
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begun to incorporate plasticity, but we suggest that considering the mech-
anism of plasticity will substantially change the outcome (Ashander et al. 
2016, Chevin et al. 2013).

Open Questions

We have suggested that certain forms of plasticity may be more likely to 
produce adaptive responses to novel environments. However, this is a 
wide-open area of inquiry. In considering reactions to environmental 
change along multiple axes, it is clear that adaptive responses will include 
plasticity in a range of traits (e.g., behavior, physiology), often coupled 
with traits that work well in a range of environments (multipurpose traits 
or generalized responses to stress). Can we predict which species are ca-
pable of enhanced developmental selection or generalized responses to 
stress? The costs associated with developmental selection forms of plas-
ticity suggest that species with slower, K-selected life-history traits may 
be more likely to invest in such plasticity. Interestingly, it has also been 
suggested that long-lived species would be more likely to have multipur-
pose traits to cope with changing conditions over their lifetime, such as 
higher levels of enzymes to cope with oxidative stress (Beckman and Ames 
1998). Future work is needed to clarify whether life-history traits would 
be enough to predict adaptive responses to novel conditions, or whether 
other traits, such as degree of specialization, might be more accurate.

In considering the costs and tradeoffs associated with plasticity, it’s 
important to note that humans are drastically altering nutrient and re-
source availability. To what extent does anthropogenic change in nutri-
ent availability interact with plasticity in responses to novel conditions? 
It is possible that increases in resource availability ameliorate tradeoffs 
between costly forms of plasticity and life history traits (Snell-Rood et al. 
2015), which could explain patterns of plasticity in invasive species rela-
tive to non-invaders (Davidson et al. 2001). In this case, regions or spe-
cies that see greater increases in resource availability may have not only 
adaptive plastic responses to novel environments, but also population-level 
evolutionary responses as tradeoffs with fecundity are minimized.

If plasticity plays an important role in survival in novel environments, 
to what extent will diversification in such environments be biased by ex-
isting developmental programs? Will the mechanisms of plasticity pro-
vide the axes upon which genetic divergence proceeds? Although some 
evidence suggests that diversification may be biased along axes of adap-
tive plasticity (Pfennig 2010, Parsons et al. 2016), other recent research 
calls into question the directionality of this change (Ghalambor et al. 
2015). This underscores the importance of considering both adaptive and 
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nonadaptive plasticity when evaluating the potential drivers of genetic 
change in novel environments.

There has been increasing interest over the last decade in understanding 
the role of plasticity in responses to rapid environmental change. However, 
the complexity of such environmental change demands a consideration of 
the types of plasticity that are likely to produce adaptive responses to novel 
environments. In the coming decades, advances in techniques that can be 
used to quantify and manipulate developmental mechanisms will no doubt 
help clarify the extent to which developmental selection, and associated 
life-history tradeoffs, are indeed important players in this equation.
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Variance-Explicit Ecology

A Call for Holistic Study of the Consequences  

of Variability at Multiple Scales

Marcel Holyoak and William C. Wetzel

Variability or heterogeneity is everywhere in ecology and evolution. For 
instance, Levins (1968) introduces his classic work “Evolution in Chang-
ing Environments: Some Theoretical Explorations” as “a series of explo-
rations . . . ​around the common theme of the consequences of environmen-
tal heterogeneity.” We have many reasons for studying variability at 
different levels, including within-individual variation through time or in 
modular organisms (e.g., tree branches); among or across individual vari-
ation in genetics or traits (including behaviors) within a population, guild, 
community, or ecosystem; or as environmental (e.g., meteorological, hy-
drological, limnological, oceanographic) drivers of processes of interest. 
Yet, ecologists most frequently manipulate the mean value of a driving 
variable of interest and look at its ecological effects and ignore variation 
in that driving variable or process of interest. For instance, we might rear 
an insect or plant at three average temperatures and then use analysis of 
variance to compare individual growth rates at these temperatures but 
overlook variation in temperature over time and its effects on growth rate. 
Most frequently, patterns of spatial or temporal variation in either biotic 
or abiotic factors are used to make inferences about underlying mecha-
nisms (e.g., using geostatistical techniques, Rossi et al. 1992 or using power 
law plots, Taylor 1961). Variation may even be treated as an annoyance, 
requiring larger sample sizes to achieve statistical power or as unexplained 
variation for things that are stochastic or where mechanisms are not un-
derstood. As we aim to illustrate, although we have frameworks and some-
times good knowledge about direct effects of single forms of variation, 
we frequently miss important questions and opportunities about the mech-
anisms involved, how multiple forms and scales of variation combine, 
and effects across organizational levels.

A major unsolved problem in ecology is resolving the relative importance 
between different types and scales of variability to ecological processes. 
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Organisms experience and respond to variation at many different biological 
and ecological levels, ranging from physiological to behavioral to popula-
tions and communities, and eventually to metapopulations, metacommu-
nities, and geographic ranges. We will argue that certain forms of varia-
tion have been quite well studied, but that we lack research programs that 
might provide information about the relative importance of different 
mechanisms and interactions among them. Investigating these gaps might 
provide a mechanistic framework for how to understand how different 
forms of variation combine to affect ecological problems. A variety of gen-
eral questions follow from our line of reasoning. What is the relative im-
portance of different mechanisms by which variability influences ecology 
and what is the relative importance of variability at different scales? At 
what scales is variability averaged over so that it does not matter? At what 
scales does variability most influence ecology and how does it do so?

There have been several calls for more explicit consideration of the con-
sequences of variability in ecology, either limited to particular mechanisms 
by which variation acts (e.g., through nonlinear averaging, Ruel and Ayres 
1999), or effects on particular levels of ecological organization (e.g., Bol-
nick et al. 2011). There are a growing number of studies that do just that, 
but most are restricted to one scale and type of variability. Moreover, most 
studies either focus solely on one mechanism or ignore mechanisms alto-
gether and instead just measure the net effect of variation. An example of 
a kind of problem that ecologists have worked extensively on and for which 
we have a relatively good understanding of the role of variation is the lit
erature linking plant diversity with plant yield (biomass production). Most 
of this literature indicates that increasing functional trait diversity (vari-
ability) in plant communities leads to increased plant biomass and greater 
overall resource utilization (e.g., Cardinale et al. 2006). This positive effect 
on biomass comes partly from a sampling effect and more substantially 
through niche complementarity and/or positive interspecific interactions 
(van Ruijven and Berendse 2005). Moving beyond plants, there is less un-
derstanding of the effects of plant trait diversity on higher trophic levels 
(e.g., Ruel and Ayres 1999, Benedetti-Cecchi 2000). A recent meta-analysis 
that we took part in suggests there could be relatively consistent negative 
effects of (within-species) variation in plant nutritional quality traits on 
average herbivore performance through Jensen’s Inequality (Wetzel et al. 
2016). Considering predators and herbivores, Mason et al. (2014) suggested 
that some generalist herbivores perform better feeding on a diversity of 
resources and that this may affect higher trophic levels; Arctiid cater-
pillars (Grammia incorrupta) were well defended against predators when 
they sequestered secondary metabolites from several different plant spe-
cies but poorly defended when they sequestered compounds from only one 
plant species. Overall, such studies show that for certain problems we 
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understand some mechanisms by which a particular form of variation acts 
on processes of interest. Equally well, the effects of certain forms of indi-
vidual variation in altering population dynamics have been widely studied 
(e.g., Grimm 1999), as have several other problems relating variation to 
processes within a single species or trophic level in ecology and evolution. 
There has been less work exploring how variation among multiple trophic 
levels combines to affect herbivore performance. For instance, how does 
variation in herbivore traits relate to variation in plant traits to affect her-
bivore performance (Moreira et al. 2016)?

To describe the background and elements required to proceed towards 
an integration of scales and types of variation and mechanisms by which 
variation acts, we present the following: (1) An overview of scales and types 
of biotic and abiotic variation by describing three frameworks for classify-
ing them. (2) A summary of common mechanisms by which variation influ-
ences ecological dynamics. (3) A description of what might be gained by 
integrating different types and scales of variation. (4) We conclude by high-
lighting some next steps that could move us towards a conceptual frame-
work for how organisms integrate multiple types and scales of variation.

Ways of Classifying Scales and Types of Variation

The literature describes a range of ways of classifying variation or that 
can be borrowed from classifications of other ecological patterns. We pre
sent three such classifications, one based on the structure of environmen-
tal variation, a second recognizing the hierarchical nature of biological 
or ecological organization, and a general scheme that might be applied to 
any type of variation.

Environmental Variation

Environmental variation is most commonly viewed as the physical, chemi-
cal, and geological factors that are largely independent of biotic factors at 
least over the time scales of most concern to ecologists; such factors were 
termed scenopoetic in an ecological niche context by Soberón and Arroyo-
Peña (2017). Such environmental variation merits separate consideration 
from biotic variation because it has its own scaling and structure, occur-
ring continuously from microscopic to global scales. For example, tempera-
ture varies temporally at a scale of minutes as clouds pass in front of the sun, 
at a scale of hours as the sun rises, peaks, and sets; at a scale of months as 
the seasons progress; at scales of years to decades (sunspot cycles, el Niño 
cycles etc.); and at geologic timescales through glacial cycles. Environmen-
tal variation may have stochastic and predictable components. Some work 
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also separates recurrent stochastic components from extreme events, in-
cluding hurricanes, floods, and fires (e.g., Shaffer 1981, Yang et al. 2008, 
Yang et  al. 2010). Temporal environmental variation is often somewhat 
cyclical and predictable, as exemplified by daily temperature cycles, sea-
sonal variation, and sunspot cycles. Spatial variation often increases with 
distance. For instance, Bell et al. (1993) studied variation in physical vari-
ables in lakes or soil nutrients from a variety of geographic areas and found 
that, in general, environmental variation continued to increase with spa-
tial scale of study (distance). The scaling of different environmental factors 
with distance or with time has been used to identify relevant processes in 
studies of scaling (Levin 1992, Storch et al. 2007). Denny (2015) describes 
how to use principles from engineering and physics to understand both 
physical environment interactions and subsequent species interactions 
through what he terms “ecological mechanics.”

The extent to which environmental (and biotic) variation is encountered 
by an organism depends on its scale of movement, longevity, and life cycle. 
Within life cycles, periods of dormancy versus intense resource use are 
particularly relevant. Spatial and temporal variation are both potentially 
relevant in several ways. McPeek and Kalisz (1998) modeled the effect of 
spatial, temporal, and spatiotemporal variation on the evolution of dor-
mancy versus dispersal, finding that pure temporal variation promotes 
dormancy and that spatial and spatiotemporal variation promote disper-
sal. Cyclical seasonal migration of North American and European passer-
ine birds is known to be a response to extreme temperatures (Newton 
and Dale 1996a, 1996b), whereas Australian butterflies respond to extreme 
dry conditions (Dingle et al. 2001).

In some cases, biotic factors may interact with abiotic factors, and even 
then, it may be a valid simplification to separately consider abiotic envi-
ronmental factors if we are studying processes that operate at very differ
ent timescales relative to the rate of change of environmental factors 
through biotic–abiotic coupling (e.g., many ecosystem processes). How-
ever, if we were studying long-term tree growth, then a feedback between 
habitat fragmentation and microclimate might be relevant (e.g., Laur-
ance and Williamson 2001); for long-lived perennial grasses mineral nu-
trients in soils may depend on grazing history (e.g., McNaughton et al. 
1997). For such processes it would make sense to instead think about how 
to combine different forms of biotic and abiotic variation into analyses.

Biotic Variation

Biotic variation in traits relevant to ecological interactions occurs from 
subindividual to between individuals within a species or across species. 
Raw genetic and somatic variation within individuals (or part of them), 
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expressed as traits including behaviors that vary in timing and sequence, 
may relate to subspecific (e.g., races, morphs) variation, other taxonomic 
levels, and to higher organizational levels within ecology, paleobiology, 
biogeography, and other biological sciences. A brief tour of relevant lev-
els of biotic organization helps to identify some of the things that each 
level contributes or emphasizes. Of course, lower-level variation is included 
in higher organizational levels but may or may not have effects on higher-
level processes. For instance, there is a growing literature on community 
and ecosystem genetics that investigates the effects of genotype on pro
cesses from communities to ecosystems (Whitham et al. 2003).

At the level of within-individual variation, individual organisms fre-
quently respond in plastic ways to ambient environmental and biotic 
conditions, including behaviors, physiological acclimation, developmental 
flexibility, life-historical changes in timing, and as ecological engineers 
(Jones et al. 1997). Critically, such plasticity changes both variability en-
countered and the relationship between this variability and emergent or 
higher-level processes performed by the organism. Although there is a 
great deal of literature on behavioral plasticity, developmental plasticity, 
life histories, and related subjects, it is unusual for studies to make links 
to emergent higher-level processes of interest. Beyond plasticity, individ-
ual history may produce changes in organisms. A plant phenotype might 
vary through time depending on the history of herbivory and plant re-
sponses to herbivory through inducible defenses (Adler and Karban 1994, 
Karban and Baldwin 1997). Individual history of infection may alter the 
susceptibility to the same or new diseases in the future in ways that are 
either positive or negative. Carryover effects from one habitat to another 
may produce a relevance of spatial history (e.g., Talley et al. 2006), and 
there are several named temporal carryover effects (e.g., maternal effects) 
that produce time-lagged responses (e.g., Ratikainen et al. 2008). Organ-
isms with repeating structures, such as plants with multiple leaves and 
reproductive organs, may produce especially high variation among organs 
within individuals (Herrera 2009).

Variability among individuals within a population is recognized as in-
traspecific trait variation (e.g., Bolnick et al. 2011), arising through phe-
notypic plasticity, genetic diversity (Hughes et al. 2008), and ontogeny, 
including life histories and history more generally. Just as species may 
have different population dynamics, or serve different roles in communi-
ties or ecosystems, the same is true of individuals with different traits 
within a species. Intraspecific variation has been a recent focus of study 
in ecology (e.g., reviews by Hughes et al. 2008, Bolnick et al. 2011), yet 
as far back as the 1970s Lomnicki (1978) pointed out that population reg-
ulation could not occur if all individuals within a population were identi-
cal. Recent synthetic analyses indicate that approximately 30% to 50% of 
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the total variation in plant functional traits in plant communities occurs 
at the intraspecific level, with intraspecific variation being especially large 
for chemical traits and smaller for physical traits (Albert et al. 2010, Mess-
ier et al. 2010, Siefert et al. 2015).

A population is not necessarily the appropriate scale at which to study 
variation. At a higher level, sections or subpopulations within a population 
may sometimes be identified, or analogously populations with a metapop-
ulation. They are described using variables such as phenotype frequencies, 
population densities (e.g. aggregations, congregations), or sex ratios within 
populations. Population cohorts may be identifiable based on time of birth, 
leading to a temporal structure, and such temporal variation is known to 
produce cyclical population dynamics (e.g. Kendall et al. 1999). Alaska 
sockeye salmon provide a good example of population segments, with 
stream- versus lake-spawning individuals varying in morphology (e.g. 
Blair et al. 1993).

Another form of variation is created by species diversity, making guilds, 
communities, and ecosystems relevant. Ecologists are familiar in popula-
tion, community, and ecosystem ecology with studying the effects of spe-
cies diversity or interspecific differences (both forms of variability) on pro
cesses of interest. Interspecific variation may have effects through direct 
or indirect species interactions within a guild, or more diffuse commu-
nity or ecosystem-level effects. Species richness, multivariate dispersion 
of communities (e.g., principal components analysis (PCA) of species’ 
abundances), functional diversity, phylogenetic diversity, and variation in 
interaction strength within a food web all capture elements of across spe-
cies variation. Such variation may also be the complex outcome of the ac-
tion of biological and environmental factors, and emergent effects of 
such variation, which is the sum of what we describe in this chapter. At 
some level, diversity begets diversity, in that the variation experienced 
by an organism may be a response to variation within a community. Hence 
there may be a rapid scaling up of the potential for complex effects of spe-
cies diversity on organisms, just as the potential for higher-order species 
interactions increases rapidly with the number of species in a community.

Pattern and Structure of Variation

Irrespective of whether variation is biotic or abiotic we can consider 
whether variation is essentially unstructured within the scope of the pro
cess under exploration, or whether there is a pattern or structure involved. 
In a more specific form of this, Adler et al. (2001) pointed out that spa-
tial heterogeneity is composed of spatial variance and spatial pattern 
(structure). Although spatial variance is necessary for spatial heterogene-
ity, spatial variation may or may not be organized into a spatial pattern. 
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Unstructured snapshots may be typical of a foraging herbivore if plants 
of different quality are essentially randomly distributed within the area 
within which it can forage and during the relevant time period. On the 
other hand, Tobler’s first law of geography reminds us that near things 
tend to be more similar than far things, which lends structure and pre-
dictability to spatial variance (Tobler 1970). Such spatial autocorrelation 
typically has characteristic spatial scales. For example, a species of her-
bivorous beetle tended to occur in clumps of its host plant of 25–50 m in 
diameter and separated from neighboring clumps by 200–300 m (Talley 
2007). Temporal variation reflects daily, lunar, solar, and longer-term pro
cesses such as El Niño, Pacific Decadal Oscillation, and sunspot and gla-
cial cycles, but also the less-predictable components of weather and seem-
ingly random and often extreme events. Temporal autocorrelation and 
the unidirectionality of history structure such variation.

Some Existing Mechanisms by Which Variation  
Influences Ecological Processes

Mechanisms by which variation alters a process of interest include gen-
eral mechanisms that can apply to any ecological level of organization and 
some that are specific to particular organizational levels. Consequently, 
it is a large topic and we aim to be illustrative rather than encyclopedic 
in our descriptions but encourage readers to think beyond the mechanisms 
we include. We first describe some more general mechanisms and then 
describe those that relate more closely to biology and ecology.

General Mechanisms: Mathematical Functions as Filters,  
and Effects of Nonlinearity of Functions

Considering mathematical functions (e.g., y = f(x)) as filters provides a 
broad view of their role in changing variation between the input (x) and 
output ( y) variables (Denny and Benedetti-Cecchi 2012). Trait variation 
interacts with responses to biotic and abiotic variation to determine the 
inputs to filters. The outputs are the ecological processes of interest and 
either the average outputs or variation in outputs may be of interest. Such 
a filtering view is frequently expressed in the literature about scaling in 
ecology, asking if variation at one level is present at another (e.g., Storch 
et al. 2007). Peter Chesson’s scale-transition theory provides a mathemat-
ical framework for formally analyzing systems of equations to investigate 
such changes (Chesson 2012). Feedback processes, such as density and fre-
quency dependence, can either amplify or cancel out variation from the 
input to the output. More generally, different forms of variation may act 
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additively, synergistically, or antagonistically. Ideas about resonance em-
phasize that processes acting at different temporal or spatial frequencies 
may amplify or cancel out variation (e.g., Blarer and Doebeli 1999). Such 
ideas are interesting and poorly explored given that both individual growth 
and population growth have associated timescales, and that density-
dependent functions produce characteristic return times for populations 
returning to an equilibrium (e.g., Luckinbill and Fenton 1978). Nonlinear 
equations have the ability to amplify variation, as is emphasized in the 
literature on chaotic dynamics (e.g., Hastings et al. 1993); viz., small 
amounts of variation in initial conditions can lead to large differences in 
the emergent (population) dynamics. The approach led Hastings et al. 
(1993) to ask questions about nonlinear dynamics, such as what are the 
respective roles of endogenous and exogenous factors, and do they inter-
act? More generally, determining the role of variation in an input vari-
able on a process of interest requires us to determine if the dynamics are 
nonlinear or not.

Another important effect of nonlinearity of functions is how variation 
in an input variable affects the average value of the output variable, our 
process of interest. Jensen’s Inequality describes the role of nonlinearity 
in altering the output from a mathematical function (reviewed by Ruel 
and Ayres 1999). Variation in an input variable to a function that is con-
cave down will reduce the average value that is given by the function 
relative to a linear function, and a convex function does the opposite. 
Sibly et al. (2005) found that most population time series produced non-
linear and concave curves for per-capita growth as a function of popula-
tion size (or density); consequently, variation in population density re-
duces average population size below the equilibrium abundance (carrying 
capacity). (The statistics of Sibly et  al. were criticized in several pub-
lished comments but the general point about the shape of functions and 
effect of variation is well illustrated by the example.) Nonlinear or non-
monotonic functions are common in ecology and arise through a variety 
of mechanisms, as reviewed by Zhang et al. (2015). Mechanisms leading 
to nonlinearity include the law of tolerance, whereby species underper-
form with either too little or too much of a required ecological factor 
(Shelford 1931), through the action of adaptive behaviors or physiologi-
cal adaptation altering relationships between environmental factors and 
organismal responses, or by sequentially combining multiple synergistic 
(or antagonistic) factors so as to produce nonlinear outcomes (Zhang 
et al. 2015). The strong role of nonlinearity leads us to question whether 
we should be using general mechanistic functional forms for particular 
problems (e.g., functional responses of predators to prey, or allometric 
equations), or whether we should use more flexible functional forms to 
represent arbitrary forms of nonlinearity (e.g., cubic splines (Schluter 1988), 
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or response surface methodologies (Inouye 2005)). Nonmechanistic sta-
tistical equations can still be used to infer things like the size of a Jensen 
effect or whether environmental variation as an input is amplified or 
damped down in the output from the mathematical function of interest. 
In some cases, nonlinear averaging may serve as a null model to predict 
the expected effect (Koussoroplis et al. 2017). For instance, Pearse et al. 
(2018) looked at how experimental variance in the concentration of a 
plant toxin in artificial diet altered herbivore performance and found 
that nonlinear averaging predicted toxin variance would enhance perfor
mance, whereas the observed effect was negative. The authors hypothe-
sized that the costs of physiological acclimation in the face of trait vari-
ance (Wetzel and Thaler 2016) explained the difference between the 
predicted and observed results.

Mechanisms Involving Biology and Ecology

Physiological Responses and Consequences

When individuals directly encounter biotic or abiotic variability within 
their lifetime and are unable to use behavioral mechanisms to avoid it, it 
is likely to have important physiological consequences. Variability is es-
pecially important for organismal physiology because when it is high it 
encompasses extreme values, which is when physiological stress is ex-
pected to be greatest and the consequences of not dealing with conditions 
may be most harmful. This occurs because relationships between envi-
ronmental variables and organismal performance tend to be concave-
down over large environmental ranges as expressed by Shelford’s law of 
tolerance (1932); the general mechanism behind this is Jensen’s Inequality 
(or nonlinear averaging), discussed previously.

The physiological responses of consumers to diet species diversity–trait 
diversity at the guild or community level—are especially well studied. It 
was long believed that diverse diets helped consumers achieve balanced 
nutrient intake and diluted the effects of toxic defenses associated with 
any one prey species (Bernays et al. 1994). A recent meta-analysis, how-
ever, indicates that mixed-species diets tend to be no better for consumers 
than the best single-species diet, and they are typically worse than the best 
single-species diet when diet species possess chemical defenses (Lefcheck 
et al. 2013). This suggests that consumers facing greater diet variability 
may experience reduced physiological performance (Wetzel and Thaler 
2018). It is often not clear how to view heterogeneity within diets. For 
instance, Marzetz et al. (2017) show that the chemical composition of algal 
species as food are more important to growth rates of Daphnia than are 
the algal species’ identities or diversity. One general way forward may be 
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to use colimitation theory to integrate several physical and/or biotic 
factors into a single unified conceptual framework that incorporates po-
tential nonlinearities that arise in a multivariate context, but which are 
not apparent when factors are considered unidimensionally (Koussorop-
lis et al. 2017).

Organisms can have important physiological adaptations that help them 
cope with variability. These take the form of physiological plasticity, which 
allows organisms to change their physiology to maximize performance 
under current conditions, or fixed phenotypes that are useful for coping 
with variable environments. Examples of plastic responses to variability 
include insect herbivores that reshape their digestive chemistry in re-
sponse to changing plant conditions (e.g., Bolter and Jongsma 1995), and 
tadpoles, which change gut size in response to predation risk and food 
availability (Relyea and Auld 2004). If phenotypic alterations of this na-
ture are costly, which they certainly are for insect herbivores acclimating 
to plant conditions, then high variability could lead to costly repeated ac-
climation (Wetzel and Thaler 2016). Rather than changing physiology to 
match current biotic and abiotic conditions, some organisms pay a per-
manent cost to be constantly ready for changing conditions. For example, 
38 predatory fish species maintained gut sizes two- to three-fold larger 
than necessary for the average amount of prey they encountered; this al-
lowed them to be ready to process rare pulses of high food abundance 
(Armstrong and Schindler 2011).

Behavioral Responses and Consequences

Movement, activity patterns and resource selection are major ways that 
organisms modulate the amount and type of abiotic and biotic variability 
that they experience. We often think about resource selection as having 
the goal of getting an organism to resources of a certain quality or quan-
tity, but resource selection is likely to be vital for coping with variability 
in resource quality and quantity. Optimality theory suggests a wide range 
of ways organisms reduce costs, such as decisions when to leave patches 
in response to declining food quality (from the marginal value theorem) 
(MacArthur and Pianka 1966; Charnov 1976), or when to consume less-
profitable food items (from optimal diet theory) (e.g. Emlen 1966). Game 
theory shows how such decisions can be contingent on other individuals 
if an organism is maximizing resource intake (or some other currency). 
Similarly, habitat selection behavior modifies the environmental variation 
that an organism experiences (e.g., Morris 2003). These central ideas in 
behavioral ecology alter the relationship between variability encountered 
and a fitness-related output. Of course, for real organisms the ability of 
such behaviors to reduce variability between input and output has its lim-
its. For instance, Sih and Christensen (2003) identified conditions such as 
prey mobility that prevented predators from foraging optimally, and which 
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may therefore lead to a more direct relationship between prey variation 
and variation in food intake.

Extreme variation may also be coupled with unusual and interesting 
behaviors. Nomadism is thought to arise in response to extremes of spa-
tiotemporal variation in resource availability or environmental conditions. 
For instance, desert locust outbreaks track spatiotemporally variable rain-
fall and subsequent periods of plant germination and growth (Jonzén 
et al. 2011). Environmental variation that is novel to an organism may 
also produce different ecological effects to that which is routinely encoun-
tered. Hence, Sih and colleagues coined the term human-induced rapid 
environmental change (HIREC) to draw attention to anthropogenic 
changes that place organisms under conditions (e.g., population) the spe-
cies has not experienced before and may produce either individual- or 
population-level responses (Robertson et al. 2013).

Population and Community Responses and Consequences

Population and community responses to variation are numerous. Various 
mechanisms for the consequences of and responses to trait variation 
were reviewed by Bolnick et al. (2011) and serve as a starting point: (1) 
diversification of species interactions, such as increased generalism, 
through traits affecting the kinds of interactions and with which other 
individuals or species focal individuals interact; (2) a portfolio effect pro-
duced by covariation among individuals with different traits; (3) pheno-
typic subsidy whereby genetic variation or plasticity decouple phenotype 
and fitness; (4) trait variation as a source of adaptive variation in rapid 
evolution; and (5) sampling effects whereby small populations contain 
only a small number of traits. Population ecologists often relate variation 
to extinction risk through population viability analyses and decompose 
mechanisms into those involving demographic and environmental sto-
chasticity, or more extreme catastrophes (Shaffer 1981). At a multispe-
cies level there is a large body of research on indirect interactions that 
are trait- or density-mediated (e.g. Bolker et  al. 2003), indirect effects 
(e.g., Menge 1995), and positive versus negative species interactions (e.g., 
Tylianakis et al. 2008). All the above serve as potential mechanisms for 
how interspecific variation modifies processes of interest. Surprisingly 
little empirical work has evaluated the mechanisms described by Bolker 
et al. (2003) and their relative importance.

Metapopulation and Metacommunity Responses and Consequences

Source–sink dynamics (Pulliam 1988) and habitat-specific demography rec-
ognize that habitat areas have heterogeneous effects on population dynam-
ics. Similarly, species sorting and mass effects ideas from metacommunity 
theory do the same for whole communities (Leibold et al. 2004). Rescue 
and mass effects across space alter the ability of species to cope with low-
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quality habitats (Pulliam 1988; Leibold et al. 2004). Most frequently, such 
ideas are applied to constant habitat heterogeneity, but we can also view 
habitats as changing, as captured by ideas about source–sink inversions 
(e.g., Boughton 1999) or temporally autocorrelated environmental condi-
tions (Gonzalez and Holt 2002). Local adaptation may drive whether popu-
lations are sources or sinks and modify source–sink dynamics (e.g. Dias 
1999), or metacommunity dynamics (Urban et al. 2008).

The Motivation for Integrating Different Forms 
of Variation and Processes of Interest

As outlined in the introduction, although the effects of variation in some 
processes have been quite well studied, three related problems have been 
poorly explored: (1) consideration of multiple forms of variation, (2) con-
sideration of variation at multiple scales, and (3) the relative importance 
of different mechanisms by which variation influences ecology. Nor are 
interactions among types of variability usually a subject of study. Consider 
a focal herbivore species feeding on a single species of plant and which 
is fed on by a specialist predator. This scenario includes variation in the 
physical environment and that which arises from variation within, and 
emergence of, variation across three interacting species or trophic levels. 
Variation in the physical environment might (for example) include spatial 
variation in mineral nutrients, water availability, and climatic variation at 
multiple space and time scales that can act on any species. A natural 
question is what forms of physical variation affect each species? To what 
extent does plasticity of any kind reduce the relationship between varia-
tion in a physical variable and processes of interest in each species? Or 
conversely do some forms of physical variation actually lead to increased 
variation in the process of interest? Does individual variation produce 
different outcomes of the process of interest, and is the net effect to dampen 
or enhance variation in the process of interest? The answers to such ques-
tions mean that we should also be interested in what the biological and 
ecological mechanisms are, and what kinds of mathematical functions can 
be used to represent them. Species interactions could also dampen (filter) 
or amplify variation in traits of one species in their population dynamics 
or other processes in which the species participates. Again the ecological 
and biological mechanisms and functional forms are of interest.

Individuals experience variance in abiotic and biotic conditions within 
their lifetime, and simultaneously the population encompassing those in-
dividuals’ experiences interindividual variability, and again simultaneously 
populations within a metapopulation experience landscape-level vari-
ability. It is well established that variability on one scale matters for 
adjacent scales. An unresolved question is if variability matters for more 
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distant scales. For example, we know fine-scale abiotic variability matters 
for individual physiology, but how does it influence population or meta-
population dynamics? This question harks back to Levin’s (1992) MacAr-
thur Award lecture, in which he argues, “The key to understanding how 
information is transmitted across scales is to determine what information is 
preserved and what information is lost as one moves from one scale to the 
other.” In the quarter-century since Levin pointed out this gap in our under-
standing, surprisingly little empirical work has been done on the topic.

For the species involved, their encounter with variation and responses 
to it will depend on their movements, activity periods, and degree of se
lection of resources (or physical conditions). Although we frequently study 
foraging, we rarely view it from a variation perspective to understand how 
foraging behaviors affect quality and quantity of resources acquired rela-
tive to variability in these things. The pattern (structure) and scale of re-
sources are relevant (as well as resource-specific aspects of depletability 
and substitutability). Other questions are: Does the species adjust its for-
aging movements in relation to resource quality? What is the net effect of 
any resource selection behavior? Does selection (and other plasticity) re-
duce variation in individual growth or survival of the consumer? How is 
the population growth rate of the consumer species affected? There may 
also be feedbacks such that resource quality or quantity is affected by pre-
vious species interactions, and spatiotemporal patterns of variation in 
resources may alter competition among individual consumers. The con-
sumer interacts with its predator through a variety of top-down and bot-
tom-up forces. Are there detectable signals from predators of variation in 
the physical environment that affect plant quality and subsequently her-
bivores? If it is a top-down process, how do predators integrate spatio-
temporal variation into processes of interest?

Questions also arise at more general levels. For instance, thinking about 
tritrophic interactions in general we might ask about the importance of 
different mechanisms in producing variation in a response variable of in-
terest. Further, are there characteristic nonlinear shapes of processes 
(functions) of interest? How does the scale of movement of different kinds 
of species relate to variation in resource quality in the environment?

Conclusion: What Are the Next Steps in Moving toward an 
Understanding of How Multiple Scales and Types of Variation 

Interact to Influence Ecological Processes?

As stated above, a major unsolved problem in ecology is resolving the rela-
tive importance of different types and scales of variance, and the relative 
importance of the different mechanisms by which variance can influence 
ecological dynamics. With the exception of variation through species 
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composition or trait variation (e.g., biodiversity and ecosystem function-
ing studies), studies that actually manipulate variation to look at the ef-
fects on ecological dynamics are rare (e.g., Underwood 2004, 2009, 
Pearse et al. 2018). And studies that do manipulate variation tend to ma-
nipulate genetic diversity but ignore the traits and mechanisms under
lying the ecological effects of variability (Crutsinger 2015). We need more 
studies that examine and manipulate variance at multiple scales and com-
pare the consequences; for instance, studies that manipulate trait diversity 
at both intra- and interspecific scales (Cook-Patton et al. 2011). Model spe-
cies such as crop plants in which species have been bred to exhibit par
ticular traits may be a good starting point for the often-difficult job of 
creating trait variation under carefully controlled conditions. However, 
investigating many forms of variation require us simply to recognize and 
quantify existing patterns and use them in new manipulations of variation. 
We also need more studies that experimentally isolate different mecha-
nisms by which variance influences ecology (section 3). Does variation at 
certain scales have typical mechanisms of action or types of consequences? 
Under what circumstances are different types of mechanisms (e.g., Jen-
sen’s Inequality versus effects via phenotypic plasticity) more important?

Making progress in answering these questions is likely to involve col-
laborations among different types of biologists, from physiologists to be-
havioral ecologists to community and ecosystem ecologists. We already 
possess a formidable array of mathematical tools for investigating the ef-
fects of variation. Certain forms of environmental variation have been 
the targets of research in population ecology, such as reddening spectra 
to produce autocorrelated temporal variation (Gonzalez and Holt 2002), 
or the effects of timescales of variation in producing resonance through 
interaction with intrinsic population dynamics (Orland 2003). There is no 
reason why we cannot look at the effects of multiple scales of environ-
mental variation on ecological dynamics. In such investigations, like any 
investigations of variation, careful parameterization of mathematical func-
tional forms and analysis of any nonlinearities can show whether there is 
an effect on the average or variance of the output variable. Collaborations 
between mathematical ecologists and empiricists are likely to be espe-
cially fruitful. Ultimately, we need to move towards research programs 
aimed at investigating the role of variation in ecological dynamics.
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Why Does Intragenotypic Variance Persist?

C. Jessica E. Metcalf and Julien F. Ayroles

Evidence for Intragenotypic Variability

Phenotypes vary across traits and species, and it has long been understood 
that such differences emerge from genetic and environmental variation. 
However, striking phenotypic differences are also observed among indi-
viduals with identical genotypes and that experience identical and con-
stant environments. Such variation is known as intragenotypic variabil-
ity (Bradshaw 1965) and refers to the nongenetic component of phenotypic 
variance. Note that our focus is specifically on variation evident even in 
organisms reared in nominally identical environments, and therefore we 
are explicitly not considering phenotypic plasticity.

Evidence for intragenotypic variability is fairly ubiquitous. In plants, 
variability in flowering time and germination provide well-studied exam-
ples (Bradford 2002). In insects, the fruit fly Drosophila spp. has been a 
useful model system for titrating the magnitude of intragenotypic vari-
ance. For example, by inbred lines, a suite of phenotypic traits can be 
measured for a large number of individuals within a single genotype in 
rigorously controlled environmental conditions (Kain et al. 2015). With 
these techniques, intragenotypic variability has been characterized in 
bristle number (Mackay and Lyman 2005), sleep (Harbison et al. 2013), 
thermal or phototactic preference (Kain et al. 2015), and locomotor be
havior (Ayroles 2015), to list only a few. One of the key advances that has 
allowed this progress in characterizing variability is the development of 
automated instruments that can capture large numbers of phenotypes with 
high precision and low statistical error (Kain et al. 2015, Ayroles 2015). 
Using similar techniques, studies of wild isolates of the worm model or-
ganism Caenorhabditis elegans have, for example, uncovered high intrageno-
typic variability in lifetime fecundity (Diaz and Viney 2014). Interestingly, 
this variance is negatively correlated with the mean lifetime fecundity, 
suggesting a trade-off between these two levels of variation (mean and 
variance). Beyond model organisms and academic investigations, a large 
body of work on this topic has been driven by agricultural breeding 
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programs, where homogeneity is a key goal, and variability a source of 
considerable frustration. Traits ranging from litter size in rabbits (Gar-
reau et al. 2008), teat numbers in pigs (Felleki and Lundeheim 2015), or 
tassel length in corn (Ordas et al. 2008) all show evidence of intrageno-
typic variability. Moving to less-tangible traits, the adaptive immune sys-
tem in vertebrates is a rich source of intragenotypic variability. For ex-
ample, B- and T-cell receptor proteins vary substantially across genetically 
identical individuals; the underlying mechanism (VDJ recombination) 
and its consequences for variation are increasingly well characterized 
(e.g., Murugan (2012)). The underlying proximal mechanisms determin-
ing the magnitude of intragenotypic variability are also beginning to 
come to light in other systems: for example, subtle differences in sensitiv-
ity to microenvironmental perturbations between individuals (e.g., seeds 
developing on microenvironmental gradients in the soil (Simons and John-
ston 2006); messenger RNA gradients in insect eggs (Yucel and Small 
2006)), state–behavior feedback loops (Sih et al. 2015), developmental 
stochasticity (Raser and O’Shea, Topalidou and Chalfie 2011) and cell-to-
cell transcriptional noise/variation (Kim and Marioni 2013, Levy et al. 
2012), have all been suggested.

To date, the heritability of intragenotypic variability, a key requirement 
for its evolutionary significance has been difficult to estimate (Simons and 
Johnston 2006, Wagmann et al. 2010), but work on model organisms (Kain 
et al. 2015) and from agriculture (Hill and Mulder 2010) provide empirical 
support for its existence. A recent review of available data (Hill and Mulder 
2010) (dominated by estimates from agricultural species) suggests that 
heritability estimates are themselves highly variable, ranging from 0.0 to 
0.2. Interestingly, although generally low, these magnitudes of heritability 
are often on par with the additive contribution to trait means. Our ability 
to extend this evidence to natural populations is about to experience a 
step-change: the field is on the cusp of statistical and technological innova-
tion. The low cost of genome sequencing now allows us to efficiently search 
for additive genetic effects on variability, using well-defined genome-wide 
association mapping techniques, but focusing on variance instead of the 
mean as would traditionally be the approach (Ayroles et al. 2015, Yang 
et al. 2012, Shen et al. 2012). Simultaneously, new statistical approaches 
are being developed to studying variance heterogeneity, such as Bayesian 
frameworks to identify variance-controlling quantitative trait loci (QTLs) 
(Dumitrascu et  al. 2015) or double–generalized linear modeling (Rön-
negård and Valdar 2012, Mulder 2013).

Having established that the intragenomic variation is widespread, and 
often appears to be heritable, the next question is establishing the degree 
to which this trait might be adaptive.
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Adaptive Explanations

Interestingly, although studies of development, morphology, and animal 
breeding have long demonstrated the heterogeneity of variance among 
genotypes, and this evidence is increasingly augmented by data from field 
systems, and paired with a deepening understanding of underlying mech-
anisms, this axis of variation has received relatively little attention in 
evolutionary genetics. As a result, the evolutionary forces that shape and 
maintain the magnitude of such variability remain poorly characterized 
(Hill 2007). Here, we lay out some of the main hypotheses.

No Selection against It: Flat Fitness Landscapes

Perhaps the simplest, and most boring, explanation for persistent intrage-
nomic variation is simply that there is no selection against this variation—-
i.e., deviations from the phenotypic mean within a certain range have no 
effect on survival or fecundity, and thus do not translate into fitness dif-
ferences. Although this might sometimes be the case, phenotypes whose 
intragenomic variance have attracted research focus have tended to be 
ones likely to have a considerable impact on life-history evolution; e.g., 
traits such as germination, or phototaxis (Kain et al. 2015). We note this 
explanation but do not consider it further.

Facing an Unpredictable Environment: Bet-Hedging

Variability in a trait might be selected for where environments fluctuate 
unpredictably over space (e.g., latitude or altitude) or time (e.g., season), 
and different phenotypes are optimal under different conditions. Under 
this scenario, developmental stochasticity is maintained to produce a dis-
tribution of phenotypes ensuring that at least some individuals within the 
population will be well suited to a range of ecological conditions (Levy 
et al 2012, Simons 2011, Hopper 1999). Formally, bet-hedging theory re-
quires that phenotypic fluctuations reduce mean fitness, as well as reduc-
ing variance in fitness, thereby increasing the population stochastic growth 
rate (Childs et al. 2011). The strongest tests of this theory to date have 
perhaps been in the area of seed germination (Gremer and Venable 2014) 
or timing of flowering in monocarpic plants (Metcalf et al. 2008, Rees 
et al. 2006) as well as work on phototaxis in Drosophila (Kain et al. 2015). 
For such life-history traits, the benefit of variance lies in either risk avoid-
ance at the individual level (termed conservative bet-hedging) or risk 
spreading among individuals of the same genotype (termed diversifying 
bet-hedging) (Rees et al. 2004). Intragenotypic variability has the poten-
tial to fall within this second category.
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Determining that diversifying bet-hedging is occurring may be non-
trivial (Simons 2011). Variance in fitness is highly likely to increase 
within a generation as a result of intragenotypic variability—rather 
than the reduction expected under bet-hedging. Consequently, multigen-
erational tests of the effects of phenotypic variation on fitness variance 
will be necessary to establish that bet-hedging is the driving selective 
force, as the key point is reduction in the variance across generations 
(Simons 2011). Combining empirical data with mathematical models 
and simulation has been a core feature of grappling with this challenge 
(Kain et al. 2015, Gremer and Venable 2014, Metcalf et al. 2008, Rees 
et al. 2006).

Facing Competitors: Game Theory, Adaptive Dynamics

A key feature of the environment of most individuals is the presence of 
other individuals in the population, their phenotypes, and their absolute 
or relative abundances. Where frequency or density dependence is oper-
ating, the success of a phenotype will be predicated on what other indi-
viduals are doing. If similarity of phenotypes results in increased compe-
tition, and thus reduced fitness, this can result in selection for intragenotypic 
variability among offspring (Metcalf et al. 2015), an effect that might be 
further amplified by variation in the environment. In this case, variable 
phenotypes represent unexploited strategies (von Neumann and Morgen-
stern 1944). An example might be phenological traits, such as timing of 
germination within the year. If all individuals germinate at once, this will 
maximize competition, and selection is expected to favor individuals who 
produce offspring with a distribution of germination times. Although some 
of the offspring will be germinating in suboptimal conditions in terms of 
the abiotic environment (e.g., too dry or too wet), these will also be con-
ditions that feature fewer competitors, and thus might be associated with 
higher fitness. Under a simple model of phenology in an annual plant 
under competition for recruitment microsites, the convergent stable strat-
egy (i.e., one that can invade all other strategies and cannot be invaded 
by any strategy) can be shown to reflect a degree of variance under a range 
of different contexts (Metcalf et al. 2015), indicative of selection for in-
tragenotypic variance.

Understanding the fitness consequences of phenotypic variability is 
generally challenging. In a comprehensive set of simulations, Bruijning 
et al. (2020) investigated such consequences under a range of commonly 
encountered relationships between traits, fitness, and environmental 
conditions and showed that, especially under fluctuating environments, 
there can be clear fitness advantages of maintaining intragenotypic 
variability.
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As for bet-hedging, theoretical approaches are key to characterizing the 
conditions in which competition may lead to the expression of alternative 
phenotypes, in this case building on evolutionary game theory. However, 
unlike bet-hedging, generation of hypotheses about the role of competi-
tion in maintaining phenotypic variability linked to specific systems, and 
formal tests with empirical data, remain rare.

Probing the Adaptive Basis of Intragenotypic Variance

Tests Using Experimental Evolution

A major barrier to investigation into the fitness consequences of intrageno-
typic variability has long been the necessity of characterizing the pheno-
types of many individuals across a population, to appropriately charac-
terize variance, often a nontrivial task. Further, for bet-hedging scenarios, 
experiments must feature multiple generations under different scales of 
environmental fluctuations. Given these challenges, experimental evolu-
tion (Fuller et al. 2005) can be a powerful approach to testing hypothe-
ses about the nature of the forces maintaining variable levels of pheno-
typic variability, offering both experimental flexibility and the opportunity 
to pair experiments with modeling. Although measuring the ultimate phe-
notype of interest (i.e., fitness) remains challenging, as it requires char-
acterizing both survival and fertility of each individual, a number of life-
history traits known to be highly correlated with fitness can be measured 
and manipulated. Examples of such experiments aimed at testing bet-
hedging strategies remain rare, but the emergence of novel technologies 
(Ayroles 2015) allowing automation of phenotype characterization opens 
the way to a series of experimental tests of the adaptive basis of intrageno-
typic variation. This has been particularly true for microbial systems 
(Kawecki et al. 2012), where, for example, de novo evolution of bet-hedging 
traits has been demonstrated in bacteria, and the nuances of the context 
specificity of this evolution has been described (Beaumont et al. 2009).

An experimental evolutionary assay of the role of competition in se-
lecting for intragenotypic variance will necessarily feature some form of 
resource limitation. For example, the outcome of competition between in-
dividuals and populations featuring differential levels of heritable vari-
ance could be characterized. If intragenotypic variability increases fitness 
in competitive settings, we expect that genotypes encoding higher vari-
ability will spread within experimental populations. More complex out-
comes, including evolutionary branching, are also possible, and, as noted 
previously, experiments paired with theoretical models are likely to be 
an important driver of progress in understanding the underlying selec-
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tive pressures. Again, recent technical innovations provide the scope of 
automatic measurement required to build the necessary empirical evi-
dence. Advances in genomic technology may be particularly powerful: 
The fitness advantage of alternative strategies, tested in a competitive 
setup, can be monitored over time indirectly using molecular markers tag-
ging individuals harboring alleles favoring different strategies. In such 
an experiment, one could, for example, coculture genetic strains with 
high- and low-intragenotypic variability for body size in environments 
with both constant and fluctuating nutritional resources, to see if the the-
oretical prediction that fluctuating environments favor variability is born 
out experimentally. Genomic technology helps bypass the difficulties of 
phenotyping each individual or of counting a large number of progeny in 
each generation. Rather, one can simply genotype individuals at a num-
ber of characteristic loci, where the high and low genetic variability back-
grounds have been differentially tagged. This would not only help to de-
termine the trajectory of these alleles over time but also provide one of 
the most intuitive and direct estimates of fitness: the survival and change 
in frequency of alleles associated with each of these strategies. This ap-
proach has the potential to offer a clear picture of which genome domi-
nates the population, a strong signature of a strategy associated with a 
fitness advantage.

Leveraging Environmental Variation

Environmental variation offers a unique opportunity to ask whether the 
degree of intragenotypic variability in a population tracks uncertainty in 
environmental conditions. For example, the climate varies regionally for 
a variety of parameters ranging from temperature to rainfall to luminance. 
Some regions are relatively stable, with predictable conditions, others ex-
perience seasonal variation and may have a more unpredictable climate.

In an elegant study, Kain et. al. (2015) noticed striking intragenotypic 
variability for the light- and temperature-preference behaviors of D. me-
lanogaster individuals. Intrigued by this pattern, they hypothesized that 
this variability may be maintained as a bet-hedging strategy driven by 
variable and unpredictable regional weather. Using simulations based on 
real-world weather and climate data, they characterized the temperature 
preference–dependent survival and reproduction under such variable con-
ditions compared with under stable (predictable) conditions. They found 
that a bet-hedging strategy favors the maintenance of interindividual be-
havioral variability for these traits in fluctuating conditions. Further, they 
were able to show experimentally that the mean light- and temperature-
preference behaviors of individual flies were not heritable. Parents with 
strong light preference or avoidance behavior do not produce F1s with a 
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biased preference; rather, these F1s go back to the mean preference of the 
population, with a distribution reflecting the degree of phenotypic vari-
ability of the parental population. This result matched the prediction of 
their model, suggesting that intragenotypic variability provides an advan-
tage under unpredictable environmental conditions, and that a bet-hedging 
strategy outcompetes one in which individuals would simply evolve a 
mean preference for a given set of environmental parameters. This ex-
ample highlights how, using environmental variation, by combining sim-
ulations and experimental validation, can be a powerful approach to study 
the forces driving and maintaining intragenotypic variability, generat-
ing testable predictions across broad scales (Fig. 1).

In the same vein, a study conducted in Madagascar suggested that re-
gional variation in the predictability of precipitation and its effects on tim-
ing of fruiting and flowering of the local vegetation has shaped the life 
histories of animals that depend upon these resources, resulting in un-
usual patterns of selection on the variability in life-history traits, such as 

bet-hedging
advantage (%)

16
0

–16

Figure 1. Predicted geographic variation in the relative growth advantage of bet-
hedging. Warm colors indicate conditions conducive to bet-hedging, and generally 
reflect strong seasonality. Blue indicates conditions unfavorable to bet-hedging, gen-
erally associated with lower seasonal variation, such as the southeast and coastal 
California. (Reproduced with permission from the authors.)
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reproductive variance or basal metabolic rate, across a wide range of mam-
malian fauna (Dewar and Richard 2007).

Open Questions

As detailed previously, there is now clear evidence that the degree of in-
tragenotypic variability may be itself under genetic control (Kain et al. 
2015). However, only a handful of loci affecting intragenotypic variabil-
ity have been mapped in higher eukaryotes (e.g., Kain et al. 2015, Yang 
et al. 2012, Shen et al. 2012). As a result, we know virtually nothing about 
the population genetic dynamics driving the evolution of variance-
controlling loci. Are these loci maintained by balancing selection? What 
prevents the fixation of alleles favoring adaptive tracking? What is the 
mutational target size of variance alleles? Given that, at the mechanistic 
level, one of the favored hypotheses to explain intragenotypic variability 
is the maintenance of transcriptional noise (Yvert 2014, Willmore et al. 
2007), it seems that the mutational target size for phenotypic variability 
has the potential to be substantially larger than that for mutations affect-
ing trait means. How might this affect evolutionary trajectories of traits? 
What mechanisms mediate trade-offs between an organism’s need for vari-
ability and the need to be locally adapted to its environment (Fig. 2)? Are 
particular timescales of environmental fluctuations relative to core life-
history features such as lifespan likely to lead to the evolution of bet-
hedging? Can the sampling of the distribution of phenotypes be biased to 
increase fitness in situations where information becomes available about 
the environmental context? What underlying mechanisms would be in-
volved, and what are the necessary tests to identify such factors? Last, 
the nature of the relationship between intragenotypic variability (result-
ing from microenvironmental perturbation) and changes in variance (in-
duced by macroenvironmental perturbation; e.g., changes in temperature 
or nutrient availability) is largely unexplored. Are these two levels of vari-
ability genetically correlated, such that a high level of microenviron-
mental sensitivity (i.e., high level of intragenotypic variability) would be 
predictive of macroenvironmental sensitivity (e.g., plasticity)? In other 
words, do the mechanisms of macroenvironmental robustness differ from 
mechanisms of microenvironmental robustness? Are there settings where 
selection might be expected to favor such coupling? Settings where the 
selection might be in different directions at different scales? Effectively 
addressing these questions will require the mapping of more mutations 
affecting phenotypic variability, in constant environments and across en-
vironments. Fortunately, the popularization of genomic tools in molecu-
lar ecology now allows such endeavors in natural populations.
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Conclusions

Although intragenotypic variability appears to be ubiquitous in biology, 
under genetic control, and with important consequences for life history, 
very little is known about this phenomenon, both at the proximate and 
ultimate level, particularly in multicellular or other higher eukaryotes. A 
traditional focus on phenotypic means and relative neglect of phenotypic 
variance (sometimes inappropriately dismissed as experimental noise) is 
perhaps partly responsible. With a greater diversity of fields in biology 
realizing what breeders have long noticed, namely that variance itself is 
a trait under genetic control, the characterization of the proximate mech-
anisms of intragenotypic variability is in a phase of considerable expan-
sion. This progress is driven by a combination of analysis of model sys-
tems (Ayroles et al. 2015), availability of ever more detailed genetic data 
from natural systems, and the development of statistical methods to char-
acterize genotypes through to variances in phenotypes (Dumitrascu 
et al. 2015). Linking patterns of diversity in this trait through to its ulti-
mate ecological and evolutionary drivers remains an open research area 
in the field of evolutionary ecology (despite some notable progress). Tack-
ling this question will require careful evaluation of alternative hypothe-
ses (e.g., careful distinction between adaptive tracking and bet-hedging). 
Matching models to empirical data (Kain et al. 2015, Childs et al. 2010, 
Gremer and Venable 2014) is likely to be key.

Genotype 1

Genotype 2

Individual 1

Individual 2

D
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Phenotype

Threshold

Figure 2. Genotypes 1 and 2 differ in their degree of phenotypic variability. The sets 
of circles represent the range of possible outcomes for each genotype. An individ-
ual drawn at random from genotype 1 (high variance) may land in the tail of the 
distribution, potentially in adaptive or maladaptive phenotypic space (e.g., disease 
threshold). On the other hand, an individual drawn randomly from genotype 2 never 
gets a chance to explore the phenotypic space explored by genotype 1.
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Why should we care? Besides being a deeply intriguing phenomenon, so 
much effort in biology is dedicated to understanding the factors that drive 
differences between cells, individuals, populations, or even species. By fo-
cusing primarily on the effects of genetic variation on trait averages and 
ignoring its effects on variance, we are missing an important axis contribut-
ing to phenotypic variation at each of these levels, especially if genetic 
control of mean and variance are decoupled. This underappreciated con-
nection between genotype and phenotype may be a missing link allowing 
us to improve our ability to make better predictions from genotype to phe-
notype, to predict short term evolutionary responses based on allele fre-
quencies and effect sizes; or in genetic epidemiology, to understand disease 
emergence for non-communicable diseases (Yang et al. 2012, Gibson 2009).

Lastly, from a more anthropocentric perspective, variation among in-
dividuals of the same genotype speaks directly to our sense of individual-
ity and refutes misconceptions about genetic determinism. Our genetic 
background does not determine a phenotypic outcome; rather, it deter-
mines a statistical distribution and the probability of a given outcome 
given that distribution. Formally recognizing this has implications for in-
ference into what shapes phenotypes across scales.
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Population Dynamics of Species with  
Complex Life Cycles

Andrew Dobson

Many species have complex life cycles, particularly parasitic helminths, 
but also insects and fungi that sequentially use different host species at 
different stages of their life cycle. Indeed, complex life cycles may ulti-
mately prove to be more common than the relatively simple life-histories 
that are characteristic of mammals, birds, and most higher plants. At pre
sent, most of our understanding of population dynamics is based on mod-
els for species with the simple life cycle of the form: birth, reproduce, care 
for offspring, repeat until senescence and/or death. I suspect this reflects 
the interaction between the actuarial origins of population biology and 
ecology’s origins in wildlife management (Kingsland 1982, 1991, 1995). 
Although there have been occasional explorations of the dynamics and 
evolution of complex life cycles (Caswell 1986, 1989; Dobson et al. 1985; 
Dobson 1988; Parker et al. 2015a; Parker et al. 2003), it is still an area 
that would profit from much more study.

My own interest in complex life cycles stems from a lifelong interest 
in the parasitic helminths, most of which have life cycles that involve 
two or more hosts that must be gone through sequentially to complete 
the life cycle. Sometimes the parasite exhibits highly specific host choice 
at one stage of its life cycle, in other cases a large diversity of hosts can 
be used. I will mainly use parasitic helminths to guide the structure of 
this essay, while noting that many of the results that I outline will also 
apply to many insects, fungi, and marine invertebrates where “alterna-
tion of generations” between sexual and asexual reproduction, and dis-
persal at different stages in the same life cycle, lead to a spectrum of 
life-cycle complexities whose dynamics and evolution can only reward 
further study.

Vector-Borne Disease as a Complex Life Cycle

Initially, let me lay out the nexus of the problem, using malaria as an ex-
ample; after the measles virus, the malaria pathogens are arguably the 
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world’s most intensively studied pathogens from a population perspective. 
These studies are distorted by the logical perception that malaria is an 
important disease of humans; this is certainly true from a social and medi-
cal perspective, but from an evolutionary and population dynamic per-
spective, Plasmodium is a parasite of mosquitoes that has been using 
humans and other primates as a sort of “parking lot” for keeping infections 
ticking over, when mosquitos are in low abundance. Sexual reproduction 
of Plasmodium spp. occurs in mosquitoes, and the different species of this 
protozoan parasite have evolved to reproduce asexually in the blood and 
liver cells of the large variety of vertebrate hosts that they use. The five 
Plasmodium species that use humans are a small subset of those that use 
primates, which in turn are a small subset of those that use birds, liz-
ards, and some other mammal groups (Garnham 1966, Faust and Dobson 
2015). The human Plasmodium species are members of a very ancient 
lineage of pathogens that have used mosquitoes as hosts since their earli-
est blood meals.

To understand the evolutionary and population dynamic constraints on 
species with complex life cycles like that of Plasmodium it is useful to 
derive an expression for the basic reproductive ratio, R0, the number of 
offspring, or new infections produced during the lifetime of the pathogen 
when it first arrives in a new host population, a keystone concept in pop-
ulation dynamics. Intriguingly, one of the first uses of this concept was in 
the derivation of an expression for Ro for malaria by Ronald Ross, the Brit-
ish army polymath who won the second Nobel Prize for Physiology or 
Medicine for his work describing the life cycle of malaria (Ross 1916). His 
contemporary derivation of an expression for the “a priori pathometry for 
malaria” was essentially a derivation of R0 (Fine 1975, Smith et al. 2012) 
(predating Fisher’s later derivation for age-structured populations by 
nearly 20 years). It led Ross to emphasize that the most effective way to 
control malaria was by reducing the rate at which mosquitoes bite human 
hosts, an insight that is still central to any form of control for vector-borne 
disease (Yoeli 1973).

Ross’s original formulation was formalized by MacDonald (1957, 1952) 
and further explored by Aron and May (1982) and Dietz (1980, 1992). All 
of these formulations assume that the dynamics of Plasmodium can be 
characterized by two equations, one for the proportion of mosquitoes in-
fected, Y, and one for the proportion of humans infected, X. The essential 
dynamics of this complex life cycle may be captured by two differential 
equations:

dx
dt

= abMy(1− x)
H

− rx 	 (0.1)
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dy
dt

= ax(1− y) − µy 	 (0.2)

Here a is the biting rate of female mosquitoes, b is the proportion of bites 
that give rise to infections in humans, m = M/H is the mean number of 
mosquitoes per human, r is the recovery rate of infected humans, and μ 
is the death rate of mosquitoes. Algebraic examination of the zero-growth 
isoclines for these two equations provide an expression for the threshold 
condition when Ro = 1, based upon the slope of the two isoclines and the 
condition that they just intersect, by definition a condition that the patho-
gen is just able to establish in the host population (Aron and May 1982).

R0 =
ma2b
rµ 	 (0.3)

As Ross noted, this means that anything that reduces the mosquito biting 
rate will be the most efficient way to reduce the spread of malaria. A key 
point to notice here is that this definition of R0 is always true at the thresh-
old when R0 = 1, but is it always true at other combinations of host and 
vector abundance? To understand this, we need a more general approach 
to estimating R0, this is based on a rather wonderful piece of theory de-
veloped by Dieckmann et al. suggesting that this might not be the case 
(Diekmann, Heesterbeek, and Metz 1990).

Next-Generation Matrices

Their approach uses next-generation matrices to derive an expression for 
R0, the order of these matrices are determined by the number of stages in 
the life cycle of the pathogen, so they will be central to developing an 
understanding of the dynamics of species with more complicated life cy-
cles than that of Plasmodium. Each element of the matrix corresponds to 
the rate at which infections at this stage of the life cycle are passed to the 
next. In the case of Plasmodium we reduce the two equations (Equations 
1.1 and 1.2) that the transient dynamics of infection to a 2 × 2 next-
generation matrix takes the form

0 abm
r

a
µ 0

⎡

⎣

⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥

	 (0.4)
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An expression of R0 is given by the trace, or dominant eigenvalue of this 
matrix:

R0=
ab2m
µr

	 (0.5)

This expression is very similar to the one derived previously and is iden-
tical at the threshold condition of R0 = 1. Importantly, as R0 exceeds this 
linear approximation it increasingly overestimates the true value of R0, 
similarly when R0 < 1 the threshold approximation overestimates R0. There 
are important consequences to this as many estimates of R0 based on the 
threshold equation will egregiously overestimate the magnitude of R0 and 
whence the level of control needed to achieve control. Thus, estimates of 
R0 suggesting it might be close to 100, actually reflect values of 10. An 
unsolved problem in the control of vector-borne diseases is broad scale 
failure to recognize this.

While emphasizing that important caveats always need to be under-
lined when models are used to create risk maps and drive broad-scale con-
trol strategies for pests and pathogens, let us now use this machinery to 
return to the central question of this essay: What determines the dynam-
ics of parasitic species with complex life cycles?

Cestodes of the Serengeti

Although the Serengeti is characterized in the eyes of tourists and 
couch-bound tourists watching wildlife videos by its huge diversity 
and abundance or by the herbivores and the carnivores that feed upon 
them, these species are also intimately coupled together by the para-
sitic cestodes whose life cycles sequentially utilize these predator and 
prey species.

Parasitic Trematodes, Complexity, and Specificity:  
Model Structure for Trophically Transmitted Parasites

The population dynamics of parasites with two sequential hosts coupled 
by free-living egg stages and trophic transmission from intermediate to 
definitive host may be described by expanding the standard Anderson and 
May macroparasite equations to include the details of parasite stages in 
the intermediate host. We assume intermediate hosts are either uninfected, 
C, or infected, CI, and ignore the distribution of the numbers of parasite 
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infective stages they contain. We assume transmission to the definitive 
host takes place via a predator–prey relationship and this can most sim-
ply be characterized by a type II (Michaelis–Menten) functional response, 
characterized by a half-saturation constant that is determined by the prey 
abundance at which predators can locate and eat prey at 50% of their 
maximum consumption rate. We also assume that the predator birth rate 
is dependent upon the abundance of the intermediate hosts as a food re-
source. The equation for each of the populations linked by the parasite 
life cycle follow (Equations 1.6–1.11):

Definitive hosts, H:

dH
dt

= abH C + CI
C50+ C + CI

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟
− dH− (α + δ )H 	 (1.6)

Free-living parasite infective stages, W:

dW
dt

= λP −σW− βC(C + CI )W 	 (1.7)

Uninfected intermediate hosts, C:

dC
dt

= fC− dCC − aHC2

(C50+ C + CI)
− βCCW

	 (1.8)

Infected intermediate hosts, CI:

dCi
dt

= βCCW −
aH(CI )2

(C50 + C + CI )
− dCCI

	 (1.9)

Parasites in intermediate host, PC:

dPC
dt

= βC(C+CI)W− (µC + dC )Pc −
aHCIPc

(C50+ C + CI)
	 (1.10)

Parasites in definitive hosts, P:

dP
dt

=
aHCIPC

(C50 + C + CI )
− (µ + d + α)P − α P2

H
	 (1.11)
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Descriptions of the model’s parameters are given in Table 1.
We can gain an understanding for the dynamics of this more complex 

life cycle by obtaining an expression for the basic reproductive number 
of the life cycle, R0. This can be done in the same way as for the malaria 
example by writing down the next-generation matrix for the rate of spread 
of the pathogen between each stage of the life cycle when first introduced 
into the host populations. This matrix has the form

0 λH
(µ + d +α)

0

0 0 βC
σ

aCH
(C50+ C)(µC + dC )

0 0

⎡

⎣

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

	

(1.12)

Notice the element in the top row, second column, is the rate at which 
infective stages are produced in the definitive hosts, λ H, multiplied by the 
average life expectancy of adult parasites 1/( μ + d + α); the expression in 
the second row, third column, is the life expectancy of free-living stages 
1/σ, times the rate they at which they are consumed by intermediate hosts, 

Table 1. Descriptions of Model’s Parameters

Parameter Definition

a Predation attack rate by definitive host, H, on intermediate host, C
b Birth rate of definitive host, H
d Death rate of definitive host, H
C50 Half-saturation constant of definitive host predation rate  

on intermediate host
Α Per capita impact of parasite on definitive host survival
δ Per capita impact of parasite on definitive host fecundity
λ Birth rate of adult parasites, O, in definitive host, H
σ Death rate of free-living parasite infective stages, W
βC Consumption rate of free-living parasites, W, by intermediate  

host, C
f Birth rate of intermediate hosts, C
dC Death rate of intermediate hosts, C
μC Mortality rate of parasites, PC, in intermediate hosts, C
μ Mortality rate of adult parasites, P, in definitive hosts, H.
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βCC. The bottom row, first column, is the rate of consumption of infected 
intermediate hosts by definitive hosts, times the life expectancy of para-
sites in intermediate hosts. The expression for R0 is again given by the 
dominant eigenvalue of this matrix, whence

R0=
λH

(µ + d +α)
.

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

aCH
(C50+ C)(µC + dC )

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

βC
σ

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

3 	 (1.13)

Notice that R0 is now the cube root of the product of the three transmis-
sion stages in the life cycle. Obviously, this has to be greater than unity if 
the parasite is to persist. This can only be achieved if each of the stages 
in the parasite always increase the abundance of the parasite, or if losses 
at one stage are compensated for by significant amplification in others. In 
general, increases in host abundance will increase R0, but this is offset 
slightly by the trophic transmission stage from intermediate to definitive 
host, where the functional response of the predator–prey interaction sat-
urate as prey and intermediate host abundances increase. Note also that 
taking a cube root, rather than a square root, will likely reduce the over-
all magnitude of R0; this suggests that complex life cycles may be less 
likely to give rise to large epidemics as occur for species with simpler life 
cycles and large values of R0.

It would be very intriguing to integrate this next-generation approach 
to R0 for complex life cycles with the optimization methods developed by 
Parker et al. (2015b) and Parker et al. (2003). It would allow us to explore 
trade-offs between different life-history parameters at different stages of 
the parasite’s life cycle.

This approach can be expanded to include situations in which more 
than one host species is used at different stages in the life cycle. This strat-
egy is employed commonly by the cestodes that live in the muscle tissues 
and viscera of herbivores and the alimentary canals of carnivores. Ces-
todes have wonderfully complex life cycles that always include an arthro-
pod host, usually a beetle in the case of most terrestrial species, but an 
arthropod in the case of most aquatic species. When the beetle, or the 
parasite’s eggs excreted from the beetle, are accidentally ingested by a her-
bivore they migrate through the tissue to either muscle or nervous system 
tissue where they may cause additional stress that increases susceptibility 
to predation by the carnivore species that prey on the herbivore host. Tro-
phic transmission then leads to further development of the cestode in the 
alimentary tract of the carnivore hosts, where sexual reproduction pro-
duces the eggs that are excreted and eventually consumed by arthropods.
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Here we consider two cases with either two possible hosts at the sec-
ond intermediate stage, I2, or two possible hosts at the definitive host stage, 
D2. Rather than write down the many equations that correspond to Equa-
tions 1.6 through 1.11 above, let us simplify the exercise and simply use 
a shorthand for elements of the matrix that reflects that we are dealing 
with production of infective stages (or predation events) that transmit the 
parasite from one host to the next stage in its life cycles (as we saw in the 
matrix, in Equation 1.12, above). In matrix I2 (for the I2 stage) following, 
WD and WJ are rates of production of eggs by adult parasites in dogs and 
jackals, BW is the rate at which eggs are eaten by beetles, MB is the rate 
at which mice eat beetles, and DM and JM are the rate at which dogs and 
jackals eat infected mice. In the second matrix, we have ignored beetle 
stage and assumed that mice and voles eat the eggs directly and that 
wolves and jackals both prey on mice and voles, so there are multiple ways 
around the life cycle.

The transmission matrices for these two different systems may be writ-
ten as:

I2 =

0 0 0 0
0 0 0 0
WD WJ 0 0
0
0

0
0

BW
0

0
MB

DM
JM
0
0
0

⎤

⎦

⎥
⎥
⎥
⎥

⎡

⎣

⎢
⎢
⎢
⎢
⎢ 	

(1.14)

D2 =

0 0 0 WJ
MW 0 0 0
VW 0 0 0
0
0

JM
DM

JV
DV

0
0

WD
0
0
0
0

⎤

⎦

⎥
⎥
⎥
⎥

⎡

⎣

⎢
⎢
⎢
⎢
⎢ 	

(1.15).

We can readily derive expressions for R0 for each of these two matrices. 
In the case of I2 this takes the form

R0= (BW .DM.MB.WD + BW .JM.MB.WJ)
1
4

	
(1.16).

In the case of the second life cycle matrix D2 (for the D2 stage), then R0 
has the form

R0= (DM.MW .WD + JM.MW .WJ + DV.VW .WD + JV.VW .WJ)
1
3  (1.17).
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Although these expressions look at first sight slightly incongruous, they 
have similar properties to those derived above for Plasmodium and the tro-
phically transmitted trematode. In every case R0 is defined as the nth 
root of the sum of all the possible transmission routes around the life cycle; 
notice that n is the number of trophic levels that the parasite passes 
through in the course of its life cycle. All of which suggests that the next-
generation matrix is providing a way of calculating R0 as the geometric 
mean of R0 from all possible starting points in the life cycle. This is why 
it was demonstrative to drop the beetle stage in the D2 example, we have 
lost a trophic level and end up with an expression in the form of a cube 
root; if we returned this stage back into D2, we would again obtain an 
expression with a route to the fourth power. If we added two beetle spe-
cies, we would now have eight different ways for the parasite to go round 
its life cycles and the expression for R0 would look increasingly complex, 
as every time we add in two or more possible hosts on the same trophic 
level we double the number of possible routes the parasite can take around 
its life cycle. This creates a beautiful link to the need to study complex life 
cycles parasites within a food-web context. Initial explorations of life cycles 
with this structure and more hosts at either the definitive, or intermediate 
host level, consistently produce equations of the same form.

Stability in Complex Life Cycles

The results previously described provide a couple of glimpses into the 
factors that determine the dynamics of species with complex life cycles. 
Although I have wrestled with their formulation for several years, I can 
get no closer to an exact solution that those adumbrated above. So for my-
self at least this remains an unsolved problem. Discussions with Mick 
Roberts (who first introduced me to these methods) and Hans Heesterbeek 
suggested that deeper analytical solutions are attainable; their fine papers 
on this provide a map for those who wish to pursue this journey further 
(Roberts and Heesterbeek 1998, Roberts and Heesterbeek 2003, Roberts 
and Heesterbeek 2013). I will leave it at this time as a conjecture and hope 
that younger, sharper minds find ways to explore these problems by using 
either these approaches, or ones that might provide sharper insights, such 
as those developed by Parker et al. (2015a, 2015b) and Parker et al. (2003).

Nonetheless, I see several insights in the results above that deserve fur-
ther comment. First, there is considerable debate in the host–parasite lit
erature about the dilution effect (Lafferty 2013, Ostfeld 2013); any attempt 
to resolve this debate analytically has to involve a formulation based on 
this next-generation-matrix approach. A recent paper by Faust et al. (2017) 
provides some important insights here. They examine transmission of 
mosquito and tick-borne pathogens in increasingly diverse communities 

 EBSCOhost - printed on 2/13/2023 11:37 AM via . All use subject to https://www.ebsco.com/terms-of-use



64  •  A ndrew Dobson

of hosts. As host diversity increases some species are likely to be better or 
worse hosts for the parasites or their vectors. The addition of these addi-
tional routes around the life cycle creates a dilution effect that reduces 
the magnitude of the R0.

Second, a curious effect that emerges, that I confess to only partly un-
derstand, is that as life cycles become more complex, then the root term 
needed to describe R0 will have a higher and higher term; e.g., 2 for Plas-
modium, 3 for trematode, 4 for the cestodes. This means that it is very 
hard for species with complex life cycles to have explosive birth rates; in-
stead, they are more likely to have R0 values increasingly close to unity 
and thus be characterized by rather stable dynamics. While I half-joked 
earlier that Plasmodium uses humans as a parking lot, when mosquito 
abundance is transiently reduced, this use of multiple hosts may provide 
an intrinsic form of stability that allows persistence of species that would 
otherwise be susceptible to extinction during the boom–bust cycles of in-
dividual host species in their life cycles.

Evolution in Complex Life Cycles

Our traditional perspective is that complex life cycles have taken millions 
of years to evolve; a coarse underlying generality is that parasitic species 
have had had association with their invertebrate hosts for millions of years 
before their mammalian and avian hosts appeared on the scene. There 
are two things wrong with this simplification: Evolution is a constant and 
ongoing process, so although there may be a general pattern of older evo-
lutionary hosts, being the ones that define the basal host in a complex 
life cycle, there are likely to be many examples when parasites of verte-
brates evolved to use a biting insect as an efficient vector for transfer from 
one patch of host to the next. Similarly, the efficiency of transfer of free-
living infective stages may be considerably enhanced when these either 
attach to, or are ingested by, an invertebrate that occurs in the diets of 
the definitive host. Fascinating insights into the evolution of complex life 
cycles have come from the recent work of Parker et al. (2003, 2015a, 
2015b) as well as Benesh et al. (2012) and Michaud et al. (2006).

Secondly, the idea that it takes millions of life cycles for complex life 
cycles to evolve is eloquently falsified by recent work from the Panama 
Canal where the mass of invasive host and parasite species introduced by 
global trade passing through the canal have allowed new complex life cy-
cles to evolve in entirely novel sequences of hosts on a decadal time scale 
(Frankel 2016, Frankel et al. 2015).

All of this raises intriguing questions about how the genomes of spe-
cies with complex life cycles are organized. How are different genetic pro
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cesses switched on or suppressed when the same individual lives in a 
very different environment at different stages of its life cycle? How much 
of its genome is expressed throughout all of its life cycle? Or is their total 
differentiation with vital processes replicated in the genome and differ-
entially expressed at different stages? Plainly we still have a lot to learn 
about the dynamics and evolution of species with complex life cycles. The 
methods I have described above can fairly readily be applied to the many 
non-parasitic invertebrate species with complex life cycles.
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What Determines Population Density?

Robert M. May

This chapter focuses on “What determines population density?”1

Ecology is a young science. Arguably the first ecological text is Gilbert 
White’s Natural History of Selborne, published in 1789. This work goes be-
yond earlier fascination with descriptive natural history to begin to frame 
analytical questions about, for instance, what governs the abundance—
and vastly different fluctuations in abundance—of swifts and wasps in 
Selborne, in the United Kingdom. The nineteenth century saw what I be-
lieve to be the most important advance in humanity’s intellectual history, 
with the advent of Darwin’s and Wallace’s understanding of the basic ideas 
of evolution by natural selection. But this nineteenth-century advance in 
our comprehension of the evolutionary drama was not matched by ana-
lytical advances in exploration of the ecological stage on which it is played. 
In describing the “struggle for existence” that underlies evolution, Dar-
win reached, for instance, for metaphors of wedges in a barrel to illumi-
nate a discussion of what we might call “competition for niche space among 
species.” But there was, at that time, no attempt—either quantitative or 
qualitative—to measure the shape and size of the wedges or niches, much 
less to see if or how they fit together in the barrel. In short, ecological 
studies lagged behind evolutionary ones in the nineteenth century.

All biological populations fluctuate in abundance over time. The de-
gree of fluctuation varies greatly among populations, affected both by 
their external environment and by other factors, whose effects may or may 
not depend on population density. The long-term average about which any 
given population fluctuates (either a little, as with Gilbert White’s swifts, 
or a lot, as with his wasps) will ultimately be set by the density-dependent 
factors. In the absence of such nonlinear regulatory mechanisms, a popu-
lation will either pursue a fluctuating trajectory to extinction, or balloon 
toward infinity. Perhaps the most striking illustration of ecology’s com-
parative lack of an analytical tradition—thinking of populations as dy-
namical systems—is the long-running verbal debate, reminiscent of me-
dieval scholasticism, about the relative roles of density-dependent and 
density-independent mechanisms in setting population sizes (for an excel-
lent review, see Sinclair (1989)).2
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This being said, the task of elucidating the density-dependent and in
dependent regulatory mechanisms for specific populations continues to 
prove very difficult. White observed that there were eight breeding pairs 
of swifts in Selborne, year after year. Given their capacity to double their 
population each year by producing typically two offspring, he asked what 
governed their steady abundance. When I ask my ornithologist friends, I 
get a range of guesses, but no agreed answer. Maybe nesting sites. But in 
White’s day, the swifts nested in the church tower or in the thatched roofs 
of cottages, whereas for today’s steady population of roughly 12 pairs 
(which, to ecological accuracy, is equal to eight, representing 200 years 
of constancy!) the church tower is sealed against squirrels and thatched 
roofs are essentially gone. Maybe food supplies. But, although field pat-
terns have changed little, it strains credulity to suggest that the abundance 
of swifts’ insect food has remained constant under great changes in farm-
ing practice. In short, there is no predictive understanding of why the pop-
ulation density of swifts in Selborne is what it is, and has been for more 
than 200 years.

On the one hand, we could give a huge list of density-dependent factors 
that are involved in setting the long-term abundances of plant and ani-
mal populations. I could, however, multiply endlessly the Selborne story, 
giving example upon example of well-studied populations where we have 
no confident understanding as to what ultimately sets their abundance. 
On the other hand, for practical problems—e.g., fisheries management,3 
whaling quotas,4 harvesting terrestrial animals,5 predicting outbursts of 
insect pests6—we do have effective methods for short-term prediction. 
They are mainly phenomenological, based to varying degrees of sophisti-
cation on projecting trends. In this sense, I could make a fairly confident 
projection that the swift population of Selborne will be 12 pairs in ten 
years’ time. But lacking fundamental ecological understanding of the 
underlying regulatory mechanisms, we can only guess at the long-term 
changes in the same populations that will be caused by various kinds of 
environmental and other changes. What level of harvesting will cause fish-
eries to collapse? What, quantitatively, will be the effects on particular 
bird populations of further changes in agricultural practice? Phenomenol-
ogy has its uses, but until we really understand why there were and are 
about 10 pairs of swifts in Selborne, rather than 1 or 100, we cannot claim 
to predict the effects on them of present and future changes in climate, 
landscape, or whatever. To put it another way, I think ecologists have their 
analogue of the chemists’ heuristic periodic table, which is adequate for 
many practical purposes, but we lack the analogue of the underpinning 
atomic chemistry.

It is to be hoped that the twenty-first century will see advances in fun-
damental understanding of the average magnitude, and differing degrees 
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of fluctuation, in plant and animal populations. The difficulty has been 
that most density-dependent regulatory effects acting on a population7—
food supplies, predators, disease, competing species, and so on—are them-
selves affected by the populations they are interacting with.8 The nonlin-
earities inherent in such dynamical systems make it essentially impossible 
to take the system apart, studying it piece by piece in a controlled and 
comparative way,9 in the manner that has been so effective for the linear 
problems that dominate so much of classical physics. But recent advances 
in understanding nonlinear dynamical systems give cause for optimism.

Having described at length what is arguably one of the main problems 
of twentieth-century ecology, we now give a telegraphic sketch of some 
of the developments that hold hope.

The simplest, purely deterministic, models of density-dependent pop-
ulation change were shown in the 1970s to be capable of amazingly com-
plicated dynamics, ranging from stable points, through stable cycles, to 
apparently random or chaotic fluctuations (May 1974, 1976). These sim-
plest models were first-order difference equations (such as Nt + 1 = Nt (1 − aNt)), 
originally propounded as crude first approximations to the dynamics of 
particular insect and fish populations. This ecological work was one of the 
two strands that brought chaos to center stage,10 the other being Lorentz’s 
work on three-dimensional continuous systems in meteorology (Gleick 
1987). The earlier, and to my mind silly, debates between proponents of 
density-independent versus density-dependent regulation had implicitly 
assumed that strong density independence led to erratic fluctuations and 
density dependence to population constancy. The advent of the concept 
of deterministic chaos stood all this on its head, with strong density de-
pendence causing population fluctuations as erratic, and—as a result of 
sensitivity to initial conditions—as unpredictable as anything density-
independent external noise could produce.11 In this light, the agenda for 
understanding the dynamical behavior of populations becomes one of un-
ravelling density-dependent signals from density-independent noise, in 
complex nonlinear systems where even a purely deterministic signal may 
be apparently random, and long-term unpredictable, chaos.12 For an early 
overview, see Zimmer (1999) in the special issue of Science devoted to 
complexity.

New techniques13 for thus distinguishing the apparent randomness of 
chaotic signals from the “real” randomness of density-independent noise 
are being developed (e.g., Sugihara and May 1990; Hastings et al. 199314), 
with applications ranging well beyond ecology.15

The most clear-cut illustration of the complexities inherent in nonlin-
ear population dynamics have been demonstrated in the laboratory.12 In 
a series of beautiful experiments,16 Constantino et al. (1995) have shown 
how, essentially by changing development rates, laboratory populations 
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of Drosophila17 in constant environments can move, in a way that is pre-
dictable, from steady cycles to chaotic fluctuations. Some other, less de-
finitive,18 examples are reviewed by Murdoch and McCaughley (1985).

Modern data-inductive techniques9,10,13 for thus distinguishing the 
apparent randomness of chaotic signals from the “real” randomness of 
density-independent noise, and for understanding how this problem plays 
out in field data are being developed (e.g., Sugihara & May 1990; Hast-
ings & Higgins 1994; Sugihara 1994; Dixon et al. 1999; Stenseth et al. 
2004),3,13 with applications ranging well beyond ecology.14 For the most 
part, these datacentric methods broadly involve building attractors from 
time series and then validating the attractor model by how well it fore-
casts out of sample.

Field studies are obviously much trickier, owing partly to environmen-
tal noise and partly to nonlinear interactions with other populations. But 
these are the problems we need to deal with. Using the methods men-
tioned previously to distinguish chaos (density-dependent signals) from 
noise (density-independent effects), Stenseth (1995) has, I think, gone a 
long way towards resolving the long-standing question of what causes the 
celebrated cycles (with a roughly 11-year period) seen over the past 150 
or so years in lynx and snowshoe hares in Canada. He finds the hare dy-
namics to show the signature of almost-periodic chaos, with two interac-
tive variables in the dynamical system. The methods used in decoding 
such time-series do not tell you what these active variables are; they only 
tell you the dimensionality of the system.19 For the lynx, in contrast, the 
time-series has the signature of almost-periodic chaos with one interac-
tive variable. We could conjecture that the lynx dynamics are driven by 
its interaction with hares, whereas hare dynamics involve both lynx and 
food supply. But whatever the biological factors actually are, the dimen-
sionality of the system can be fairly confidently ascribed. Interestingly, 
this dimensionality agrees with earlier suggestions, based on ecological 
arguments (May 1973).

Dixon et al. (1999) have applied the modern time series techniques to 
obtain insights into the factors controlling the larval supply of pomacen-
trid reef fish populations whose dynamics look suspiciously chaotic with 
irregular episodic spikes. Their analysis found that the dimensionality of 
the problem—the number of active variables—was roughly three to four; 
they then used multivariate forecasting to try to identify them. As it turned 
out, spikes in larval abundance involved a perfect storm of three control-
ling factors: wind direction (blowing larvae toward the reef), lunar phase 
(phototropic spawning on the full moon) and wind speed (intermediate 
levels of turbulence required for larval fish to feed). Pulses of larvae oc-
curred nonlinearly with the alignment of stars in a way that quite inter-
estingly could not be ascribed to simple correlations among variables. It 
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is described as a case of physics convolved with biology to produce what 
could be called “stochastic chaos” (Sugihara 1994), where instability in 
an otherwise stable simple model is provoked by process error (where the 
simple model represents an incomplete specification of the actual phenom-
enon).15 Thus, although the early time series methods for assessing di-
mensionality and for distinguishing chaos from noise were primarily fo-
cused on short-term forecasting and not on mechanisms, this has changed, 
and with it our understanding of the problem has deepened, providing a 
more realistic path to Selbourne’s puzzle.

To this end, two modern developments for studying this question from 
field data that appear to be particularly intriguing (and which I have un-
abashedly participated in), include a method, convergent cross-mapping, 
for detecting causation (to identify the active variables and how they re-
late to each other in a fully-fledged nonlinear network) (Sugihara et al. 
2012), and a way of measuring interactions that are not constant (as we 
typically imagine them) but have the difficult nonlinear tendency to 
change as the system state changes (Deyle et al. 2017, Ushio et al. 2019) 
(also see https://www​.youtube​.com​/watch​?v​=fevurdpiRYg).

Bishop Berkeley’s (1710) warning notwithstanding, correlation has been 
the default for finding active variables in nearly all of the natural sciences, 
but this fails both because of the obvious—correlation does not imply 
causation—but also because of the less obvious (and highly confounding) 
converse: Variables that are causative may be totally uncorrelated with 
their effects (as in the above larval fish example). The latter is common in 
ecosystems, and to be able to identify the active variables or the relevant 
ecosystem, as it were, is key to extracting mechanism. The new method 
for measuring causation, mentioned above, does not rely on correlation, 
and, for example, shows that although Pacific sardines and anchovies are 
negatively correlated in their abundances (once thought to be evidence 
for competition) they show no mutual causal effect on each other, but ap-
pear to be driven by sea surface temperature, which, interestingly, through 
the twentieth century is not cross-correlated with the abundances of either 
species. Understanding how populations are situated within their networks 
of causal influence advances the problem.

Equally promising, from time-series data taken in the field we are be-
ginning to be able to quantify interactions among populations as they 
occur on the fly, instantaneously. Whereas much of the work from the last 
century, particularly with regard to models, assumes interactions that are 
constant, what is potentially game-changing from this work is emerging 
evidence from the application of these attractor-based empirical dynamic 
methods showing that the interactions among species in nature are highly 
variable through time and can be volatile and episodic, something never 
captured in the lab or in simple models.
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Finally, a potential problem with all such analysis of time-series data 
(e.g., seeking to identify nonlinear signals versus noise, unraveling causal 
mechanisms, population forecasting, quantifying interactions) is that they 
need long runs of data (long compared with the time interval on which 
significant changes can occur in the population size). Such long series were 
once considered rare in ecology, but as data itself becomes more of a focus 
and the need to monitor our environment escalates, this is beginning to 
change.16 Thus, as data constraints become less of a concern, I think that 
progress in developing techniques initially aimed at disentangling deter-
ministic signals from external noise in nonlinear ecological systems17 is 
at last clearing the ground for a more mature and complete approach to 
the fundamental problem of ecology that we have been circumambulat-
ing here: namely, what determines the density and controls change of pop-
ulations that are ineluctably linked to the ecosystems surrounding them. 
I think there is good reason for optimism.
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Neglected Problems in Ecology

Interdependence and Mutualism

Egbert Giles Leigh Jr.

The Nature of This Neglect

From 1950 on, community ecologists collectively reckoned most inade-
quately with the role of interdependence—among species within a habi-
tat or among habitats—and mutualism (cooperation between species, as 
between plants and their pollinators) in ecosystem function and evolution. 
Odum’s (1959) Fundamentals of Ecology, the era’s dominant ecology text, 
defines mutualism and protocooperation (nonobligate mutualism) (p. 225) 
and gives examples (pp. 242–244), but the topic is otherwise ignored. This 
neglect is puzzling. Mutualism is a familiar story (Smith and Douglas 
1987). So is interdependence: migratory birds that depend on both tropi-
cal and temperate-zone habitats (Keast and Morton 1980), heaths that de-
pend on cattle to exclude trees and shrubs (Darwin 1859, pp.  71–72), 
coralline algae that depend on sea urchins to exclude kelps (Paine and 
Vadas 1969), and the like. This neglect is ending: Polis et al. (1997) wrote 
an influential paper that made many community ecologists aware of the 
pervasive importance of interdependence among habitats, and Bronstein 
(2015) edited a volume to do the same for mutualism. Yet a synoptic view 
of the crucial role in ecosystem function of mutualism and interdepen-
dence, and the factors that limit their evolution, is still lacking. This cir-
cumstance is remarkable, considering that the easiest way to disturb a 
natural ecosystem is to disrupt a crucial mutualism (as in overfrequent 
bleaching of corals), or a relationship of interdependence (as in degrad-
ing a forest by eliminating its top carnivores).

When ecosystems were considered to be superorganisms whose parts 
were designed to serve the whole and each stage of plant succession de-
signed to prepare the site for the next (Clements 1936, p. 245), interde-
pendence attracted more attention. Ecologists of the superorganism school, 
however, were unable to refute Gleason’s (1926) assertion that tree spe-
cies were distributed independently of each other, nor could they show 
how the presumed functional unity of this superorganism was actually 
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manifested in natural phenomena. Elton (1927) suggested instead that the 
relationships of organisms with competitors, predators, parasites, and the 
physical environment were what organized ecological communities. His 
view eventually prevailed.

Later, ecology split into three disciplines—ecosystem, population and 
community ecology—a split apparent by 1959 (Odum 1959, p. 8). Popula-
tion ecologists ask what factors limit a population’s numbers and its dis-
tribution and seek to relate these limits to how the population’s members 
live and reproduce. Employing mutualists such as mycorrhizae, nitrogen-
fixing bacteria, and pollinators, often helps individuals live and reproduce, 
as does behavior entailing interdependence. Therefore, population ecolo-
gists often study these phenomena.

Community ecology focuses on two questions (Elton 1927, Hutchinson 
1959). How do interactions of different species with each other and their 
environment govern community organization, species composition and 
species diversity? What conditions allow species to coexist? Answers cen-
ter on mechanistic processes. Thanks to the influence of Lotka’s (1925) 
and Volterra’s (1931) equations, ecologists focused on competition and pre-
dation. Theoretical (Skellam 1951) and empirical (Denslow 1980) work 
forced ecologists to reckon with disturbance as well, thereby enthron-
ing the trinity of competition, predation, and disturbance as the three 
basic processes of ecology. Trade-offs, whereby improving one of an or-
ganism’s abilities necessarily imposes sacrifices on another, drives di-
versification (Fisher 1930, pp. 127–129). Most trade-offs considered by 
ecologists involve coping with competition, predation, and disturbance. 
The disturbance-related trade-off between growing fast in bright light 
versus surviving in shade (Wright et al. 2003) enhances tree diversity in 
a forest disturbed by tree falls. The competition-related trade-off between 
being able to defend and exploit rich resources and surviving on scarce 
resources (Robertson 1996) enhances alpha diversity; the competition-
related trade-off between growing fast on good soil and surviving on 
poor soil (Russo et al. 2008) enhances beta diversity. The trade-off be-
tween outgrowing competitors and resisting herbivores or predators 
(Coley et al. 1985, Wulff 2005) also fits within this trinitarian scheme. 
This scheme, however, does not force neglect of mutualism or interde-
pendence. Mutualism among sponges helps them survive predation, 
disease, and disturbance (Wulff 1997). Mutualism between plants and 
their pollinators and seed dispersers helps plants survive intense pest 
pressure while investing less in antiherbivore defense, thereby increasing 
their competitiveness and their forest’s primary production (Leigh 2010).

By 1970, the idea was revived that ecosystems were functional units 
where nutrient-releasing decomposers, nutrient-requiring primary produc-
ers, and herbivores and carnivores that enhance the recycling of re-
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sources and maintain ecosystem health were designed to serve their eco-
system by fulfilling these roles (Odum 1971). H. T. Odum provided an 
appealing justification for this idea, based on an analogy between natural 
ecosystems and free-market economies. He argued that selection on a pop-
ulation would favor harming other populations that injured it and bene-
fitting other populations that benefitted it, as much as possible. Although 
recent work suggests the correctness of Odum’s argument (Vermeij 2013, 
p. 9), the ecological theory of the day was unable to evaluate this propo-
sition (see later), and it was ignored. Moreover, many ecosystem ecolo-
gists (Odum 1971) focused on energy flows and energy stocks, whereas 
natural selection acts on the populations that generate them. Treating eco-
systems as superorganisms, emphasizing energy stocks and energy flows, 
and advocating a form of overly coordinated big science that often gener-
ated shaky data, brought this new superorganism school of ecosystem 
ecology into disrepute among other ecologists.

Empirical ecosystem ecology fared better. In forestry schools, some eco-
system biologists studied mutualisms with genuine care. For example, 
Vogt et al. (1982) assessed the costs and benefits to a forest of supporting 
mycorrhizae. Moreover, an ecosystem-wide study of the Serengeti grass-
land (McNaughton 1985) revealed the mutualistic interdependence be-
tween the grassland and its grazers, and the dependence of migratory 
grazers on several different habitat types within the Serengeti. Ecologists 
respected these studies and recommended their publication, but never in-
tegrated them into a bigger picture.

A new ecosystem approach—on an earthwide scale—is the Gaia hy-
pothesis (Lovelock 1988). Whereas a traditional ecosystem study focused 
on how its species served their ecosystem’s function, Gaia focuses on how 
the activities of the earth’s organisms collectively make its environment, 
especially the earth’s temperature, atmospheric composition, and its 
ocean, river, and soil chemistry more hospitable to life. Automatic, active 
but unconscious feedback processes maintain this homeostasis. However, 
“the conditions are only constant in the short term and evolve in syn-
chrony with the changing needs of the biota as it evolves.” (Lovelock 
1988, p. 19). Neither an ecosystem nor the ensemble of biogeochemical 
processes affecting life on earth are true superorganisms because, unlike 
honeybee colonies, these entities are not organized to reproduce. None-
theless, natural ecosystems are organized to maintain high productivity 
and diversity, as evidenced by the circumstance that disturbance outside 
an ecosystem’s evolutionary experience reduces its productivity and/or di-
versity (Leigh and Vermeij 2002). Moreover, living things have collec-
tively modified the earth’s surface, making it more suitable for life. Most 
geochemical cycles have come increasingly under biotic control as life 
evolved (Vermeij 2013, p. 13; Vermeij 2011, pp. 199–202), so the world is 
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a far better home for life now than 3.7 billion years ago. Ecosystems, in-
dividually and collectively, have these features because “by establishing 
feedbacks between species and enabling factors [factors enhancing access 
of species to essential resources], effective competitors regulate and en-
hance resource supply (Vermeij 2013, p. 1).

Nonetheless, community ecologists rejected the hypothesis of ecosys-
tems as adaptively organized and the Gaia hypothesis that, thanks to their 
relationships of interdependence, living things collectively make the earth 
better for life. They did not see how natural selection within popula-
tions could favor these developments. Similarly, geologists initially re-
jected the idea of continental drift even though it fit the facts, because 
they knew no mechanistic cause for it—but they had to discover new 
phenomena to explain continental drift, whereas Odum had already pro-
posed the mechanism that shaped ecosystem adaptation and life’s impact 
on its environment.

Although how mutualism helps make organisms better competitors or 
predators has been studied for decades (Smith and Douglas 1987), as has 
interdependence among ecosystems (Keast and Morton 1980), William-
son (1972, p. 95) remarked that mutualism “is a fascinating biological 
topic, but its importance in populations in general is small.” In their book 
on symbiosis (a form of mutualism where one partner lives in the other), 
Smith and Douglas (1987) assembled evidence that mutualism—between 
eukaryotes and their mitochondria, plants and their chloroplasts and my-
corrhizae, wood-decomposing termites and the cellulose-consuming pro-
tists in their guts, corals and their zooxanthellae—is as vital to the pro-
ductivity of many, if not most, natural ecosystems as cooperative enterprise 
is to modern human economies, However, they found that, intracellular 
organelles excepted, “most biologists consider that the evolutionary im-
portance of symbiosis has been trivial compared to the other mechanisms 
by which novel and heritable characteristics are produced” (Smith and 
Douglas 1987, p. 237). Pastor (2008, pp. 169–173) briefly discussed mod-
els of mutualism, but this discussion had no impact on the rest of his book. 
How could this happen?

Why the Neglect?

Theoretical Biases

Several factors tended to marginalize mutualism and interdependence. 
First, the equations of Lotka (1925) and Volterra (1931), which Pastor 
(2008) still tested as a possible foundation for mathematical theory in ecol
ogy, were not suited to analyzing interdependence and mutualism. These 
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equations assume a homogeneous community, where the population den-
sity of each species is everywhere uniform. Skellam (1951) and Muller-
Landau (2010) needed a different approach that explicitly incorporated 
the heterogeneity in habitat due to light gaps opened by fallen trees (in 
Muller-Landau’s case, gaps of different sizes), to show how the trade-off 
between exploiting light gaps and surviving in shade allows different spe-
cies to coexist. No approach as elegant as Muller-Landau’s springs to 
mind for modelling interdependence between widely separated habitats.

Although May (1976) recognized the importance of mutualism in the 
tropics (though not in the temperate zone), he suggested that theorists had 
ignored mutualism because reversing the signs of the coefficients of com-
petitive interaction to represent mutualism in Lotka’s equations for two 
competing species often caused their populations to explode. Represent-
ing mutualism more realistically, moreover, would destroy these equa-
tions’ simplicity.

A more cryptic and therefore more disastrous aspect of these equations 
is their implicit assumption that each individual encounters a random sam-
ple from the same homogeneous boundaryless community. Consequently, 
if an animal somehow, at no cost to itself, benefits a species on which it 
feeds, all its conspecifics benefit equally from the resulting increase of 
food, so the benefactor reaps no differential advantage from its “good 
deed.” These equations thus cannot represent the evolution in consumers 
of any feature that benefits a food species, such as a grazer replacing deer 
pellets with grassland-nourishing cowpies (McNaughton 1985), for coop-
erators and noncooperators in the consumer species would benefit equally 
from this change’s improvement of grass production. Wilson (1980) de-
vised a theory confining the immediate effects of interactions to near 
neighborhoods whereas young dispersed more widely, that resolved this 
anomaly. Mainstream theoretical ecologists, however, ignored his work.

Ignoring Adam Smith

Lotka-Volterra equations were not used widely enough to be an impass-
able roadblock to reckoning with mutualism and interdependence. Al-
though they kept theoreticians from showing how a species could evolve 
to benefit species that benefit it, and to harm those that harm it, it is still 
puzzling why Odum’s insight (1971), based on an analogy between natu
ral ecosystems and human free-market economies, had so little impact. 
Adam Smith’s Wealth of Nations (1776) shows how, given adequate trans-
port and other technology, competition among individuals, families, and 
larger groups for the means to live and reproduce favors innovation, di-
versification of occupations (ways of making a living), cooperation among 
individuals to compete better with others, and interdependence at many 

 EBSCOhost - printed on 2/13/2023 11:37 AM via . All use subject to https://www.ebsco.com/terms-of-use



84  •  E gbert Giles Leigh Jr .

different scales. These are just the ingredients needed to understand how 
ecological communities evolve higher productivity and diversity. Few bi-
ologists, however, read Adam Smith. Politicians depicted him as an advo-
cate of unbridled competition—an infallible disincentive for reading him 
to learn how cooperation can evolve. Von Neumann and Morgenstern 
(1944) were unable to show how economic competition could serve soci-
ety’s common good, so Smith’s approach seemed invalid. Smith (1759, Part 
II, Section ii, Chapter 2, paragraph 1) refutes the first claim: if competi-
tion is to benefit society, society must enforce the fairness of competition. 
The second is answered by the circumstance that in eukaryotes, natural 
selection on autosomal loci enforces the fairness of meiosis, thereby en-
suring that an allele spreads only if it serves the autosomal genome’s com-
mon interest (Leigh 2010).

The Tunnel Vision of Overspecialization and Overgeneralization

Community ecologists usually focus on a single guild or taxonomic group, 
as did many justly celebrated classics of ecology, such as Lack (1947), Ma-
cArthur (1958), and Losos (2009). These studies emphasized the Lotka-
Volterra inspired themes of competition, niche differentiation and coex-
istence. Moreover, as mutualism usually, but not always (Wulff 1997), 
involves members of different kingdoms, such studies rarely unearth mu-
tualism or interdependence.

Programmatic comparisons of different communities, and studies 
shaped by a single overarching approach, such as representing an ecosys-
tem as a network of energy flows between different energy stocks (popu-
lations) (Odum 1971) leave too little place for individual natural history 
studies, driven by a student’s own questions, which often produce sur-
prises unwelcome to such visionaries. Seemingly frivolous individual stud-
ies of how figs enforce pollination by their pollinator wasps, and how the 
number of wasps pollinating each fig fruit affects the virulence of these 
wasps’ parasitic nematodes, taught us much about how mutualism is main-
tained (Herre et al. 2008, Herre 1993).

What Is to Be Done?

How can the role of mutualism and interdependence in ecological com-
munities be brought into clear focus? A first step is for biologists to read 
Adam Smith’s (1776) An Inquiry into the Nature and Causes of the Wealth 
of Nations. Unlike many biologists, Smith understood how competition can 
favor cooperation, and how cooperative enterprise and interdependence 
within and among economies enhances their productivity and diversity 
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of occupations. Smith (1776) also realized the importance of transport 
technology in making possible the interdependence and cooperative en-
terprise so essential to complex human economies. I will argue that move-
ment ecology (Nathan et al. 2008) can be a source of analogous under-
standing for natural ecosystems. Finally, I will show how the concentration 
of diverse studies at one site (the ecology of place) often reveal relation-
ships of mutualism and interdependence.

The Economic Analogy

Evolution . . . ​consists in raising the upper level of organization 
reached by living matter, while still permitting the lower types of 

organization to survive. This gradual rise in the upper level of control 
and independence . . . . in living things . . . ​may be called evolutionary 
or biological progress. It is . . . ​another necessary consequence of the 

struggle for existence.
(Haldane and Huxley 1927, p. 234) (emphasis in original)

There are striking parallels between natural and human economies, and 
in the processes that organize them (Vermeij and Leigh 2011). Both are 
driven by competition among individuals, families, and larger groups 
for the means to live and raise young. In both, two or more individuals 
may cooperate to compete more effectively with a third. Insofar as tech-
nological capacity, human, other animal, or plant allow, cooperation 
among individuals with different abilities, and interdependence among 
different groups, maintain productivity, and diversity of occupations or 
ways of life, alike in human economies and natural ecosystems. In both, 
diversity and productivity tend to increase over historical or evolution-
ary time. On the other hand, cultural transmission of ideas about how to 
make a living and handle social life drives evolution in human econo-
mies, whereas natural selection on genomes drives evolution in natural 
ecosystems. Cultural evolution can be much faster, especially in econo-
mies with rapid long-distance mass communication, but it can be dys-
functional, as when the internet propagates appealing but dangerous 
delusions. Genetic evolution is much slower, but genetic systems are or
ganized to make evolution adaptive (Vermeij and Leigh 2011). Fair mei-
osis ensures that alleles spread only if they serve the common good of 
their autosomal genome. Sexual reproduction and recombination ensure 
that a new allele spreads more nearly according to its own contribution 
to fitness than according to the merits of the genome in which it first oc-
curs. The parallel between natural ecosystems and human economies is 
far from exact, but each study can offer useful pointers for the other 
(Vermeij 2009).
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The Uses of Movement Ecology

Developing effective transport paced the development of productive, di-
verse human economies. Likewise, the increasing range and sophistica-
tion of animal movements, and the increasing variety of ways plants take 
advantage of these movements, paced increase in the scale and intensity 
of interdependence and mutualism in natural ecosystems. Capacity for 
these movements, however, is limited by the technological capacities of 
the movers. Nathan et al. (2008) accordingly set out to found a new eco-
logical subdiscipline, movement ecology, concerned with these questions. 
Movement ecology can promote a more unified vision of ecology by shed-
ding light on how mutualism and interdependence work, and the tech-
nologies upon which they depend. Indeed, many movements reflect inter-
dependence between regions, nearby or widely distant, ranging from 
leaving one’s home range in search of food to seasonal migration between 
the tropics and the temperate zone. Other movements, such of those of 
pollinators among flowers, or animals dispersing seeds far from their par-
ents, express mutualism.

These movements involve many animal technologies—vision (or echo-
location), flight (or swimming), navigation, often learning and memory 
as well. Consider, for example, the technologies behind the mutualism en-
abling the luxuriance and diversity of tropical forest—animal pollination. 
Plants kept rare by specialized pests must attract faithful pollinators that 
will travel far to seek out other members of its species (Leigh 2010). Most 
tropical plants attract pollinators. Some domesticate their own, species-
specific pollinators. Fig trees domesticated seed-eating wasps (Herre et al. 
2008). A fig flowerhead, turned outside-in so the flowers line the inside 
of a ball with an entry hole, attracts fertilized female wasps carrying pol-
len from their natal fig, which pollinate its flowers and lay eggs in half of 
them. Each larva matures within a single fig seed. When adult wasps 
emerge, they mate with each other, and fertilized females fly off in search 
of new trees to pollinate. Fig trees often attract these wasps from 10–20 km 
away, so even rare species maintain extraordinary genetic diversity 
(Nason et al. 2008). The technology underlying this mutualism, includ-
ing how the wasps’ cooperation is enforced, comprise a remarkable chap-
ter in natural history (Herre et al. 2008). Other pollinators face different 
problems. How can they locate other flowers of a rare and scattered spe-
cies, and then find their way home? To answer we must learn why they 
move, how they do so, and how they find their way around—standard 
questions of movement ecology (Nathan et al. 2008). Honeybees show how 
complex pollinators’ technology can be (Seeley 1995). A honeybee hive 
has one queen and 30,000 worker daughters that help her reproduce. The 
colony has special mechanisms to ensure that workers help their queen 
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rather than reproducing on their own and promote appropriate division 
of tasks among workers. Foraging workers gather pollen and nectar for 
the hive: They have special dances to tell others how far away the food is, 
in what direction, and how good it is. To interpret the dance, a forager 
must infer from the angle a bee’s waggle run makes with the vertical, the 
angle which the direction to the food makes with the horizontal compo-
nent of the direction to the sun. Many other technologies, including bio-
logical clocks, help honeybees to be major pollinators in many parts of 
the world.

Migration enables animals to spend most of their time where food is 
abundant. Many tropical birds migrate to the temperate zone to breed in 
spring and summer, when insects and fruit are superabundant there, and 
return to the tropics to avoid winter’s scarcity. These migrants play a cru-
cial role in controlling the insect populations of some temperate-zone 
forests (Holmes and Sturges 1975). These birds must know when to mi-
grate, remember where to go, and know how to find their way. Birds that 
navigate by the sun must be able to adjust for the sun’s change in position 
as the day progresses. Migrants that save energy by gliding, such as vul-
tures (Mandel et al. 2008), must be able to detect and take advantage of 
updrafts. Migration poses many technological problems, rather different 
from those posed by pollination.

The “Ecology of Place”

Studies of particular communities, such as the Serengeti grasslands in 
East Africa (Sinclair and Norton-Griffiths 1979), the tropical forest of Barro 
Colorado Island (Leigh 1999) in central Panama, or the rocky shores of 
Tatoosh in the northeastern Pacific (Paine et al. 2010) are likely to reveal 
mutualism and interdependence. At the most fruitful of these sites, “in-
vestigator independence, set within a supportive academic environment, 
enhances research creativity and the development of novel ideas and 
techniques” (Paine et al. 2010, p. 230). At these sites, “unity of place” 
makes different projects more relevant to each other. Such projects con-
tribute to understanding the community as a whole, especially if the re-
searchers feel themselves to be full members of the community devoted to 
that goal. Moreover, long acquaintance with a site ripens interest in and 
understanding of the natural history of its inhabitants (Paine et al. 2010). 
For example, work in the Serengeti grasslands reveals the mutualistic in-
terdependence between these grasslands and their grazers, and the depen-
dence of migratory grazers on access to several different habitats (Sinclair 
and Norton-Griffiths 1979). Larvae of the starfish, sea urchins, and mus-
sels that play such crucial roles in the intertidal at Tatoosh, drift over the 
sea from where they hatched, who knows how far away (Paine 1977).

 EBSCOhost - printed on 2/13/2023 11:37 AM via . All use subject to https://www.ebsco.com/terms-of-use



88  •  E gbert Giles Leigh Jr .

The importance of movements expressing interdependence and mutual-
ism are best expressed in terms of the ecology of place. Here, I sketch how 
movement of animals, pollen, and seeds between the 1500-ha Barro Colo-
rado Island and nearby mainland (200 m distant at its closest point) main-
tain the island ecosystem’s integrity. Then I will sketch technology under
lying some crucial mutualisms and relationships of interdependence.

Students on Barro Colorado were the first to show conclusively that 
each tree species is kept rare by its specialist pests or sets of pests (Co-
mita et al. 2010, Mangan et al. 2010). They often need animals to disperse 
seeds out of reach of parental pests and always need pollinators to main-
tain genetic diversity. Thus, each tree species depends on other tree spe-
cies, sometimes other forests, to maintain “their” animals when they 
themselves are not flowering or fruiting (Leigh 2010).

This island’s ecosystem also depends on movements between it and the 
mainland of many animals, ranging from bats seeking figs on nearby 
mainland when they find none on the island to migratory birds, primary 
dispersers of the seeds of some island trees that fruit as the birds are mak-
ing their way northward (Greenberg 1981), and other birds that must 
migrate to other, perhaps distant, tropical forests during the island’s sea-
sonal fruit shortage (Morton 1977). Toucans and parrots left Barro Colo-
rado during a fruit famine in 1970, returning after the famine ceased (Fos-
ter 1982): They might have died out if they had no place to go. If mainland 
immigrants did not replenish genetic diversity of essential but rare ani-
mals, such as the island’s 30 ocelots, now its top predators (Ziegler and 
Leigh 2002, p. 175), these populations would die out, as have 35 species 
of understory forest bird, whose members will not cross 100 m of open 
water (Moore et al. 2008). The island’s strangler figs—a set of rare spe-
cies that collectively provide a reliable source of fruit all year long—
depend on pollen from mainland figs to maintain genetic diversity (Nason 
et al. 2008). This is only a sample of the many movements between island 
and mainland on which the island’s ecosystem depends.

Conclusions

The high productivity and diversity of occupations in modern human 
economies depends largely on relationships of interdependence made pos
sible by cheaper, more effective transport (Smith 1776), which also en-
hances the advantages of the cooperative enterprise so essential to mod-
ern economies. The importance of such relationships to human economies 
suggests that we must learn what relationships of interdependence and 
mutualism underlie the diversity and productivity of natural ecosystems. 
Many, if not most, such relationships involve animal movement. Move-
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ment ecology shows what technologies these movements require. Thus, 
movement ecology provides a way to learn how, and to what extent, the 
progressive improvement from the Cambrian onward of some animals’ 
awareness of their surroundings (vision, hearing, smell, taste), locomo-
tory and navigational capacities, and aptness for social life, paced the de-
velopment of interdependence and mutualism. Thus, assessing the impor-
tance of mutualism and interdependence, and investigating the “organismic 
technologies” that make such relationships possible, would greatly widen 
the perspectives of ecological thought.
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Ecology “through the Looking Glass”

What Might Be the Ecological Consequences of Stopping Mutation?

Robert D. Holt

No practical biologist interested in sexual reproduction would 
be led to work out the detailed consequences experienced by 
organisms having three or more sexes; yet what else should  

he do if he wishes to understand why the sexes are,  
in fact, always two?

—R. A. Fisher, The Genetical Theory of  
Natural Selection, 1930, p. ix1

What Are Scientists Doing?

Although some philosophers of science (e.g., Kuhn 1970) might disagree, 
most workaday scientists largely assume that a principal goal of their dis-
cipline is to craft increasingly truthful statements about the world. But as 
Fisher noted in the quote at the beginning of this chapter, sometimes the 
way to get to the truth might be through the deliberate consideration of 
blatant untruths, thinking through the logical consequences of altering, 
possibly radically, some known and pervasive feature of the world. All 
models of course involve a degree of simplification about the world, a kind 
of deliberate lie taken to explore some avenue of inquiry. Richard Levins 
(1966) once famously quipped that truth is the intersection of indepen
dent lies. But usually these are little white lies, and involve domain-specific 
assumptions. Physics has at its conceptual core (at least in introductory 
classes) what May (1973) called “perfect crystals,” such as frictionless pen-
dula. No such things actually exist, but acting as if they do helps us un-
derstand physical processes and patterns in the messier world. The two-
body problem was thoroughly worked through in classical mechanics, 
even though in reality there are almost always three, four, . . . , n bodies 
at play in the swirling motions of celestial objects. So in like manner, in 
teaching community ecology, I of course work through the Lotka–Volterra 
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model of competition. But no one in their right mind thinks that this model 
literally describes competition between any two real species, as there are 
no time-lags, age structure, spatial location, individual variability, and so 
forth, included in the model; resources and other limiting factors are not 
explicit; per capita growth rates are perfectly linear functions of densi-
ties; and, density itself is treated as a continuum, ignoring the fact that 
individuals are discrete entities. Yet by ignoring these other factors, one 
gains a conceptual hook on the complexity of the world, for instance, ar-
riving at a clearer sense of the need to consider within- as well as between-
species density dependence in determining coexistence of competing spe-
cies, an insight that is embedded in modern coexistence theory (Meszéna 
et al. 2006, Adler et al. 2018, Chesson 2018). In like manner, Steve Hub-
bell does not really believe that all species of tropical trees on Barro Colo-
rado Island have absolutely identical niches (personal communication), 
but one can explain surprisingly many (but not all) features of rain forest 
community structure with this counterfactual assumption of neutral dy-
namics (see, e.g., May et al. 2015).

I would like to suggest that sometimes it is valuable to assume coun-
terfactual claims about the world that are real whoppers, not restricted 
to some narrow domain. So for example, if there were no parasites and 
pathogens, tropical tree diversity might start to collapse (if Janzen–Connell 
effects are all that important) over millennia (Levi et al. 2019), and sex 
might never have evolved in the first place (and so the world would in-
deed be a dull place) if John Jaenike and Bill Hamilton’s hypothesis for 
the evolution of sex holds (see Holt 2010, Wood and Johnson 2015 for 
elaborations of this thought experiment). As another example, if life played 
out in a spatial 1-dimensional Lineland (created in Abbott 1884), rather 
than in our 3-dimensional world, the basic model of population growth 
arguably might not be exponential growth at all, but rather additive, given 
conservation of mass (Holt 2009).

One of the great intellectual challenges of our time is fusing ecology 
and evolutionary biology into a seamless discipline. This has so many di-
mensions one hardly knows where to start. There is a great deal of excit-
ing work at present on how evolution at times occurs across time scales 
much shorter than traditionally believed, and on how such evolution drives 
ecological change, with feedbacks in both directions (Schoener 2011, Hen-
dry 2017). Richard Levins (1966) presciently noted back in 1966 that 
“demographic time and evolutionary time are commensurate,” and the 
current ferment of activity focused on eco-evolutionary dynamics is a ful-
fillment of that vision from half a century ago. Considering processes 
over much grander time scales, phylogenetic perspectives have enriched 
community ecology (Cavender-Bares et al. 2009, Cadotte and Davies 2016), 
and a consideration of speciation has permitted deeper insights into the 
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factors governing the structure of ecological communities (Ricklefs 2004) 
and, more broadly, global patterns in the spatial distribution of biodiver-
sity (Schluter and Pennell 2017). Speciation is at times tied to the origi-
nation of adaptation to environments, so ecological processes can help 
drive speciation (Nosil 2012).

What I want to do in the next several paragraphs is to carry out a mas-
sive thought experiment: Let’s turn evolution off by stopping the font of 
heritable variation—mutation—and see what happens. By “turn evolution 
off,” one could mean several things, at different scales, but I will princi-
pally focus on a few issues in microevolution, at ecological time scales.

All evolution ultimately depends upon heritable variation (Lewontin 
1970), a principal source of which is mutation. Sex and recombination re-
shuffle existing variation that arises in various ways in DNA and RNA, 
but ultimately heritable variation depends upon mutations, which arise 
because of mistakes in replication (Bernstein and Bernstein 1991). In ad-
dition to mutations in the production of gametes, each cell replication 
event by mitosis within a multicellular organism allows the opportunity 
for mutation to arise, so all such organisms are genetic mosaics. So the 
way we will slowly turn evolution “off” is to eliminate different sources 
of variation via mutation.

Turning Off Somatic Mutation: Would This Matter?

The first place we might start our massive thought experiment is within 
individual organisms: Let’s eliminate somatic mutations, in organisms 
where there is a sharp distinction between germ line and soma (e.g., 
many taxa in Animalia). (Somatic mutations have a more complex evolu-
tionary role in clonal organisms; see Otto and Orive 1995, Orive 2001.) A 
somatic mutation is “a mutation occurring in the general body cells (as 
opposed to the germ cells and hence not transmitted to progeny)” (Farlex 
2012). Because replication is imperfect, potentially an evolutionary pro
cess plays out within the lifespan of each individual organism. What if 
multicellular organisms like ourselves were able to have mitotic cell divi-
sions with completely faithful replication of nuclear, mitochondrial, and 
chloroplast DNA—and at no cost? The second law of thermodynamics (at 
least) of course would prevent this from happening in reality. But let’s 
pretend for a second that this is not an issue. We would want to prevent 
DNA damage of all sorts (which can accumulate even in quiescent stem 
cells; see Moehrle et al. 2015) and heritable epigenetic damage would be 
not happening, as well. Would there be any systematic ecological conse-
quences of shutting off all sources of (short-term, within-organism) heri-
table variation?
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Part of the answer to this question depends on whether or not senes-
cence is quantitatively important in natural populations. Most organisms 
(but not all—Cohen 2017) seem to senesce. One of the principal theories 
for aging is Thomas Kirkwood’s “disposable soma” theory, which pertains 
most cleanly to organisms with clearly differentiated germ lines and so-
matic tissues (Kirkwood and Austad 2000, Kirkwood 2017). The basic idea 
is that as an organism ages, its cells accumulate damage which can be 
self-reinforcing, including deleterious mutations to DNA (Bernstein and 
Bernstein 1991), and because repairing such damage is costly, the cost of 
repair increases with age. As from an evolutionary perspective the soma 
exists to boost the number of descendants, this cost eventually exceeds 
the benefit of further repair, making senescence well-nigh inescapable. 
Part of this cumulative damage (which we call aging) may be due to so-
matic DNA mutations and other heritable forms of cellular degradation 
(e.g., protein misfolding and epigenetic change), which can lead to cellu-
lar lineages that compete selfishly with other cells in multicellular organ-
isms (Nelson and Masel 2017). From the perspective of the cell carrying 
them, such mutations (broadly defined to include all heritable cellular 
phenotypes) could be neutral, with no effect on function, or be deleteri-
ous, or be beneficial. By the latter I mean that the cell boosts its number 
of descendants, which is what we know as a neoplasm or tumor, which, if 
it becomes malignant, is cancer. It is now widely accepted that the accu-
mulation of somatic mutations through an individual’s life are basically 
what leads to cancer (Frank 2007, Martincorena and Campbell 2015, Ro-
zhok and DeGregori 2015), given appropriate within-host environments 
(Maley et al. 2017). Because of the cumulative nature of mutational input, 
and the multistage development of cancer, the risk of cancer and the num-
ber of somatic mutations in the genome of cancerous cells increases with 
age (Milholland et al. 2015), particularly in postreproductive stages of life. 
This evolutionary process plays out in the ecology defined by the traits of 
an individual organism. There is a rapidly growing ferment of interest in 
this, the “eco-evolutionary” dynamics of cancer, potentially giving insights 
into fresh approaches to slow the growth or even prevent the occurrence 
of malignancies (e.g., Ibrahim-Hashim et  al. 2017, Maley et  al. 2017, 
Gatenby and Brown 2017, Hochberg and Noble 2017, Scott and Marusyk 
2017; see essays by Michael Hochberg and Andrew Read, this volume).

If somatic mutations were completely suppressed, then cancer would 
disappear, and senescence would likely be moderated (albeit maybe not 
entirely eliminated). Though of great importance for human health, one 
might well wonder what impact this reduction in within-individual gene
tic variation would have more broadly on natural communities. Hochberg 
and Noble (2017) note for instance that species observed in their “normal” 
environments have a baseline rate of all cancers of less than 5%, and that 
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cancer seems very rare in some species. There are examples of relatively 
high cancer rates in some natural populations (e.g., coral trout in the 
Great Barrier Reef: Sweet et al. 2012), but in most such cases, there seems 
to be some kind of environmental perturbation. For instance, in beluga 
whales in the St.  Lawrence estuary, nearly 20% of dead whales were 
found to have cancer of some sort, implying a cancer rate comparable to 
humans (Martineau et al. 2002). The authors suggest that this is because 
of environmental contamination, namely polycyclic aromatic hydrocar-
bons generated by local aluminum smelters. Indeed, humans living 
nearby also had elevated cancer rates.

In like manner, animal demographers traditionally viewed senescence 
to be largely absent from natural populations, so that when senescence 
was observed, it was because environmental changes permitted individu-
als to live much longer than found in the evolutionary environment of 
their ancestors (Comfort 1954: e.g., as in the coddled lives of many pets 
and zoo animals, compared to their wild relatives). In stable environments, 
many researchers believe that extrinsic sources of mortality determine av-
erage lifespan, and patterns of aging simply reflect how the force of se
lection declines with age (Joel Parker, personal communication).

So, maybe demographic costs arising from cancers and senescence are 
in general so small in most natural populations that the immediate im-
pacts of the disappearance of somatic mutations would be negligible to 
modest. However, there are reasons to think that somatic mutation im-
poses a large enough demographic load that it might be marked, at least 
in some cases. Gaillard et al. (2017), for instance, report that detailed long-
term studies of natural mammalian populations reveal clear patterns of 
senescent deterioration in organismal function across many species and 
habitats (see also Nussey et al. 2013). Vittecoq et al. (2015) note that early 
neoplastic developments, which might not be recognized as clinical can-
cers, might nonetheless have significant ecological consequences. Such 
precancerous states are increasingly being observed in natural populations 
(Vittecoq et al. 2015). Even small decreases in flight speed, vigilance, or 
ability to hide could magnify predation risk, and reductions in foraging 
efficiency could make individuals more vulnerable to climatic stress, food 
limitation, or interference competition.

Hochberg and Noble (2017) may be correct that species might be ex-
pected to have low rates of cancer in the normal environment of their an-
cestors, but even in the absence of anthropogenic perturbations, many 
individuals within a species can be found in environments that differ from 
the ancestral evolutionary environment of their lineage. This is likely, for 
instance, at geographical range limits or in marginal habitats within a spe-
cies’ range, where immigrants in effect experience a sudden change in 
the environment and deterioration in fitness, relative to their ancestral 
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conditions, and a fitness load due to somatic mutation might tip the bal-
ance towards local extinction rather than persistence. In this case, a dis-
appearance of somatic mutation might facilitate population increase or 
range expansion.

Maybe the most dramatic effect of the suppression of somatic mutations 
would occur only over longer evolutionary time scales. Considerable mo-
lecular machinery in the cell is devoted to minimization of errors during 
DNA replication, DNA repair, and configuration of appropriate epigene
tic patterns, as well as whole-organism responses to tumors, such as 
immune reactions (Nunney 2013, Beerman et al. 2014, Seluanov et al. 
2018). Leo Buss (1987) argued that the evolution of stable developmental 
systems in multicellular organisms involved the suppression of the op-
portunity for competition among cell lineages, and it is likely that multi-
cellularity itself depends upon the continual effectiveness of such suppres-
sion (Szathmáry 2015). How costly are these defense mechanisms against 
somatic mutations, the machinery that prevents self from dissolving into 
non-self? It is likely that there are real trade-offs with other aspects of 
survival and reproduction (Jacqueline et al. 2017), and one can find 
claims in the literature for costs of repair to mutations (e.g., Breivik and 
Gaudernack 2004), but I do not think anyone has a handle on what the 
magnitude of these costs might be. These costs might be larger in larger-
bodied and longer-lived organisms (which have more chances for somatic 
mutations to occur), and in certain habitats (e.g., high mountains with 
greater ultraviolet light exposure). DNA repair capacity has been shown to 
correlate with mammalian lifespan in numerous comparative studies, as 
has the level of poly(ADP-ribose) polymerase 41, an enzyme that is impor
tant in the maintenance of genomic integrity (Priya et al. 2017). Eliminat-
ing these costs would provide competitive advantages to a wide range of 
taxa, I suspect. In any case, the issue of gauging the demographic load of 
somatic mutation in natural populations, and the knock-on effects on pop-
ulations and communities, seems to me to be an interesting and significant 
open question at the interface of ecology and evolution.

Ecological Impacts of Deleterious Mutations

Now let’s put somatic mutations aside, and consider mutations to the germ-
line itself. What if one could just put a stop to novel mutations? Most 
mutations that affect fitness are largely assumed to be deleterious (Keight-
ley and Lynch 2003; but see Shaw and Shaw 2014), and I will focus on 
them for a second, and assume that the environment is constant through 
time. Even though selection weeds such mutations out of a population, 
new mutations continuously arise, leading to a degree of persistent 
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maladaptation in populations (Crespi 2000, Kondrashov 2017). The de-
pression in fitness caused by the standing crop of such mutations is known 
as genetic load (Muller 1950). It is likely (but not yet certain) that deleteri-
ous mutations impose substantial costs in individual fitness. Kondrashov 
(2017, p. 260), in concluding his wide-ranging review of deleterious muta-
tions in humans, states, “It is plausible, but not certain, that getting rid of 
individually rare deleterious alleles would lead to a large increase in fit-
ness.” Burt (1995) notes that lab populations of microbes and fruit flies, 
though grown in favorable, constant conditions with ad libitum food re-
sources, nonetheless experience a degradation in mean fitness of 0.1% to 
3% per generation due to mutation accumulation.2 Even if there is no di-
rectional evolution, there must be a constant action of natural selection to 
purge the burgeoning load of deleterious mutations—a cryptic evolution-
ary process underlying seemingly static ecological systems (the general 
issue of cryptic evolution was raised first, I believe, by Kinnison et  al. 
2015). Agrawal and Whitlock (2012) have provided an excellent recent re-
view of the issue of mutational load in natural populations, including po-
tential ecological impacts, so I can be relatively brief in my thoughts in this 
section of the essay. The magnitude of mutational load in a population de-
pends on a wide range of genetic, life history, and ecological factors. As 
with somatic mutation, there are surely substantial costs of maintaining 
repair mechanisms to reduce mutations in the germline. Mirzaghaderi and 
Horandl (2016) argue that the restoration of DNA via the repair of oxida-
tive DNA damage is a primary adaptive function of meiotic sex. Sex in turn 
has many costs associated with it (Bell 1982), which maybe should be 
viewed as massive indirect ecological costs of DNA repair.

Beyond that basic cost of attempting to suppress degradation of the ge-
nome, one ecological consequence of genetic load is that deleterious mu-
tations can increase in frequency and even become fixed in small popula-
tions, due to drift vitiating the action of natural selection. This combination 
of mutational and drift load can cause the extinction of these populations 
(Lande 1994, Gabriel et al. 1991, Whitlock 2000), for both asexual (Lynch 
et al. 1993, Soll et al. 2007) and sexual species (Lynch et al. 1995). In 
general, the ability of a population to purge deleterious mutations in-
creases with its effective population size (Lynch 2007, p. 76). One impli-
cation of this buildup of load can be a vicious positive feedback where a 
population is initially rare, and becomes even rarer as it becomes progres-
sively more maladapted, leading to a yet larger load.3 Genetic processes 
(e.g., compensatory mutations, Poon and Otto 2000) as well as life his-
tory details (e.g., the timing of density dependence relative to selection, 
Agrawal and Whitlock 2012) can mitigate this effect to some extent but 
are unlikely to make it go away. Does this kind of load have ecological 
consequences? At local scales, communities often show substantial spe-
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cies turnover (Williamson 1981). In some instances, this is not obviously 
related to average abundance (e.g., Thuiller et al. 2007), making it un-
likely that the load of deleterious mutations is a major driver of extinc-
tion (relative to, say, stochastic environmental variation). But in other 
cases (e.g., Eastern Wood; see Williamson 1981, pp. 93–104) turnover is 
largely among species with quite low populations, making the impact of 
deleterious mutation plausibly part of the reason for their local extinc-
tions. Moreover, many species may be locally common, but rare over the 
majority of their geographical range (Brown et al. 1995); many popula-
tions could therefore have heightened extinction risk because of drift load. 
How important is this potential effect, quantitatively? If one could turn 
off new deleterious mutations, then over time selection should weed out 
the initial standing crop of deleterious mutations. Would extinction rates 
then decline, so that species would be found, e.g., over a wider range of 
low-quality habitats? Some mutations may have deleterious effects in some 
habitats, but be neutral in others. Mutational load in this case could lead 
to persistent habitat specialization (Kawecki et al. 1997, Holt 1996). Elim-
inating mutation would lead to a gradual diminution in this habitat-
specific load, possibly permitting greater generalization in habitat use.

The efficient elimination of deleterious mutations is believed to be one 
of the advantages of sexual reproduction (Kondrashov 1988, Orive, in 
press). Given the ubiquity of sex across many kinds of taxa and environ-
ments, one needs an equally pervasive causal driver to explain why sex is 
so predominant in living forms. Few factors are as universal as deleteri-
ous mutations. Eliminate the genetic load from such mutations, and then 
over evolutionary time, one might see the gradual replacement of sexual 
taxa by similar, but asexual, forms—and the eventual loss of many eco-
logically important features of taxa, such as aggressive competition among 
males leading to costly sexual conflict, and the costs, benefits, and spe-
cific adaptations having to do with reproductive isolation—not to men-
tion losing the demographic drag of devoting about half of all reproduc-
tive investment into males in the first place.

Moreover, as Agrawal and Whitlock (2012) observe, the load of deleteri-
ous mutations can have knock-on effects on interspecific interactions. They 
present a model of two species competing for shared resources, and show 
that even a small amount of load present in one species can tilt it towards 
competitive exclusion. Small populations are at risk of extinction any-
way due to mutational meltdown, and negative interactions of any sort just 
heighten this risk (Coron et al. 2013). There could also be consequences of 
the load of deleterious mutations for food-web interactions. Predators are 
typically less abundant than their prey (e.g., Jonsson et al. 2005). Do they 
also thereby carry a larger load of deleterious mutations, which impairs to 
a degree their ability in prey capture, or boosts the metabolic costs that 
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must be met by foraging? In other words, do asymmetries in effective popu-
lation size as one ascends in a food web tend to vitiate top-down effects?

Now, On to Beneficial Mutations

Up until now, I have focused on mutations that harm fitness. Adaptations by 
a species to particular environments of course reflect how its lineage has 
captured, via natural selection, advantageous mutations that although rare 
compared to deleterious mutations, nonetheless have occurred sufficiently 
often in that lineage’s history. “Adaptation is caused by selection continu-
ally winnowing the genetic variation created by mutation” (Bell 2008). 
Moreover, the effects of these mutations on fitness must be sufficiently great 
that a species can persist. Not all lineages are so lucky. As John Maynard 
Keynes once memorably said, “In the long run, we are all dead.” In like 
manner, most species that have ever existed have gone extinct, in part 
because the physical environment of the earth is always changing. And 
those lineages that have persisted (possibly via descendent sublineages) 
have surely done so either because they moved to track environments to 
which they were already adapted or managed to adapt sufficiently via natu
ral selection—the theme of evolutionary rescue (Gomulkiewicz and Holt 
1995) . Bell (2017) has recently reviewed work on evolutionary rescue, so 
again I will be brief on this important theme. Most species harbor a sub-
stantial standing pool of genetic variation, and following abrupt environ-
mental change, rescue may be sustained entirely by variation that is al-
ready present in the initial population (e.g., as in the experiments of Killeen 
et al. 2017). But in the absence of new mutations, the combination of se
lection and drift will eventually deplete heritable variation in fitness. More-
over, large populations are more likely to harbor (or generate) adaptive ge
netic variation that can allow them to persist in radically changed 
environments (Hoffmann et al. 2017). Experimental evolution studies show 
that the capacity of populations to adapt to new environments can be 
limited by having scant initial genetic variation, and that an infusion of ge
netic variation (via gene flow or mutation) may be essential for pronounced 
and sustained evolutionary responses to environmental change (Stewart 
et al. 2017). To what extent, and over what time scale, does the persistence 
of a species in a changing environment depend upon novel variation via 
mutation, rather than its drawing on a preexisting, standing stock of varia-
tion? Bell (2017) in his review suggests that in answering this question 
“there is a distinction between large populations of short-lived asexual mi-
crobes, in which rescue depends primarily on novel mutation, and small 
populations of long-lived sexual animals and plants, in which standing ge
netic variation is likely to be the sole basis of adaptation.” This generaliza-
tion surely breaks down in the long run, but how long is “long”? In the Red 
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Queen dynamics of interactions between antagonists, how long does it take 
for the coevolutionary dance to come to a standstill, and is there a system-
atic advantage for one side of the interaction that would emerge as evolu-
tion stalled? Hiltunen et al. (2015) report that in predator–prey interactions 
in microcosms, fluctuating population dynamics and periods of low re-
source availability constrain the evolution of prey defense, enhancing the 
top-down effect of the predator on prey numbers. They explain this as due 
to a lower effective population size in the prey, hampering input of novel 
mutations. Extrapolating such dynamics to the limit of a negligible input of 
novel mutations, another nod to Lewis Carroll (as filtered through the Dis-
ney animated movie “Alice in Wonderland”) seems apt as a description of 
what we would expect to eventually observe: The White Rabbit said: “Don’t 
just do something—stand there.”

We do not know the answers to these (and many other) important ques-
tions (Hendry 2017) at the interface of ecology and evolution. How much 
of the stability and emergent structure of natural ecosystems rests on on-
going evolutionary dynamics of the constituent species, and to what ex-
tent do such dynamics require the constant infusion of novel mutational 
variation, rather than the churning and reshuffling of preexisting varia-
tion? In answering this question, I suggest that thinking through coun-
terfactual worlds, where mutation is imagined to be cut off, could illumi-
nate our understanding.
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Note

	 1.	There is an ambiguity in the quote from Fisher. Did he mean the number of distinct 
mating types in a species, or the number of parents each individual has? If the latter 
were what Fisher had in mind, then the number almost universally is either one (for 
asexual or clonal organisms), or two (for the rest). Parker (2004) has argued that if 
one thinks of social insect colonies as “superorganisms,” then in several species of 
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Pogonomyrmex, more than two distinct mating types are required to create a viable 
colony. Each individual ant, nonetheless, still has just one to two parents. But if the 
former were what Fisher meant, we now know some taxa have multiple distinct mat-
ing types (indeed, thousands for some fungal species; Kothe 1996). These are almost 
entirely isogamous. There are plausible evolutionary arguments for why with anisog-
amy, species with three or more sexes are expected to evolve towards a two-sex state 
(e.g., Feigel et al. 2009), and even with isogamy, recent evolutionary theory (Consta-
ble and Kokko 2018) suggests that mating type diversity will stay low (even just at 
two types), if sex is facultative and rare.

	 2.	A recent review suggests that the per generation degradation of fitness via mutation 
accumulation ranges from 0.1% to 2% (Hendry et al. 2018).

	 3.	In sexual species, selection should drive mutation rates to the lowest physically fea-
sible rate, and the same holds for asexual species in constant environments (Leigh 
1970). However, the efficacy of selection is hampered by drift, and more so in small 
populations. Both theory and evidence indeed suggest that mutation rates are higher 
in a small population (Lynch 2011), which should thus tend to experience greater 
genetic loads.
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Ecology and Evolution Is Hindered by the  
Lack of Individual-Based Data

Tim Coulson

One of the biggest challenges in ecology is the collection of large amounts 
of high-quality, individual-based data from a range of species living in a 
spectrum of communities (Clutton-Brock and Sheldon 2010). Technology 
has led to a revolution in the data that can be collected on individuals in 
the laboratory and the wild, but there is still much to do before we have 
databases that will allow us to address some of the key questions in ecol
ogy and evolution.

Demography—the study of factors influencing birth, death, and 
dispersal—is at the heart of all of biology (Caswell 2001). Individuals are 
born, develop throughout life, reproduce when the appropriate opportuni-
ties arise producing offspring in a range of states, and then die. Popula-
tions change in size when the numbers added via birth and immigration 
differ from the numbers lost via death and emigration. Evolution occurs 
when demography varies across individuals with different genotypes. 
Community structure changes when change in the size or structure of one 
population influences the demography of other, interacting species. En-
ergy flows through ecosystems change with community structure. In re-
cent decades, the majority of biologists have accepted that demography 
is fundamental to the dynamics of the natural world, and this has been 
reflected in a surge of demographic models describing population dynam-
ics, evolution, and species interactions.

These models map properties of individuals, be it their genotype or phe-
notype, to the dynamics of the population and community via their pro-
pensities to survive, reproduce, and disperse. These models are conse-
quently most easily parameterized with individual-based data (Coulson 
2012). If you can collect data on individuals—be they plants, animals, 
fungi, or microbes—it is generally a very sensible thing to do. For exam-
ple, given the option of collecting data on just the total number of ani-
mals in a population, or collecting information on properties of each in-
dividual living within the population, it is preferable, whenever possible, 
to collect data from individuals. However, that is often hard: Tracking 
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individual microbes is, currently, for all intents and purposes, impossi-
ble. Nonetheless, we are currently experiencing something of a revolu-
tion in how individual-based data are collected. In this opinionated rant I 
explain why individual-based data are so important, explain how they can 
be used once collected, describe some of the key approaches used to col-
lect them, and call for engineers to engage in developing biodiversity 
technology to aid the collection of data at all levels of biological organ
ization from individuals in both the lab and the wild.

Birth, Death, and Movement

It is universally accepted, in the world beyond accountancy firms, that ac-
countants are some of the dullest people on the planet. I once received a 
damning referee’s report on a grant (that was funded) that my contribu-
tion to ecology and evolution was nothing more than accountancy. The 
referee, who clearly relished their task of pouring scorn on every syllable 
that I had written, felt that describing my work as accountancy was surely 
the blow that would sink the application. Fortunately, the committee that 
decided to fund it, were substantially better acquainted with the impor-
tance of accountancy than the hapless referee. They understood that all 
ecological and evolutionary change comes about through the birth, death, 
and movement of individuals. If you can construct a ledger of individual-
level attributes of your population, community, or ecosystem, you can start 
to understand why population size and structure changes with time, why 
allele frequencies may trend following an environmental perturbation, or 
what the causes and consequences of an increased average body mass 
index may mean for humanity’s future.

The reason that the individual is key is that it is the fundamental biologi-
cal unit. A genome cannot exist except within an individual; a phenotype 
without an individual is nonsensical; and behaviors have to be expressed by 
individuals. A genome cannot hunt prey until it is expressed as an individ-
ual. Individuals can, of course, combine into pairs or groups, but the dy-
namics that emerge depend upon the individuals and the way they interact. 
Many people before me have championed the need to focus on individuals, 
and the value of individual-based datasets (for example, Clutton-Brock and 
Sheldon 2010), but all too often, as a new technology comes along, the focus 
can shift away from the individual. The development of molecular methods 
led to a revolution in our understanding of evolution, but it was not perhaps 
the huge step forward it was initially expected to be, partly because mo-
lecular genetic data is most useful when coupled with additional informa-
tion about individual phenotypes, behaviors, and life histories (Houle et al. 
2010). We currently hear overblown claims about the advances that genom-
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ics, proteomics, metabolomics, and epigenomics will deliver. These are fan-
tastic tools that provide important insight, but their great power comes, and 
will come, when these tools are coupled with data across the performance 
of individuals within a population. The individual is central to all biology, 
so we should be studying individuals whenever we can. So why is it so hard 
to study individuals? Why do grant funding bodies so often refuse to fund 
studies that are individual-focused? Perhaps it is just not cool to go out to 
collect data from individuals via observation with binoculars and scopes. It 
is, however, enjoyable—even if I am not perhaps the right person to advo-
cate field biology as a discipline.

I have some of the worst eyesight in ecology, and almost certainly the 
worst in field ecology. Before the advent of flat computer screens, you 
could hear the static on the end of my nose when I coded in GLIM on a 
mainframe or typed up a manuscript. I am a peculiar advocate for more 
focus on collecting more individual-based data as no one in their right 
mind would send me into the field. The St Kilda Soay sheep and Rum red 
deer projects tried that once. On St Kilda I ended up as general skivvy, 
mainly carrying equipment up and down hills, whereas on Rum I simply 
held up the field team. So, I am not championing individual-based data 
collection because I think I should be in the field collecting it, although it 
is crucial that theoreticians get to know the details of the system they are 
modelling. I am championing it because I believe it is central to all of ecol
ogy and evolution, and I believe that such data are necessary to parame
terize models that hold the key to ecology and evolution becoming a pre-
dictive science. Well, a better predictive science than it is now.

There are two dominant modelling paradigms to link from individual-
based data to population, community and ecosystem level dynamics: 
individual-based modelings (IBM) and structured population modeling. 
The logic behind individual-based models is that individuals consist of a set 
of attributes, and these attributes underpin rules that describe how in-
dividuals survive, reproduce, disperse, and interact. These rules result in 
emergent dynamics at the level of the population or community (DeAngelis 
et al. 1992). Statistics summarizing the structure or size of the population 
or community may feed back to influence the performance of individuals 
with particular attributes. Depending upon how the attributes of individu-
als are passed from parents to offspring, models can be evolutionarily ex-
plicit, or not (Coulson et al. 2017). Individual-based models simulate what 
goes on within a population or community. A good model will capture key 
features of the dynamics of the system, both in terms of the distribution of 
individual attributes and higher levels of biological organization.

Structured models map individuals to populations and communities by 
classifying individuals into classes and modeling the dynamics of these 
classes. Individuals can move between classes, or they can stay in the same 
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class throughout life. The class might be a life history stage, an age, a size, 
or any other attribute you can measure on individuals. Leslie matrices, 
Lefkovich matrices, and integral projection models are all types of struc-
tured model (Caswell 2001, Easterling et al. 2000).

Density-dependence, environmental stochasticity, demographic sto-
chasticity, and species interactions can all be incorporated into IBMs and 
structured models (DeAngelis et al. 1992, Ellner et al. 2017). Both single-
sex and two-sex models can be constructed (Schindler et al. 2015). Mod-
els can be developed to simultaneously explore the dynamics of life his-
tory, populations, and genetic or phenotypic characters (Coulson et al. 
2011). Both types of model have been used to address questions in life 
history theory, adaptive dynamics, population ecology, quantitative gene
tics, and population genetics. They are remarkably flexible, and they 
allow the investigation of how key quantities used in ecology and evolu-
tion are linked. They have been championed as tools to link ecological 
and evolution in theory and practice.

Both types of model can be parameterized from data collected in the 
field and the lab from individuals. In order to construct these models, you 
need to know how traits develop—the domain of developmental biology. 
You also need to know how traits are inherited—the motivation behind 
evolutionary genetics. And you need to know how the traits influence sur-
vival and reproduction. Ideal datasets for building these datasets will be 
multigenerational studies that have recorded the complete life histories 
of large numbers of individuals, while simultaneously recording salient 
features of the environment. Such datasets exist for species ranging from 
guppies to wolves, and from thistles to albatross. They are challenging 
datasets to collect, but once they have been collected, they allow a vast 
number of questions to be answered through the construction, validation, 
and analysis of IBMs and structured models.

The parameterization of IBMs and structured models is typically phe-
nomenological. In other words, functions associating individual attributes 
to their survival, reproduction, and development are data-driven (Ellner, 
Childs and Rees, 2016). However, if a mechanistic understanding of de-
velopment or inheritance is known, this can be included in models in the 
place of phenomenological associations identified from the statistical 
analysis of data (Coulson et al. 2011, 2017). As genomics, epigenomics, 
metabolomics, and transcriptomics provide more mechanistic insight into 
the role of genes and the environment on the development and inheritance 
of phenotypes, phenomenological models will be replaced with more 
mechanistic models. Whether this will improve their predictive ability is 
an open question.

The best individual-based dataset I am aware is that masterminded by 
David Reznick, Ron Bassar, Andres Lopez-Sepulcre, and Joe Travis. In 
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2007 and 2008 they seeded four natural streams, each with 100 guppies 
of known genetic background. The guppies were collected from streams 
where they coexisted with predators, and they were moved to streams 
where predators were absent. Every month since, a team of interns catches 
the fish, returns them to the lab for processing, marks any unmarked in-
dividuals, before returning each fish to a point in the focal stream where 
it was captured. Processing involves weighing each fish, measuring them, 
photographing them for landmark analysis, and taking a scale for geno-
typing. David Reznick and his team began the project to investigate a fas-
cinating pattern that had been observed multiple times in Trinidad. 
When guppies are released from predation, they begin an evolutionary 
journey from a high-predation phenotype to a low-predation one. High-
predation guppies live fast and die young. They reach sexual maturity at 
a young age and small size and produce large litters of small young. The 
fish feed almost exclusively on a high-quality diet of invertebrates, and 
the fish are very rapid swimmers. The low-predation life history they 
evolve to consists of more sluggish fish with a slower life history: They 
reach sexual maturity at a larger size and greater age, and they produce 
smaller litters of larger offspring (Travis et al. 2014). This evolutionary 
journey is a repeatable pattern that has been observed each time guppies 
have been released from predators (Reznick and Endler 1982). David 
Reznick and colleagues realized that the most powerful route to under-
standing this evolutionary pattern was to study individuals. And nearly 
ten years on they have data on upwards of 60,000 marked individuals. 
Each year they conduct a common garden experiment to characterize di-
vergence between fish from the ancestral stream and fish in the introduc-
tion streams. In addition, mesocosm experiments are conducted to assay 
the behavior and demography of fish, and to control for factors that are 
thought to play a key role in driving the evolutionary change under nearly 
natural conditions (Bassar et al. 2013). Genomic and epigenetic work has 
revealed evidence for adaptive and nonadaptive plasticity, and shown how 
nonadaptive plasticity can accelerate rates of evolution (Ghalambor et al. 
2015). Guppies can also be kept in the laboratory, with various teams using 
them to conduct experiments on their behavior. Guppies are rapidly be-
coming the animal equivalent of Arabidopsis in that they can be studied 
in detail in both the lab and in the field, and there are a growing number 
of genetic resources.

Reznick’s guppy study is large-scale and costly to run. It requires field 
vehicles, a field lab, teams of interns, field managers, common garden ex-
periments, a database manager, and large amounts of genotyping. It is a 
clear demonstration that ecology has moved on from being a cheap science 
to requiring considerable investment. However, the returns are enormous. 
Reznick and his colleagues are generating an unprecedented dataset they 
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will make available to the scientific community. But guppies are just one 
species. We need individual-based studies across the board. Fortunately, 
there are several other species that have been studied extensively at the 
individual level, but they are relatively few and far between.

The world’s longest running individual-based study is based at Wytham 
Woods. In 1947, David Lack started studying individually banded great 
tits. Chris Perrins took over running the project from Lack, and Ben Shel-
don took over from Perrins. Recently Sheldon has taken the study high 
tech. Birds are passive integrated transponder (PIT)-tagged, and the wood 
is dotted with PIT tag readers. Data on foraging and incubation behavior 
can now be monitored remotely. Nest boxes can warmed or cooled, and 
individual birds can be allowed to, or prevented from, feeding at specific 
feeding stations (Aplin et al. 2015). Biodiversity technology, from PIT tags 
to satellite collars that monitor vital signs and metabolism, are revolution-
izing the way we can collect data on individuals. Ecology is now a big 
data science: We can collect vast amounts of data from huge numbers of 
individuals. But just as we arrive at the point of being able to collect big 
data on large numbers of individuals from numerous species across the 
world and construct powerful, realistic models that link from the indi-
vidual to the population, community, and ecosystem, our field seems to 
have started to abandon individual-based studies. Growing numbers of 
large-scale individual-based studies are ending, and precious few new ones 
are being set up. The focus instead has moved to biodiversity research, 
some of which is rather poorly defined. Much of this research relies on 
making inferences on some underlying process from large-scale data on 
some surrogate proxy of what individuals are up to. The questions being 
asked are often interesting, but they could often be answered more con-
vincingly with detailed datasets of individuals.

Not all species are easily studied at the individual level. Catching, mark-
ing, and frequently monitoring microbes is impossible, and working with 
eukaryotes in the bathypelagic environment would require multiple deep-
sea submersibles being used nearly continuously. That would be cool, but 
expensive. The challenge of tracking individuals and repeatedly monitor-
ing them has led to a bias in the focus of individual-based studies towards 
species living in closed populations that are easy to capture, and which 
are found at relatively high density. Historically most individual-based 
studies have consequently been conducted on plants, such as the famous 
Barro Colorado study in Panama (Conti et al. 1999), or on vertebrates like 
the guppies and great tits discussed previously. However, the focus of 
individual-based studies is starting to change: Large insects can now be 
successfully marked and followed in the field, and migratory vertebrates 
can be studied in their winter and breeding ranges and tracked as they 
move between them. It seems that a bias towards multicellular eukary-
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otes is probably always inevitable in individual-based studies, but as en-
gineers start to shrink technology to monitor multiple attributes of ever-
smaller individuals, the portion of the 9 million or so species available to 
study should start to increase.

So the question I want to answer is: Why is ecology still thought of as 
a cheap science? Good field ecology requires investment and, often, re-
course to cutting-edge technology. The data that can be collected from 
a system, particularly when multiple interacting species are studied at 
the individual level, are invaluable in answering questions at the popu-
lation, community, and ecosystem level. I encourage those ecologists 
and evolutionary biologists who have never worked with individual-
based data to explore those datasets that are now freely available, and 
to think big about individual-level data might help them answer ques-
tions that cannot be satisfactorily answered with broad-scale data. Sec-
ond, why are ecologists prepared to watch long-term individual-based 
data studies peter out? Long-term, individual-based datasets provide 
some of the richest data that ecology and evolutionary biology has. 
There are a few dinosaurs who are not prepared to openly share their 
data because they view them as too precious for general consumption 
(Mills et al. 2015), but data from a growing number of studies are now 
freely available (Jones et  al. 2008). Long-term, detailed, individual-
based datasets are rapidly becoming the public property of science. And 
as they do so we will be able to answer many questions that have proven 
intractable when challenged with courser-scale data. But we need more 
of these studies. We need funding to set up new studies, we need re-
sources to ensure that our existing studies continue, and that data col-
lected are made freely available (Whitlock et al. 2015). And when this 
is done, we can start to construct mechanistic models linking from sys-
tems biology to the ecosystem. When that happens, the fields of ecology 
and evolution will have come of age.
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Do Temperate and Tropical Birds Have  
Different Mating Systems?

Christina Riehl

Socially monogamous songbirds in the temperate zone have notoriously high 
rates of extra-pair mating, but recent studies suggest that this is not always 
true of their Neotropical counterparts. Extra-pair mating in tropical pas-
serines is variable: Although some species are as promiscuous as temperate-
zone passerines, others are genetically monogamous. What ecological or 
phylogenetic factors explain this variation and why are some tropical pas-
serines faithful to their mates? One prominent hypothesis posits that extra-
pair mating is constrained by breeding synchrony, as asynchronous breed-
ing in the tropics might limit the number of receptive females in an area 
and, by extension, the opportunities for extra-pair fertilizations. However, 
comparative tests of the effects of synchrony have generally been inconclu-
sive, and the influence of synchrony on extra-pair mating is probably mini-
mal. In this essay I review the recent literature on Neotropical mating 
systems and find that low rates of extra-pair mating are better explained 
by year-round territory defense by both sexes. Both year-round territoriality 
and genetic monogamy are more common in understory insectivores 
(antbirds, antshrikes, and wrens) than in canopy or open-country species 
(swallows, tanagers, and emberizids). It is associated with egalitarian paren-
tal care, coordinated male and female singing (duetting), and long-term pair 
bonds. Whereas most studies of extra-pair mating emphasize the role of male 
behaviors in pursuing copulations outside the pair bond, I argue that female 
behaviors—including female song and territory defense—may be equally 
important. Our understanding of genetic mating patterns in tropical birds is 
still in its infancy, and rigorous tests of these hypotheses await more data.

Extra-Pair Mating in New World Temperate  
and Tropical Songbirds

Songbirds in the temperate zone are famously unfaithful to their mates. 
Although most species form pair-bonds and share parental care of the nest-
lings, between 10% and 30% of those nestlings are the result of extra-pair 
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matings (Griffith et  al. 2002). In some socially monogamous species, 
extra-pair young are as common as within-pair young: depending on the 
population, between 35% and 70% of tree swallow nestlings (Tachycineta 
bicolor) are sired by extra-pair males (Barber et al. 1996). In fact, promis-
cuity is so widespread in temperate birds that Griffith et al. (2002) noted 
that “levels of extra-pair paternity below 5% of offspring are now consid-
ered worthy of explanation.”

It came as something of a surprise, therefore, when the first molecular 
analyses of parentage in tropical birds found little evidence of infidelity, 
suggesting that extra-pair mating might be generally rare (Telecky 1989, 
Robertson and Kikkawa 1994, Fleischer et al. 1997). Monogamy seemed 
to be consistent with other Neotropical life-history traits, such as small 
clutch sizes, small testes, and low levels of circulating testosterone (Stutch-
bury and Morton 1995, 2008; Wikelski et al. 2003). As more studies were 
published, though, genetic mating patterns proved frustratingly inconsis-
tent. Unlike clutch size, which predictably increases with latitude across 
taxa and habitats (Skutch 1985, Jetz et al. 2008), mating patterns in the 
tropics are highly variable. Some species do indeed have extremely low 
rates of extra-pair mating, but others are as just as promiscuous as temper-
ate songbirds (Macedo et al. 2008).

Why are some—but not all—tropical species genetically monogamous? 
Or, from a different perspective, why are temperate species so promiscu-
ous? Despite twenty-five years of research, genetic mating patterns are 
known from fewer than twenty Neotropical species. This dearth of infor-
mation seriously hampers our understanding of the evolutionary ecology 
of tropical birds and impedes our ability to compare life-history strategies 
across latitudes. Not only do genetic mating patterns determine individual 
reproductive fitness, they also influence every question related to sexual 
selection, including the evolution of male and female song, territoriality, 
plumage dimorphism, display traits, and even parental care and the divi-
sion of labor between males and females (Møller and Birkhead 1994). 
Without a better understanding of the mating strategies of tropical birds, 
we are unlikely to fully understand the role that extra-pair mating plays 
in sexual selection and the evolution of avian mating systems.

Is Extra-Pair Mating Constrained by Available Mates?

The most intuitive hypotheses to explain variation in extra-pair mating 
assume that it is adaptive and should be common unless it is limited by 
a local scarcity of extra-pair mates (Stutchbury and Morton 1995). If so, 
infidelity is predicted to be most frequent in populations with high 
breeding synchrony and/or high breeding density (Møller and Birkhead 
1994), since males in either situation should be in close proximity to 
receptive females on neighboring territories. Might tropical species, 
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with their relatively aseasonal habitats, long breeding seasons, and low 
population densities, simply lack opportunities to mate outside the pair 
bond? Early analyses across species showed a promising correlation be-
tween breeding synchrony and extra-pair paternity (Stutchbury and 
Morton 1995, Stutchbury et al. 2007, Stutchbury et al. 1998), but subse-
quent comparative studies have failed to support the link (reviewed in 
Griffith et al. 2002 and Macedo et al. 2008). In the Neotropics, several 
studies have failed to find a relationship between extra-pair paternity 
and breeding synchrony either within a population (Krueger et al. 2008, 
Cramer et al. 2011, Douglas et al. 2012, Tarwater et al. 2013) or across 
temperate and tropical populations of the same species (LaBarbera et al. 
2010, Eikenaar et al. 2013). This may be partly because, contrary to a 
priori expectations, tropical populations are not necessarily less syn-
chronous than their temperate counterparts. As Macedo et  al. (2008) 
pointed out, many tropical habits are highly seasonal, including decidu-
ous and montane forests. Furthermore, long tropical breeding seasons 
do not necessarily translate into low synchrony (Wikelski and Wingfield 
2003): humid-forest insectivores such as spotted antbirds (Hylophylax 
naeivoides) may be reproductively active for most of the year, with indi-
vidual pairs attempting as many as 8 clutches in a season (Willis 1972).

If reproductive opportunities don’t limit extra-pair mating, what does? 
The available (albeit scanty) evidence suggests that Neotropical passer-
ines fall into two categories (Table 1). Low (<5%) rates of extra-pair mat-
ing are observed in just a few species, all of which defend stable all-
purpose territories throughout the year (often the same territory for many 
years; Tarwater et al. 2013). Interestingly, with the exception of the yellow-
bellied elaenia, all of these are understory insectivores. By contrast, non-
territorial or seasonally territorial species tend to have much higher rates 
of extra-pair copulations, comparable to or higher than those observed in 
the temperate zone. Females are largely silent (with the exception of 
house wrens) and do not duet with their partners or participate in territory 
defense. The available data do not permit many generalizations, but these 
species are primarily found in edge, second-growth, and grassland habitats. 
None are insectivores of the forest understory.

Neotropical understory insectivores—including members of ant-following 
guilds like antshrikes, antbirds, antwrens, antpittas, ant-tanagers, wrens, 
and woodcreepers—typify the “slow” end of the tropical life-history spec-
trum, characterized by a suite of interrelated traits including low adult 
mortality, delayed reproduction, small clutches, and metabolic and im-
munological adaptations to long life (Ricklefs and Wikelski 2002). Al-
though far less is known about behavioral traits than life-history traits of 
tropical birds, these species also tend to share long-term pair bonds, coor-
dinated male and female duetting, female participation in territory de-
fense, and—apparently—low rates of extra-pair mating. At least part of the 
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confusion about whether extra-pair copulation rates really do differ across 
latitudes probably stems from the tendency to lump all “tropical” species 
into one category, disregarding what appear to be important differences in 
territoriality, song, and pair-bonding behavior.

Female Song, Territory Defense, and Genetic Monogamy

Assuming that the limited data in Table 1 are representative of a real pat-
tern, genetically monogamous and promiscuous tropical species differ 
strikingly in the extent to which females sing and participate in territory 
defense. The two behaviors are linked: duetting species typically sing in 
response to territorial intrusion, and experiments in two species (the bay 
wren, Thyrothorus nigricapillus, and the dusky antbird) showed that females 
were able to defend their territories by singing even when their mates were 
removed (Levin 1996). Because duets are easily elicited by playbacks, an 
extensive literature already exists on the structure and function of duetting 
in tropical birds and this theory may yield insights into extra-pair mating 
behavior. One possibility is that duetting reflects cooperative territory de-
fense, since joint defense might be more effective against intruders than a 
solo song, and both members of a pair should benefit from deterring rivals 
that could oust them. An alternative hypothesis, though, is that the primary 
function of duetting is to safeguard one’s mate against same-sex rivals seek-
ing extra-pair copulations—an essentially selfish function that has been 
called “acoustic mate-guarding” (Langmore 1998). Members of a pair might 
answer each other’s songs to prevent them from singing alone, effectively 
advertising their mated status and repelling same-sex rivals.

Whether duetting is a product of sexual conflict or cooperation is still 
an open question, but a few studies have provided fascinating evidence in 
support of the mate-guarding hypothesis. Levin (1996) found that, con-
trary to prior expectations, duets were always initiated by female bay 
wrens, suggesting that males might sing in response to their mates in 
order to advertise their mated status and prevent them from solo singing. 
Further support for the mate-guarding hypothesis comes from playback 
experiments on Peruvian warbling antbirds (Hypocnemis peruviana; Sed-
don and Tobias 2006, Tobias and Seddon 2009), barred antshrikes (Tham-
nophilus doliatus; Koloff and Mennill 2011), and black-bellied wrens 
(Thyrothorus fasciatoventris; Logue and Gammon 2004). In all three of 
these species, individuals respond more strongly to solo songs of same-
sex rivals than to opposite-sex solos or duetting pairs, indicating that 
lone same-sex rivals are perceived to be a greater threat. Interestingly, in 
all cases females respond as—or more—strongly to same-sex songs as 
males do, suggesting that, if duets do indeed guard against extra-pair 
copulations, both sexes are equally vigilant.
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Even if duetting does limit extra-pair copulations, however, it is likely 
that female song initially arose in the context of territory defense rather 
than (or in addition to) mate-guarding. Odom et al. (2015) recently used 
phylogenetic analysis to reconstruct the evolution of duetting in the New 
World blackbird clade (Icteridae) and found strong evidence that it has 
arisen only in lineages in which female song was ancestral. Female song, 
in turn, was correlated with year-round territoriality—a result supported 
by analyses of other tropical bird lineages (Slater and Mann 2004). Fe-
male song appears to have been lost not only in temperate blackbirds 
which have evolved long-distance migration (and hence lost year-round 
territorial defense), but also in non-migratory tropical blackbirds in which 
females do not defend territories, such as the polygynous oropendolas and 
caciques, and the brood-parasitic cowbirds (Price et al. 2009). These anal-
yses provide support to the hypothesis that temperate-tropical differences 
in female song and territoriality are not driven by latitude per se, but by 
an interrelated set of natural history traits that are favored in some Neo-
tropical habitats and lineages but largely lost in the temperate zone.

Future Directions

Virtually every review of mating behaviors of tropical birds ends with a 
plea for more data (Stutchbury and Morton 2008, Macedo et al. 2008, Ne-
odorf 2004), and this essay is no exception. Here I have argued that genetic 
monogamy is correlated with a specific suite of life-history traits shared by 
many Neotropical understory insectivores. It seems likely that when extra-
pair mating is rare, it is because it has not been favored by natural selection 
and not because it is constrained by a local scarcity of receptive females. 
Without more data on extra-pair parentage rates across species, though, it is 
impossible to know how general this conclusion is. Equally importantly, for 
the vast majority of species we lack the natural history information that 
would allow inferences about the fitness advantages of fidelity or the poten-
tial costs of extra-pair mating. We still lack systematic analyses of how ge
netic mating patterns affect parental investment in tropical birds, or how 
behavioral traits such as territoriality and pair-bonding interact with eco-
logical variables such as density, food abundance, and nest predation. Is it 
true, as often claimed, that sexual selection is really weaker in tropical 
birds than in temperate ones (Badyaev and Hill 2003)? Or are display traits 
such as duetting and female song indicative of sexual selection by both 
sexes? How does longevity affect extra-pair paternity rate, and are these 
patterns consistent with classical ecological models of r and K selection? 
Many questions remain open; their answers will shed light not just on tropi-
cal birds but on the evolution of global avian life-histories.
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Leaf Structure and Function

Peter J. Grubb

Leaf form and function are thought to be critical determinants of the ecol
ogy of plants. Before considering the many unknowns about leaf struc-
ture and function it will be helpful to set out some of the facts that are 
well established. The mean size of leaf blades in a plant community de-
creases along gradients of increasing soil dryness and increasing cold 
(Richards 1996). In the tropics and subtropics deciduousness is charac-
teristic of plant species that experience seasonally dry soils (Richards 
1996), whereas in the temperate regions deciduous species are associated 
with soils from which it is seasonally difficult to withdraw water because 
at low temperatures the viscosity of water increases and the permeability 
of root cell membranes declines (Kramer 1969). In the Northern Hemi
sphere, in regions where the degree of winter cold is moderate, it is com-
mon to find evergreens on the most infertile soils, and deciduous species 
on the richer soils (Monk 1966, Walter 1968). In any forest composed of 
both evergreen and deciduous species the leaves of evergreens are usu-
ally thicker and tougher than those of the deciduous species (Chabot and 
Hicks 1982, Grubb 1986); the greater toughness provides greater general-
ized defence against physical and biological damage (Grubb 1986). More 
generally, species with longer-lived leaves have a higher dry mass per unit 
area of leaf blade, while per unit dry mass they have lower maximum rates 
of net assimilation (photosynthesis less respiration) (Grubb 1984, Field and 
Mooney 1986).

The “design” of the leaf of an average land plant as a machine that cap-
tures light and absorbs CO2 while minimizing loss of H2O is impressive 
(Taiz and Zeiger 2010). The internal structure of the leaf resembles that 
of a lung in that there is a high ratio of internal surface to external sur-
face. The skin (epidermis) of the leaf is typically colorless. The green cells 
in the tissue between the upper and lower epidermis (the mesophyll) are 
arranged around air spaces (Fig. 1) and large fractions of the cell surfaces 
are in contact with air spaces rather than abutting other cells. Usually 
there is a more compact arrangement of cells in the upper part of the me-
sophyll (the palisade, Fig.1). In the currently dominant group of plants on 
land (the flowering plants) water is supplied to the photosynthesizing cells 
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by a dense network of canals made up of tiny empty pipes, the xylem cells, 
which lose their protoplasmic contents at the end of their development. 
These canals in the “veins” are accompanied by arrays of living cells (the 
phloem) that transport away the products of photosynthesis from mature 
leaves and many chemical components of leaves that are senescing. Loss 
of water from the leaf occurs through minute pores and is regulated by 
the cells surrounding the pores (the stomata); these close at night and 
when the leaf begins to dry. Commonly the stomata of species of moist 
sites shut after a slight-to-modest water loss, and those of dry sites close 
only after greater water loss.

Despite so much being found out about the structure and function of 
leaves, there is still a huge amount to be discovered. In my chapter on 
leaf structure and function in The Encyclopaedia of Ignorance (Grubb 1977a) 
I set out 20 questions, very various in kind. In Table 1 I have summarized 
the findings in the last 40 years regarding the ten questions on which most 
progress has been made, and in Table 2 the more modest advances regard-
ing the ten questions on which least progress has been made.

Figure 1. A three-dimensional view of the internal structure of an apple leaf. Note 
particularly the contrast between the tightly packed palisade cells (in the upper half 
of the leaf) and widely separated cells of the spongy mesophyll (in the lower half), 
also the pores (stomata) confined to the lower epidermis. Reprinted from Eames 
and MacDaniels, Introduction to Plant Anatomy (McGraw-Hill, 1951) by permis-
sion of McGraw-Hill Education.
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Table 1. Answers to the Ten Questions Set by Grubb (1977) on Which 
There Has Been Greatest Progress in Understanding

1.	 Why is the form of modern-day leaves so different from what was seen in the 
distant past?

The general rarity of leaves of the dissected fern-frond type among modern 
seed plants (which contrasts with its dominance in pteridosperms in the Car-
boniferous) reflects greater conductance of modern xylem elements, closer 
spacing of veins and networking together making possible wide areas of lamina 
(Brodribb et al. 2005, Zwieniecki and Boyce 2014). Confinement of very long, 
wide strap-shaped leaves to wet tropics and wet soils in drier tropics (Dracaena 
and more widely Pandanus (Grubb 2003)) paralleling confinement of lepido-
dendrids to peat forests in the Carboniferous period possibly reflects persistent 
problem in conductivity and/or susceptibility to cavitation.

2.	 What are the proportions of the flow of liquid water across the lamina 
through (a) the lumina of the xylem conduits of the fine veins, (b) cell walls 
and protoplasts of the mesophyll, (c) cell walls and protoplasts of the 
epidermides?

Still the subject of debate and modeling (Buckley 2015, Buckley et al. 2015); 
it seems that more water moves through walls than protoplasts, and much 
water moves as vapor; the proportion of liquid water movement that is through 
the epidermides is still unclear. Much of the water flows through the xylem to 
the photosynthesizing cells of the mesophyll; the conductance of this pathway is 
generally related to the maximum net assimilation rate per unit dry mass of leaf 
(Brodribb et al. 2005, Sack and Holbrook 2006); it depends on at least three 
variables: the radius of the broadest conducting elements (Aasamaa et  al. 
2001), the vein length per unit area (Sack et al. 2013) and the length of the path 
between the end of a vein and the point where the water evaporates (Brodribb 
et al. 2007).

3.	 Why do most leaves have spongy mesophyll as well as palisade?
Having spongy mesophyll increases the lamina area per unit dry mass and 

nitrogen N, and that is of value in intercepting more light and casting more shade 
on competitors. Currently, ideas are being tested using single-gene mutants of 
Arabidopsis with different amounts of air space in the leaf (Lohmeier et al. 2017). 
Having more air space in leaves leads to greater proportion of water movement 
being in the vapor phase and greater sensitivity to gradients of temperature 
within the leaf (Buckley 2015, Buckley et al. 2015).

4.	 Bundle sheath extensions (BSEs); why do some plant types have them and 
others not? Some are fibrous and structural, others thin-walled.

Those not primarily structural provide low-resistance pathways to the upper 
and lower epidermides; a mutant of tomato with no BSEs had reduced leaf hy-
draulic conductance, stomatal conductance and net assimilation rates (Zsögön 
et al. 2015). This finding is consistent with the results of modelling and experi-
ments comparing herbaceous and woody species (Buckley et al. 2015, Buckley 
and Gilbert 2011).
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(Continued )

Table 1. (Continued )

5.	 Why is the epidermis colorless, apart from the stomatal guard cells?
For 25 species of varying life form and habitat the epidermis was found to 

transmit less than 10% of incoming ultraviolet radiation, which has the potential 
to damage the process of photosynthesis (Robberecht and Caldwell 1978); fla-
vonoid and related pigments were responsible for much of the absorptance. 
This function of the epidermis could work alongside its role (suggested long 
ago (Haberlandt 1914)) as a short-term store of water which can move to the 
mesophyll and make possible continued photosynthesis when there is a risk of 
over-heating and/or desiccation as in a shade leaf in a sunfleck or a sun leaf 
when the air becomes very still.

6.	 Why do C4 plants have the C4 and C3 pathways in separate cells rather than 
in a single cell type?

Genetic manipulation has proven that the resistance to backward diffusion 
from the bundle sheath is vital to maintaining a ratio of CO2 to O2 within 
the  sheath that makes the overall process more effective than the C3 system 
alone (Ludwig et al. 1998). A very few seed plants (Chenopodiaceae in southwest 
Asia) carry out C4 photosynthesis with intracellular compartmentation (Ed-
wards et al. 2004) but this is less effective than compartmentalization among 
cells.

7.	 Why are some species amphistomatous, i.e., have stomata in both lower and 
upper epidermis? Why have many small stomata or few large? The negative 
correlation between size and density was already known.

Amphistomatous species are typically fast-growing and herbaceous (Muir 
2015); the benefit of reduction in resistance to inward diffusion of CO2 out-
weighs the hazard of occasional waterlogging of the intercellular spaces by infil-
tration during heavy or prolonged rainfall. The strong negative correlation be-
tween stomatal size and number per unit area means that different species may 
have the same epidermal conductance to CO2 with large or small stomata (Sack 
et al. 2003). There is a strong correlation between stomatal size and 2c DNA 
content (Beaulieu et al. 2008), but in a given clade there can also be large varia-
tion in stomatal size with little difference in 2c DNA ( Jordan et al. 2015).

8.	 Why do the more-or-less pendent soft young leaves of many species of 
tropical and subtropical lowland rain forests have delayed chloroplast 
development and red coloration based on anthocyanins?

A critical review in 2002 (Dominy) concluded that the most likely explanation 
of the red color is that it makes the leaves invisible to herbivores, which cannot 
see red. One hypothesis for the origin of trichromacy in primates is that it over-
came that problem (Dominy and Lucas 2001), but this hypothesis has been 
contested and trichromacy related primarily to detection of ripe fruit against a 
background of green leaves (Sumner and Mollon 2003). Very recently new evi-
dence for a fungistatic role of the anthocyanins has been published (Tellez et al. 
2016). When in two forests species that have red young leaves were compared 
with species that have green young leaves, the former had lower rates of mortal-
ity as seedlings but lower relative growth rates of their trunks as small trees, 
implying a benefit and a cost (Queenborough et al. 2013).
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In this new review I consider five questions that have come to the fore 
since 2000. These questions can all be studied from the point of view of 
the field ecologist, interested in the coexistence of species and in the ways 
in which plants are suited to their habitats, and that of the laboratory 
ecologist, interested in the details of leaf structure and/or the physical 
processes and chemical mechanisms that are vital to leaf function.

Do the Length of the Leaf Stalk and the Shape  
of the Leaf Blade Really Matter?

This issue relates to the recent fashion for collecting data on easily mea
sured properties of leaves (traits) for large collections of species, and using 
analyses of such large data sets to draw conclusions about the value of 
each variable measured. Consider leaf form, and specifically (a) the length 
of the stalk (petiole) relative to the length or area of the blade (lamina), 
and (b) the shape of the blade.

In the wet tropical lowlands, the great majority of species that have 
leaves with stalks that are long relative to the length of the blade, and the 
blades are wide relative to length (often heart-shaped or umbrella-shaped), 
require gaps in the forest canopy or forest edges for establishment and 

Table 1. (Continued )

9.	 Are the physical and chemical properties of leaves and visiting ants that are 
supposed to deter herbivores, effective?

There is much evidence now for the effectiveness of physical (Lucas et al. 
2000) and chemical (Mithoefer and Boland 2013) defenses and visiting ants 
lured by extrafloral nectaries and sometimes nest sites (Rosumek et al. 2009).

10. Why do some plants change the inclination of a lamina under particular 
conditions; e.g., leaflets of Oxalis species bend down in bright light, whereas 
pairs of leaflets of many tropical legumes bend down and become firmly 
appressed at night?

“Solar tracking” (heliotropism) is widespread in light-demanding species 
and can increase yield either by maximizing the radiation absorbed or by 
minimizing it, depending on species and situation (Ehleringer and Forseth 
1989); by hypothesis the highly shade-tolerant Oxalis species of northern 
temperate forests have retained this behavior when evolving from light-
demanding ancestors (Grubb 1988). The behavior of tropical legumes has 
been hypothesized to reduce herbivory on leaves with a high nitrogen 
concentration by increasing the difficulty of eating a leaf when thickness is 
doubled, and to do so at the time of day when most herbivory by inverte-
brates occurs (Grubb and Jackson 2007).
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Table 2. Answers to the Ten Questions Set by Grubb (1977)  
on Which There Has Been the Least Progress

1. Why are all leaves the size they are, and not an order of magnitude larger or 
smaller? How is the upper limit on leaf size set?

Few attempts have been made to answer the question; a recent model ( Jensen 
and Zwieniecki 2013) hypothesizes that limits are set by intrinsic properties of 
the carbohydrate transport network.

2. Why is the percentage of current shoot dry mass in leaves commonly 60%–70%, 
the rest in subtending stem?

The most recent comprehensive review of allocation to leaves, stems, and 
roots in different kinds of plants and plants of different size (Usoltsev et  al. 
2015) does not answer this question.

3. What are relative leaf sizes adapted to? Usual growing conditions or the most 
unfavorable seasons or years?

This is of greatest interest and unresolved for evergreens that survive only 
moderately less-favorable conditions for a period each year; e.g., in warm tem-
perate rain forest (Grubb et al. 2013). Where the unfavorable period is more 
severe (e.g., in predominantly deciduous forest in the dry tropics), the smaller 
leaf sizes of evergreens suggest that adaptation to the unfavorable season is 
more important.

4. Is the ratio of CO2 taken in to H2O lost likely to drive evolution of leaf sizes?
Likely to be important only where water is commonly in short supply; i.e., not 

in rain forests, especially in tropical montane and subalpine rain forests, which 
have successively smaller leaves and are commonly in cloud; there is a need for 
more models on maximizing CO2 uptake alone (Givnish 1984).

5. Why are certain leaf shapes associated with particular life forms, notably 
cordate (heart-shaped) blades on long stalks (petioles) with climbers?

A model based on balancing photosynthetic gains and metabolic costs of 
replacing water lost, incorporating mechanical efficiency and appropriate lam-
ina inclination, predicted large cordate leaves with long petioles in well-lit situa-
tions, and narrow-based small leaves with short petioles at more shaded sites 
(Givnish and Vermeij 1976).

6. Why is lobing seen mostly in thinner (deciduous or herbaceous) leaves? Is the 
answer related to resistance to water flow through the lamina and especially 
resistance in thin walls of epidermis in thin leaves?

This suggestion was not supported by an experimental study (Sisó et al. 
2001), which found that the hydraulic conductance of the lamina in Quercus 
species is positively related to the degree of lobing, suggesting that the me-
sophyll of highly lobed leaves benefits from high rates of water supply that 
help maintain water status and photosynthetic activity despite the fact that 
the thinner still air layer on lobed leaves increases loss of water as well as loss 
of heat.

(Continued )
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onward growth. These features increase competitive ability where light 
is abundant; the long stalks increase the chance of placing a leaf above 
that of a neighbor, and an individual leaf with a wider blade is more ef-
fective than one with a narrower blade in shading competitors below. In 
contrast the many species that can establish in deep shade and persist as 
juveniles in the understorey do so because of their tolerance of shade 
rather than their ability to cast shade; their leaves typically have short 
stalks and the blades are egg-shaped to oblong, narrow relative to their 

Table 2. (Continued )

7. What is the function of the hypodermis (the layer immediately inside the 
epidermis, most often found below the upper epidermis)?

Function is presumably correlated with cell wall thickness. If thick-walled, it 
gives support and toughness that may inhibit herbivores (Dominy et al. 2008); 
if thin-walled it may act as a short-term water reservoir as hypothesized previ-
ously for the epidermis. In either case it may attenuate ultraviolet B radiation 
(Flenley 1992).

8. What is the function of the wax deposited in the stomatal pores of some 
species?

Plugs of wax or cutin have been best studied in Winteraceae, but are also 
found in other dicots and in monocots; in some conifers there are plugs of resin-
ous material (Wilkinson 1979); in at least one species of Winteraceae plugs are 
associated with stomata remaining open at night (Feild and Holbrook 2000); in 
one drought-tolerant Quercus species a greater degree of plug development 
was seen as adaptive (Roth-Nebelsick et al. 2013).

9. In flapping leaves how large is the bellows effect on the movements of CO2 into 
the leaf and H2O out?

This question seems to have been ignored completely even though the issue 
must be a real one for large soft leaves easily deformed by wind.

10. What is the function of the drip tips, i.e., elongated narrowing apices, found 
on the leaves of many tropical rain forest plants?

This question is unresolved. They are characteristic of tropical and subtropical 
lowland and lower montane rain forests, rare or absent in upper montane forests, 
and absent in subalpine rain forests (Grubb 1977, Grubb and Stevens 1985, 
Goldsmith et al. 2017). They are also rare in tropical dry forests. Within the 
Amazon basin they are most abundant in the areas with the highest mean values 
for rainfall in the wettest trimester (Malhado et al. 2012). They are commonest in 
shade-inhabiting species and characteristic of juveniles in the case of tall trees 
that regenerate in shade (Panditharathna et al. 2008). Leaf wettability is not, on 
average, different in species with and without drip tips (Goldsmith et al. 2017). 
Experiments have shown that drip tips do facilitate run-off but do not inhibit 
colonization by epiphyllous bryophytes, and have yielded contradictory results 
with respect to colonization by fungi that might damage the leaf (Burd 2007).
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Figure 2. Photographs of cleared dried leaves of four gap-demanding tree species 
found in tropical lowland rain forest in northern Queensland, two with the “right” 
kind of leaf (above, Mallotus mollissimus, Euphorbiaceae, left, petiole bent, and Ac-
ronychia acidula, Rutaceae), and two with the “wrong” kind of leaf (below Glo-
chidion hylandii, Euphorbiaceae, left, and Alphitonia incana, formerly A. philippi-
nensis, Rhamnaceae). The bar is 5-cm long. Reproduced from Christophel and 
Hyland (1993), with permission from CSIRO Publishing.

length. But there are exceptions among both gap-demanders and shade-
tolerators. In northern Queensland, to take one example, there are three 
genera (Alphitonia, Glochidion, and Trema) in different families that are 
abundant and widespread at the edges of primary forest and in second-
ary forest but have the “wrong” leaf form; i.e., in silhouette the leaves 
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appear to be like the leaves of shade tolerators (Fig. 2). Likewise, there 
are at least twelve genera in eight families containing strongly shade-
tolerant species with the “wrong” leaf type having notably long stalks; 
e.g., Elaeocarpus and Franciscodendron.

How are we to explain the species with the “wrong” leaf form? Is it the 
case that the competitive advantages of long stalks and wide blades for 
gap-demanders are slight relative to other properties that take more time 
and more resources to measure, such as the allocation of dry mass in the 
whole plant, maximum net assimilation rate and dark respiration rate at 
relevant temperatures, and rate of height increase? Or are there certain 
circumstances in gaps where the possession of an array of leaves of the 
shade-tolerator type has an advantage over the majority type? Similarly 
is the expenditure of resources on long petioles in deep shade a trivial 
matter relative to the properties that are time-demanding to measure (the 
gas exchange properties just mentioned, plus measurement of the flexi-
bility of these properties in relation to shade and the degree of persistence 
of physical and chemical defences against diseases and herbivores in 
shade) or are they of advantage under certain circumstances; e.g., when 
a gap opens in the canopy above?

One approach would be to grow light-demanding species exemplifying 
“right” and “wrong” leaf types at different densities and different irradi-
ances, and record both growth rates and the patterns of shading among 
species, thus revealing how important petiole length and blade size can 
be relative to absolute rate of height growth by whole plants. A similar 
experiment could be run with shade-tolerant species but conducted over 
a longer period (say, 5–10  years) with species having the “right” and 
“wrong” leaves grown in deep shade at different densities, and then given 
a canopy gap or simply more light if the experiment is done under repli-
cated shade screens.

A particularly interesting problem with respect to shade-plants with 
the “wrong” type of leaf arises in the northern temperate deciduous for-
ests (NTDF) of Eurasia and North America where among the most shade-
tolerant species there are various species of maple (Acer spp.) that all 
have long petioles and wide blades with several points—a strong con-
trast with the various species of beech (Fagus spp.) that have the “right” 
kind of leaf judged by the standards of tropical lowland rain forest 
(TLRF). Species of lime or basswood (Tilia spp.) present a similar prob
lem but they tend not to be as tolerant as the maples, and their heart-
shaped blades are not matched by such very long stalks as are seen in 
the maples.

NTDF differs importantly from TLRF in that each spring there is a large 
increase in the irradiance intercepted by seedlings and saplings that are 
heavily shaded for the summer because they leaf out before the taller 
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trees (Gill et al. 1998). Measurements and experiments with beech (Fagus 
grandifolia), buckeye (Aesculus glabra), sugar maple (Acer saccharum) and 
other species have established that the benefit that the summer-shaded 
saplings have as a result of the spring window is substantial (Gill et al. 
1998, Augspurger et al. 2005, Augspurger 2008). Insofar as the saplings 
are crowded the possession of long petioles may confer a significant ad-
vantage in competition between individuals. It is also possible that the 
same benefit is significant when a canopy gap is opened up by treefall, as 
suggested previously for TLRF species, but it is known that at least in the 
well-studied case of sugar maple versus beech the rate of growth in over-
all plant height is the most important factor in determining the different 
outcomes of competition in gaps of different size (Canham 1988).

Finally, we may reflect on the contrast between the great majority of 
species of tree in TLRFs being strongly shade tolerant at the seedling and 
sapling stages, whereas only a small proportion of tree species in NTDF 
are so tolerant. It seems that the evolution of strong shade tolerance plus 
tolerance of winter cold has not been easy. Why?

Does Variation in Foliar Nitrogen Concentration  
Contribute to Maintenance of Species Richness?

The background to this question is the very general issue as to whether or 
not interspecific variation in the properties of the leaves in one functional 
type of plant, e.g., TLRF shade-tolerant tree or late-successional semidesert 
shrub, contributes to the maintenance of species richness in a community. 
The foliar concentration of nitrogen often varies by a factor of from three 
to five within one functional type of plant in a reasonably species-rich 
community, whether that be a forest, a woodland, or a semidesert (Wright 
et al. 2001, Grubb 2002), whereas the difference between the mean for one 
kind of forest and that for a very different one may involve a factor only 
two or less (Vitousek and Sanford 1986). It is important to understand that 
the wide variation cannot be explained away as a result of high concentra-
tions in gap demanders, and low concentrations in shade tolerators. For 
example, in TLRF on basalt in northeast Australia (Grubb et al. 2008) the 
mean concentration of nitrogen in mature leaves on saplings of shade-
tolerant trees was found to vary with species from 9.2 mg g−1 in Cardwellia 
sublimis to 42 in Melicope vitiflora, and among the accompanying species 
requiring canopy gaps for establishment the range was from 18 mg g−1 in 
Elaeocarpus grandis to 49 mg g−1 in Polyscias murrayi.

One hypothesis to explain the variety would be that the nitrogen-rich 
species grow more quickly, but suffer more herbivory, and so a balance is 
achieved. But various studies show that the species that accumulate dry 
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mass most quickly are not necessarily the ones richest in nitrogen, and 
there is often no correlation between foliar nitrogen concentration and 
losses to herbivores. More work is needed not only on the community ecol
ogy side but also on the physiology. Leaving aside the special case of 
plants with nitrogen-fixing bacteria in their roots or leaves, we do not 
know how some species accumulate more nitrogen per unit leaf mass than 
others. Is there a correlation with the maximum or achieved rate of up-
take of nitrogen per unit area of root surface, or do nitrogen-rich species 
have higher ratios of root surface to root mass?

Understanding the Worldwide Leaf Economics Spectrum

Much attention has been paid to the now-established concept of the “world-
wide leaf economics spectrum” (Wright et al. 2004). As illustrated in 
Figure 3, there are statistically significant linear relationships among vari
ous leaf attributes plotted on log–log scales. I have pointed out elsewhere 
(Grubb 2016) that the existence of variation by an order of magnitude in 
attribute y at a given value of x shows that we cannot understand the variety 
in nature by thinking in terms of “simple trade-offs,” as advocated by some 
authors. For example, the maximum rate of assimilation per unit dry mass 
(Amass ) of leaf can vary by an order of magnitude at a leaf dry mass per unit 
fresh area (LMA) of 100 g m−2, and the LMA can vary by an order of magni-
tude at a concentration 1% nitrogen in the leaf dry mass (Nmass ). For the 
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Figure 3. The three-way relationships among three of the six variables used by 
Wright et al. (2004) to define the “worldwide leaf economics spectrum,” based on 
data for 706 species; the direction of the data cloud in three-dimensional space is 
shown in the shadows projected on the wall and floor of the space. Reprinted by 
permission from Nature Publishing Group.
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evolutionist there is the question of whether any sense can be made of the 
variation in terms of what is apparently advantageous for different kinds of 
plants defined by their phylogeny or their ecological distribution. Ideally, 
investigation of this question should be linked with work by mechanists 
who explain how the variation in y can possibly arise at a given value of x.

In my recent treatment (Grubb 2016) I have suggested various possible 
answers to the mechanistic question. For example, Nmass may be reduced 
at a given LMA by a leaf having a substantial covering of nonphotosyn-
thetic hairs, the epidermis impregnated with a large amount of silica, a 
layer of nonphotosynthetic cells (sometimes thick-walled) under the epi-
dermis, a layer of large water-storing colorless cells within the mesophyll, 
or substantial numbers of fibres or thick-walled nonphotosynthetic idio-
blasts of various shapes within the mesophyll (most often columnar or 
star-shaped). Amass at a given Nmass can be lowered by a lower specific activ-
ity of the enzyme, ribulose bisphosphate carboxylase-oxygenase, catalyzing 
incorporation of CO2, a lesser proportion of nitrogen in the chloroplasts 
being in that enzyme and more in the chlorophyll-protein complex (as 
in species growing habitually in deep shade), and the use of significant 
amounts of nitrogen in chemicals that are defensive against herbivores 
(e.g. alkaloids, cyanogenic glycosides, and glucosinolates) or in compatible 
osmotica used in maintaining the water content of the protoplasm in the 
leaves of plants on soils that are dry and/or salt-rich (e.g., glycine betaine 
and proline). What is crying out to be done is the study of habitat, leaf 
structure, and leaf chemistry for species that occur along a series of tran-
sects through the cloud of points in Figure 3, taken at right angles to the 
trend line and at different points along it.

Explaining Lower Maximum Instantaneous Rates  
of Photosynthesis in Species with Longer-Lived Leaves

The question of why species with longer-lived leaves have lower maximum 
instantaneous rates of net assimilation per unit dry mass did not attract 
attention until the 1980s, when it was first suggested that the reason is the 
need to invest a higher proportion of leaf nitrogen in defensive compounds 
(Grubb 1984, Field and Mooney 1986). There was then a delay of about 
20 years until evidence of the kind of defence involved was published 
(Takashima et  al. 2004)—not compounds in the protoplast but in-
creased amounts of nitrogen in the cell walls of the mesophyll, which 
are significantly thicker in longer-lived leaves. Various studies have 
provided the following ranges: 0.1–0.2 µm for herbs, 0.15–0.3 µm for 
deciduous broad-leaved trees, and 0.25–0.5 µm for broad-leaved ever-
greens. I have reviewed the recent literature in this field briefly elsewhere 
(Grubb 2016).
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Unknowns that remain are as follows. Precisely how do the thicker walls 
of the mesophyll provide increased defence? Is the nitrogen concentration 
in the thicker walls the same as in the thinner? What proportion of the re-
duction in maximum rate of net assimilation is simply a reflection of the 
longer diffusion path in water in the thicker cell walls? A very recent study 
has shown that the effect of greater wall thickness on diffusion can be 
about as large as that of the use of nitrogen in the walls (Onoda et al. 2017). 
There are several other unknowns about mesophyll resistance (a measure 
of the inability of the cells to use CO2): length of diffusion path in the cyto-
sol and chloroplast, abundance of aquaporins, involvement of carbonic an-
hydrase and specific activity of the CO2-fixing enzyme ribulose bisphos-
phate carboxylase. These are being actively studied at the present time, and 
might throw up differences between longer- and shorter-lived leaves.

Testing the hypothesis that thicker cell walls in some sense protect the 
mesophyll seems to me difficult. Are leaf-mining insects really so wide-
spread that defence against them is generally important, and would 
thicker walls really be protective? Do a large proportion of leaves suffer 
infections by fungi spreading through the mesophyll, and again would 
thicker walls help? Protection of the functioning of the mesophyll when 
the leaf is partially dried is a possibility. One possible scenario is as fol-
lows. The chloroplasts just inside the cell walls of fully expanded meso-
phyll cells, especially in the palisade, are closely spaced, and during cell 
shrinkage presumably become crowded with a proportion being forced 
inward into the cytoplasm; for these chloroplasts there could be a big 
increase in the resistance to diffusion of CO2 toward them, diffusion in 
water being 10,000-fold slower in water than in air. A recent study (Scof-
foni et al. 2014) comparing woody species with shorter-lived leaves (ex-
pected to have thinner mesophyll cell walls) and with longer-lived leaves 
(expected to have thicker mesophyll cell walls) found no marked differ-
ences in the rate of loss of cell volume per unit decrease in water poten-
tial above turgor loss point (i.e., when the walls cease to be stretched by 
water being absorbed into the protoplast inside). It remains possible that 
thicker-walled mesophyll cells are more resistant to shrinkage in re-
sponse to decline in water potential below turgor loss point; more experi-
ments are needed.

Development of Toughness While Leaves  
Are Still Expanding

A different area of ignorance about the cell walls of leaves has become 
apparent in the context of leaf toughness and herbivory. It had gener-
ally been thought that leaves cannot become markedly toughened until 
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they stop expanding, or—put another way—markedly toughened leaves 
cannot go on expanding (Coley and Kursar 1996). However, a surpris-
ing result was obtained during part of a study on herbivory and defence 
in tropical lowland rain forests comparing monocots (e.g., palms, pan-
dans, aroids, gingers, heliconias, and broad-leaved shade-tolerant grasses) 
and the most speciose group of flowering plants, the eudicots. A study on 
monocot and dicot leaves at different stages of development found that 
when the leaves of monocots had reached only 10%–50% of final lam-
ina area their punch strength (in Newtons) was already 40%–100% of 
the value for fully mature leaves, whereas with the same percentage of 
final area the dicots had only 10%–30% of the punch strength of fully 
mature leaves (Fig. 4). It seems that the very high toughness already pre
sent in young monocot leaves must arise from the cellulose in the bands of 
fibres, but new work in biochemistry is needed to explain how this tough-
ness is compatible with expansion distributed across the whole lamina.
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Figure 4. Percentage of final punch strength as a function of percentage final lam-
ina area for individual leaves of ten species of dicots (open circles) and six species 
of monocots (different symbol for each species) in Australian tropical lowland rain 
forest. The regressions are y = 90.6–0.664x (r = 0.629), and y = 26.0–0.052x 
(r = 0.105). Reproduced from Figure  1, p.  1366, Annals of Botany, vol. 101, by 
Dominy, Grubb, Jackson, et al. (2008), by permission of Oxford University Press, 
http://global​.oup​.com.
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Looping back to the field situation, we find that in TLRF at a number 
of sites around the globe monocots suffer smaller losses of leaf area than 
neighboring dicots, and a much greater proportion of monocots have no-
tably high toughness and/or rolled or folded young leaves, which are thus 
protected against herbivores—especially those that attack through the leaf 
margin (Grubb et al. 2008). However, it has not yet been shown critically 
that the greater toughness and/or leaf rolling and leaf folding are respon-
sible for a lower rate of loss of leaf area rather than any differences in 
leaf chemistry. Perhaps experiments using dicot leaves perfused with po-
tentially defensive chemicals from various monocots would help. Any ex-
periment that involves unrolling young leaves of monocots to see whether 
herbivory is increased should be done under persistently shaded condi-
tions so as to avoid complications caused by photodamage; unrolling adult 
leaves of the ginger plant Amomum villosum that had curled up in response 
to intense insolation led to increased photo-damage (Feng et al. 2002).

Conclusions

There is a need for evolutionists and mechanists to explain not just the 
overall broad trends in leaf size, shape, composition, structure, and func-
tioning but also the contradictory findings in some interspecific compari-
sons and the great variation around trend lines found in others. How often 
is the “wrong” design actually adaptive under certain circumstances? How 
far does the wide scatter around some trendlines reflect benefits to plants 
that live under different conditions? Or do very many plant species evolve 
and persist with features that are in the minds of ecologists “suboptimal”? 
Not every species is widespread or locally dominant.

There are other unknowns different in kind, illustrated above: the ques-
tion of whether or not the wide range in leaf nitrogen concentration in 
the leaves of one functional type of plant in one community type in one 
place plays any part in the maintenance of species richness, exactly how 
can thicker walls protect mesophyll cells in longer-lived leaves, and how 
can leaves with toughened walls still expand?

One point I made in 1977 certainly remains true. Researchers with 
many different interests and talents can make valuable contributions to 
dispersing the remaining clouds of ignorance around the structure and 
function of leaves.
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The Dimensions of Species Coexistence

Jonathan M. Levine and Simon P. Hart

Over the last several decades, ecologists’ understanding of species coex-
istence has crystalized. The maturation of the field did not occur because 
of the discovery of important new theoretical coexistence mechanisms or 
a major empirical endeavor. Instead, the near-simultaneous publication of 
Chesson’s Annual Review (2000a), and Hubbell’s (2001) unified neutral 
theory forced ecologists to reconsider how we organize our thinking on 
the maintenance of species diversity. The framework for understanding 
coexistence that emerged from this period has proven quite powerful, but 
also exposes fundamental uncertainty about the spatial and temporal 
scales of coexistence in nature, and how coexistence depends on the com-
plexity of the component interactions. Here, we introduce a series of re-
lationships between coexistence and these three major dimensions—space, 
time, and interaction complexity—that form the basis of a theoretically 
grounded empirical research agenda for the coming decades.

Interest in species coexistence, or the maintenance of species diversity, 
is as old as ecology itself (Kingsland 1991). The basic problem—how to 
explain the coexistence of species despite the fact that some competitors 
are better than others—emerges in Darwin (1859) but is most cleanly 
framed by Hutchinson (1961) a century later. The answer to this prob
lem, at least since the time of Darwin, has been that species coexist because 
they interact with the environment in different ways, causing each to be 
limited by different factors. Over the twentieth century, this principle was 
formalized and elaborated on in a large body of mathematical models and 
experiments. This work included quantitative theory and empirical vali-
dation of resource competition dynamics (MacArthur 1970, Tilman 1982), 
elegant models of fluctuation-dependent (Chesson and Warner 1981, Arm-
strong and McGehee 1980) and predator-mediated (Holt et al. 1994) co-
existence and clever empirical tests of these and other processes (Paine 
1966, Sousa 1979). Nonetheless, by the end of the century, there were, by 
some counts, more than 100 theories for the maintenance of species di-
versity (Palmer 1994), and the field was ripe for synthesis.

The rise of neutral theory (Hubbell 2001), which posited that species co-
existence could be reasonably explained by the equivalence of competitors, 

 EBSCOhost - printed on 2/13/2023 11:37 AM via . All use subject to https://www.ebsco.com/terms-of-use



146  •  L evine and Hart

forced ecologists to think more precisely about how species differences in-
fluence the outcome of competition. For many, this thinking was shaped by 
the publication of Chesson’s (2000a) Annual Review, which concisely ex-
plained how the outcome of competition depends on the relative magnitude 
of niche differences that stabilize coexistence, and average fitness differ-
ences that drive competitive exclusion (Adler et al. 2007, Levine and Hille 
Ris Lambers 2009). Importantly, Chesson (2000a) showed how stabilizing 
niche differences, those between-species trade-offs that cause intraspecific 
limitation to exceed interspecific limitation, can be categorized into six 
classes of mechanism (Table 1). These include variation-independent mech-
anisms that operate in systems with no extrinsic spatial or temporal hetero-
geneity, and variation-dependent mechanisms that require species-specific 
interactions with environmental heterogeneity in space or time (Table 1). 
This framework is synthetic because nearly all previously described theo-
retical mechanisms for stable coexistence can be organized into the six cat-
egories, clarifying both their common foundations and interrelationships.

We believe that ecology is now at a point where our theoretical under-
standing of how coexistence works has matured. Further theoretical work 
resting on the traditional assumptions of pairwise interactions and sta-
tionary conditions will certainly add depth to our knowledge but will more 
than likely prove to be specific cases of the mechanisms laid out by Ches-
son (2000a). By contrast, ecologists’ modern framing of the coexistence 
problem has exposed fundamental empirical questions that remain unan-
swered, questions relevant to coexistence in any community, and with an-
swers potentially general across habitats: (1) To what extent is the coex-
istence we observe in nature derived from spatial environmental variation, 
temporal environmental variation, or variation-independent mechanisms? 
(2) What are the spatial and temporal scales of species coexistence? (3) 
How does coexistence depend on complex species interactions that only 
emerge in diverse communities?

Answering these questions requires empirically measuring coexistence 
along three major dimensions: space, time, and interaction complexity. 
Here, we introduce three curves that allow ecologists to do so. We first 
describe the theoretical foundations of these relationships, and then use the 
curves to frame an empirical research agenda. Our approach, which ex-
ploits the broad classes of mechanism outlined by Chesson (2000a) (Table 1), 
represents a departure from more traditional investigations of individual 
coexistence mechanisms such as resource partitioning or specialist-enemy 
control. The reason is one of practicality: Questions about the dimensions of 
coexistence involve the aggregate effect of individual mechanisms. Very few 
ecologists are in a position to quantify the separate contributions of multiple 
coexistence mechanisms in a field system, nor is this level of resolution nec-
essarily required for addressing the specific questions outlined here.
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The Spatial Scales of Species Coexistence

We would argue that a large fraction of the coexistence we observe in na-
ture depends on spatial environmental heterogeneity at some scale. Count-
less observational studies have shown that different species are favored 
in different locations in spatially heterogeneous environments (Whittaker 

Table 1. Mechanisms Stabilizing Species Coexistence  
Following Chesson (2000a)

Variation-independent mechanisms: All mechanisms that stabilize coexistence 
that do not require spatial or temporal environmental heterogeneity, such as 
resource partitioning.

Variation dependent mechanisms: Temporal

Temporal storage effect: Species-specific responses to environmental fluctuations 
combined with a life stage that is invulnerable to competition allow species that 
drop to low density to avoid competition under their favored environmental 
conditions, a benefit not experienced when species are common.

Temporal relative nonlinearity: Species differences in the nonlinearity of their 
growth response to a fluctuating environmental factor cause them to differen-
tially respond to and affect those fluctuations. Coexistence is favored when 
each species promotes a regime of environmental fluctuations that is more 
favorable to their competitor than to themselves.

Variation dependent mechanisms: Spatial

Spatial storage effect: Species-specific responses to spatial environmental 
variation allow species that drop to low density to avoid competition in their 
most favored locations, a benefit not experienced when species are common.

Spatial relative nonlinearity: Species differences in the nonlinearity of their 
growth response to a spatially varying environmental factor cause them to 
differentially respond to, and affect, spatial environmental variation. Coexis-
tence is favored when each species promotes a pattern of environmental 
variation more favorable to their competitor than themselves.

Fitness-density covariance: Species-specific responses to spatial environmental 
variation coupled with local dispersal allow species to accumulate in locations 
favorable to them, concentrating intraspecific relative to interspecific interac-
tions in space.
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Figure 1. A coexistence–area curve shows how the number of coexisting species 
increases with increasing area, resulting from the combined effects of increases in 
environmental heterogeneity, weakening of the homogenizing effects of dispersal, 
and weakening effects of demographic stochasticity. A species–area curve, where 
more species are found at each scale than can stably coexist at that scale, is shown 
for comparison.

1967, Chase and Leibold 2003). Moreover, we take as trivial the fact that 
species from different bioclimatic zones can coexist at continental scales 
(Holdridge 1947) yet spatial coexistence mechanisms are likely to be simi-
larly powerful forces at much smaller scales as well (Silvertown et al. 1999). 
If spatial environmental heterogeneity is responsible for much of the coex-
istence we observe in nature, at what spatial scale does most of this coexis-
tence arise? What fraction of the species in a meadow, for example, could 
coexist in 10 m2 of meadow, or 50 m2? What fraction of the species in the 
meadow are only in that meadow due to coexistence mechanisms operating 
at even larger spatial scales than the meadow itself? Understanding how 
the number of coexisting species increases with area motivates our proposi-
tion for a coexistence–area curve (Hart et al. 2017). The coexistence–area 
curve quantifies the number of species that can coexist via mechanisms 
operating within a given area, and its curvature depicts the rate at which 
the number of coexisting species increases with area (Fig. 1).

Because of its clear theoretical underpinnings as detailed in the next 
section, the coexistence–area curve connects the mechanisms of species 
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diversity maintenance to the species–area curve, one of the classic pat-
terns in ecology (Chave et al. 2002). The main shortcoming of the species–
area curve for the questions posed here is that the number of species 
found in a given area does not readily translate into the number of spe-
cies that can stably coexist or even co-occur for long periods of time at 
that spatial scale (Laurance et al. 2011). Heterogeneity that allows for sta-
ble coexistence at larger spatial scales subsidizes more local diversity 
when dispersal allows for transient or sink populations at the local scale 
(Shmida and Ellner 1984). Therefore, particularly informative is the quan-
titative difference between the species–area curve and coexistence–area 
curve for a particular habitat (Fig. 1), which reveals the fraction of spe-
cies found at a given spatial scale that is dependent on coexistence mech-
anisms operating at larger scales.

What Makes the Coexistence–Area Curve Rise?

Existing theory identifies three reasons that increasing spatial scale leads to 
greater coexistence (Hart et al. 2017): weakening effects of demographic 
stochasticity, increasing environmental variation, and weakening of the ho-
mogenizing effects of dispersal (Fig. 1). Demographic stochasticity is well 
known to act more powerfully on small populations, depleting species di-
versity when populations drift to extinction (Hubbell 2001, Vellend 2010). 
Thus, even if many species can coexist in a large, spatially homogeneous 
landscape, only a fraction of those species would persist in small areas, due 
to the overwhelming effects of demographic stochasticity (Tilman 2004). 
As area increases and more individuals per species are supported, this de-
pressive effect of demographic stochasticity on coexistence declines. 
Though the contribution of weakening drift is likely to be greatest for the 
initial rise of the coexistence–area curve, the spatial scale at which these 
effects become negligible is unknown (Gilbert and Levine 2017).

The rise in the coexistence–area curve due to greater environmental 
variation present in larger areas (Fig. 1) almost certainly exceeds that due 
to weakening drift. Differences in how species respond to environmental 
variation can stabilize coexistence when these differences have the effect 
of concentrating intraspecific relative to interspecific interactions. In Ches-
son’s (2000a) framework, this concentration can arise from the spatial 
storage effect, fitness-density covariance, or spatial relative nonlinearity 
(see Table 1) and is modulated by dispersal (Chesson 2000b, Snyder and 
Chesson 2003). Although environmental heterogeneity accumulating at 
different scales can promote diversity maintenance even with global disper-
sal (e.g., via spatial storage effects), dispersal generally erodes coexis-
tence. It does so by forcing different species to interact, homogenizing in-
tra- and interspecific interactions (weakening fitness-density covariance). 
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Heterogeneity at spatial scales small enough to be averaged over by dis-
persing organisms will therefore have weaker benefits for coexistence than 
the same heterogeneity at larger scales (Snyder and Chesson 2003). This 
interaction between dispersal and heterogeneity partly contributes to the 
rise of the coexistence–area curve because the larger the area, the greater 
the opportunity for heterogeneity on a scale exceeding the homogenizing 
capacity of dispersal.

The Temporal Scales of Species Coexistence

Just as we can ask how increasing environmental heterogeneity with area 
promotes species coexistence, we can ask the same with respect to time. 
Greater numbers of coexisting species with the greater temporal environ-
mental variation expected over longer time series results from two mecha-
nisms: the temporal storage effect and temporal relative nonlinearity (de-
fined in Table 1). Temporal storage effects, which concentrate intraspecific 
relative to interspecific interactions in time, have been shown to contribute 
to coexistence in systems ranging from desert annuals to perennial grass-
lands to tropical forest tree communities (Angert et  al. 2009, Usinowicz 
2012, Chu and Adler 2015). Both temporal coexistence mechanisms (ex-
plained in Table 1) are potentially amplified by environmental variation 
that accumulates over time, generating a rising coexistence–time curve.

More formally, the coexistence–time curve (Fig. 2) describes how the 
number of coexisting species increases with the variability associated with 
increasingly long intervals of time. Of course, this curve needs to be de-
fined at a given spatial scale and so the y-intercept indicates the number 
of species that coexist on variation-independent or purely spatial mecha-
nisms of coexistence at that spatial scale. The y-intercept thus allows one 
to quantify how many species can, on average, coexist if the environmen-
tal conditions of any one year were to continue indefinitely into the future 
(no temporal variation). More interesting from a temporal perspective, is 
how many more species could coexist if the variable conditions experi-
enced over two, three, or ten years, for example, were to repeat them-
selves. The curve approaches an asymptote at the number of species that 
coexist given the temporal variability experienced in a very long time se-
ries. The curve also therefore quantifies the fraction of total coexistence 
dependent on temporal environmental variation: It is simply the differ-
ence between the asymptotic species number and the y-intercept, divided 
by the asymptotic species number.

Though the coexistence–time relationship should always monotonically 
increase, its curvature quantifies the dependence of coexistence on infre-
quent events, a central unknown in the study of species diversity mainte-
nance (Angert et al. 2009). For example, steeply rising and then saturat-
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ing curves indicate that most of the temporally mediated coexistence arises 
from the variability predictably occurring in just a few years of time. By 
contrast, more gradually rising curves would indicate that relatively rare 
climate events play important roles for long-term species coexistence.

What Are the Timescales of Extinction and Evolutionary  
Change in Competing Populations?

Fully considering the temporal scales of species coexistence requires 
quantifying how fast drift depletes the number of species we observe co-
occurring today, and how evolution operating on ecological timescales 
shapes competitive outcomes, two processes ignored in our coexistence–
time curve. With regards to the first point, mathematical theory on coex-
istence almost always considers populations that can drop to, and recover 
from, vanishingly small densities. But given the finite nature of individuals 
in real populations, ecologists know that in principle, even species with 
positive invasion growth rates eventually drift to extinction due to demo-
graphic stochasticity (Turelli 1980). What is not known, however, is over 

Increasing temporal variation

Variation-independendent 
and spatial mechanisms

Length of time interval

N
um

be
r o

f s
ta

bl
y 

co
ex

is
tin

g 
sp

ec
ie

s

Figure 2. A coexistence–time curve shows how the number of coexisting species 
increases with the variability associated with increasingly long time intervals. The 
y-intercept shows the average number of species that coexist if the conditions ex-
perienced in any one year were to occur indefinitely; this coexistence results from 
variation-independent and spatial mechanisms of coexistence. The rise of the curve 
reflects the greater possibilities for coexistence with increasing environmental vari-
ation that occurs in increasingly long intervals of time.
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what timescales drift depletes the number of species we observe co-
occurring in ecological communities today (Gilbert and Levine 2017).

If the timescales of competitive exclusion and ultimately local extinction 
are sufficiently long, then evolutionary changes that occur over the course 
of the ecological dynamic have the opportunity to alter competitive out-
comes. Given that competition is the major force determining the ecological 
fate of populations in many communities (Harper 1977), it is difficult to 
believe that competition is not also a major contemporary selective force. 
Indeed, character displacement models have long shown the potential for 
trait evolution in competing populations (Taper and Case 1992). Nonethe-
less, whether evolution rescues populations otherwise headed towards com-
petitive exclusion in nature remains poorly understood. Empirical evidence 
that competition shapes the evolutionary fate of populations in ecological 
time is rare, even in plant systems where competition plays such an impor
tant structuring role (Beans 2014; but see Hart et al. 2019). Whether this 
sparse evidence reflects the true irrelevance of evolution in ecological time, 
or simply the fact that few studies are designed to detect the role of con
temporary evolution in shaping competitive dynamics, is unknown.

The Interaction Complexity Required  
for Species Coexistence

Although the study of coexistence is motivated by the large number of 
species around us, nearly all our understanding comes from studying com-
petition between pairs of species in isolation (Levine et  al. 2017). But 
how effectively can ecologists understand the coexistence of, say, 50 spe-
cies based simply on pairwise niche differences between them? Are pair-
wise interactions even the driver of competitive outcomes in diverse sys-
tems where the interaction between species may depend on the presence 
of other species in the system (Billick and Case 1994)? Theory suggests 
two pathways by which the coexistence of two species is dependent on 
the presence of a third, fourth, or any number of additional competitors: 
interaction chains and higher-order interactions (Wootton 1993, Billick 
and Case 1994). Both of these pathways contribute to the complexity of 
interactions in species-rich systems.

Do Chains of Pairwise Competitive Interactions  
Stabilize Coexistence?

The outcome of competition between species depends not only on their di-
rect interactions, but also their indirect interactions mediated by changes in 
the abundance of other species in the system (Levine 1976, Wootton 1993, 
Billick and Case 1994). Interaction complexity can thereby arise when pair-
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wise interactions are embedded into networks of other (still pairwise) com-
petitive interactions (Levine et al. 2017). Rock/paper/scissors-type dynam-
ics between three competitors illustrate the potential effects of this 
interaction complexity: the coexistence of any two species depends on the 
interaction chain involving the third competitor (Kerr et al. 2002, Allesina 
and Levine 2011). But does adding species to communities necessarily ben-
efit coexistence via the creation of more complex and less transitive interac-
tion networks? It may, but any positive effect is likely to be bounded given 
that decades of niche theory (Case 1991) and a large empirical literature 
(Levine et al. 2004) show that higher species diversity typically makes it 
more difficult for additional species to coexist with residents. Nevertheless, 
the prevalence of indirect interaction chains, their dependence on species 
diversity, and their contribution to observed coexistence in nature remain 
poorly understood (Allesina and Levine 2011, Saavedra et al. 2017).

How Many Species Must Be Included in an Interaction  
to Explain Coexistence?

The second pathway by the which the coexistence of two species (or any 
subset of the community) depends on the presence of other competitors 
involves higher-order interactions (Wootton 1993, Billick and Case 1994, 
Levine et al. 2017). Here, each competitor modifies the per capita effects 
that other competitors have on one another. Put another way, the effects 
of multiple species on the growth of a focal species cannot be understood 
as the sum of independent effects of each competitor. The fundamental 
unit of competition is no longer the two-way “pairwise” interaction, but 
is instead the three-way, four-way, or even higher-order interaction that 
involves nonadditive per capita interaction terms. As with intransitive 
competition, higher-order interactions have been shown in theory to cause 
more diverse systems to be more stable (Bairey et al. 2016), illustrating 
their potential impact upon community dynamics. Abrams (1983) suggests 
that higher-order interactions frequently emerge under reasonable as-
sumptions in mathematical models of competition, suggesting that these 
interactions are likely to be the rule rather than the exception in ecologi-
cal systems. The question remaining is how these higher-order interac-
tions contribute to species coexistence in nature.

We formalize this problem with a coexistence–interaction complex-
ity curve (Fig. 3). This curve quantifies how the inclusion of interactions 
of increasingly higher order contribute to species coexistence. Envision 
a community containing n coexisting species. One can in principle ask 
how many species can coexist under the assumption that interactions 
are fundamentally pairwise, and then do the same under the assump-
tion of three-way, four-way, and up to n-way interactions. The result-
ing coexistence–interaction complexity curve (Fig. 3) should generally 
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approach its maximum value with n-way interactions, but the rate at which 
this value is approached is informative; the more gradual the rise, the more 
interaction complexity is necessary for coexistence. For an extreme exam-
ple, a curve predicting the coexistence of all n species with just two-way 
(pairwise) interactions indicates that interaction complexity via higher-
order interactions is simply unimportant for the observed level of coexist-
ing species. We note that higher-order interactions may sometimes predict 
less coexistence than lower-order interactions (e.g., as illustrated from 
three-way to four-way interactions in Fig. 3), though the theoretical condi-
tions under which this occurs requires further investigation.

Empirical Progress

Part of our motivation for introducing curves relating coexistence to area, 
time, and interaction complexity is to precisely frame questions about how 
each of these factors influences the maintenance of species diversity. In 
doing so, these curves also motivate a theoretically justified empirical 
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Figure 3. A coexistence–interaction–complexity curve shows the dependence of co-
existence in a community on interactions of increasingly higher order. Given that 
the number of coexisting species in this curve is always a prediction from a field-
parameterized model, even the highest-order interactions may not explain all the 
coexistence observed in a system (n) due to errors in model structure and fitted 
parameters.
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research agenda to identify the spatial and temporal scales of species coex-
istence, and the role of interaction complexity in shaping diversity main-
tenance. Empirical progress towards achieving these aims can come from 
field-parameterizing mathematical competition models and then manip-
ulating these models to evaluate how coexistence varies along the three 
dimensions identified here. The general approach we outline in the re-
mainder of this section involves phenomenological models of competition, 
but these approaches are also compatible with more mechanistic ap-
proaches (Tilman 1982). As noted in the introduction, however, our sense 
is that the effort required to empirically parameterize multiple mechanis-
tic competition models is beyond the scope of most individual research 
programs, and the inferences made would only reflect the consequences 
of the particular mechanisms studied.

The first step in developing a field-parameterized competition model 
for a given system involves fitting functions that quantitatively describe 
how individual demographic performance (e.g., growth, survival, fecun-
dity) depends on the density and composition of one’s neighbors (Levine 
et al. 2017, Hart et al. 2018). The requisite data can come from observa-
tional datasets quantifying the demographic performance of individuals, 
as long as these individuals experience significant variation in the iden-
tity and abundance of competitors. Alternatively, the same models can be 
fit by quantifying the demographic performance of individuals subjected 
to an experimentally imposed gradient in competitor density. With the fit-
ted model one then simulates system dynamics with individual-based 
or integral projection (for size-structured populations) approaches. Fur-
ther details on simulating competition models fit to empirical data are 
available in Adler et al. (2010). In what follows we describe how this 
general approach can be tailored to quantify coexistence–area, –time, 
and –interaction complexity curves for a given habitat.

Although the processes governing the rise of the coexistence–area curve 
are well-understood theoretically, the empirical challenge of generating 
such a curve is great (Hart et al. 2017). In principle, the approach of clas-
sic habitat fragmentation studies (Laurance et al. 2011), where areas of 
differing size are isolated from their surroundings, could be used to eval-
uate how many species can coexist as a function of area. However, such 
an approach is unlikely to be feasible as one needs to somehow account 
for edge effects and wait the many generations necessary to see the ex-
clusion and drift processes play out. Fortunately, this experiment can be 
simulated with the field-parameterized competition models outlined in the 
prior paragraph. By fitting these models to spatially mapped data and al-
lowing for x- and y-coordinate variation in demographic rates (that reflects 
underlying environmental heterogeneity), one can produce a spatial map 
of fitted vital rates and/or interaction coefficients for multiple species in 
a study area. Species dynamics and coexistence can then be simulated 
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based on the spatial map of these rates observed at the 1-m2 scale, 10-m2 
scale, and so on. Obtaining the required data would of course represent a 
tremendous empirical effort, and would further require estimates of spe-
cies’ dispersal kernels, but the payoff is an understanding of the scales at 
which diversity is maintained.

The same general approach can be used to produce a coexistence–time 
curve, but here, rather than subsetting the area of a habitat for the simu-
lations, one would subset the time series of year-specific demographic and 
competitive rates. Specifically, one would simulate the number of coex-
isting species if the environmental conditions of any one year were to con-
tinue indefinitely into the future (as in Adler et al. 2006) anchoring the 
y-intercept of the curve. One would then quantify the number of species 
that can coexist in simulations of community dynamics, where yearly sets 
of parameters are drawn from increasingly long intervals of time, and then 
sampled indefinitely. Such approaches also lend themselves to understand-
ing the role of demographic stochasticity if one simulates populations 
that are composed of discrete numbers of individuals (Adler et al. 2010). 
Moreover, the area-dependence of this effect, driven by the greater num-
ber of individuals in larger areas, can be used to quantify the contribu-
tion of demographic stochasticity to the coexistence–area curve.

Finally, the same general approach can be used to empirically describe 
the coexistence–interaction complexity curve (relating to higher-order in-
teractions). Doing so is an enormous challenge due to the overwhelming 
number of experimental treatments necessary to quantify higher-order in-
teractions in the diverse communities that motivate the problem. However, 
quantifying the improvement in explanatory power from even two-way to 
three-way interactions would represent a major advance, especially if we 
expect diminishing coexistence returns from increasingly higher-order 
interactions. This advance is achievable by first fitting models that allow 
for only two-way interactions between species, and then doing the same 
allowing for three-way interactions (and so on if the system allows). The 
appropriate data for these fits are most feasibly obtained by measuring the 
demographic response of individuals to orthogonal manipulations of 
the density of multiple competitors (Weigelt et al. 2007). With fitted pair-
wise and higher-order interaction terms, one can then simulate the num-
ber of coexisting species allowing interactions of increasingly higher order, 
which is the metric of interaction complexity along the x-axis of Figure 3.

Conclusions

For some, the past efforts of ecologists to explain species coexistence have 
epitomized the failure of our field to generate testable hypotheses and gen-
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eral principles (Lawton 1994, Palmer 1994, Hubbell 2001). This could 
not be further from the current truth, as ecologists now understand how 
the fundamental processes maintaining species diversity work and com-
bine to generate coexistence. We know, for example, the theoretical rules 
required to maintain species diversity via competition colonization trade-
offs (Tilman 1994, Adler and Mosquera 2000), spatial environmental het-
erogeneity (Chesson 2000b), and predator tolerance–competitive ability 
trade-offs (Holt et al. 1994). The major outstanding questions are not the-
oretical, but empirical. Moreover, by identifying broad classes of coexis-
tence mechanisms that work in similar ways, as in the Chesson (2000a) 
framework, empirical ecologists can pose questions in a manner grounded 
in general theory. With this mindset, we have proposed relationships be-
tween coexistence and three major dimensions—space, time, and inter-
action complexity—as a foundation for progress towards addressing the 
major scientific unknowns in this dynamic area of research. Undoubtedly, 
the species diversity that ecologists aim to explain presents a daunting 
challenge, but empirical ecologists studying coexistence are now posi-
tioned to make advances that match those of past theory.
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Evolution, Speciation, and the  
Persistence Paradox

Andrew R. Tilman and David Tilman

Contrary to what one might imagine the effects of natural selection to be, 
the fossil record repeatedly shows that the evolution of new species (Ben-
ton 1995, 1996), and the arrival of novel species from other realms (Vrba 
1992, Webb 2006, Patzkowski and Holland 2007), has almost never led 
to the extinction of resident species. Rather, such novel taxa and existing 
resident species often persist with each other for a million or more years. 
This persistence is paradoxical precisely because selection should favor 
any traits that made a member of a species be a superior competitor or 
more resistant to predation or disease. No current evolutionary theory ex-
plains why and how natural selection may be constrained so as to lead to 
the repeated emergence species that are ecologically incapable of being 
sufficiently superior in their traits to cause the extinction of one or more 
of the established species with which they interact. The resolution of this 
paradox has the potential to simultaneously advance our understanding 
of evolution and ecology by explaining why and how the traits of species 
are constrained.

Persistence is so commonly observed both now and across periods of 
millions of years in the fossil record (e.g., Patzkowski and Holland 2007, 
Webb 2006, Pennington and Dick 2004, Vrba 1992), that it at times seems 
to be taken for granted. Most of us accept, as given, that lions, cheetahs, 
dogs, hyenas, and other predators; wildebeest, giraffe, zebra, elephants, 
buffalo, and other herbivores; and numerous species of grasses, forbs, 
shrubs, and trees all persist in an African savanna.

Might such persistence be simply the consequence of a survivorship 
bias, where the species occurring in a system are an idiosyncratic subset 
of those regional species that happened to be able to coexist, perhaps 
because of their order of appearance or other chance factors? Or, might 
there be deeper, more fundamental evolutionary forces that constrain spe-
ciation such that tradeoffs among the multiple traits of a novel species 
somehow assure that it cannot cause the extinction of existing species, be 
they its competitors, predators, or prey? The latter possibility seems more 
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likely to us because, as we discuss below, both speciation and species mi-
grations into new realms time and again have led to persistence, not ex-
tinction (Vermeij 1991, Flannery 2001). In this paper we illustrate the po-
tential complexity of mathematically determining the suites of traits 
required for multiple species to persist on each of the trophic levels of a 
food web. We emphasize at the start the context of our discussion. For a 
given species, we are always referring to habitats that encompass the range 
of physical and biotic conditions where it can persist, and noting that its 
entrance into such habitats, whether by speciation or migration, is rarely 
associated with the extinction of any existing species.

Those who have mechanistically modeled multispecies persistence 
using consumer-resource models, or used field data to test such ideas, have 
gained significant insights into the food web tradeoffs that allow stable 
persistence of several species (e.g., Leibold 1989, Schmitz 1994, Holt et al. 
1994, Polis and Strong 1996, McPeek 1996, McCann et al. 1998, Vos et al. 
2004, Chesson and Kuang 2008, McPeek 2012, Barabás et al. 2017). How-
ever, the suite of trait-based tradeoffs that can allow stable persistence of 
the large numbers of species we frequently observe in food webs are yet 
to be discovered. Indeed, for such models it is easy to find species traits 
(i.e., model parameters) that allow a new species to invade a food web of 
coexisting species, but increasingly difficult, as the number of interacting 
species increases, to find the traits such that each additional predator, her-
bivore, or plant species persists while not causing the extinction of spe-
cies on its or a different trophic level.

Nature seems to have no such difficulty. Species that evolved in one 
realm, separated from all other realms, at times have migrated into a new 
realm and the resident and invading species have consistently coexisted. 
Although one might imagine that new species would be superior in some 
way, and that their appearance might thus cause the extinction of some 
other species on its or another trophic level, this is rare in the fossil rec
ord. Rather, the observed persistence is so long—a million or more years—
that it is difficult to assert that any changes observed later in the fossil 
were the result of the new species (e.g., Benton 1995, 1996, Vermeij 1991, 
Flannery 2001, Patzkowski and Holland 2007).

Clearly, mechanistic food web theory reveals that persistence requires 
interspecific tradeoffs, but the evolutionary basis for and mechanistic na-
ture of such tradeoffs are poorly known. Other insights have come from 
analyses of the effects of food webs’ connectance patterns (e.g., May 1973, 
Martinez 1992, Dunne et al. 2002), weak trophic interactions (McCann 
et al. 1998) and spatial coupling (McCann et al. 2005) on food web stabil-
ity and persistence. Interestingly, the probability of stability in large food 
webs increases with the prevalence of stronger intraspecific density de-
pendence (Barabás et. al. 2017). Similarly, tradeoffs between intraspecific 
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density dependence and competitive ability for a limiting resource can 
facilitate persistence (McPeek 2012). These insightful results align with 
the qualitative generalization that persistence requires intraspecific limi-
tation to outweigh interspecific limitation. However, there is, as of yet, no 
general theory of traits that cause i species of plants, j species of herbi-
vores, and k species of predators to persist together for realistic values 
of i, j, and k. And no theory yet explains why natural selection seems to 
have consistently led to the emergence of such persisting species.

We hope that the ideas and evidence we present might stimulate the 
empirical and theoretical pursuit of a more general theory of the origins 
and nature of both speciation and multispecies persistence. Such a the-
ory might be an important step toward a deeper unification of ecology 
and evolution.

Speciation and Persistence

At the most fundamental level, the long-term pattern of increasing biodi-
versity on Earth is prima facie evidence that the emergence of new spe-
cies has not, on average, caused the extinction of existing species. For in-
stance, 400 million years ago (mya) there were ~50 different families of 
terrestrial plants and animals. This increased to ~200 families by 200 mya, 
to ~500 families 100 mya, and to ~1400 families of terrestrial plants and 
animals by 5 mya (Benton 1995). Marine taxa had a similar pattern and 
rate of diversification, except that it began approximately 200 million 
years earlier (Benton 1995). The majority of extinctions that have oc-
curred during these long periods of diversification were not associated 
with the emergence of new taxa, but rather were associated with exoge-
nously driven mass extinction events (Raup and Sepkoski 1986, Benton 
1995).

Patterns of diversification within taxonomic groups show that new and 
existing species coexisted for millions of years. For instance, the tetrapods 
increased in diversity from a single ancestral species to more than 20,000 
species of birds, mammals, reptiles, and amphibians with little evidence 
in the fossil record that the emergence of either new taxonomic groups or 
new species within them led to the displacement of established species or 
groups (Benton 1996). Upon inspection, such persistence seems plausible 
if, as has been suggested, the new species that arose most often differed 
in their diets and/or habitats from established species (Benton 1996). Di-
versification of Darwin’s finches provides much finer-scale evidence of 
ecology-based diet-driven niche differentiation, speciation, and resulting 
persistence (Grant 1986, Grant and Grant 2006). The radiations of large 
numbers of plant species within a region by a taxonomic group, such as 
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the Dipterocarpaceae in Southeast Asia and the Proteaceae in South Af-
rica, are further demonstrations of persistence, rather than competitive 
displacement, during the diversification of life.

Species Migration and Persistence

What might evolutionary theory lead us to expect to happen when eco-
logically similar but phylogenetically distinct taxa come into contact after 
millions of years of speciation and evolution in different biogeographic 
realms? Wouldn’t novel mutations, recombination, pre-existing initial ad-
vantages associated with phylogeny, and all of the physical and biotic dif-
ferences between two realms have tipped the scales of evolution in favor 
of species from one realm over those from the other realm during their 
millions of years of separate evolution? How could there have been such 
precisely convergent evolution in physically separated biomes that the 
phylogenetically distinct taxa would necessarily persist with, rather than 
displace, pre-existing species after migration into their realm? Imagine, 
for large, slow-growing animals, that natural selection had led an invad-
ing species from a different realm to have a competitive advantage over 
an ecologically similar established species that gave a relative growth-rate 
difference between two species of just 0.001 per generation (assumed here 
to be 30 years). This tiny competitive advantage would cause the com-
petitively superior invading species to displace the other species in about 
400,000 years, by which time the superior competitor would have in-
creased by a factor of 106 relative to the inferior competitor. Calculations 
like these illustrate, for species that lack tradeoffs that cause stable per
sistence, how phenomenally similar competing species would have to be 
to coexist for the millions of years revealed in the fossil record in the ab-
sence of persistence-causing interspecific tradeoffs (Tilman 2011).

The outcomes of major terrestrial and marine interchanges that are re-
corded in the fossil record and of recent anthropogenic species move-
ment, however, repeatedly show persistence of resident and invading spe-
cies in food webs (Tilman 2011). During the past 500 years, for instance, 
thousands of novel plant species have been introduced into oceanic islands. 
Many of these species are now naturalized on particular islands. For 13 
well-studied sets of islands, plant diversity has doubled due to such inva-
sions, but only approximately 3% of the native plant species have, as of 
this time, gone extinct (Sax et al. 2003). New Zealand had approximately 
2000 plant species become naturalized and is reported to have lost only 
three species. The greatest number of plant extinctions occurred on the 
Hawaiian Islands, which lost 71 of their original 1,294 plant species as 
1,090 new species became naturalized. However approximately 400 more 
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native Hawaiian plant species are listed as threatened or endangered with 
extinction, with exotic invaders being one of multiple risk factors. Large 
numbers of species of plants also have been introduced into new conti-
nents as part of the horticultural trade. Some of these eventually become 
naturalized, and a few become highly abundant, but extinction of the na-
tive plant species by invasive competitors has been extremely rare to 
date (Davis 2003). Similarly, experimental seed additions to established 
plant communities have repeatedly been found to increase plant diversity 
and to rarely cause the displacement of pre-existing species (Turnbull et al. 
2000, Myers and Harms 2009, Tilman 1997).

Paleontological data on trans-realm species migrations show few if 
any signs of displacements based on studies of the Ordovician period 
(~450 mya) through the Tertiary period (~3 mya). An Ordovician inva-
sion of a shallow midcontinent North American sea by corals, mollusks, 
and other benthic taxa increased species diversity by 40% but, a million 
years later, had not led to extinctions of pre-existing species (Patzkowski 
and Holland 2007). Similarly during the Tertiary period, greater than 200 
mollusk species moved into the North Sea from the Pacific, but this mas-
sive increase in mollusk diversity was not associated with a shift in the 
background extinction rate of pre-existing North Sea mollusks (Vermeij 
1989), leading Vermeij to conclude that extinction was “an unlikely con-
sequence” of marine interchanges, a view supported by other marine 
studies (Gould and Callaway 1980, Lindberg 1991).

Similar patterns of invasion and persistence occurred during succes-
sive waves of migration of both herbivorous and predatory mammals be-
tween North America and Asia, and Asia and Africa, during the Miocene 
epoch, from approximately 24 to 5 mya (e.g., Flynn et al. 1991, Webb 
2006, Benton 1996, Flannery 2001) and between North and South Amer
ica from approximately 9 to 3 mya (Webb 1991, Vrba 1992). Whether the 
invaders were browsing or grazing herbivores, or scavengers or preda-
tors, and whether they were placentals or marsupials, with rare excep-
tion the pre-existing mammals of a realm persisted with the invaders for 
a million or more years. Similarly, large-scale movement of bird species 
between the two American continents did not lead to extinctions of exist-
ing bird species. Rather, in many cases, the novel taxa themselves radi-
ated in the new realm, creating even more species (Webb 1991, 2006; 
Flannery 2001). Numerous plant species also migrated between realms 
during these geologic periods, persisting with the resident taxa in the 
regions they invaded (Goldblatt 1993; Morley 2003; Pennington and 
Dick 2004).

Although these multiple cases of post-invasion persistence are insight-
ful, exploration of a series of related questions would let us better un-
derstand the context of these invasions and subsequent persistence. For 
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instance, considering all the species in a realm, what are the traits of those 
species that did invade another realm, and of those that did not? How do 
the traits of the invaders relate to the traits of resident species in the in-
vaded realm? Do successful invaders have novel suites of traits that allow 
them to exploit an “empty niche,” thus experiencing little competition 
in the new realm and therefore not displacing other species? Of those 
species that enter a new realm, which taxa do or do not undergo rapid 
radiation, and why? And, in particular for the Great American Biotic 
Interchange, why did many of the North American mammalian invaders 
into South America undergo rapid speciation, whereas the South Ameri-
can invaders into North America rarely speciated? Webb (2006) offers 
the tantalizing possibility that the broad biogeographic origins of the 
northern invaders (having African, Eurasian, and North American ori-
gins) made them more evolutionarily successful than the native taxa of 
the south that had evolved in a much smaller region. Also, invasion oc-
curs at low abundance where stochastic effects can dominate dynamics. 
Perhaps the species that did not successfully invade failed to do so for sto-
chastic reasons, or perhaps some species migrated but were unable to co-
exist in a new food web.

Tradeoffs and Persistence in Food Webs

The competitive persistence observed in the fossil record as species radi-
ated and as they moved from one realm to another might be explained 
by all competing species, from all major realms, being somehow bound 
to a universal interspecific competition tradeoff surface (Tilman 2011). 
We know that interspecific tradeoffs are required for competing species 
to coexist, whether it be among species of plants, or herbivores, or pred-
ators (MacArthur 1972, Tilman 1982, Tilman and Pacala 1993, Holt et al. 
1994, Liebold 1996, Chesson and Huntly 1997). A recent review enumer-
ated more than a dozen interspecific tradeoffs, each of which seems to 
explain particular cases of persistence of competing species (Kneitel and 
Chase 2003). These cases include tradeoffs between competition and 
colonization abilities; rapid growth rates and efficiency; the ability to 
forage for smaller versus larger seeds; the ability to compete for light 
versus soil resources, or for one kind of resource versus a second kind; 
competitive ability versus resistance to predation or disease; between 
having optimal growth at cooler versus warmer temperatures; and be-
tween the ability to live at consistently low resource levels or to exploit 
resource pulses.

However, speciation and persistence occur within food webs, and spe-
cies encounter new food webs when migrating into a new realm. As noted 
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by Chesson and Kuang (2008), competition and predation can be equally 
important in determining persistence. In a food web, species are impacted 
by the traits of the species they consume and the traits of the species that 
consume them, not just by their competitors. Plants, for instance, experi-
ence competitors as well as seed predators, herbivores, pathogens, and mu-
tualists (or lack thereof) in a new realm.

When the isthmus of Panama formed approximately 3.5 mya, north-
ern placental mammals and the southern marsupial mammals came into 
contact after more than 50 million years with minimal interchange. North 
American placental predators such as various species of dogs, skunks, wea-
sels, cats, and bears entered South America and coexisted with its pre-
existing marsupial prey and predators (e.g., Marshall et al. 1982). Simi-
larly, South American herbivores, such as porcupines, giant ground sloths, 
arboreal sloths, capybaras, and various ungulates and edentate mammals, 
encountered and persisted in the presence of North American herbivores 
and predators (Webb 1991).

These examples, and numerous similar cases, suggest that food webs 
must share remarkable functional similarity despite the differing phyloge
netic origins and evolutionary histories of their species. These observa-
tions raise questions. How are the traits of each species evolutionarily con-
strained such that novel species that evolve in a food web or invade into 
a food web do not displace other species in that food web? Wouldn’t a 
novel predator have top-down impacts on the full food web, and a novel 
plant have bottom-up effects on it?

If tradeoffs are, as we suggest, the underlying factor constraining spe-
ciation and causing multispecies persistence, the long-term persistence of 
resident species with species invading from other realms would seem to 
imply that food web tradeoffs should be universal, multidimensional, and 
simultaneously balance costs and benefits to competitive abilities, to pre-
dation and disease susceptibility, and to other environmental constraints. 
However, as of now we know little about food web tradeoffs.

Simple Models, Complex Outcomes

To explore what we knew and perhaps find what we had not expected, we 
modeled food webs with three trophic levels—plants, herbivores and 
predators—and a limiting plant resource (Box 1). Our model was a system 
of differential equations describing the dynamics of each variable—a limit-
ing plant resource, two species of plants, an herbivore species, and a preda-
tor. Even this simple food web had surprising features. As expected, the two 
plant species were able to coexist when competing for a single limiting re-
source only with a tradeoff: the plant species that was a better resource 
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competitor had to be more susceptible to herbivory (Chase et al. 2001). In 
particular, throughout our models, plant species 2, P2, is totally resistant to 
herbivory whereas plant species 1, P1, is susceptible to herbivory. For both 
plant species to persist when all plants are limited by the same single re-
source, the herbivore must be present and P1 must be the superior competi-
tor for the resource in the absence of the herbivore (Chase et al. 2001).

Box 1: Model Structure

Consider a simple model with three trophic levels and two plant species. 
There is a single resource, R that grows according to f(R) and is depleted 
by the plants that require it. The first plant, P1, grows as a function of re-
source abundance and is consumed by an herbivore, H. The second plant, 
P2, is resistant to herbivory, but does have an intrinsic background mortal-
ity rate. We explored a number of formulations of the resource growth func-
tion, including exponential, logistic, and semichemostat growth. We can 
write our system of differential equations as

!R = f(R)− c1r1P1R − c2r1P2R

!P1 = r1P1R − c3r3HP1 −m1P1

!P2 = r2P2R −m2P2

!H = r3HP1 −m3H

where cj are conversion efficiency parameters that relate the loss in prey or 
resource to the gain in the consumer species, rj are intrinsic rates of growth, 
mj are mortality rates and the resource supply, f(R), is equal to one of the 
following:

f(R)= r0R

f(R)= r0(Rmax −R)

f(R)= r0R 1− R
Rmax

⎛

⎝⎜
⎞

⎠⎟
.

We can also add a predator, T, to this system and assume that the only 
source of mortality for the herbivore, H, is the predator. This gives the sys-
tem of equations

(box continued)
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!R = f(R)− c1r1P1R − c2r2P2R

!P1 = r1P1R − c3r3HP1 −m1P1

!P2 = r2P2R −m2P2

!H = r3HP1 − c4r4TH −m3H

!T = r4TH −m4T .

We can simulate dynamics for both models and compare the stability and 
persistence of all elements of the food web as a function of whether there is 
a top predator, or what the form of the resource dynamics at the base of 
the system is.

As an example, the figure within this box shows the outcomes without a 
top predator under logistic resource growth.

Model Variants

We also explored various model variants that add nonlinearities to the simple 
structure of the model in the previous section; however, the same general 
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H= Herbivore
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Food web dynamics for one limiting plant resource, two plant species and an 
herbivore when the resource, R, has logistic growth.
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patterns emerged from our simulations. For example, a function response 
can be incorporated that limits the growth rate that can be attained for high 
prey biomass levels. This saturation can arise from a handling time, where 
each prey item requires time to process. With this, we need to introduce 
handling time or half-saturation constants, ki for each interaction that gov-
ern the rate at which growth reaches its maximum rate as the resource 
increases.

!R = f(R)− c1r1
RP1

R + k1
− c2r2

RP2
R + k2

!P1 = r1
RP1

R + k1
− q2

P1H

P1 + k3
−m1P1

!P2 = r2
RP2

R + k2
−m2P2

!H = r3
P1H

P1 + k3
−m3H

Most aspects of the assembly of this simple food web were intuitive, 
such as the fact that each consumer could survive only if its resource—R, 
P1, or H for P1, H, and T, respectively—was present. Further, given that 
the conditions for persistence of the two plants and their herbivore are 
met, then invasion by one of the species into a food web that is lacking it 
will be successful, and not lead to the extinction of any of the species.

However, we also observed unexpected behavior. Successful invasion 
by a second plant species drove the top predator extinct. Similarly, for 
slightly different model parameters, successful invasion by the top preda-
tor drove a plant species extinct. In particular, when herbivore-resistant 
P2 had traits that let it invade into and persist in a system in which R, P1, 
H, and T stably coexisted, the top consumer, T, was displaced by P2’s in-
vasion (Fig. 1). Similarly, when the top predator, T, had traits that allowed 
it to invade a stable system with R, P1, P2, and H, the herbivore-resistant 
plant P2 was displaced (Fig. 2). For the suites of traits considered, there 
was no region of the parameter space where all four species exhibited sta-
ble persistence either in this model, or a similar model in which all 
consumer-resource interactions had Michaelis–Menten-like dynamics.

Moreover, for T to persist, its equilibrial requirement for H (i.e., its H*) 
had to be lower than the equilibrium abundance of H in the absence of 
the top predator, T, but in the presence of P2. However, when T invaded, 
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Figure 2. A food web containing a plant resource, two plant species, and an herbi-
vore that consumes only plant 1 went to equilibrium. At time = 1.5, a predator that 
had traits that allowed it to invade this system was introduced. As the predator in-
creased in abundance, it reduced the abundance of the herbivore, increasing the 
abundance of plant 1, and decreasing the resource. This caused the extinction of 
the herbivory-resistant plant.
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Figure 1. A food web consisting of a plant resource, a plant, its herbivore and a top 
predator grew to equilibrium. At time = 1.5, a few individuals of an herbivory-
resistant plant were introduced. When the herbivory-resistant plant has traits that 
allow it to invade this system, the top predator is invariably driven to extinction given 
this model (Box 1).
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it decreased the abundance of the herbivore, H, causing the abundance of 
P1, the plant susceptible to herbivory, to increase sufficiently that it drove 
the resource low enough to exclude the herbivore-resistant plant, P2.

This case illustrates how, even in a simple model, an invader can dis-
rupt currently coexisting species in ways rarely seen in nature. We do not 
mean to imply that low-dimensional models such as our simple one-
resource model can describe high-diversity ecosystems. Rather, our point 
is that there is, at present, no general theory of the multitrophic level trad-
eoffs that likely explain the multispecies, multitrophic-level persistence 
that we consistently see in food webs both before and after invasion or 
speciation.

Universal Food Web Tradeoffs?

How might we explore and quantify food web tradeoffs? As a first step, 
we might choose traits that are linked to fitness differences among indi-
viduals within a species and that similarly determine the outcomes of in-
teractions among species in food webs. Given such traits, consider an n-
dimensional trait space where each species can be classified by n 
quantitative traits, and these traits are parameters for an explicit model 
of species dynamics in a food web. The n traits of a species give a vector 
V∈Rn  of trait values for each of n traits. Although in theory a species 
that has the best value for each trait could outcompete all other species, 
in reality, physical, energetic, and evolutionary constraints and trad-
eoffs would restrict the feasible sets of traits that are attainable by any 
species. For instance, protein allocated to create larger and more water-
efficient kidneys cannot simultaneously be used to create either addi-
tional musculature for faster locomotion or to produce more offspring. 
Carbon and nitrogen allocated by a plant to create more roots cannot 
also create more leaves, or more secondary compounds or structures that 
protect leaves from herbivores, or more seeds. Greater time spent forag-
ing for food could reduce time spent attracting mates or increase the 
likelihood of encountering a predator. Moreover, traits that increase body 
size within a species have predictable costs, such as lower maximal per 
capita net reproductive rates and lower carrying capacities (e.g., see 
Brown 1984, Brown et al. 2004). Tradeoffs seem ubiquitous.

Constraints and tradeoffs result in a restricted subset of trait combina-
tions, A, that are attainable via evolution, so A ⊂ Rn . However, the vast 
majority of these attainable trait combinations will have low fitness relative 
to some other attainable combinations, and thus would be reduced or 
eliminated from a species by natural selection, leaving a smaller subset 
of successful trait combinations, SU, each of which represents a species 
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that could arise via natural selection but that cannot be driven to extinc-
tion in a multispecies food web for at least some set of physical environ-
mental conditions, that is to say, in some habitat types.

We hypothesize that the net result of 3 billion years of natural selection 
may be that the suite of species on Earth is composed of those species with 
traits that occur on SU⊂ A, which represents a single, universal, subset of 
those possible trait combinations that are successful in a food web. SU is 
the hypothesized universal food web tradeoff surface on which, we sug-
gest, all of life on Earth may have evolved. A particular portion of SU 
represent the range of traits of groups of species that live in a given 
biome, such as those plants that live in deserts, or, for a different portion, 
those that live in Mediterranean-type ecosystems, or for a different por-
tion, tropical rainforests. For each biome there may be multiple clusters 
of species in trait space corresponding to different functional groups such 
as herbivores, predators, or plants.

An alternative perspective should also be considered that posits realm-
specific tradeoffs surfaces, SR. SR could depend on the evolutionary in-
terplay of phylogeny and the selective forces that led to biome-specific 
adaptations during radiative speciation. Unless there were truly conver-
gent evolution of organisms independent of their phylogenetic origins, 
selection among the particular taxonomic groups present in a geographic 
realm would seem likely to increase the potential for multispecies per
sistence to depend on unique local interspecific tradeoffs. For instance, 
consider the plant traits, SR, for a suite of plant species that evolved in 
a realm that lacked mammalian herbivores, versus the traits, SR′ , for 
plants that evolved in a realm with such herbivores. Or, similarly con-
sider the traits, SR, of birds that evolved large body size and loss of the 
ability to fly on islands that lacked mammalian predators, versus those 
that evolved on islands with mammalian predators, SR′ . For both cases, 
SR and SR′ seem likely to differ, causing, as observed on some oceanic 
islands, extinction rather than persistence after invasion by taxa from a 
different realm.

Conclusions

Persistence following speciation and migration is paradoxical precisely 
because, over millions of years, pre-existing phylogenetic differences, 
mutations, and recombination would be expected to contribute to the 
evolution in one realm of species with traits that would, by chance, be 
superior to those that evolved in similar species in some other realm. 
The emergence of species with superior traits should have led to the ex-
clusion and extinction of resident species in realms invaded by the spe-
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cies from a superior realm (Tilman 1999, 2011). However, the fossil rec
ord for at least the past ~400 million years seems to overwhelmingly 
show persistence, not extinction, after both speciation and transrealm 
migrations.

We suggest that one potential driver of such food web persistence may 
be unavoidable allocation-based tradeoffs that individuals, and thus spe-
cies, face during evolution. But, in what way are such tradeoffs mani-
fested? Will tradeoffs influence food web connectance patterns (e.g., 
May 1973; Martinez 1992; Dunne et al. 2002) or lead to weak trophic 
interactions combined with each species having density-dependent growth 
(McCann et al. 1998; McPeek 2012), or spatial coupling of small subwebs 
(McCann et al. 2005), or Janzen–Connell effects? Each of these possibili-
ties can contribute to food web persistence. Or, will allocation-based 
tradeoffs somehow give rise to consumer–resource–food web species par
ameters that assure persistence (Leibold 1989, Chase et al. 2001, Schmitz 
1994, Polis and Strong 1996, McPeek 1996)? Or will the study of species 
functional traits, and their relationships (Wright et al 2004, Reich 2014) 
reveal patterns that explain food web persistence?

Ecological scaling relationships might also provide answers. For in-
stance, both r values (maximum per capita population growth rates) and 
abundances are lower for species with greater body mass and both are 
also temperature dependent (Brown et al. 2004, Enquist et al. 1998). Abun-
dances and spatial distributions are linked (Brown 1984), and species 
richness scales geographically with latitude, temperature, and various 
measures of habitat harshness (Allen et al. 2004, Marks et al. 2016). For 
structural reasons, the mass of the stem of a plant scales with its height, 
and height is a critically important determinant of competitive ability for 
light (Givnish 1982). Root-to-shoot ratios change predictably along pro-
ductivity gradients, as does plant height. Each such relationship embod-
ies a component of the tradeoffs species face. Their synthesis could be 
insightful.

We suggest that the solution to the food web persistence paradox may 
require an even broader synthesis, one that tests the potential ability of 
evolutionarily unavoidable allocation-based tradeoffs to better explain 
adaptive radiations and the traits of new taxa relative to existing taxa. 
Speciation occurs in the ecological context of communities and ecosys-
tems. The effects of species and of the physical environment seem likely 
to be major forces shaping the traits of emerging species, as would be any 
factors that constrain traits in ways that “improvements” in one trait are 
linked to “costs” to one or more other traits. The hypothesis of a universal 
tradeoff surface might be a useful framework for better understanding 
the evolutionary ecology of speciation, and thus provide a stronger evolu-
tionary basis for community and ecosystem ecology.
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What Is the Species Richness Distribution?

Pablo A. Marquet, Mauricio Tejo, and Rolando Rebolledo

Variety and change are quintessential to life as we know it. This variety 
is usually quantified as the number of entities in a given place and time. 
If the entities under analysis are species, then the resulting quantifica-
tion will be one of the local or alpha diversity of the place. Although this 
is a common practice, the answer to why we find the number of species 
we do is by far more complex than the simplicity of measuring it. Indeed, 
this is the famous diversity problem or, paraphrasing Hutchinson (1959), 
why are there so many kinds of species? The answer to this question is 
still a matter of contention as we know that there may not be a single ex-
planation for why the number of species changes across gradients in lati-
tude, altitude, depth, and why and how it is influenced by variables such 
as temperature and productivity (e.g., Brown 1998, Gaston 2000, Allen 
et al. 2002, Fine 2015, Zhou et al. 2016), as well as by the area sampled 
(Arrhenius 1921) or the area of the landmass containing the community 
under analysis (MacArthur and Wilson 1963, Rosenzweig 1995). Our focus 
in this chapter is rather different; we are not interested in “Why so many?” 
but on the much simpler, albeit related question: “What is the probability 
of finding s species in a particular community, to begin with?” Interest-
ingly, this question, which is logically previous, but related (see Fig. 1), to 
the question of “what is the probability of finding s species with k indi-
viduals?” or, the species abundance distribution (SAD), has not been asked 
often, and although there exist some theoretical answers it remains as an 
empirical challenge. To answer the question of what is the probability of 
finding s species in a given community is equivalent to know what we call 
the species richness distribution (SRD). To contextualize the SRD, it is in-
structive to analyze in some detail what we know about SADs as both 
distributions should be related.

The study of macroecological patterns in the distribution of individu-
als among species, or SAD, puzzled theoretical and empirical ecologists 
during the last 80 years (Fisher 1943, Preston 1948, McArthur 1960, 
May 1975), this time was fertile for the proliferation of alternative mod-
els and explanations, rather than for synthesis and unification (Marquet 
et al. 2003, McGill et al. 2007). Interestingly, the renewed interest upon 
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first-principles theories (Marquet et al. 2014, 2015) and particularly in 
symmetrical or neutral theories grounded on the first principles of sto-
chastic processes, have radically changed the study of SADs, leading to 
important advances by introducing simple stochastic models (e.g., Hub-
bell 2001, Volkov et al. 2003, Alonso and McKane 2004, Etienne and 
Alonso 2005) originally developed in population genetics (Leigh 2007) 
and based upon the interplay between dispersal limitation, speciation, and 
density dependence in birth and death processes (Hubbell 2001; Volkov 
et al. 2003, 2005; Marquet et al. 2017). The problem of what processes 
underlay a given SAD has been solved in general, although some auxil-
iary hypotheses on the form of density dependence and dispersal may be 
needed for different types of systems and organisms (Volkov et al. 2007; 
but see Marquet et al. 2017). Further, it should not go unnoticed how re-
markable it is that we can we can find an explanation at all for the SAD, 
considering that the abundance of any given species can be affected by a 
large number of factors such as resource availability, environmental fluc-
tuations, and by the number and kind of interacting species within meta-
communities. The same is true in the case of the SRD, as we know that 
many factors affect the number of species found in a local community. 

COMMUNITIES

SPECIES

INDIVIDUALS

Figure 1. Nested relationship between individuals, species, and communities that 
illustrate the link between the species abundance distribution (SAD) or the proba-
bility of finding s species with n individuals and the species richness distribution 
(SRD), or the probability of finding c communities with s species. Any theory that 
predicts either the number of individuals, species, or their incidence across com-
munities could potentially say something about SADs and SRDs.
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The key to solving this problem is rather simple. If the complexity of the 
problem under analysis is large, reduce it to what is known on the basis 
of first principles. This, in many cases, amounts to developing neutral or 
symmetric approaches that serve the purpose of providing a null hypoth-
esis of what is to be expected if everything else is not playing a role in 
generating the pattern, but the simplest processes we know are at play 
(see Marquet et al. 2014, 2015).

The issue we confront in this chapter is what is the species richness 
distribution (SRD) or the probability of observing s species in a given local 
community (i.e., P(s)). This, as we show further on, has a long and distin-
guished history in ecology but is largely still an open and unanswered 
question, at least from an empirical point of view.

History of the Pattern

One of the first attempts to derive the probability of observing s species 
in a local community was by Barton and David (1959) in the context of a 
simple urn model. Indeed, they focused on the changes in the number of 
coexisting species as a process akin to the allocation of balls of k differ
ent colors among N identical boxes. Although their main aim was to de-
rive a test for species association, they also derived the expression for the 
expected occurrence of s species under the assumption of independence.

In an ecological context, different colors correspond to different spe-
cies and the different boxes to different local communities or samples. 
Under the assumption that all species behave independently of each other 
and have the same abundance (i.e., they have the same probability of be-
coming part of a given community), P(s) follows a binomial distribution:

P(s) = K
s

⎛
⎝⎜

⎞
⎠⎟
ps(1− p)K−s 	 (1)

s = 0, 1, . . . ​, K,

where K corresponds to the pool of species available for colonizing a local 
community, p is the probability of finding any given species in a local com-
munity, and s is the local community richness. Further, they show that 
the binomial is a good approximation provided that the value of p does 
not vary too much (see Barton and David 1959, Pielou 1975). If it does, as 
a consequence of, for example, species having different abundances, then 
it can be approximated by a binomial distribution with probability gener-
ating function:
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(Q + P)θwith P = p + var(p)
p

,Q=1 − P, and θ = K

1+ var(p)
p2

.

where var( p) is the variance and p  is the mean.
These expressions have been commonly used to assess the expected 

number of samples or communities with different number of species to 
assess community-wide positive or negative association among species 
(e.g., Pielou and Pielou 1967, Pielou 1975, Strong 1982); that is, an unex-
pectedly large number of samples or communities containing more or 
fewer species than expected, respectively.

The second attempt at this question came from MacArthur and Wilson 
(1963, 1967) under the theory of insular biogeography (TIB), one of the 
first neutral theories in community ecology. This time, however, the in-
terest was not in providing a statistical description of the expectation of 
finding s species in a given community but on understanding how s var-
ies depending upon the processes of colonization and extinction. These 
authors discuss the change in the number of species found on a single is-
land and showed that this can be studied as a simple birth/death process. 
To do this they defined Ps(t) as the probability that at time t a focal island 
contains s species λs, as the rate of immigration of new species onto the 
island (either from the pool or other islands) when s are present, and μs 
the rate of extinction of species on the island when s are present. The func-
tional form of λs and μs correspond to the intersecting curves of TIB’s 
now-classical graphical model; that is, λs is a decreasing function of s while 
μs increases with s. These two rates are assumed to be the same for any 
species. Thus, the probability of observing s species on an island, or set of 
identical islands, follows the master equation

dPs(t)
dt

= Ps+1(t)µs+1+ Ps−1(t)λs−1− Ps(t)(λs+ µs) 	 (2)

where s is the number of species, λs is the rate of colonization or specia-
tion that increases s to s + 1 and μs is the rate of extinction decreasing s to 
s − 1.

Equation 2 leads to a steady state or equilibrium condition that satisfies  
Ps= P0Πi=1

s λi−1
µi

. The invariant distribution of the process, if it exists, will 
depend upon the functional form of λs and μs. For example, the neutral 
theory of ecology derived the SAD using the following birth/death process 
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(Volkov et al. 2003) that expresses the probability that the kth species 
contains n individuals:

dPn ,k(t)
dt

= Pn+1,k(t)dn+1,k+ Pn−1,k(t)bn−1,k− Pn ,k(t)(bn ,k+ dn ,k) 	 (3)

where n is the number of individuals, bn is the birth rate that increases n 
to n + 1 and dn is the death rate that decreases n to n − 1. If we assume that 
all species have the same birth and death rates and that these are density 
independent (i.e., bn = bn and dn = dn), one obtains that the equilibrium dis-
tribution is Fisher’s log series (Kendall 1948, Volkov et al. 2003). Notice 
that Equation 3 is identical in structure to Equation 2.

Interestingly, MacArthur and Wilson (1963, 1967) were not interested 
in solving for the invariant distribution, which would be our SRD and 
neither was Hubbell’s neutral theory, although he was aware of the prob
lem of connecting abundance to the number of species in a given com-
munity (Hubbell 2001 and personal communication). The invariant dis-
tribution was obtained by Goel and Richter-Dyn (1974). To solve Equation 
2 one needs to specify an initial condition P0 and some boundary condi-
tions, which in this case can be deduced by noticing that when there are 
no species present in the island, μ0 = 0 and λ0 ≠ 0, and when the island is 
saturated with species, that is, the number of species is equal to the num-
ber of species in the pool K, then μK ≠ 0 and λK = 0. Thus, the stochastic 
process associated with the number of species is confined between the 
two reflecting states 0 and K. Once these conditions are established the 
crucial step is to define the functional form of the extinction and coloni-
zation rates.

Goel and Richter-Dyn (1974) considered two scenarios for these rates: 
(1) λs = λ(K − s) and μs = μs and (2) λs = λ(K − s)2 and μs = μs2. The first sce-
nario reasons that because the area and hence the amount of resources 
present on the island are fixed, as the number of species in the island 
increases, the average population size of any given species decreases, 
hence the probability of extinction of a species can be hypothesized to 
monotonically increase with the number of species present in the island. 
Similarly, it is reasonable to assume that the probability of a new species 
to become present on the island depends upon the species already pre
sent, because the more species that become established on the island the 
lower the chances that a new immigrant individual will belong to a new 
species, hence the immigration rate should decrease monotonically as 
the number of species established on the island increases, and becomes 
λK = 0 when the number of species present on the island is equal to the 
richness in the pool. Scenario 2 considers nonlinear dependencies in both 
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colonization and extinction appealing to the fact that at small s the num-
ber of species colonizing the island is likely to be higher as good dis-
persing species will likely arrive very fast causing a larger initial de-
crease in the immigration rate, which later levels off as s increases. 
Similarly, extinction may not be the same for each species as assumed in 
Scenario 1, but likely it will increase as the number of species increases 
due to negative interspecific interactions (see also MacArthur and Wil-
son 1963, 1967).

As shown by Goel and Richter-Dyn (1974) as t → ∞ under scenario 1, 
Ps tends to

Ps*= K
s

⎛
⎝⎜

⎞
⎠⎟

λ
λ + µ

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

s
µ

λ + µ

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

K−s

, 	 (4)

s = 0, 1, . . . ​,K

Our Equation 4 is the same as Equation 1 where the probability of suc-
cess p corresponds to the probability that an immigration event occurs 
and 1 − p corresponds to the probability of an extinction event. For the 
case of Scenario 2 the equilibrium or steady-state distribution is

Ps*=

K
s

⎛
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⎞
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2 λ
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⎛
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∑ K
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⎛
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⎛

⎝
⎜

⎞

⎠
⎟

s
	 (5)

In Figure 2, we illustrate the theoretical shapes of Ps*  under Scenarios 
1 and 2. The problem, however, is with testing what is the most appro-
priate model for the SRD as this would require finding identical islands 
in terms of area and isolation, variables known to affect λ and μ. Fur-
ther, as Equation 2 also applies to sites within a continuous landmass 
one could construct the SRD from a large number of equal-area samples 
from communities, and assume that sites are similar in all other rele-
vant variables, such as latitude, altitude, temperature, and precipita-
tion, among others. Once this is done it could be compared to Equations 
4 or 5 but this would require knowing K or being able to estimate it. 
Empirically, the form of the SRD is rarely analyzed, and eventually im-
possible to construct. Thus, the question of what the SRD is seems im-
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possible to answer from an empirical perspective, unless we assume a 
different kind of symmetry. In addition to the neutrality in species we 
will need to assume neutrality in places; i.e., all sites are equal, which 
we know they are not.

From Individual to Species Dynamics

As we noted in Figure 1 and previously here, the SAD and the SRD are 
not independent but share many similarities let alone the fact that both 
can be modeled under the assumption of neutrality. But more importantly, 
they should be compatible, from a mathematical point of view. The ques-
tion is then are the neutral derivations of SAD and SRD compatible? To 
examine this question we can proceed in the following way: Let us repre-
sent the number of species living in an island as k = 1, 2, . . . ​, K and for any 
t ∈R+ , let (N1, . . . ​, NK) (t) be the abundance vector of the local community; 
i.e., Nk(t)t∈R+is the abundance of species k at time t, which in turn is  
associated with the stochastic process described by the master equation  
for the abundance of species k in the focal island (local community) 
given by Equation 3, where Pn,k(t) = P(Nk(t) = n), and b ′n ,k   and d ′n ,k  are 

0.09

0.06

0.03

0.00

0 25 50 10075
S

Ps

λ = 0.3, μ = 0.7, P1 

λ = 0.3, μ = 0.7, P2 

λ = 0.5, μ = 0.5, P1 

λ = 0.5, μ = 0.5, P2 

λ = 0.7, μ = 0.3, P1 

λ = 0.7, μ = 0.3, P2 

Figure 2. Graphical representation of the probability mass functions associated to 
scenario 1 (P1) as in Equation 4 and scenario 2 (P2) as in Equation 5 for different 
values of λ and μ and for K = 100.
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the birth and death rates, respectively, when the number of individuals of  
species k present in the focal island is n′. As mentioned above Equations 2 
and 3 have a similar structure but different meaning: The former looks 
at the interspecies dynamics and the latter looks at the intraspecies dy-
namics, within the island community. They are, however, related as Equa-
tion 2 is a coarse-grained version of Equation 3, to the extent that the 
presence of a species on an island implies that it has at least one individ-
ual and similarly its extinction corresponds to the death of the last indi-
vidual on the island.

Mathematically, however, these two approaches are not compatible, as 
they cannot be true at the same time because if Equation 3 holds true, 
the distribution of the number of species in the local community is no lon-
ger Markovian as assumed by these models. This is one case where a 
neutral model could be rejected for making strong assumptions not re-
lated to the assumption of neutrality (Haegeman and Etienne 2008). To see 
this, let {S(t)t∈R+} be the stochastic process accounting for the number  
of species present in a focal island A, say, and consider K = pool of species.  
Then, S(t) = Σ1[1,∞)(Nk(t)), where 1[1,∞) denotes the indicator function of 
[1,∞), describes the number of species inhabiting island A. Then, the 
event {s species at time t} now depends upon a large number of possibili-
ties or arrangement of the abundance vector (N1, . . . ​, NK)(t):

{S(t) = s} = ∪
k1,…, ks

{(Nk1
(t),…,Nks

(t))∈[1, ∞)s}

so that times between transitions S → S ± 1 are not longer exponen-
tially distributed. This implies that S(t) is a function of a Markov pro
cess, but it is not Markov itself. Thus, to derive the SRD we either re-
sort to non-Markovian approaches, use a different formalism (e.g., 
diffusion approximation) or we treat richness as an observable on the 
state variable abundance. In what follows we will explore this latter 
alternative.

SRD as an Observable on SAD

Let {Nk(t)k∈K} be the species abundance of K (pool) species at time t. 
From the dynamics of the master equations governing its probability  
distributions (Equation 3), we can notice that the species do not interact, 
and then, they are statistically independent. Now, we can construct the 
SRD from this model under a neutral assumption. First, note that the 
species richness is actually an observable of the species abundance. 
Indeed, for a given local community we say that “the species k is present at 
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time t” if Nk(t) ≥ 1 Then, the number of species at time t is given by 
S(t) = Σk=1

K 1[1,∞)(Nk(t)).  The event “s species are present in the local com-
munity at time t”, denoted as {S(t) = s}, for 0 ≤ s ≤ K, is described by all the 
combinations of s elements of the K elements (N1(t), . . . ​, NK(t)) which are 
in [1, ∞)s and the remaining in {0}K−s. When all the species have the same 
probability distribution (a neutrality assumption), the probability of the 
previous event is given by:

P(S(t) = s) = K
s
⎞
⎠⎟

⎛
⎝⎜

P(N(t) ≥ 1)s   1 − P(N(t) ≥ 1)⎡
⎣⎢

⎤
⎦⎥
K−s

,

where N(·) is a process sharing the same probability distribution of the 
Nk(·)s. Again, the binomial feature of the SRD is obtained. Additionally, if 
we consider a large pool and that the probability of finding a single spe-
cies decreases inversely proportional to the pool size (i.e., P(N(t) ≥ 1) is 
O(1/K)), we can get the following approximation of the probability distri-
bution of S(t)  as K → ∞:

P(S(t)= s)→
K↑∞

λ(t)s

s!
e{−λ(t )}

Where λ(t) = limK↑∞ K P(N(t) ≥ 1). This is the Poisson approximation of the 
previous binomial distribution due to the law of rare events, which in  
our context means that as long as the pool increases the species become 
increasingly scarce in the local community. In this way, it may be inter-
preted as a zero-sum assumption, and as the pool is infinity, the limit SRD 
is now a pure-birth process.

Final Remarks

This chapter aimed at presenting a pattern that has remained virtually 
unknown in ecology and which represents an unanswered question at 
least empirically. In doing so, however, we identified some other impor
tant concepts and problems. First, the importance of distinguishing be-
tween states and observables. States are properties of a system that are 
required to implement a given theory, but whose determination lies out-
side of it; that is, they cannot be predicted from first principles (Harte 
et al. 2008, Harte 2011). On the other hand, observables are associated 
with calculations or operations done on the states. We show here that, from 
the perspective of stochastic processes, richness and abundance cannot 
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be states of the system at the same time (as they are in MaxEnt for ex-
ample; Harte 2011), but richness should be defined as an observable 
upon abundance. The alternative is to use a different formulation for 
the problem as a diffusion process (as done in Marquet et al. 2017 for 
SADs) or derive non-Markovian approaches. A common feature of the 
master equations used to model abundance and richness (Equations 2 
and 3) is that they describe Markov-type processes, as future states of 
the system under analysis depend only on the present state, but not on 
the past history that led to this present state (e.g., Karlin 1968). Al-
though this is a common assumption in ecological and evolutionary 
models, a large body of experimental data and analyses shows the im-
portance of history (or memory) in affecting current states at the level 
of individuals, populations, and lineages (e.g., Boyer 1976, Agur 1985, 
Losos 1995, Peterson 2002, Ogle 2015). In this context it seems desir-
able to develop non-Markovian models in macroecology (that is, models 
with memory; Feller 1968) specially as an alternative to neutral models 
for the distribution of species richness; life is a historical process and 
the explicit consideration of history may be the simplest way of break-
ing the symmetry of neutrality.
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Two Sides of the Same Coin

High Non-Neutral Diversity and High-Dimensional Trait Space  

in Pathogen Populations and Ecological Communities

Mercedes Pascual

It is underappreciated that central questions on diversity in community 
ecology are similar to those in infectious disease immunology and ecol
ogy (Holt and Dobson 2005, Seabloom et al. 2015). “What processes shape 
biodiversity and its structure, and what are the implications of such struc-
ture for the resilience of ecosystems broadly defined?” is analogous to 
asking, “what processes shape genetic diversity of pathogens and how does 
this impact control and subsequent exposure to infection?” Both these sets 
of questions concern the fundamental connection between “microscopic” 
processes at the level of individuals and “macroscopic” patterns at the level 
of populations and communities, as well as their consequences for eco-
system function and conservation on the one hand, and for transmission 
and control of infection on the other. There is a vast ecological literature 
on this former connection that continues to motivate active research on 
food webs, island biogeography and, more generally, the interface of com-
munity ecology and evolution. There is also a convergence of rapid devel-
opments based on theory, computational models, and statistical inference 
for complex adaptive systems (CAS). Although these fields are almost com-
pletely isolated, they have strong conceptual overlap once differences of 
temporal, spatial, and organizational scales are taken into account: these 
range from pathogen phylodynamics and strain theory (e.g., Koelle et al. 
2006, Buckee et al. 2008, Lemey et al. 2009, Volz et al. 2013, Bedford 
et al. 2015), through island biogeography and community phylogenetics 
(e.g., Webb et al. 2002, Kembel and Hubbell 2006, Cavender-Bares 2009, 
O’Dwyer et al. 2015, Valente et al. 2015, Cadotte et al. 2016), to macro-
evolution (e.g., Rabosky 2013, Rosindell et al. 2015).

Here, I focus on the open question of non-neutral forces stabilizing co-
existence in ecological systems of high diversity. Such non-neutral forces 
refer to ecological interactions that specifically depend on trait differences 
between individuals and species, so that diversity and the structure of this 
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diversity do not simply reflect stochastic colonization and extinction 
events. A more general agenda of this chapter is to further promote the 
dialogue between disease and community ecologists on the structure of 
biodiversity emerging from eco-evolutionary assembly dynamics (Holt and 
Dobson 2005, Seabloom et al. 2015). I present some speculative ideas on 
coexistence of free-living species, born from thinking about the vast ge
netic diversity underlying antigenic variation in Plasmodium falciparum 
malaria in hyperendemic regions, and the more limited genetic diversity 
in seasonal influenza globally. In particular, I will rely on the recent evi-
dence for a non-neutral structure of the extensive genetic variation that 
influences competitive interactions between P. falciparum parasites for 
human hosts.

As a fundamental null model, Hubbell’s neutral theory revealed the 
limited information on underlying microscopic processes contained in tra-
ditional macroscopic patterns used by ecologists to study frequently oc-
curring patterns in communities of species (e.g., rank–abundance curves) 
(Hubbell 2001). The success of this theory in explaining widespread and 
long-studied empirical regularities in ecology, motivated the search for 
patterns that could effectively differentiate between neutral and non-
neutral hypotheses, including signatures of an important role of ecologi-
cal interactions related to niche partitioning and niche formation. Efforts 
at the interface of ecology and evolution developed within the new area 
of community phylogenetics (Webb et al. 2002, Cavender-Bares 2009). The 
object of study has been the link between underlying diversity processes 
and the topology of phylogenies, as well as the distribution of traits on 
these phylogenies, for species coexisting in a given geographical region. 
Until recently, community phylogenetics has relied to a large extent on 
quantitative indicators and predictions from conceptual models, rather 
than dynamical assembly models, to interrogate data on underlying non-
neutral processes. Success to date has been mixed.

In an almost “parallel universe,” disease ecologists developed the area 
now known as pathogen phylodynamics to address the interplay of popula-
tion dynamics and genetic/antigenic diversity (e.g., Ferguson et al. 2003, 
Grenfell et al. 2004) . Here, phylogenies and antigenic variation on these 
phylogenies are considered within pathogen species, so that the scope of 
these studies has been at a lower taxonomic scale than that of commu-
nity phylogenetics. (Experimental studies of community assembly and 
niche differentiation above the single-species level have been conducted 
for viruses of plants (Seabloom et al. 2013), and it is intriguing to think 
about the possibility of phylodynamic models at that level). A focus on 
dynamics, computational models, and statistical inference has been prev-
alent, facilitated by the feasibility of sampling pathogen systems over evo-
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lutionary time scales. Consideration of spatial variation and connectivity 
has also been important (e.g., Bedford et al. 2015).

Theory on the phylodynamics of seasonal H3N2 influenza has shown 
the delicate sensitivity of tree topology to the underlying rates of ecologi-
cal and evolutionary processes (Zinder et al. 2013, Bedford et al. 2015). 
The shape of the tree and the distribution of antigenic variation (the phe-
notype of relevance to competition for hosts), depend closely on parame
ter values and not just on the processes themselves. This means that with-
out a dynamical understanding based on numerical simulation of these 
systems and without the recourse of associated computational methods 
of statistical inference it would be impossible to confront different hypoth-
eses on underlying processes. A pattern of coexisting branches whose 
phenotypes are further apart than expected in a neutral model (where all 
genetic variation leads to viruses that are seen as equivalent by the im-
mune system) only occurs in phylodynamic models with a sufficiently fast, 
intermediate speed of antigenic evolution, and not just on the basis of the 
intensity of competition (Zinder et al. 2013). The same processes that could 
give rise to this pattern of coexisting branches and niche differentiation 
result in H3N2 influenza in the successive replacement of antigenic types 
if the antigenic mutation rate is slower. Thus, the rate of antigenic evolu-
tion is not fast enough to allow for the exploration and establishment of 
different niches (Zinder et al. 2013). More generally, we can expect that 
there are no simple phylogenetic patterns that we can identify as definite 
signatures of niche differentiation without relying on a combination of 
quantitative theory and statistical inference. The expected “aggregated” 
pattern of niche differentiation in community phylogenetics is probably 
too simple. (Note that the I am using this term aggregated in the way para-
site and plant ecologists apply it to describe distributions that are mean 
aggregated and whose variance is much larger than the mean. The use of 
overdispersion versus clustering happens to be the opposite in commu-
nity phylogenetics.)

It is worth pausing here to make some aspects of these analogies clearer. 
Pathogen populations are competition systems where infected individu-
als are the consumers and susceptible individuals, who have not yet ac-
quired immunity, are the resources. Competition for hosts occurs through 
the acquisition of immunity and cross immunity. Depending on their in-
dividual history of exposure, hosts can be available or unavailable to in-
fection by individual antigenic variants of a given pathogen. The traits 
that mediate competition are therefore the antigens that the adaptive im-
mune system recognizes, and antigenic variation determines the outcome 
of competition for hosts. We can map this kind of variation to the so-called 
niche differences used by ecologists, conferring an advantage to the rare 
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and a disadvantage to the common in a frequency-dependent manner 
(Chesson 2000).

Antigenic Diversity in Malaria Populations

Early mathematical models of frequency-dependent competition within 
pathogen populations were developed as part of a strain theory for P. fal-
ciparum malaria, with possible extensions to other pathogens including 
influenza, and more recently, the explicit consideration of evolution (Gupta 
et al. 1994, 1996, Recker et al. 2007, Zinder et al. 2013, Artzy-Randrup 
et al. 2012). P. falciparum is one of several pathogens whose antigenic vari-
ation is known to be extremely large even at the local scale of small 
human populations in high transmission regions, with this variation en-
coded by multigene families that undergo frequent recombination (De-
itsch 2009). Another remarkable example is Trypanosoma brucei. In ma-
laria, the major antigen of the blood stage of infection, the surface protein 
Pf erythrocyte membrane protein 1 (PfEMP1), is encoded by the multi-
gene family known as var and exported to the surface of infected eryth-
rocytes causing adhesion to the microvasculature and influencing para-
site clearance. Cumulative diversity curves for the number of genetic 
variants in local African endemic populations can reach thousands to tens 
of thousands (when considering a threshold of 96% genetic divergence), 
compared to a few hundred in South America where transmission is much 
lower (Day et al. 2017). Moreover, each parasite contains 50 to 60 var 
genes that are sequentially expressed in the different waves of parasitemia 
within a single infection. Thus, the combinatorial complexity of the pos
sible arrangements or repertoires that constitute individual parasite phe-
notypes is potentially astronomical.

We can ask whether there is structure to this huge level of genetic di-
versity at the population level. That is, are local parasite populations just 
random assemblages of these building blocks or are they alternatively 
shaped by ecological/immunological interaction? Frequency-dependent 
(or stabilizing) competition is the ecological interaction of interest here, 
also referred to in the literature as immune selection. This question is of 
interest as it extends from the structure of biodiversity to a better under-
standing of the resilience of the malaria system to control efforts in hy-
perendemic regions. Clinical cases in such regions are only the tip of 
the iceberg, with most of the human population carrying the parasite 
asymptomatically and constituting a large reservoir of infection (Tiedje 
et al. 2017).

Randomness may be expected from the large pool of genetic variation 
and from var repertoires undergoing high rates of recombination in the 
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sexual stage of the life cycle in the mosquito vector. Recent deep sampling 
of all children in villages of Gabon has revealed the opposite. P. falciparum 
isolates from any two children’s blood exhibit extremely low overlap of 
their var genetic composition, with no two sets of genes the same, and 
lower average overlap than expected from the random sampling of the 
large gene pool (Day et al. 2017).

Strain theory has needed significant extensions to keep pace with rap-
idly increasing understanding of the complex biology of the P. falciparum 
malaria system. Besides explicit extension to multicopy genes (Artzy-
Randrup 2012), two important additional model developments have in-
volved the formulation of neutral models that can be used as alternative 
null hypotheses for stabilizing competition (immune selection), and com-
putational systems that can reach the combinatorial complexity observed 
in nature (size of the gene pool and length of gene repertoires in individ-
ual parasites). For the former, note that the randomizations applied 
earlier to examine the similarity (or equivalently, the overlap) of any two 
individual isolates, provide a very specific null model that only controls 
for the frequency of gene types and isolate length. This null model is not 
dynamic and does not consider processes, as such; it cannot tell us whether 
similar patterns could arise dynamically from the demography of the sys-
tem in the complete absence of specific immunity. Here, demography re-
fers to the processes of transmission and recovery from infection, and even 
the acquisition of immunity, but immunity that does not depend on the 
specific identity of the parasite. That is, these neutral models include the 
processes of colonization and extinction of individual infections, but not 
specific memory of what variants hosts have been previously exposed. The 
latter extension involved making existing computational models open to 
evolutionary innovation to achieve the diversity levels observed in nature, 
with consideration of gene recombination as a major source of new gene 
variants. The dynamical neutral models of He et al. (2018) were applied 
not only to interrogate field molecular data about the importance of im-
mune selection, but more fundamentally to even ask what aspects of struc-
ture would be informative to answer this question. He et  al. (2018) 
showed that networks of genetic similarity and an ensemble of their prop-
erties can differentiate immune selection from neutrality. When applied 
to data from the deep sampling of another hyperendemic population in 
West Africa, network analyses provided unequivocal evidence for an 
important role of frequency-dependent competition in structuring the par-
asite population by selecting against recombinants (He et al. 2018, Rorick 
et al. 2018).

Networks provide the counterparts of phylogenetic trees for pathogen 
systems with recombination; their edges represent genetic similarity and 
nodes corresponding to var repertoires. The overall size of the pool of gene 
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Figure 1. Networks of genetic similarity can be applied instead of phylogenetic trees, 
to identify signatures of nonneutral processes in systems such as P. falciparum ma-
laria with reticulate evolution as the result of recombination. A node in the network 
represents a given parasite genome containing a specific combination of genes en-
coding different variants of a surface antigen. This repertoire is akin to a set of 
traits defining ecological interactions between individuals. The edges linking two 
nodes depict the similarity of these combinations. For the unweighted network il-
lustrated in the inset, a threshold has been applied to the originally weighted links 
to keep only those with the highest values, reflecting the strongest competitive in-
teractions between parasites for hosts based on their genetic/antigenic overlap. 
Modularity can be studied in these networks to identify sets of parasites with higher 
similarity within, rather than between, these groups. The extension to a multilayer 
formalism considers similarity links both within a given time slice and between suc-
cessive time slices. This representation allows one to identify modules that are de-
fined over time, indicated with a given identification in the main graph (Pilosof et al., 
2019). Here, the birth and death of modules is illustrated through time. The long 
branches indicate persistence of groups of parasites that we can consider strains 
since they share similar “niches” in host immune space (they can infect groups of 
hosts with similar immune memory). Such persistence characterizes nonneutral dy-
namics resulting from stabilizing (frequency-dependent) competition of parasites 
for hosts. Long persistence is a signature of balancing selection (stabilizing compe-
tition), which manifests itself at two different levels of organization, corresponding 
respectively to genes and combinations of genes. (Figure courtesy of Shai Pilosof.)
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variants profoundly influences the network topology of repertoires. In par
ticular, the expected pattern of niche partitioning or limiting similarity, 
with clear strain clusters, only occurs in the models with medium pool 
sizes that are below those of empirical systems in West Africa. At the limit 
of large gene pools, limiting similarity forms a more complex structure 
that is statistically distinguishable from neutral assemblages (He et al. 
2018). Repertoire similarity networks can also be considered to include 
the temporal dimension by using a multilayer formalism, with each layer 
representing a given time slice. Here, modules or niches become more evi-
dent (Fig.  1) and exhibit another clear distinction with those formed 
under neutrality; in particular, they persist for much longer (Pilosof et al. 
2019). This brings me back to the main point of this long digression into 
P. falciparum.

High-Dimensional Trait Spaces and Non-Neutral Assembly

Immune selection is a form of frequency-dependent competition acting on 
the niche differences created by antigenic variation among individuals. It 
is therefore a form of balancing selection. This role has been recognized 
at the level of the var genes themselves. In fact, the pool of variation in 
these building blocks has evolved over deeper time scales than those of 
ecology/epidemiology, also under balancing selection, presumably to es-
cape the immune system. The long persistence of var genes themselves 
has been documented in humans and going back to primates (Larremore 
et al. 2015). Thus, balancing selection operates at the different levels of 
organization of genes and gene repertoires constituting strains. Where we 
have a hyperdiverse strain population, we also have a hyperdiverse gene 
pool. The coexistence of a large number of strains (and genes) in local 
populations is enabled by the same force that creates such a large pool 
over longer temporal scales and larger regions.

Hyperdiverse communities of species such as the rain forest and 
coral reefs are also the result of an ongoing and dynamical assembly 
process involving the interplay of ecology and evolution. A myriad of 
frequency-dependent type interactions is likely to be at play, as postu-
lated by Janzen and Connell (Janzen 1970, Connell 1970). Such interac-
tions have been experimentally demonstrated for coexisting trees in 
the rainforest via negative impacts on the recruitment of conspecifics 
mediated by soil biota (Mangan et al., Nature 2010). A global latitudi-
nal comparison of temperate and tropical regions provides further evi-
dence for their importance in limiting the abundance of common plant 
species and stabilizing the persistence of rare ones in diverse rainfor-
ests (LeManna et al. 2017).
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Under environmental conditions favoring abundant growth and lead-
ing to limitation of the general resources fueling such growth, the same 
ecological forces that ultimately shape species coexistence today in eco-
logical time, are likely to have shaped the genetic variation involved in 
such interactions over deeper evolutionary time. The kinds of specific in-
teractions that would be at play would involve interactions with natural 
enemies, mainly between hosts (trees) and (fungal) pathogens, but also 
between prey and predators/parasitoids (and possibly also mutualistic in-
teractions involving microorganisms such as fungi and pollinators, al-
though their outcome in evolutionary assembly models would have to be 
examined). The result might be in analogy to the malaria system (the com-
plete opposite to pure neutrality), a rich structure of vast complexity, 
where ecological interactions of a frequency-dependent type operate in a 
large-dimensional trait space. Such structure would exist but be extremely 
difficult to characterize, as limiting similarity at such a limit would not 
look like simple clusters or niches. The questions of how to characterize 
such structure and how to infer underlying dominant processes remain 
open. The importance of high-dimensional individual variation to species 
coexistence in diverse forest ecosystems has been argued by Clark (2010) 
on a different basis.

Finally, one could argue that this kind of high dimensionality might 
not be relevant as it would effectively become neutral-like. A profound 
distinction would exist, however, in aspects of diversity structure that 
concern persistence at different levels of organization. This matters, 
because losing species or strains would mean losing much more than 
diversity itself—namely, the intricate product of assembly over times that 
are much longer than those of human impacts. In the case of malaria, a 
better understanding of such loss might help us monitor and perhaps 
even achieve elimination. In the case of species communities and con-
servation, it would provide a powerful argument for the profound in-
trinsic value of the “entangled bank,” beyond issues of resilience and 
ecosystem services.
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What Regulates Growth across 
Levels of Organization?

Ian Hatton

Ever since Thomas Malthus claimed the “passion between the sexes” re-
mains constant, biologists have assumed geometric or exponential growth 
potential in living matter at all levels, from the replication of cells and in-
dividuals, to the productivity of populations and communities. This assump-
tion has led to biology’s most profound insights, as sure as “the struggle 
for existence is the doctrine of Malthus” (Darwin 1859), but also an endur-
ing question: What regulates growth? A more general answer to this ques-
tion at all levels would have sweeping applied implications, from cancer 
and disease dynamics, to juvenile development, and from fisheries and for-
est productivity to global carbon cycling. Many of ecology’s most contentious 
dichotomies and paradoxes, going back decades, are also fundamentally 
related to the question of what regulates growth, so that any general under-
standing could have enormous theoretical significance. This is admittedly 
a broad question that applies across scales, but research has begun to iden-
tify critical properties of growth and regulation that recur in very different 
kinds of systems, suggesting that a partial, but far-reaching answer may be 
close at hand.

In this chapter, we summarize why this question remains among the 
most important unsolved problems in ecology, but that recent evidence 
has revealed deep symmetries in growth across scales, pointing at the pos-
sibility that a more comprehensive quantitative understanding of growth 
and regulation may be within reach. We show that despite the huge di-
versity of biological structures, their growth trajectories are often surpris-
ingly similar across taxa and levels of organization. These dynamic simi-
larities become even more evident by considering the maximum growth 
plotted against mass across different systems, which follows a power law 
with remarkably similar ~¾ exponents.

The fact that the exponent of these scaling relations is significantly less 
than one indicates that growth at multiple levels is subexponential, which 
contrasts markedly with the “Malthusian law.” Subexponential growth has 
strong stabilizing properties for both consumer–resource and competitive 
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dynamics, with implications for several ecological dichotomies and para-
doxes. The origin of this growth law, particularly since the publication of 
the “Metabolic Theory of Ecology” (Brown et. al. 2004), has been widely 
assumed to follow from basal metabolic ~¾ body mass scaling, given the 
essential role of energy for growth and reproduction. Theories proposed 
to explain ~¾ scaling are thus based on structural or geometric con-
straints that limit the supply or dissipation of energy, (Brown et al. 2004, 
Kooijman 2000, West et al. 1997, Hou et al. 2008). Only recently has evi-
dence accumulated to suggest this order of causality is mistaken. Instead, 
metabolic architecture exhibits considerable scope to adjust to growth 
and may evolve and adapt to efficiently fuel growth (Glazier 2015, Hat-
ton et al., 2019). Different lines of evidence now suggest that ~¾ scaling 
appears to be fundamentally a problem of relative growth, urging a re
orientation of theory to consider dynamical processes (rather than struc-
tural constraints) for understanding biological scaling laws. As of yet 
however, this growth law, representing among the most ubiquitous pat-
terns in all of biology, is almost completely unstudied, and so it is not 
surprising that the problem remains unsolved.

Dichotomy and Paradox

Growth and regulation together, are a simply coupled positive and negative 
feedback, but the topic is a prolific parent of controversy, spawning more 
questions than answers. If the regulation of growth is intrinsic, how may 
it have evolved, and by what behavioral or physiological means does it 
operate? If extrinsic, what biotic or abiotic components are directly or in-
directly responsible, and by what regulatory pathways? Below are listed 
five well-known dichotomies and two paradoxes with rich literatures that 
we cannot hope to adequately summarize but are not so entirely unrelated 
as they might at first appear.

Dichotomies

	 1.	Density dependence versus independence. Are groups and popula-
tions primarily regulated by intrinsic density-dependent factors 
or extrinsic environmental or interspecific factors, independent 
of their density?

	 2.	Group versus individual selection. Can groups and populations 
possess regulatory traits that benefit the group at the expense 
of the individual, or does individual fitness always dominate 
under selection?

	 3.	Top-down versus bottom-up control. Are populations and  
trophic communities extrinsically regulated by predators and 
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pathogens (top-down) or by the supply of their resource 
(bottom-up)?

	 4.	The ecosystem concept. Are ecosystems functional units with 
intrinsic regulatory capacity, or is “ecosystem” merely a 
convenient designation for the sum of all parts?

	 5.	The Gaia hypothesis. Are the biosphere and its abiotic compo-
nents capable of large-scale negative feedbacks that resemble 
individual homeostasis, acting to maintain conditions suitable 
for life, or are feedbacks in global cycles largely decoupled 
from the action of living systems?

One thing that differentiates these dichotomies is scale. Whereas the 
first and second dichotomies focus on family groups and populations, 
the third dichotomy focuses on populations and communities, the 
fourth on whole ecosystems, and the fifth on the entire biosphere. One 
thing that unites these dichotomies, on the other hand, is that they are 
all to varying degrees concerned with the origin and agency of negative 
feedbacks on growth. With the exception of density dependence, which 
is now widely observed, these topics all continue to be debated, but 
rarely within the wider framework of growth and regulation. The regula-
tion of growth is also at the basis of the stability and persistence of 
consumer–resource and competitive interactions, and thus related to two 
much-studied paradoxes.

Paradoxes

	 1.	The paradox of enrichment. Populations and communities can 
persist over large gradients of environmental enrichment, such as 
rainfall or nutrient gradients, translating into orders of magnitude 
changes in biomass of all trophic communities. Early consumer–
resource models, however, predict that increases in resource 
productivity are transferred entirely to consumers, giving an 
increasingly top-heavy ecological pyramid until the system is 
destabilized.

	 2.	The paradox of the plankton. A great multitude of species with 
different growth rates can persist on a limited number of 
resources, as exemplified in plankton communities. Early 
competition models, however, predict increasing diversity 
causes exclusion and extinction of less-fit competitors.

Each paradox originates from ecology’s simplest mathematical models 
that predict instability or extinction where observation suggests there 
should not be. This has led to the study of factors specific to different in-
teractions, including heterogeneity in space and time, coevolution and Red 
Queen dynamics, physical constraints and trade-offs, niche separation, 
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and refugia, among a long list of others. But these paradoxes may stem 
more from how we model intrinsic growth and regulation, rather than a 
failure to account for additional factors. In the next sections we show 
some of the striking similarities in growth across taxa and levels of 
organization that suggest a quantitative form of growth that has not 
been considered in these models. In the final section we show how incor-
porating this form of growth into these models, can potentially resolve 
the paradoxes, and cast light on some of these dichotomies.

The Universality of the Growth Curve

From birth to maturity, the growth curves followed by mammals as dif
ferent as shrew and whale are astonishingly similar (Fig. 1). This S-shaped 
growth curve describes increasing mass (m) in time (t) by a compounding 
growth term and a saturating loss or regulatory term. Different animals 
can be compared by rescaling absolute units of mass and time to the rela-
tive fraction of adult mass reached in each relative fraction of time to 
maturity. This results in a universal growth curve (Fig. 1B).

Three common ways to describe the growth curve are as follows (a and 
b are positive constants that are not the same in each model),

Logistic:	 dm/dt = am − bm2	 (1)

Bertalanffy: dm/dt = amk − bm	 for k < 1	 (2)

Gompertz:	 dm/dt = am − bm log m	 (3)

These models all have a growth term with a weaker mass dependency 
than that of the loss term, so that the growth curve eventually plateaus. 
Each model tends to be used at different levels of organization as follows, 
with representative examples shown in Figure 2.

	 1.	Logistic (Equation 1) is often used in population biology to 
model population growth up to carrying capacity. It assumes 
that the growth term (am) is exponential, but the loss term 
(bm2) follows mass action where individuals negatively interact 
as the square of their density until the population stops grow-
ing at carrying capacity (a/b in Equation 1). Logistic has also 
been introduced in the prey growth term of classic Lotka–
Volterra consumer–resource models and is the basis for Lotka–
Volterra competition models, from which we obtain the two 
paradoxes listed previously (May 1972).
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B Growth similarity solutionA Individual growth curves
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Figure 1. Mammalian individual growth curves and their similarity solution. (A) 
Growth curves through ontogeny (birth to maturity) spanning shrew to whale (150 
species) plotted on logarithmic axes. Points are actual measurements of mass and 
time, while lines are best fits from the Bertalanffy model (Equation 2) setting k = ¾. 
(B) Similarity solution to the Bertalanffy model which collapses all growth curves 
in (A) to a universal curve. The values of the constants a and b from fits in A, can be 
used to rescale mass m and time t to dimensionless mass and time, as shown above 
(m0 is birth mass and m∞ is adult mass), following West et al. 2001.

	 2.	Bertalanffy (Equation 2) is often used in physiology to model 
individual growth up to maturity. It assumes that the growth 
term is subexponential (k < 1), so that growth rate declines 
with mass. This has been thought to follow metabolic scaling, 
be it via constraints on heat dissipation over a surface (k = ⅔), 
or on energetic supply through a space-filling network (k = ¾) 
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Figure 2. Growth curves across levels of organization. Example growth curves for 
(A) malignant tumors, (B) individual males and females (taken from Fig. 1A), and 
(C) populations during periods of growth. These can all be described almost iden-
tically with different models (equations 1 to 3). Logistic, Gompertz, and Bertalanffy 
(for k = ¾ and k = ⅔) were fit by nonlinear least squares. The best-fit model is stated 
in each plot, but is only marginally better than any other. There is also no consistent 
best model within any given level of organization for these and other data.
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(Bertalanffy 1957, West et al. 2001). As discussed previously, 
however, evidence has accumulated to suggest that metabolism 
instead adjusts to growth, so that this growth term is not yet 
mechanistically understood (Hatton et. al. 2019). The loss term 
is rationalized as catabolic breakdown or maintenance require-
ments, which acts in proportion to the body as a whole and so 
has an exponent of one.

	 3.	Gompertz (Equation 3) is often used in oncology to model 
tumor growth and schedule cancer treatments (Rodriguez-
Brenes et al. 2013). It assumes that growth is initially exponen-
tial, but that the growth rate itself declines exponentially, in 
contrast to the logistic model, where growth rate declines 
linearly. Whereas logistic regulation can be rationalized as an 
extrinsic carrying capacity, Gompertz assumes an intrinsic 
relative loss of growth potential.

The rationale for the use of any of these models is often vague and 
can nearly always apply to other levels of organization. Moreover, mod-
els are largely indistinguishable in their ability to fit empirical growth 
curves across these levels (examples in Fig.  2; Rodriguez-Benes 2013; 
Ricklefs 2003; Vrana et al. 2019). The fact that different research fields 
commonly favor a particular model appears to be based more on his-
torical precedent than on mechanistic or empirical/statistical grounds. 
This means that a similarity solution to any of the three growth models 
(Equations 1–3) for data of tumors, individuals, or populations would 
likely reveal an analogous dimensionless growth pattern to that shown 
in Figure 1B.

Despite the dynamic resemblance observed across levels of organ
ization, the similarities are even more compelling if one considers the 
power-law scaling of maximum growth versus mass. This research has re-
vealed exceptional regularities that span all major taxa and that recur 
across distinct levels of organization.

Similar Scaling from Embryos to Ecosystems

Rather than considering the entire growth curve as in Figures 1 and 2, 
we can instead measure the maximum growth at the inflection point of 
the growth curve and the maximum or asymptotic mass. If we do this for 
very different sized organisms, plotting maximum growth against mass 
on logarithmic axes, we observe different species arrayed along a straight 
line, called a power law. Growth–mass power laws can be written as,

dm/dt = cmk,	 (4)
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where c is a constant coefficient (elevation on logarithmic axes) and k is 
a dimensionless scaling exponent (slope on logarithmic axes; Charnov 
et al. 2007). In contrast with Equations 1–3, which model an entire indi-
vidual growth curve, the growth–mass power-law equation [Equation 4] 
is the locus of inflection points from different growth curves, though can 
also describe an individual growth curve if a suitable loss term is included, 
as in Equation 2. All of the previously cited growth models (1 through 3) 
fit to individuals of very different sizes will give similar ~¾ scaling, fol-
lowing Equation 4.

Recent findings show highly regular growth–mass scaling, spanning the 
tree of life, and recurring across distinct levels of organization. Below we 
list several levels of organization where these relations have been ob-
served, all of which tend to converge on similar exponents near k  =   ¾, 
with examples for mammals shown in Figure 3.
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Figure 3. Mammal growth-mass scaling from embryos to ecosystems. (A) Mam-
mal prenatal, ontogenetic and reproductive growth vs. adult body mass exhibit 
near identical growth-mass scaling (k ≈ 0.72). Data derive from Hatton et al. 2019. 
(B) Mammal whole trophic community productivity to biomass aggregated cross 
large herbivore (5–500 kg) populations in Africa, southeast Asia and North Amer
ica over a combined area of >200,000 km2. Each point is a separate protected eco-
system and derives from the censusing of some 1850 mammal populations. Growth 
calculations follow Appendix S2 of Hatton et al. 2015.
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	 1.	Prenatal growth versus adult body or birth mass. This relation, 
observed in mammals and birds, is obtained from maximum 
fetal growth rates or calculated as birth mass divided by 
gestation time, and plotted against birth mass or adult body 
mass, for different species. The relation reveals ~¾ mass 
scaling across species, and often through much of the gestation 
period of single individuals (Ricklefs 2010).

	 2.	Individual ontogenetic growth versus body mass. This relation, 
observed across vertebrates, is obtained from the maximum 
growth of the ontogenetic growth curve (e.g., Fig. 2B) and has 
similar ~¾ exponents within many major taxa, but different 
coefficients, c, between groups, such as endotherms and 
ectotherms (Case 1978).

	 3.	Reproductive growth versus body mass. This relation is obtained 
from population time series during a growth period (e.g., 
Fig. 2C), or calculated from life-history traits, such as age of 
maturity, gestation, litter size, and lifespan for different species 
(Hamilton et al. 2011). This relation is among the most univer-
sal scaling laws in biology, spanning all eukaryotes, and 
exhibiting both ~¾ scaling within and across major taxa 
(Brown et al. 2004, Hatton et al. 2015, 2019).

	 4.	Social insect colony growth versus whole colony mass. This relation 
represents the aggregate growth and mass of all individuals in 
colonies of wasps, bees, termites, and ants, and is measured 
from the growth curves of whole colonies grown in the lab. 
These relations scale at ~¾ and appear to fall directly on the 
individual growth–mass relation, so that social insects appear to 
be superorganisms, not only in various qualitative characteris-
tics, but also in their quantitative dynamics (Hou et al. 2010).

	 5.	Community production versus community biomass. This relation 
represents a higher level of organization, aggregating the 
growth and mass of a community of different species in space, 
and has been observed across terrestrial and aquatic ecosys-
tems, including forests, grasslands, lakes, and oceans (Hatton 
et al. 2015). Maximum community growth is measured by 
estimating biomass per unit area at different periods in time, 
across many different ecosystems along an environmental 
gradient that typically span whole biomes of the world. These 
relations also scale near ¾, and constitute among the largest-
scale regularities known in biology.

The ecosystem scaling laws (number 5) have only begun to be ex-
plored. Scaling at this level is exemplified in Figure 3B, showing separate 
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protected areas for large mammals from the barrens of Alaska to the 
fertile plains of east Africa. Across this three-order-of-magnitude gradi-
ent in biomass density, the mean body mass of all the large mammals in 
the community is nearly constant (Hatton et al. 2015). In other words, 
the relative frequencies of small and large mammals are largely con-
stant, and only their numerical density changes across the biomass gra-
dient. This suggests that community-level ~¾ scaling (number 5) arises 
independently from individual-level scaling (numbers 1 to 3). A con-
stant mean body mass across biomass gradients also suggests that each 
population in the community is likely to be following this same subex-
ponential (k < 1) growth pattern. Subexponential growth of a popula-
tion or community means that individual reproduction declines with 
increased crowding from the maximum shown in Figure 3A (diamonds). 
This form of density dependence acts in the same relative way at all 
scales, assuming external conditions are not limiting, but is a relatively 
weak form of self-regulation. Subexponential growth implies that the 
population never actually saturates, contrasting with the growth models 
listed previously (Equations 1–3). But because the growth form is scale-
free, it can have powerful stabilizing properties for consumer–resource 
and competitive interactions across very different assemblages.

The Stability of Subexponential Growth

Consumer–resource and competitive interactions are two of the most 
fundamental interactions in ecology, and yet two questions prevail. 
How do consumers keep from overexploiting their resource or causing 
destabilization, especially at high densities, as per the paradox of en-
richment, and how do diverse competitors coexist on a shared resource, 
as per the paradox of the plankton? In trying to answer these questions, 
ecologists have considered many other factors that may contribute to 
the balance of ecosystems, but it is hard to see how any of these factors 
could generally apply to the diversity of life. Subexponential growth-
mass scaling across populations and communities (number 5, previous 
section), on the other hand, implies a generic intrinsic, albeit weak, 
form of self-regulation that can have robust stabilizing properties. Here, 
we consider subexponential growth in the Lotka–Volterra equations, 
which were the first equations to describe the dynamics of consumer–
resource and competitive interactions, and on which most simple con
temporary models are based.
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Consumer–resource

We can consider a consumer (C)–resource (B) system as follows,

dC/dt = gqBC − mC,

dB/dt = rBk − qBC	 (5)

This system could describe single predator and prey populations or 
whole trophic communities. When k = 1, this model is equivalent to the 
Lotka–Volterra predator–prey equations, with an exponential resource 
growth term (rB). The resource loss term (qBC) is a linear (mass action) 
functional response, where q is interaction strength. Consumers grow 
depending on their growth efficiency g in converting consumption (qBC) 
into offspring, and are lost at rate m. This model (k = 1) is well-known to 
give neutrally stable cycling whose amplitude depends, unrealistically, 
on starting densities (Fig. 4A). When k < 1, however, the model is asymp-
totically stable, so that for any parameters and initial conditions, any 
perturbation returns to equilibrium (Fig.  4B). Subexponential resource 
growth also tends to be stable for nonlinear functional response curves 
such as the saturating type II, donor-control, or ratio dependence (Hatton 
et al. 2015).

When k is set near ¾, this model has also been shown to yield realistic 
equilibrium trophic structure between carnivores and herbivores across 
the rainfall gradient in African savanna, leading to a predator–prey power 
law in biomass densities (C*  =  rg/m B* k; Hatton et al. 2015). Subexponen-
tial prey growth means that if prey are driven down to lower densities, 
their reproduction increases, whereas at higher densities, their reproduc-
tion declines. This intrinsic negative feedback on growth suffices to regu-
late consumer–resource interactions in the simplest models in a way that 
is general and robust.

Competition

Next, we can consider a model for competition among n species, xi, as 
follows,

dxi /dt = rixik − rixi /κ iΣn j= 1α ijx jk 	
(6)

Again, when k = 1, this model is equivalent to the Lotka–Volterra com-
petition equations (e.g., Fig. 4C for n = 2 species), or with a transforma-
tion of variables, to the replicator equation used in evolutionary theory 
(Page and Nowak 2003). The competition coefficient, αij, measures the 
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effect of species j on species i, and κi is the species carrying capacity. This 
model (k = 1) can exhibit a range of behaviors depending on parameters 
and initial conditions, but increasing diversity, n, tends to beget instabil-
ity, leading to extinction of one or more interactions (May 1972, Barabas 
et al. 2017). When k < 1, however, the system is often stabilized (e.g., 
Fig. 4D for n = 2 species), although the model can exhibit competitive ex-
clusion with very different population carrying capacities (κi).

A simpler alternative that ignores different carrying capacities (κi) is to 
consider species that grow with different rate constants ri, and that are 
lost from the system in proportion to their densities, such that the total 
density of all species is kept constant. This model is obtained by setting 
αij = rj/ri and αii = κi = 1. Such a system could describe different autocata-
lytic template replicators in a flow reactor, for which the model was ini-
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Figure 4. The stability of sub-exponential growth. Exponential (k = 1) and sub-
exponential (k < 1) growth terms are compared in Lotka–Volterra models [Equa-
tions 5 and 6]. When k < 1, it causes convex curvature to zero growth lines (iso-
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trajectory and the black circle is an asymptotically stable equilibrium point.
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tially devised (Szathmáry 1991), or a community of herbivores all targeted 
equally by consumers that have no prey preference. This model has been 
shown to be globally stable by the existence of a Lyapunov function for 
k < 1, implying any number of species will coexist regardless of their 
growth constants (ri; Varga and Szathmáry 1998). Subexponential growth 
means that at higher density, reproduction declines, whereas at lower den-
sity it increases, so that a species can always invade at low density and 
there is no competitive exclusion. This result turns prevailing theory on 
its head and the task is then “to elucidate the devious strategies” which 
make for competitive exclusion in otherwise stable and enduring natural 
systems (May 1972).

These models seek to highlight the potent stability properties of sub-
exponential growth in the simplest models, without the need to invoke 
additional factors. The consumer–resource model (Equation 5, with k < 1) 
is consistent with predictions for both top-down and bottom-up regula-
tion, and overcomes the “paradox of enrichment,” as even at very-high 
densities (modeled by lowering q) the system is always stable. The com-
petition model (Equation 6, with k < 1), and particularly the simpler vari-
ant of it described previously, overcomes the “paradox of the plankton,” 
as any diversity of species can coexist on a limited variety of resource. 
Although we have only begun to explore the theoretical consequences of 
these growth patterns, understanding the basis for subexponential pop-
ulation growth could have vital repercussions at the heart of ecology.

Recapitulation

The question “what regulates growth?” resounds from cell biology to 
macroecology and is at the foundation of several dichotomies and para-
doxes that continue to be debated. It underpins how we model the dynam-
ics of cell aggregates, individuals, populations, and communities, and has 
both pure and applied importance that cuts across fields of life science. 
But a general answer to such a broad question bearing on such a diverse 
assortment of processes might seem overwhelming. Indeed, the loss or 
regulatory terms of the growth equations we have considered here alone 
include carrying capacity (Equation 1), catabolism (Equation 2), loss of 
growth potential (Equation 3), consumption (Equation 5), and competi-
tion (Equation 6); these have barely scratched the surface of the ways we 
might approach the question. And yet, amazingly, there are aspects of 
growth dynamics that are remarkably conserved across living systems.

Both the dynamic trajectory and the scaling of maximum growth rate 
appear universal across major taxa and distinct levels of organization. 
Very different species growth trajectories can be rescaled to collapse onto 
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a singular dimensionless growth curve (Fig. 1; West et. al. 2001). Different 
sigmoid growth models also give indistinguishable growth curves across 
levels of organization (Fig. 2). Finally, very similar growth–mass scaling 
laws recur across life stages and levels of organization, including fetal, 
ontogenetic and reproductive growth, and population and community 
productivity in space (Fig. 3). Such growth–mass scaling implies a weak 
but systematic form of self-regulation that acts in the same relative way 
at all scales. It also implies that a partial, but wide-ranging answer to 
our question may be possible if we could understand the origin of this 
regularity.

The ubiquity of approximately ¾ growth scaling from algae to elephants 
and from embryos to ecosystems challenges what is arguably biology’s 
oldest quantitative assumption. Subexponential growth has profound pure 
and applied implications that have only begun to be explored. Although the 
problem is found in every area of biology, part of the answer to what regu-
lates growth may be the same across very different kinds of systems, urging 
new theory that transcends different fields. This simple scaling law is at the 
dynamical basis of living systems, it spans the tree of life, and recapitulates 
across levels of organization. As yet, it seems, there are few scientists study-
ing what should be regarded as a very core problem. The fact that it re-
mains unsolved, therefore, may have more to do with neglect than intracta-
bility. Understanding where this growth pattern comes from, could tell us a 
great deal about how growth is regulated across scales.
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The Ecosystem

Superorganism, or Collection of Individuals?

Michel Loreau

The nature of the ecosystem has been a matter of debate since its incep-
tion. When Tansley (1935) first defined the ecosystem concept, he did 
so in opposition to the then prevailing view of Clements (1916), who 
conceived plant communities as superorganisms; i.e., as higher-level bio-
logical entities that have properties of functional organization similar to 
those of individual organisms (Wilson and Sober 1989). According to Cle-
ments, plant communities develop regularly to a climax, just as do indi-
vidual organisms to their adult stage during ontogeny. Although Tansley 
rejected Clements’s superorganismic view, he did recognize a signifi-
cant amount of organization in communities and ecosystems; he went as 
far as saying that “mature well-integrated plant communities . . . ​had 
enough of the characters of organisms to be considered as quasi-organisms, 
in the same way that human societies are habitually so considered [em-
phasis in the original]” (Tansley 1935, pp. 289–290). In contrast, Gleason 
developed an explicitly individualistic view of plant associations, which 
he regarded as the mere product of “the coincidence of environmental 
selection and migration over an area of recognizable extent” (Gleason 
1926, p. 26).

Admittedly, the ecosystem concept has evolved substantially since the 
time of Clements, Gleason, and Tansley. In particular, the initial focus of 
ecosystem ecology on patterns of energy flow in closed systems has given 
way to a more dynamic view of ecosystems as open, hierarchical, spatially 
heterogeneous, and temporally variable complex adaptive systems (Levin 
1998, O’Neill 2001). But the tension between the superorganismic and in-
dividualistic viewpoints of Clements and Gleason has nonetheless per-
sisted to this day, and has resurfaced in various disguises throughout the 
history of ecology and its sister sciences.

The longstanding controversy over group selection (Wilson and Wilson 
2007) is one manifestation of this tension in evolutionary biology. Indeed, 
pure group selection leads logically to the emergence of superorgan-
isms (Wilson and Sober 1989). The rejection of group selection theories 
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by many evolutionary biologists is rooted in an individualistic view of 
natural selection (Williams 1966), which echoes Gleason’s view of plant 
associations.

The controversy over Lovelock’s (1979) Gaia hypothesis is another man-
ifestation of this tension. Lovelock, a geochemist, proposed that the en-
tire Earth system behaves as a sort of superorganism, Gaia, in which or-
ganisms collectively contribute to self-regulating feedback mechanisms 
that keep Earth’s surface environment stable and habitable for life. Evolu-
tionary biologists such as Dawkins (1982) opposed this hypothesis based 
on the argument that the Earth system is not a unit of selection, and hence 
there is no reason why evolution should lead to a planetary environment 
that is favorable for life. The debate that ensued (Lenton 1998, Free and 
Barton 2007) is a vivid example of a dialogue where the parties have 
been talking past each other, which has often characterized the relation-
ship between some branches of ecosystem ecology and biogeochemistry, 
which have recurrently leaned towards a superorganismic viewpoint, and 
a hard core of evolutionary biology, which has upheld a strict individu-
alistic viewpoint against all odds.

The disturbing aspect of these debates is that they seem to recur with-
out showing any sign of resolution. Yet there is ample evidence now that 
neither a strict superorganismic viewpoint nor a strict individualistic view-
point hold good. These extremes distract attention from the real chal-
lenges involved in assessing the degree of integration of ecosystems and 
in understanding its consequences for ecosystem functioning, stability, and 
services in a rapidly changing world.

At one extreme, the individualistic viewpoint fails to take into account 
the manifold interactions that bind individual organisms to their biotic 
and abiotic environment and that define much of their ecology. Each liv-
ing organism requires abiotic or biotic resources to stay alive, grow, and 
reproduce. Resource consumption inevitably leads to competition for re-
sources among individuals, both within and between species. Consumers 
are themselves resources to higher-level consumers such as predators, par-
asites, and diseases and any leftover is recycled into inorganic nutrients 
by decomposers. Many organisms cooperate with other organisms from 
the same and other species to facilitate their access to resources, enhance 
their breeding success, or avoid predation. There is increasing evidence 
that organisms also actively modify their physical environment to meet 
their needs. These myriad interactions generate complex ecological net-
works in ecosystems, in which all organisms are inextricably embedded 
(Olff et al. 2009). As a consequence, each organism contributes to shap-
ing the environment, and hence also the fitness, of other organisms, 
thereby becoming an actor in their ecology and evolution (Loreau 2010). 
Thus, there is no ground for a purely individualistic view suggesting that 
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individual organisms behave as independent particles in some sort of inert 
medium.

At the other extreme, the superorganismic viewpoint fails to take into 
account the lability of communities and ecosystems, which generally lack 
clear-cut physical boundaries and show constant changes in at least part 
of their species composition. Ecosystem-level selection of ecosystem prop-
erties requires rather stringent conditions, in particular the existence of 
long-lasting and localized interactions between ecosystem components 
(Loreau 2010). Although some small-scale ecosystem properties may ap-
proach this ideal situation, no ecosystem in nature is so fully integrated 
and localized as to bypass any influence of individual selection. There-
fore, it is reasonable to expect a combination of individual- and ecosystem-
level selection to operate under natural conditions, with individual se
lection probably often prevailing as many ecological interactions are 
not strongly localized. As different levels of selection generally drive evo-
lution in different directions, ecosystems are expected to evolve subopti-
mal properties that result from a compromise between individual- and 
ecosystem-level selection (Loreau 2010). As a logical consequence, eco-
systems cannot be fully-fledged superorganisms.

Thus, it seems perfectly reasonable, based on existing theoretical and 
empirical evidence, to reject the two extreme views that ecosystems are 
either superorganisms or mere coincidental collections of individuals. 
Note, however, that even this fairly obvious conclusion still seems hard 
to accept for some evolutionary and ecosystem ecologists. If we accept this 
conclusion, the question then becomes, where do ecosystems lie along the 
continuum between these two extremes? To what extent are ecosystems 
integrated units of organization? This is a much more difficult question, 
to which there is probably no universal answer. Nevertheless, we might 
expect ecology to have accumulated enough knowledge to be able to nar-
row down uncertainty to some confidence interval bounded away from 
the two extreme viewpoints, for at least some ecosystems. The unfortu-
nate truth is that we have no such confidence interval—which probably 
explains why the two extreme viewpoints resurface periodically.

There are several reasons why assessing the degree of integration of 
ecosystems has proved so difficult. First, the ecosystem concept is broad 
enough to be applied to a wide range of different systems and scales, from 
minute microcosms to the entire biosphere. These widely different sys-
tems are likely to show substantial differences in their functional organ
ization and integration. Second, there was a vigorous backlash against the 
ecosystem concept after the initial enthusiasm for systems analysis, which 
views complex systems as cybernetic systems stabilized by feedback 
loops around a relatively constant equilibrium (Patten and Odum 1981, 
O’Neill 2001). This backlash resulted in a loss of interest in ecosystem 
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ecology for some time, especially from theoretical ecologists, who, by and 
large, followed the new trends toward complex nonlinear dynamics and 
complex networks in physics and other sciences. Third, ecosystems are 
“medium-number systems” (O’Neill et al. 1986) that present considerable 
methodological difficulties. On the one hand, they are too complex to be 
fully accounted for by simple dynamical models (although these models 
have proved extremely useful to study some of their properties). On the 
other hand, individual organisms—the elementary particles of ecology—
belong to a myriad of different species that occupy different niches, and 
their numbers are much smaller than those of physical particles, which 
precludes straightforward application of statistical approaches borrowed 
from thermodynamics and statistical mechanics (Loreau 2010). Therefore, 
there is no simple, universal approach to study and model ecosystems.

These difficulties have contributed to fuel the individualistic viewpoint, 
which prevails in many areas of ecology. The consequences of this state 
of affairs are profound, and extend way beyond a mere philosophical issue. 
The prevalence of the individualistic viewpoint may even be an obstacle 
to the discovery of ecosystem-level patterns and processes. As an exam-
ple, we recently discovered general power-law relationships between prey 
biomass and predator biomass and between prey biomass and prey pro-
duction with exponents consistently near ¾ at the scale of whole ecosys-
tems across a wide range of terrestrial and aquatic biomes (Hatton et al. 
2015). This discovery came as a surprise even to us as these robust large-
scale patterns suggest that ecosystems are more tightly constrained and 
integrated than previously believed. Perhaps the most intriguing aspect 
of this finding is that ecosystem production follows the same near-¾ scal-
ing law with biomass as does individual growth with body mass (Brown 
et al. 2004). Ecosystem production scaling emerges over large numbers 
of individuals and size structure is often near constant, indicating that 
similar growth dynamics at the ecosystem and individual levels arise in
dependently (Hatton et al. 2015). Thus, similar basic processes and pat-
terns may re-emerge across systems and levels of organization.

The mechanistic basis of these ecosystem-level patterns is still unclear, 
but so is the much-debated mechanistic basis of the corresponding individual-
level patterns (Glazier 2010, Glazier 2015). Yet, the lack of a convincing 
explanation for individual-level allometries has not prevented the flour-
ishing of a wealth of empirical and theoretical studies on this topic. One 
can hardly say the same for ecosystem-level patterns, which, in comparison, 
remain very poorly studied. One possible mechanism for the re-emergence 
of sublinear scaling relationships between production and biomass across 
levels of organization is a form of system-level density dependence in 
biological activity. Although density dependence has traditionally been 
studied as a mechanism of population regulation, interactions between 
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individuals from different species that use shared resources might lead to 
stronger regulation of entire trophic levels than of their component pop-
ulations, thus generating more robust patterns at the ecosystem level than 
at the population level. Theoretical and empirical research on this issue 
would be particularly exciting.

By contrast, in other areas of research, individual- and population-
centered approaches have fostered the emergence of novel perspectives and 
understanding that might reinvigorate ecosystem ecology. For instance, 
they have contributed to the clarification and the resolution in large part of 
the long-standing controversy over the relationship between the diversity 
and stability of ecosystems (McCann 2000). The idea that stability emerges 
at the ecosystem level as a result of the diversity of population-level pro
cesses is deeply anchored in ecosystem ecology and has been central to the 
cybernetic approach to ecosystems (Odum 1953, Patten 1975). This tenet 
was overturned in the 1970s by May (1972, 1973) and others, who showed 
theoretically that, everything else being equal, diversity and complexity 
should beget instability, not stability. The fact that the stability of an eco-
system’s aggregate properties may be very different from that of its compo-
nent populations (May 1974) seems to have gone virtually unnoticed at that 
time. Only when large-scale experiments manipulating plant diversity re-
vealed contrasting effects of species diversity on the temporal variability of 
population- and ecosystem-level properties such as plant biomass and pro-
duction did it become clear that diversity–stability relationships were qual-
itatively different at the population and ecosystem levels (Tilman 1996, 
Tilman et al. 2006, Hector et al. 2010).

A large body of theory has subsequently been developed to identify the 
mechanisms by which biodiversity stabilizes ecosystem properties while 
at the same time often destabilizing population dynamics. A striking fea-
ture of this theory is that it uses population dynamical models to derive 
predictions on ecosystem stability (de Mazancourt et al. 2013, Loreau and 
de Mazancourt 2013), thereby establishing an explicit link between pop-
ulation- and ecosystem-level dynamical properties. Thus, paradoxically, 
population ecology has been instrumental in laying the theoretical foun-
dations of one of the core principles of ecosystem ecology, that ecosystem 
stability emerges from the diversity of its component populations. This 
theory shows that asynchronous population fluctuations that arise from 
differences in the way species respond to changes in their biotic and abi-
otic environment are key to the stabilizing effect of biodiversity on eco-
system properties. Interestingly, deterministic differences between species’ 
response niches provide a population-level mechanistic basis for the sta-
tistical averaging of aggregate ecosystem properties, thus linking deter-
ministic and statistical behaviors across levels of organization (Loreau 
2010). This theory has since been expanded to provide novel predictions 
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on the spatial scaling of ecosystem stability and of its relationship with 
biodiversity, thus opening up a promising new area of research in ecosys-
tem ecology (Wang and Loreau 2014, 2016).

These and other recent advances at the interface between population 
and ecosystem ecology show that the tension between population- and 
ecosystem-centered approaches in ecology can be extremely fertile if it is 
not congealed in opposed extreme viewpoints. Ecosystems are neither su-
perorganisms nor mere collections of individuals; they are dynamic enti-
ties in which ecosystem-level constraints and individual-level variability 
interact to shape ecological patterns and processes across scales and lev-
els of organization. The relative importance of ecosystem-level constraints 
and individual-level variability, however, is still a largely unsolved ques-
tion. The fact that ecosystems are complex medium-number systems puts 
important theoretical and methodological obstacles in the way of provid-
ing a general answer to this question. Recent advances suggest that both 
top-down (studying whole-ecosystem patterns and processes and search-
ing for underlying mechanisms) and bottom-up (examining the proper-
ties that emerge from the aggregation of component populations) ap-
proaches will contribute to this goal. Hopefully, narrowing the gap 
between these two approaches will pave the way for more integrative eco-
logical approaches that fully account for the dynamic interplay between 
individuals and ecosystems.
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Untangling Food Webs

Robert M. Pringle

Just as the ecology of an organism is defined in large part by what it eats 
and what eats it, the properties of a community emerge largely from the 
network of trophic interactions among its members. Consequently, food 
webs are central to almost all ecological research, if not as the direct object 
of study then as the context in which species interactions and other pro
cesses are situated (Paine 1966, May 1983, Polis et al. 2004, McCann 2012).

But although food webs are fundamental to our understanding of ecol
ogy, we do not yet understand their most fundamental feature—the basic 
architecture of nodes and links that comprise the network. In vanishingly 
few cases and with inordinate effort, investigators have compiled some-
thing roughly approaching a complete map of trophic interactions for the 
set of macroscopic consumer and producer populations present at a site 
(Cohen et al. 2003, Brown and Gillooly 2003). But even the most finely 
resolved networks have missing pieces (and gaping holes if we include par-
asites and microbes (Lafferty et al. 2008)) and are merely static averages 
of what are inherently dynamic systems (Cohen et al. 2003).

Barriers to Knowing What Wild Consumers Actually Eat

Visitors to a zoo, standing in front of some big mammal from some exotic 
place, might field a basic question from a curious child: “What does it eat?” 
Although the informational placard provides only the vaguest of informa-
tion (“plants”), the parents may assume that scientists know the answer. 
But with rare exceptions, they would be wrong. Zoo directors may appre-
ciate the depths of our ignorance on this count better than anyone. As 
Mike Jordan of the Chester Zoo put it, “detailed information about the 
diet of the majority of free-ranging mammals and birds does not exist and 
often only the most generalized approximation of food items consumed is 
known” (Jordan 2005).

There are two major problems with the quality of empirical data used to 
construct food webs. First, they are poorly resolved taxonomically, with 
food items often lumped at the level of genus, family, or order, or else 
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categorized into broad functional groups (large versus small, animal 
versus plant, grass versus shrub, foliage versus fruit) (Paine 1988, Solow 
and Beet 1998, Winemiller 2007). Such coarse data may be severely mis-
matched with the precision of consumers’ foraging decisions: The dis-
tinctions among resource types that are most readily perceived and 
quantified by ecologists may or may not be those that are salient to the 
animals. Second, dietary data are poorly resolved in space and time, 
often being drawn either from a single population and averaged across 
time (as is common in field studies) or from individuals sampled at many 
points in space and time and averaged across both (as is common in 
studies of museum specimens). Consequently, we know little about indi-
vidual dietary variation within populations, about dietary differences 
between populations across environmental and geographic gradients 
(i.e., dietary beta diversity), or about dietary shifts in response to chang-
ing seasonal or climatic conditions.

The simple reason for these problems is that it is extremely difficult to 
accurately and representatively characterize the diet of most free-ranging 
consumers. This statement is coincidentally illustrated by something 
happening nearby as I write this. About ten meters away from me, a 
habituated warthog (Phacochoerus africanus) is grazing the unusually ho-
mogeneous lawn of the Chitengo Camp in Gorongosa National Park, 
Mozambique. I know that warthogs in this park eat mostly grass (Pansu 
et al. 2019), and that the dominant grass in this particular lawn is Uro-
chloa mosambicensis (Hack.) Dandy. But although the lawn is unusually 
homogeneous, it nonetheless has multiple species of grasses and forbs 
coexisting at small spatial scales, and I cannot see—even through 
binoculars—exactly which species are being eaten. And although this 
pig is unusually tame, it is not tame enough that I could reach into its 
mouth, remove the food, and sort the foliage by species. The best I could 
do instead is walk up to the place where the animal is grazing and try 
to identify which plants have been bitten or not (Kleynhans et al. 2011). 
But now the warthog has walked off—how long would I have to follow it 
before I had a complete list of the plant species in its diet? Would its for-
aging decisions be altered by my following it around? Probably. And be-
fore long, I would come across a plant species that I could not identify, 
perhaps one that only a few people in the world could identify, perhaps 
even one that has no name because it has never been scientifically de-
scribed. The biota of Mozambique, like that of many African countries, is 
understudied and poorly understood.

I face all of these problems just for the tamest of warthogs; never mind 
trying to follow one of Gorongosa’s shier or more lethal large herbivores 
at close range. And forget about shooting large numbers of them and sift-
ing through their guts—a once-preferred method of diet analysis for large 
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African herbivores (Field 1972). In addition to being legally prohibited and 
ethically outrageous, stomach-contents analysis would not solve the prob
lem. Buss (1961) shot dozens of Ugandan elephants in 1959, and although 
he was able to identify some forage items to the species level—71 elephant 
stomachs collectively contained 266 kg of Combretum collinum and 59 kg of 
Vitex doniana—the overwhelmingly dominant food types were identified 
only as “mature grass” and “young grass” (3793 and 479 kg respectively). 
Even some of the nongrass species in Buss’ elephant stomachs could only be 
identified to the genus or family level, and others could not be identified at 
all (“unidentified woody materials” weighed in at 27  kg, making it the 
seventh-most-abundant food type). Microhistologic examination of feces to 
visually match undigested plant fragments with reference specimens is an 
ethically uncomplicated nonlethal alternative, but it is extremely laborious 
and tends to yield low-quality data (Newmaster et al. 2013). Stable-isotope 
analysis is a profoundly important tool for inferring many food-web proper-
ties (Layman et al. 2012), but it provides only coarse-grained insights into 
the taxonomic composition of a consumer’s diet.

Similar limitations pertain to other traditional methods of diet assess-
ment. Expert opinion (Stier et al. 2016) is unreliable. Cafeteria choice ex-
periments (Ford 2014) are unwieldy. Gastric lavage and allied techniques 
(Holechek and Pieper 1982) require capture and can harm animals. Some 
study species are more tractable than others. Sea otters conveniently con-
sume all their prey at the ocean’s surface where people can see them, 
which facilitates the study of individual- and population-level dietary vari-
ation (Estes et al. 2003, Tinker et al. 2008). Sea stars (Paine 1966) and 
caterpillars (Hebert et al. 2004, Janzen et al. 2017) conveniently sit on 
their foods for a long time while consuming them. But for the vast diver-
sity of animals that lack such agreeable traits, conventional approaches 
are insufficient to thoroughly and accurately identify food types to spe-
cies, and our knowledge of diet composition and food-web structure re-
mains spotty at best. These difficulties are compounded for species-rich 
food types that are not easily identified from a distance or as partially 
digested fragments. That category includes essentially all arthropods and 
herbaceous plants, especially in the tropics.

Cryptic Diversity and Taxonomic Imprecision Compound  
the Challenges of Food-Web Analysis

Identifying many organisms to species level is a serious challenge even for 
a taxonomic specialist with a high-quality specimen in hand. Many ecolo-
gists underestimate the difficulties associated with identifying and distin-
guishing species and overestimate their own ability to make determinations 
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by consulting published field guides, keys, and reference collections. Many 
community-level studies proceed on the grounds that similar-looking spe-
cies are probably ecologically “close enough,” even if not quite the same 
thing. This is the implicit premise underpinning the reliance of many field 
studies upon supraspecific lumpings or morphospecies determinations by 
nonspecialists (Oliver and Beattie 1996). It is tempting to view taxonomic 
imprecision as functionally inconsequential—unlikely to bias our concep-
tual understanding of food-web organization, and perhaps even necessary 
to achieve theoretical clarity.

To what extent is that true? That is an unsolved question that needs 
answering. More precisely: When is what degree of taxonomic approxi-
mation sufficient to capture the mechanistic essence of trophic interac-
tions and predict the outcomes of ecological processes? More simply: How 
good is good enough?

A growing body of evidence indicates that even fairly narrow approxi-
mations are not good enough to understand the structure and dynamics 
of food webs. Over the past 15 years, we have learned that cryptic spe-
cies are commonplace, and that accounting for them can dramatically 
alter our understanding of consumers’ dietary niches and hence food-
web architecture (Hebert et  al. 2004; Janzen et  al. 2017; Smith et  al. 
2006, 2007, 2008). In a now-famous example, the neotropical skipper 
butterfly Astraptes fulgerator, thought since 1775 to be a single wide-
ranging species, was discovered to be “a complex of ≥10 food plant spe-
cialists with differing ecological attributes” in northwestern Costa Rica 
alone (Hebert et al. 2004). Farther up the food chain, a braconid wasp 
parasitoid of Costa Rican skipper caterpillars, Apanteles leucostigmus, for-
merly considered a generalist consumer of 32 skipper species, was found 
to comprise at least 36 species, each of which eats only “one or a very few 
closely related species of caterpillars.” Examination of the six microgas-
trine braconid genera of northwestern Costa Rica revealed more than 
300 provisional species, 95% of which were undescribed and 90% of 
which “attack only 1 or 2 species of caterpillars” (Smith et  al. 2008). 
Cryptic diversity and cryptic host specificity were likewise found within 
the tachinid fly parasitoids of this region: 16 presumed generalist species 
were found to represent 73 mitochondrial lineages, of which only 9 were 
true generalists (Smith et al. 2007).

In short, what appeared to be a fairly generalized plant–herbivore–
parasitoid food web resolved, on more rigorous inspection, into a series 
of far more specialized food chains. One obvious general lesson is that 
fine-grained taxonomic distinctions are not ecologically trivial. Heaps of 
closely related butterfly species, identical enough to pass for one another 
in plain sight for hundreds of years, are ecologically and trophically dis-
parate. Any theory of food webs that elided such distinctions in the search 
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for “useful generalizations” (Lawton 1999) would be anti-progress, because 
the mischaracterization of network architecture, diet breadth, and niche 
overlap would preclude any reliable inferences about the eco-evolutionary 
processes that produced those attributes. The quest for a predictive con-
ceptual framework of ecological specialization (Poisot et al. 2011, Vamosi 
et al. 2014) is doomed if we are routinely and unknowingly mistaking 
specialists for generalists in nature.

This kind of problem is not confined to megadiverse tropical-forest food 
webs of tiny wasps and flies and caterpillars. In a semiarid African sa-
vanna ecosystem in Kenya, we have found similar patterns of cryptic di-
versity and dietary specificity among large mammalian herbivores. Since 
2008, Jake Goheen, Todd Palmer, and I have maintained the UHURU 
study—a network of 1-ha experimental plots where we simulate size-
biased extinction by selectively excluding first the megaherbivores (ele-
phants and giraffes), followed by successively smaller sets of species (meso-
herbivores, then dwarf antelopes), until only hares and rodents remain 
(Pringle 2012, Goheen et al. 2013, Kartzinel et al. 2014, Goheen et al. 
2018). To assess the ecological impacts of removing larger species, we reg-
ularly monitor plants, trap small mammals, and survey other animal 
populations and ecosystem processes (Coverdale et al. 2016, 2018, 2019; 
Ford et al. 2014, 2015; Long et al. 2017; Louthan et al. 2013, 2014, 2018; 
Ngatia et al. 2014; Pringle et al. 2011, 2014, 2016; Titcomb et al. 2017; 
Young et al. 2013, 2015, 2017). Among the few-dozen small-mammal spe-
cies in this region, there are two genera, Mus and Crocidura, that each 
contain multiple species that we cannot distinguish in the field (Goheen 
et al. 2013, Young et al. 2015). A ‘species’ known to us for the first sev-
eral years of the study as Gerbilliscus robustus was later revealed to be two 
species from different genera, G. robustus and Taterillus harringtoni (Go-
heen et al. 2013). Two species of hares (Lepus spp.) that occur in the plots 
can be distinguished based on mitochondrial DNA, but our attempt to 
identify these two haplotypes based on the reference DNA sequences avail-
able in GenBank produced hopelessly confusing results (Kartzinel et al. 
2019); we are forced to refer to them as Hare A and Hare B. Notably, fecal 
DNA analysis reveals that Hare A and Hare B—whoever they are—have 
different diets (Kartzinel et al. 2019). For plants, our initial list of 105 
morphotaxa in the experimental plots has been painstakingly refined and 
expanded over the past decade with the assistance of taxonomic experts 
and DNA barcoding, currently numbering 189 (Goheen et al. 2013; Kartz-
inel et al. 2014, 2015; Gill et al. 2019).

Just as in Costa Rica, these fine-grained taxonomic distinctions have 
implications for our understanding of ecological specialization and food-
web architecture. African savanna herbivores are often classified as graz-
ers, browsers, or mixed-feeders—a taxonomically coarse typology that 
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refers to the proportion of monocots (primarily grasses, family Poaceae) 
versus all other plant lineages (“browse”) in the diet (du Toit and Olff 
2014). The most common large-herbivore species at our Kenyan site in-
clude three pairs of species that consume roughly equivalent proportions 
of grass and browse (as inferred from carbon stable-isotope analysis), yet 
strikingly partition different plant species within those categories (as in-
ferred from fecal DNA metabarcoding): plains and Grevy’s zebra (Equus 
quagga and E. grevyi, respectively), Cape buffalo and domestic cattle (Syn-
cerus caffer and Bos indicus, respectively), and elephant and impala (Lox-
odonta africana and Aepyceros melampus, respectively) (Kartzinel et al. 
2015). Thus, depending on the taxonomic resolution with which diet is 
assessed, one could conclude that diet composition is highly redundant 
within these pairs (comprising similar proportions of grass and browse), 
or that each species is relatively specialized and distinct (consuming 
different amounts of particular grass and browse species). The as-yet un-
answered question is to what extent these subtler distinctions influence 
broader system-level processes and properties—competition, coexis-
tence, productivity, stability—and thus to what extent we must account for 
all nodes and edges before we can have a functional understanding of a 
food-web network.

Old Wine in New Bottles

These perspectives throw modern light onto a longstanding problem. Con-
cerns about the inadequacy of empirical data to resolve food-web struc-
ture and dynamics go way back. Ecologists’ interest in “the structure of 
food webs” (May 1983, Pimm 1979) intensified in the late 1970s, with 
hopes that general rules of community organization could be distilled 
(Cohen 1977, Briand and Cohen 1984). May (1983) outlined the contours 
of an emerging field: “Although a good deal of scattered information about 
individual food webs has been available for some time, it is only in the 
last 10 years or so that people have begun a systematic attempt to under-
stand what factors determine the structure of food webs.”

However, the accuracy and resolution of the empirical food webs being 
used to guide theoretical development left much to be desired. This was 
especially true for the small and inconspicuous species at low trophic lev-
els. Whereas large vertebrates were rarely overlooked and were often 
resolved to the species level, basal consumers and resources were often 
lumped into coarse taxonomic or functional groups (not always the cor-
rect ones) or else omitted entirely. Paine (1988) argued that existing em-
pirical food webs provided only an approximate “road map” of interac-
tions in a community:
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These qualitative descriptions were never intended to be data, to 
serve as grist for the theoretician’s mill. I do not believe that clever 
theory can overcome this handicap and generate testable, interest
ing predictions about web structure and dynamics. Profitable the-
ory can be done, and often is, for theory’s sake. However, when 
theory is developed in concert with data, the partnership should 
be more or less equal. This has not been the case with food webs, 
where theory seems far ahead of the data, often to the theory’s 
detriment. I know of no one who, having assembled a data set on 
feeding relationships, considers those data to constitute much more 
than an incomplete preliminary description. I believe a fresh start 
is called for.

Paine argued that food webs must at least be subjected to “common sense” 
scrutiny as to whether they represent “a biologically realistic representa
tion,” and that “whenever possible, species should be identified rather than 
aggregated so that individual roles can be identified and ties to main-
stream ecological mathematics facilitated.” He also suggested that it 
might be more profitable to shift focus away from patterns of connectance 
in complex whole-community food webs as a basis for theory, and towards 
the use of interaction strength as a currency to generate more easily test-
able predictions.

The latter recommendation foreshadowed many advances in commu-
nity ecology throughout the 1990s. By focusing on simplified bi- and tri-
trophic modules of strongly interacting species, it was possible to demon-
strate the importance of indirect effects in shaping communities and their 
responses to perturbations (Power 1990, Strauss 1991, Polis 1994, Woot-
ton 1994, Menge 1995, Holt and Polis 1997, Schmitz et al. 2000). The abil-
ity to experimentally exclude or add individual species in natural commu-
nities or mesocosms facilitated the bridging of theory and empiricism 
that had been lacking in whole-community connectedness-web approaches. 
Dynamic models of interactions within these modules could be parame
terized and tested in ways that complex food-web networks could not.

Via judicious simplification, these developments sidestepped the logis-
tical challenges of fully characterizing food-web architecture. Yet these 
two approaches are not substitutable: The value of understanding food-
web modules underscores the importance of resolving food-web architec-
ture. Attempts to construct food-web theory piecewise by linking modules 
will struggle to reproduce the emergent properties that arise at succes-
sively higher levels of organization, which are difficult if not impossible 
to predict based on their modular subsystems. In other words, “food webs 
are more than the sum of their tri-trophic parts,” just as a cell is more 
than a bag of molecules (Cohen et al. 2009). Although it may ultimately 
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prove possible to build upwards towards predictive and dynamic food-
web models (McCann 2012), doing so will minimally require a precise 
understanding of how the constituent pieces fit together and how each 
modifies the others—as any home-furniture assembler would attest.

Meanwhile, the development and testing of complex network models 
continues to be hindered by the scarcity of good data. New-and-improved 
theory, computers, and numerical techniques mean that we can now do 
for complex networks what could not be done in the 1970s. This has rein-
vigorated efforts to characterize ecological communities and their dynam-
ics using information about network architecture (Strogatz 2001, Dunne 
et al. 2002, Jordano et al. 2003, Tylianakis et al. 2008, Allesina et al. 2008, 
Stouffer and Bascompte 2011). Yet the theoretical advances in this area 
have not been matched by improvements in the datasets necessary to pa
rameterize and test predictive models. Brown and Gillooly’s (2003) ob-
servation that “theoretical progress has been hampered by lack of ade-
quate data” echoes the concerns previously voiced by May (1983) and 
Paine (1988) and subsequently voiced by others (Lafferty et al. 2008). Yet 
there has been little concerted effort over the past four decades to rectify 
this situation. In 1983, May had counted 62 empirical food webs. Thirty-
two years later, Cirtwill et al. (2015) found 196 webs of sufficient quality 
to be usable; of these 196, only 31 were from terrestrial ecosystems, and 
those 31 were drawn from a mere 19 primary sources with a mean age of 
more than 50 years (as of 2016). Cohen et al. (2009) found a total of three 
webs (all aquatic, and two from the same lake in different years) that in-
cluded information on both link structure and the average body mass 
and population density of each taxon in the network.

Ecological Forensics: Inroads Using Molecular Methods

One bright spot in the landscape painted above is that recently devel-
oped molecular and bioinformatics techniques such as DNA barcoding 
and metabarcoding can vastly facilitate both reliable taxonomic assigna-
tion and delineation (Hebert et al. 2004, Janzen et al. 2017) and dietary 
analysis (Taberlet et al. 2007; Pompanon et al. 2011; Wirta et al. 2014; 
Craine et  al. 2015; Kartzinel et  al. 2015, 2019; Kartzinel and Pringle 
2015; Evans et al. 2016; Atkins et al. 2019; Pringle et al. 2019). Allied 
techniques are enabling us to approach the microbial component of food 
webs for the first time (Henderson et al. 2015, Reese et al. 2018, Kartzi-
nel et al. 2019). Integration of DNA-based methods with complementary 
approaches such as stable-isotope and fatty-acid analyses can compen-
sate for the limitations of each method in isolation (Traugott et al. 2013, 
Nielsen et al. 2018).
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These approaches, if creatively harnessed to the conceptual frame-
works that community ecologists have been honing for decades, have 
revolutionary potential. Lawton’s (1999) lament that “community ecol
ogy is a mess” grew from the perception that system-specific contingen-
cies thwart theoretical predictions and prevent ecologists from scaling 
up. This diagnosis resonated with many community ecologists, and the 
prescription—a retreat from mechanism, “reductionism, and experimen-
tal manipulation” in favor of the search for large-scale, “detail-free statis-
tical patterns”—set an enduring tone for the field. But “contingency” 
simply means that our working model is incorrect, incomplete, or both. 
Contingency has mechanistic underpinnings, and they too can be untan-
gled. Judicious simplification and abstraction will continue to be valu-
able tools for coping with ecological complexity. But it is increasingly 
unnecessary to reflexively shy away from complexity, as the reach and 
power of our tools grow more and more to scale with that complexity. 
And it is increasingly easy to envision a near future in which Lawton’s 
(1999) “overwhelmingly complicated . . . ​intermediate scales” cease to 
seem quite so overwhelming.
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What Determines the Abundance of 
Lianas and Vines?

Helene C. Muller-Landau and Stephen W. Pacala

Climbing plants—a group that includes both lianas (woody) and vines 
(nonwoody)—are found in a majority of the world’s forests, at widely vary-
ing abundances. Climbing plants are more abundant in tropical than in 
temperate forests, in dry tropical forests than in wet tropical forests, and 
in younger forests and forest edges (Schnitzer 2005, DeWalt et al. 2015). 
The abundance of climbers is critically important to determining forest 
carbon stores and cycling (van der Heijden et al. 2015, Schnitzer 2018). 
Where there are more lianas and vines, trees grow more slowly, forests 
store less carbon, and forest structure is altered, with implications for the 
diversity and abundance of other plants and animals within the forest 
(Schnitzer et al. 2015). Further, the effects of lianas differ among tree spe-
cies, and thus the relative performance of tree species depends on liana 
abundance (Muller-Landau and Visser 2019). Thus, the question of what 
determines the abundance of lianas and vines within a forest is central in 
forest ecology. Yet surprisingly, we have not yet answered the question of 
what determines the abundance of climbing plants in any forest, much 
less what explains variation in their abundance across forests and among 
tree species within forests.

Climbing plants have inherently lower investment in structural support 
than self-supporting woody plants (trees and shrubs). Trees invest a sub-
stantial part of their carbon and other resources in constructing and main-
taining trunks and branches to compete for light. Lianas and vines, as 
structural parasites on trees, invest far less (Darwin 1865). This then poses 
a conundrum: Given that climbing plants receive similar benefits (light) 
at lower cost (stems), why aren’t they more common relative to trees? After 
all, common though they are, lianas and vines are much less abundant 
than trees in the vast majority of forests and are completely absent from 
other forests. There are parallels here to the classic question “why is the 
world green?” (Hairston et al. 1960). In both cases, we need to step back 
and recognize that the world as we are used to seeing it is not the only 
way it could be, and that the current state requires explanation.
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A first answer to the question of why lianas and vines aren’t more com-
mon might be that, as parasites, they depend on trees to be their hosts, 
and cannot themselves dominate forests. However, local patches in which 
lianas or vines dominate and the canopy is very low (e.g., liana-choked 
gaps) are found in many temperate and tropical forests, although they gen-
erally occupy only a small fraction of the landscape (Terramura et  al. 
1991, Foster et al. 2008). Further, there are so-called “liana forests” in 
French Guiana, Bolivia, Brazil, and elsewhere in the tropics, in which lia-
nas dominate over large areas (e.g., Pérez-Salicrup et al. 2001, Foster et al. 
2008, Tymen et al. 2016).

In this essay, we consider what mechanisms regulate and limit the abun-
dance of climbing plants at different scales, and how these might contrib-
ute to explaining variation in their prevalence within and among forests. 
We say a mechanism regulates climber abundance if it introduces nega-
tive density-dependence that prevents climbers from increasing in abun-
dance without bounds (Turchin 1995). By limiting factors, we mean both 
density-dependent and density-independent factors that affect the abun-
dances at which climbers are regulated. For simplicity, we refer in the re-
mainder of the text simply to lianas; however, almost all our arguments 
apply equally to vines.

We propose that liana abundance is regulated and limited at three dis-
tinct and interacting scales: in the proportion of trees infested with lia-
nas; in the liana load within the crowns of individual host trees; and in 
the proportion of the landscape that is in a liana-dominated, low-canopy 
state. We suggest that a disease ecology or host–parasite ecology frame-
work offers useful insights for understanding the first two scales. Thus, 
the proportion infested can be understood as a function of the rates at 
which uninfested trees are colonized and infested, the rates at which in-
fested host trees lose lianas, and the demographic rates of infested and 
uninfested hosts. We suggest that the biomass of lianas within a tree crown 
(parasite load) can be understood in terms of selection for the highest re-
productive number, expressed as new hosts infested per infested host 
(Anderson and May 1982), which necessarily must balance the benefits of 
higher liana load and associated resource pre-emption against the cost to 
the parasite of negative impacts this load imposes on its host (Ichihashi 
and Tateno 2011). Finally, the proportion of the landscape that is in a 
liana-dominated, low-canopy state doesn’t fit within a disease ecology or 
host–parasite framework; it is as though a parasite had a free-living alter-
native lifestyle that competed directly with its host. In the remainder of 
this essay, we discuss what regulates and limits liana abundance at each 
of these scales in turn.
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Proportion of Trees Infested with Lianas

We can explain the proportion of trees infested with lianas in fundamen-
tally the same way that we explain the prevalence of a disease or parasite 
in a host population. The proportion of infested trees must depend on (1) 
the liana colonization rate, the rate at which liana-free trees become in-
fested (analogous to disease transmission); (2) the liana loss rate, the rate 
at which infested trees lose lianas (analogous to recovery from an infec-
tious disease); and (3) the host demographic rates, specifically mortality 
and recruitment of infested and uninfested hosts (Fig. 1A). If these rates 
and their dependence upon the density and frequency of infested and 
liana-free trees are known, then we can solve the corresponding differen-
tial equations for the expected stable equilibrium proportion of trees in-
fested with lianas, and the solution will illuminate exactly how the pro-
portion infested relates to the parameters determining liana colonization, 
liana loss, and host demographic rates.

It is useful to frame this discussion with reference to a simplified model. 
This enables us to discuss factors in terms of their influences on parameters 
of the simplified model, or deviations from the simplified model forms. Let 
I be the number of liana-infested trees, and S the number of liana-free 
trees susceptible to liana colonization. In the simplest formulation, all 
liana-free trees are susceptible, and thus S = N − I, where N is the total num-
ber of trees, assumed constant for simplicity. A simple frequency-dependent 
model for the liana colonization rate (liana-free trees infested per unit of 
time) is β SI/N = β I(N − I)/N, where β is a constant that reflects the liana 
colonization pressure per infested tree (Fig. 1B). The simplest model of the 
liana loss rate (liana-infested trees losing lianas per time) is that it equals 
υI, where υ is a constant for the rate at which liana-infested trees lose lia-
nas. And the simplest model for mortality of infested hosts is αI, where α is 
a constant infested tree mortality rate (Fig. 1C). This leads to the following 
differential equation for the number of infested individuals:

dI
dt

= β I N − I
N

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟
−υI −α I

Here, the proportion of trees infested by lianas is regulated by the nega-
tive density-dependence of colonization (the N − I term): The number of 
trees newly colonized by lianas eventually declines as the availability of 
susceptible trees goes down. Under this model, the proportion of trees in-
fested with lianas tends to a stable equilibrium,

  I
N

= 1− υ +α
β

.
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The proportion infested increases with the liana colonization rate β, and 
declines with the liana loss rate υ and the infested tree mortality rate α ; 
thus, all three parameters can be said to limit the proportion infested.

We now discuss each of the three sets of underlying rates—liana colo-
nization, liana loss, and host demography—and its controls. We thereby 
link the simplified model above to natural history knowledge about these 
processes.

Liana Colonization

In general, we expect the number of new trees infested in a forest stand 
to be a unimodal function of the total proportion infested, with an initial 
increase due to increased availability of lianas to do the colonizing, and 
an eventual decrease as the supply of liana-free susceptible trees dwin-
dles (Fig. 1B). The height of the curve depends on liana reproductive suc-
cess per infested tree, expressed in the simplified model through the pa
rameter β. The point at which this curve returns to zero reflects the 
abundance of liana-free trees susceptible to colonization, which may be 
less than the total abundance of liana-free trees in the real world, unlike 
the simplified model. Any potential density- or frequency-dependence in 
reproductive success would result in deviations from the simplified model 
that alter the shape of the curve from a simple parabola. We treat each of 
these features of the curve in detail in the following paragraphs.
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Figure 1. (A) A simple box model for the prevalence of liana infestation in a tree 
community. Under the assumption that the total number of trees remains constant, 
the proportion of trees infested with lianas depends only on the rate at which liana-
free trees are colonized by lianas (light-gray arrow), and the rates at which liana-
infested trees die or lose lianas (dark-gray arrows). More generally (if total tree 
number is not fixed), it will also depend on the mortality and recruitment rates of 
liana-free trees (black arrows). These rates can all take various functional forms; 
the simple examples discussed in the text are shown here. (B) The flux of trees into 
the liana-infested pool (newly infested trees per time) is expected to be a unimodal 
function of the number of trees infested with lianas. It depends on both the avail-
ability of liana-infested individuals to serve as a source of colonization (increasing 
part of the curve), and the availability of liana-free individuals susceptible to coloni-
zation (decreasing part of the curve). (C) The flux of trees leaving the liana-infested 
pool encompasses cases in which lianas are lost from the tree (tree transitions 
from liana-infested to liana-free) and death of liana-infested trees. Both of these 
fluxes are expected to be continuously increasing functions of the number of liana-
infested trees; in the simplest case treated here they are proportional. (D) The 
combination of unimodal fluxes in and proportional fluxes out of the liana-infested 
tree pool leads the net change in liana-infested trees to be a hump-shaped function 
of the number of liana-infested trees, and thus to an expected stable equilibrium 
abundance of trees infested with lianas (point), below which the net change is 
positive, and above which it is negative. For the specific functional forms given in 
(A) and constant total population size N, the equilibrium proportion infested is 
I /N =1−(υ +α )/β.  All these curves and associated parameters will depend upon 
liana life history strategies (e.g., aggressive versus conservative, climbing mode), 
tree life history strategy  (e.g., fast versus slow), and the environment. The peak of 
the colonization curve (B) may be increased by factors that increase liana fecun-
dity, increase juvenile liana survival, increase trellises for lianas to climb to the can-
opy, and/or reduce tree defenses against lianas, depending on which factors limit 
liana infestation. The right-hand x-intercept of the colonization curve will be re-
duced by factors that reduce the proportion of liana-free trees susceptible to colo-
nization. The steepness of the loss functions (C) and thus the magnitude of the 
outgoing flux will be decreased by factors that decrease the mortality of infested 
trees and decrease the rate of liana loss from infested trees, including less effective 
tree defenses to promote liana loss. Factors that increase the colonization flux or 
decrease the flux out of the infested pool will increase the equilibrium abundance 
of liana-infested trees.
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The height of the colonization curve depends on what would be called 
transmission in disease ecology. Here, this reflects the combined influ-
ences of liana seed production and vegetative shoot production per host 
tree infested, and the odds that these offspring survive and succeed in 
finding and climbing a host tree. Seed production and vegetative shoot 
production per infested host depend closely on the liana load in the host 
tree—whether there are many liana leaves in favorable (sunlit) positions 
on the tree, or few in unfavorable (shaded) positions, for example. (The 
factors controlling liana load will be considered in the section Liana 
Load Within Individual Trees.) The colonization success per liana seed 
depends on liana regeneration requirements and the conditions in the 
forest understory—especially light levels—as well as on the availability 
of suitable trellises to the canopy along which the juvenile liana can grow. 
Different liana climbing strategies are limited to different substrates; for 
example, tendril climbers require small stems to grip, twining lianas 
cannot climb stems above a certain diameter; and adhesive climbers re-
quire a relatively rough surface and cannot move between branches or trees 
(Putz 1984b). The success per vegetative shoot running along the ground 
similarly depends on the availability of trellises, whereas the success of 
shoots deployed from one crown to another depends on sufficient prox-
imity of other uninfested crowns (Putz 1984b), and thus can only fully be 
addressed with a spatially explicit model.

The point at which the colonization curve returns to zero depends on 
the proportion of liana-free trees that are susceptible to liana coloniza-
tion. If all liana-free trees are susceptible to liana colonization, then the 
colonization rate reaches zero only when all trees are infested with lianas. 
However, some trees may be resistant to liana colonization. Canopy trees 
may be able to escape in size: If they grow a fat enough trunk and high 
enough lower branches sufficiently separated from other trees, then they 
cease to be amenable to colonization, at least by most types of lianas (Putz 
1984a, Campbell and Newbery 1993). Trees may also be uncolonizable 
by virtue of possessing highly effective defenses against lianas, such as 
mutualist ants that clip liana tendrils (Janzen 1969, Tanaka and Itioka 
2011). This uncolonizable host population parallels the resistant/recov-
ered population in many disease models. In this case, the colonization 
curve will return to zero at a proportion infested equaling one minus the 
proportion of uncolonizable hosts.

There are several mechanisms that could introduce negative density-
dependence to liana “transmission” beyond that due simply to the exhaus-
tion of susceptible hosts, and thereby change the shape of the coloniza-
tion curve. Much of liana transmission to new hosts is through vegetative 
propagation, which is short-distance (Schnitzer et al. 2012a). This local 
transmission results in clustering, such that trees close to liana-infested 
trees are more likely to be already infested, and less likely to be liana-
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free and susceptible to colonization, than is the average for the larger for-
est stand (Schnitzer et al. 2012b). Insofar as liana infestation reduces tree 
reproductive success (Visser et al. 2017), higher densities of lianas may 
also lead to higher local abundances of tree species uncolonizable by lia-
nas. Both of these mechanisms reduce liana reproductive success in areas 
of high liana densities.

On the other hand, there are other mechanisms by which liana repro-
ductive success may increase with the proportion of trees infested, leading 
to positive density-dependence. The presence of liana-infested trees may 
change the environment in ways that increase colonization success and 
thereby introduce positive density-dependence. Liana-infested trees may 
be more likely to lose branches or experience die-back, increasing under-
story light and consequently tree and liana sapling survival, thereby in-
creasing trellis availability and the probability that a liana seed or vegeta-
tive shoot will make it to the canopy. Some of the same factors that increase 
the proportion of trees infested also tend to increase mean liana loads per 
infested host (treated in the section Liana Load Within Individual Trees), 
and this in turn may increase liana reproductive success per infested host. 
Further, we hypothesize that higher liana abundance is likely to be associ-
ated with a greater incidence of host coinfection (more than one liana on 
a single host), and that this in turn may favor more aggressive liana strat-
egies due to a tragedy of the commons (addressed in the section Liana 
Load Within Individual Trees). Such more aggressive strategies involve 
higher pre-emption of host resources, higher liana loads, and higher liana 
reproductive output per infested host. If the resulting positive density-
dependence, whatever its origins, is sufficiently extreme, it could generate 
alternative stable states of high and low liana prevalence.

Liana Loss

Countering the gains in newly infested trees due to colonization are losses 
when infested trees die or lose their lianas (Figs. 1A, 1C). Liana-infested 
trees can lose their lianas when liana-infested branches are dropped, when 
lianas are pulled out of the tree or severed by a neighboring branchfall or 
treefall, or when lianas die due to disease, senescence, or other causes. In 
the simplest case, the rate at which liana-infested trees lose lianas is as-
sumed to be a constant unrelated to the number of trees infested, so that 
total fluxes are proportional to the number of trees infested (Fig. 1C). This 
rate (υ in our simple model) depends on liana traits (e.g., climbing strat-
egy), tree traits (e.g., tree architecture), and environmental factors (e.g., 
windspeed) (Putz 1984a). Hypothesized tree defenses to increase the liana 
loss rate include higher trunk and branch flexibility, self-pruning of 
branches and/or large leaves, and bark shedding, although there are few 
studies testing these ideas (Hegarty 1991).
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Alternatively, liana loss rates (per tree) may increase or decrease with 
the proportion of trees infested. We expect mean liana loads on individ-
ual trees to increase with the proportion of trees infested. Higher liana 
loads on a given branch would be expected to increase branchfall rates 
and thus loss rates. On the other hand, insofar as higher liana loads are 
associated with more lianas on a given tree, the probability that a tree 
entirely loses all its lianas could decrease with increasing liana load. Thus, 
the total flux of trees from liana-infested to liana-free could increase more 
than proportionally or less than proportionally with the proportion of 
trees infested (faster or slower than linear increase in Fig. 1C), thereby 
altering the equilibrium proportion infested (Fig. 1D).

Host Demography

The literature on variation in the proportion of trees infested with lianas 
within and among sites has focused on differences in liana colonization and 
loss (e.g., Putz 1984a). However, host demographic rates also limit the pro-
portion of trees infested with lianas. Most obviously, mortality of infested 
trees removes infested trees from the community, to be replaced by recruits 
that are initially liana-free. Thus, the higher the mortality rate of infested 
trees (α in our simple model), the lower the proportion that will be infested 
for any given liana colonization and liana loss rates (Visser et al. 2017). The 
mortality rate of infested trees depends on the environment, tree traits, and 
liana traits, and increases with liana load (Ingwell et al. 2010, Wright et al. 
2015). Thus, insofar as mean liana loads are higher when the proportion of 
trees infested is higher, we might expect the total mortality of infested 
trees to rise more than proportionally with the proportion of trees infested 
with lianas (faster than the linear increase shown in Fig. 1C), thereby de-
creasing the equilibrium proportion infested (Fig. 1D).

Host demographic rates have additional effects on the proportion of 
trees infested that are not captured in our simple model. Higher baseline 
(liana-free) tree mortality rates mean shorter tree lifespans and less time 
for trees to accumulate lianas before they die, reducing the proportion of 
trees infested. Negative effects of lianas on tree growth (Clark and Clark 
1990, Ingwell et al. 2010) will reduce transitions of liana-infested trees 
into the larger size classes, and thereby reduce the proportion of large 
trees that are liana-infested.

Synthesis

Liana colonization, liana loss, and host demography necessarily together 
determine the proportion of trees infested with lianas (Fig. 1A). A key 
challenge is to elucidate these rates, their variation with proportion in-
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fested (i.e., the shapes of the functions in Figs. 1B, 1C), and the controls 
on these rates—e.g., determining to what degree the colonization rate is 
limited by the availability of liana seeds and shoots, understory light, and/or 
understory vegetation that provides trellises to the canopy. This will then 
illuminate what factors are most important for determining variation in 
the proportion of trees infested with lianas among species and sites, as we 
show in Visser et  al. (2018a). Regulation requires negative density-
dependence, and an obvious source of negative density-dependence on the 
proportion of trees infested with lianas is the declining availability of 
liana-free susceptible host trees. Additional negative density-dependence 
may emerge if liana loss rates and/or infested tree mortality rates increase 
with proportion of trees infested, as they may if mean liana load increases 
in parallel (discussed in the next section). Importantly, there is potential 
for alternative stable states of high and low liana infestation levels if there 
is sufficient positive density-dependence in liana colonization pressure, 
and/or if the liana loss rate declines sufficiently with the proportion in-
fested, as discussed previously.

Liana Load within Individual Trees

A tree’s liana load—the mass of lianas within its crown and the amount 
of light they preempt—affects the contribution that lianas in that tree 
make to colonizing other trees, the probability the host loses its lianas, 
and host mortality, growth, and fecundity. Thus, understanding what de-
termines liana load within a host tree is a critical component of under-
standing what determines liana abundance more generally. Just as the 
proportion of trees infested with lianas parallels the proportion of hosts 
infected in disease ecology, so liana load within a tree crown parallels 
pathogen load within the host. Liana loads can in part be understood in 
terms of evolution of virulence—that is, selection for lianas with the 
highest reproductive number, defined as new hosts infested per infested 
host (Anderson and May 1982). This selection takes place in the context 
of a fundamental tradeoff between the benefits of higher liana load and 
associated resource preemption against the cost to the lianas of negative 
effects this load imposes on its host (Ichihashi and Tateno 2011).

Below, we first consider factors that influence selection on what we call 
the target liana load—that is, the liana load a liana seeks to achieve. In 
discussing target liana load, we focus on liana leaf area index (LAI) within 
the host crown, defined here as the total leaf area of liana leaves divided by 
the crown area, although we recognize that there are other aspects of liana 
load as well. We address three categories of factors shaping target liana 
load: diminishing returns from additional liana leaves, negative feedbacks 
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Figure 2. The hypothesized change in total benefits (light gray) and costs (dark gray) 
accruing to lianas within a particular host crown, and net impacts on liana success 
(black), as a function of the leaf area index (LAI) of lianas within that host crown. 
Liana LAI is the total liana leaf area on a given host divided by the total host crown 
area, and is used here as a measure of liana load. (A) Total photosynthesis per time 
is a saturating function of liana LAI because self-shading causes diminishing returns 
of additional liana leaves. (B) The total cost of liana leaves and the stems to supply 
them increases approximately proportionately with liana LAI. (C) Liana net carbon 
gain per time is a unimodal function of liana LAI, due to the combination of saturat-
ing returns and continually increasing costs. (D) Liana biomass losses to host branch 
fall increase with liana LAI, reflecting negative feedbacks on host tree branch re-
tention. (E) Expected liana residence time in the canopy, and thus liana lifetime sun 
exposure (light access) and wind exposure (seed dispersal success), all decrease 
with liana LAI, reflecting negative feedbacks on host survival and growth. (G) Liana 
lifetime reproductive success is a unimodal function of liana LAI, with a peak at a 
lower LAI than that which maximizes liana net carbon gain per time (C). All of these 
curves will vary depending upon liana life history strategies (e.g., aggressive versus 
conservative, climbing mode), tree life history strategy (e.g., fast versus slow), and 
the environment. For example, photosynthesis at a given liana LAI (A) will be in-
creased by a longer growing season, higher host light availability, and more aggres-
sive liana leaf placement strategies, whereas the cost per liana LAI (B) will be in-
creased by greater host tree height, and by greater per-height liana stem construction 
costs due to frost, drought, or a twining climbing strategy. Similarly, liana residence 
time (E) will be decreased by higher tree mortality rates and more negative effects 
of lianas on host tree survival.
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from burdening host trees, and within-host competition among lianas. 
We then further consider factors that cause liana loads to be less than the 
target liana load.

Diminishing Returns of Higher Liana Leaf Area

Lianas, like most plants, tend to place their leaves disproportionately in 
the greatest-light environments they can reach. As a liana adds more leaves 
within a given host tree, accessible high-light positions are progressively 
exhausted, and additional leaves placed in the same crown are relegated 
to successively lower-light environments. Thus, benefits of additional 
leaves go down as the number of leaf layers increases, and total carbon 
gain of lianas on the host tree eventually saturates (Fig. 2A). At the same 
time, the marginal cost of leaves remains approximately constant, so that 
the total cost of leaves increases approximately proportionally with liana 
LAI (Fig. 2A). The combination of diminishing marginal returns and ap-
proximately constant marginal costs causes total liana net carbon gain per 
time to be a unimodal function of liana LAI (Fig. 2C). The diminishing 
returns of higher liana leaf area within a given crown are qualitatively 
the same for trees and for lianas. They have the potential to regulate liana 
LAI, just as they regulate tree LAI. We expect lianas to stop making leaves 
on a given host tree at or below some light level at which additional leaves 
are no longer a good investment and the total liana net carbon gain per 
time starts to decrease.

We hypothesize that the marginal costs of additional leaves are higher 
for climbing plants than for self-supporting trees, even though the total 
costs of supporting leaves are higher for trees. We thus further hypothesize 
that the liana LAI that maximizes net carbon gain of a resident liana on a 
host tree will be lower than the tree LAI that maximizes net carbon gain 
for the host. Our logic is that the marginal costs of leaves of canopy lianas 
include not only the costs of the leaves themselves, but also of the plumb-
ing to the ground (xylem, phloem) required to supply these leaves with 
water and nutrients. In trees, we expect the size of the stem to be deter-
mined primarily by structural needs, and to be more than adequate for 
water and nutrient transport, so that the marginal cost of supplying an 
additional leaf with water are miniscule. In lianas, in contrast, the size of 
the stem is determined primarily by transport needs, and thus marginal 
costs for additional leaves are high, and become ever higher as the canopy 
becomes taller (and the stem becomes longer). The marginal cost of each 
additional liana leaf might decrease somewhat with increasing LAI if shade 
leaves are constructed more cheaply or require less water, but it is none-
theless considerably higher than the marginal cost for a tree. This differ-
ence is expected to lead lianas to have higher break-even light levels for 
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leaf deployment than their host trees, with larger differences for taller 
hosts. Empirical observations are consistent with the prediction that lianas 
will have fewer leaf layers than trees. A review by Hegarty and Caballé 
(1989) found liana LAI of 1 to 3, whereas host tree LAI was 5 or more. This 
difference in LAI cannot be attributed to inherently lower shade tolerance 
in lianas: Even in a tropical forest where most canopy lianas have few or 
no leaves in the shade (Avalos et al. 2007), most liana species build and 
maintain shade leaves as juveniles in the understory (Gilbert et al. 2006).

Increasing Negative Feedbacks from Burdening the Host Tree

Additional negative density dependence of liana loads arises because higher 
liana loads impose increasing burdens on the host tree, and negative conse-
quences for the host in turn feed back to resident lianas. First, the greater 
weight of more liana biomass in the tree increases the probability of branch-
fall (Fig. 2D). Liana biomass that was on a branch that falls may be torn to 
the ground, imposing a cost on the respective liana or lianas. Or, in a best-
case scenario for a liana, liana leaves that were on a branch that fell may be 
left hanging in the air in positions that are less optimal for light intercep-
tion than those they occupied previously, positions that are likely to lead to 
dieback and reallocation of liana resources. In the worst scenario for a 
liana, the liana mass on the falling branch may take the entire liana with it 
or sever the stem linking the liana in the crown to the soil, removing the 
liana entirely from that host canopy, and potentially killing it. An increase 
in branchfall risk with liana load reduces liana residence time in the can-
opy, and thus expected associated future benefits (Fig. 2E).

More generally, greater liana load on the host tree will increase the 
mortality risk of the host and decrease its expected future growth, both 
of which have negative consequences for resident lianas. Most lianas 
place leaves where they pre-empt light that would otherwise be cap-
tured by the host tree, thereby reducing host carbon gain, reducing 
host growth and reproduction, and increasing host mortality (Visser 
et al. 2018b). The physical weight of higher liana loads also increases 
the structural burden on trees and the associated risks of treefall. Tree 
death in turn removes resident lianas from their advantageous posi-
tions in the canopy, whether immediately (treefall) or soon thereafter 
(standing dead tree) (Fig.  2E). Even if a resident liana survives the 
death of its host, it has lost or soon loses the scaffolding that provides it 
with access to light and suffers the consequences. Slowing tree growth 
has similar, although milder, negative consequences for resident lianas, 
as it reduces the future area of scaffolding that the resident lianas can 
benefit from in this host tree and increases the chance that light avail-
ability at the host crown will diminish as the host tree is overtopped by 
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neighbors (Fig.  2F). Less favorable canopy positions also reduce the 
wind to which lianas are exposed, and thus reduce expected seed dis-
persal distances of the many lianas that are wind-dispersed (in tropical 
forests, lianas are considerably more likely to be wind-dispersed than 
are trees (Muller-Landau and Hardesty 2005)). When these negative 
feedbacks are taken into account, we expect the reproductive success of 
a liana on a given host tree will generally be maximized at a liana load 
that is lower than that which maximizes liana carbon gain per unit time 
(Ichihashi and Tateno 2011) (Figs. 2C, 2G). This is a classic case under 
which we expect evolution of reduced virulence in a parasite (Levin 
and Pimentel 1981, Anderson and May 1982).

It is important to recognize that there need not be a single optimal tar-
get liana load for all lianas at a site. Liana species co-occurring at the 
same site can vary widely in their host exploitation strategies and associ-
ated impacts on and feedbacks from host trees, paralleling variation in 
virulence among microbes co-occurring in the same host population. Such 
variation may in part arise in response to host heterogeneity, such as vari-
ation among co-occurring host tree species in response to liana infesta-
tion (Visser et al. 2018b), but can also emerge from game-theoretic dynam-
ics even given homogenous host populations. Ichihashi and Tateno (2011) 
documented coordinated variation among four co-occurring temperate 
liana species in leaf light environments and effects on host growth. The 
most aggressive species placed more than half its leaves in very high-light 
environments (greater than 80% of full sun) and reduced host growth by 
42%; the least aggressive placed 90% of its leaves in very-low-light envi-
ronments (less than 20% of full sun) and had no effect on host growth; 
the two other species were intermediate in both respects. The liana spe-
cies also varied in the number of host trees occupied by a single liana: The 
least aggressive species always occupied only a single tree, whereas the 
most aggressive species averaged 3.88 hosts per individual liana, and, of 
the two intermediate species, one averaged 1.59 and the other 2.56 hosts. 
A liana species that always occupied only a single tree would be expected 
to face especially strong negative feedbacks from burdening its host, and 
to have its interests relatively closely aligned with those of its host, to the 
point where it may even have an essentially commensal strategy, and an 
associated low target liana load (Ichihashi and Tateno 2011).

Within-Host Competition among Lianas

The above arguments regarding target liana loads implicitly assume that 
there is a single liana in any given host, but liana-infested trees often host 
more than one individual liana. Indeed, in one tropical site, 44% of infested 
trees hosted more than one species of liana (Visser et  al. 2018b). Where 
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there are multiple lianas in a single host, each liana bears the full cost of 
any restraint in its leaf deployment and proliferation, whereas the benefits 
of higher host survival and growth may be shared with other resident lia-
nas. This can in principle set the stage for a tragedy of the commons favor-
ing more aggressive host exploitation strategies and higher target liana 
loads (Nowak and May 1994, Mosquera and Adler 1998). Such dynamics 
could be mitigated if different lianas occupy different parts of a tree crown, 
and if feedbacks to branch growth and survival are largely localized. How-
ever, in many cases lianas intermingle in the crown. Further, the presence 
of one liana in a host crown often makes it easier for additional lianas to 
infest the tree, as the first liana stem can itself provide a route to access the 
canopy. Overall, it seems highly likely that the potential for within-host 
competition with other lianas substantially shapes selection on liana strate-
gies, and that it is likely to favor more aggressive strategies.

Underachieving Target Liana Loads

Of course, realized liana loads may often be well below the theoretical 
target liana loads of the liana or lianas in a given crown. The clearest ex-
ample of this is the presence of many trees with zero liana loads, which 
are extremely nonoptimal from the liana’s perspective. The same forces 
that control the proportion of trees infested and lead many trees not to 
be infested, also contribute to “underinfestation”. Most obviously, many 
trees with low liana loads may have been colonized relatively recently and 
be on their way to higher liana loads, with that process of liana spread-
ing through the crown taking time.

In other cases, parts of trees may be inaccessible, limiting liana loads 
within those trees, just as there are some trees that are inaccessible to colo-
nization. For example, if an upper tier of branches is separated from a lower 
tier by considerable vertical distance and accessible only via a large trunk, 
then lianas that cannot climb large trunks will be unable spread from the 
lower tier to the upper tier. Liana physiology may also limit where lianas 
place their leaves and thus the amount of light that is pre-empted; in partic
ular, some species of lianas can deploy their leaves only close to trunks and 
major branches (e.g., ivy) (Putz and Holbrook 1991). Finally, mutualists may 
also play a role in making some areas of trees inaccessible, just as they 
make some trees inaccessible; for example, mutualist ants of epiphytes re-
strict liana spread in some emergent trees (Tanaka and Itioka 2011).

Synthesis

There are multiple sources of negative density-dependence that have the 
potential to regulate liana load within host crowns, by insuring that 
liana reproductive success declines with increasing liana load above a 
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certain “target liana load” (Figs. 2C, 2G). This target liana load may vary 
among liana species, even within the same site, as there may be multi-
ple optimal strategies. Multiple optimal strategies may emerge from 
variation in other liana traits influencing costs and benefits of different 
liana loads, from host heterogeneity, and simply from the game-theoretic 
nature of the underlying problem (Nowak and May 1994). In the end, 
however, such optimal strategies may or may not be particularly impor
tant in any given system, as liana loads may in practice often be well 
below target liana loads due to limitation by other factors, such as those 
that limit the proportion of trees infested (see the previous section, Pro-
portion of Trees Infested with Lianas). All else being equal, a higher 
proportion of trees infested is expected to increase absolute colonization 
rates, and thereby increase realized liana loads relative to target liana 
loads, as lianas arrive in trees sooner and have more time to reach their 
target loads.

Proportion of Landscape in a Liana-Dominated,  
Low-Canopy State

Finally, at the landscape scale, we can think of areas as being in one of 
two states: either (1) tree-dominated forest, including tree-dominated 
canopy gaps, liana-free canopy trees, and liana-infested canopy trees, or 
(2) liana-dominated gaps, or more generally liana-dominated, low-canopy 
areas. In many types of forest, the entire area is tree-dominated, with no 
area in a liana-dominated, low-canopy state. In these landscapes, the 
liana-dominated low-canopy state must be unattainable and/or unvi-
able (zero rate of transition into this state and/or infinite rate of transi-
tion out). In most other forests, liana-dominated gaps are rare, consti-
tuting a sort of temporarily arrested succession, into and out of which 
patches transition (Schnitzer et  al. 2000). In the few landscapes in 
which liana-dominated, low-canopy states constitute a substantial frac-
tion of total area, it appears that transitions between the states con-
tinue (Tymen et al. 2016), although there are areas in which the liana-
dominated, low-canopy state appears to be highly persistent (Foster 
et al. 2008).

The frequency of the liana-dominated, low-canopy state at the land-
scape scale is governed by the rates of transition into and out of this state, 
and any frequency-dependence in these transitions (Fig. 3). In the sim-
plest case, if the transition rates are density-independent, then there is a 
single and stable equilibrium proportion of the area expected to be in the 
liana-dominated, low-canopy state (solid and dashed lines in Figs. 3B–3D). 
If transitions in both directions are positively frequency-dependent, then 
alternative stable states are possible (dotted lines in Figs. 3E–3G). Such 
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Figure 3. (A) The proportion of a landscape that is in a tree-dominated forest rela-
tive to the proportion in a liana-dominated, low-canopy state can be explained as a 
function of the rates of transition between the two, and how these vary with the rela-
tive proportions (if they do). Here tree-dominated forest encompasses tree-
dominated low-canopy areas as well as areas with large trees, whether those trees 
are liana-infested or liana-free. (B) If the probability that a tree-dominated patch 
transitions to liana-dominated, low-canopy state is independent of the frequency 
of the two types of the landscape, then the flux of such transitions is proportional 
to the frequency of tree-dominated areas, and declines linearly with the proportion 
of liana-dominated areas (solid line). Alternatively, the transition rates may be 
frequency-dependent, reflecting dependence on the availability of seed sources as 
well, in which case the flux is a unimodal function of the frequency (dashed line) 
(C) Similarly, transitions out of the liana-dominated low-canopy state increase pro-
portionally with the frequency of such patches if transition probabilities are 
frequency-independent (solid line), or may be a unimodal function if there is 
frequency-dependence (dashed line). (D) If neither of the transition probabilities is 
frequency-dependent (solid lines in (B) and (C)), then the net flux into the liana-
dominated, low-canopy state will be a linear decreasing function of the frequency 
of this state (solid line in (D)), resulting in a stable equilibrium frequency (filled cir-
cle), which may be zero. If the transition probabilities are both frequency-
dependent (dashed lines in (B) and (C)), then the net flux will be a more complex 
function of frequency (dashed line) and there may be alternative stable states of low 
and high frequencies of liana-dominated, low-canopy areas (open circles) as well 
as an unstable equilibrium x.
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positive frequency-dependence is plausible, given that landscape-level 
abundance of a given vegetation type would be expected to feedback pos-
itively on seed availability and juvenile abundance, but has not been 
established.

A fundamental open question concerns the rates and controls on 
transitions between tree-dominated forest and liana-dominated low-
canopy vegetation. For example, what is it that enables one or more trees 
to eventually “punch through” the surface of a liana-choked gap and 
grow to the canopy unencumbered by lianas? Are such escapes dispro-
portionately by tree species with specific adaptations against lianas, 
such as mutualisms with ants that cut tendrils (Janzen 1969, Fiala et al. 
1989)? Or do successful escape events generally follow some dieback of 
the dominant liana in that area of the gap, perhaps due to disease or 
senescence? It has been hypothesized that lianas are especially vulner-
able to host-specialized natural enemies, perhaps because of their high 
frequency of vegetative propagation (Gentry 1991a). The dominance of 
kudzu and some other invasive lianas outside their native ranges—but 
not within them—is consistent with the idea that natural enemies of 
lianas likely play an important role in enabling escape from (and/or 
preventing transitions to) the liana-dominated, low-canopy state. It is 
also possible that disturbances or unusual environmental conditions 
are crucial for transitions in one direction or the other. Multiple authors 
have hypothesized that large patches of liana-dominated forest in South 
America originated after large-scale disturbance (Webb 1958, Balée 
and Campbell 1990).

Discussion

Lianas are critically important components of forest ecosystems, whose 
abundance has major consequences for forest carbon stores and cycling 
(van der Heijden et al. 2015), and for the relative performance of differ
ent tree species (Muller-Landau and Visser 2019). Yet ecologists remain 
very ignorant of liana strategies and the factors that control the relative 
abundance of lianas pursuing different strategies, which we argue is crit-
ical to understanding the overall abundance and impact of lianas in for-
ests. There are central unanswered questions concerning the determinants 
of variation in liana abundance at the within-crown, within-forest, and 
landscape scales. These tie into unanswered questions concerning expla-
nations for empirical variation in liana abundance with climate, forest age, 
and host tree life history strategy (Schnitzer 2005, DeWalt et al. 2015). 
The considerations discussed in this essay provide an organizing frame-
work for contrasting hypotheses to explain such spatial variation in liana 
abundance (Tables 1,2).

 EBSCOhost - printed on 2/13/2023 11:37 AM via . All use subject to https://www.ebsco.com/terms-of-use



Ta
b

le
 1

. C
on

si
st

en
cy

 b
et

w
ee

n 
W

el
l-

E
st

ab
lis

he
d

 P
at

te
rn

s 
of

 V
ar

ia
ti

on
 in

 L
ia

na
 A

b
un

d
an

ce
  

am
on

g 
Fo

re
st

s 
an

d
 H

yp
ot

he
si

ze
d

 E
xp

la
na

to
ry

 M
ec

ha
ni

sm
s 

M
ot

iv
at

ed
 b

y 
C

on
si

d
er

at
io

n 
 

of
 t

he
 F

ac
to

rs
 T

ha
t 

L
im

it
 t

he
 P

ro
p

or
ti

on
 o

f T
re

es
 In

fe
st

ed

Pa
tt

er
ns

 c
o

ns
is

te
n

t 
w

it
h 

m
ec

ha
ni

sm
s?

R
el

ev
an

t 
fi

gu
re

Em
pi

ri
ca

l 
pa

tt
er

ns

Tr
o

pi
ca

l 
fo

re
st

s 
> 

 
te

m
pe

ra
te

 f
o

re
st

s 
(G

en
tr

y 
19

91
a,

 G
en

tr
y 

19
91

b,
 S

ch
ni

tz
er

 2
00

5)

E
ar

ly
 s

uc
ce

ss
io

na
l 

fo
re

st
s 

> 
la

te
 

su
cc

es
si

o
na

l 
fo

re
st

s 
(D

eW
al

t 
et

 a
l.

 2
00

0,
 

B
ar

ry
 e

t 
al

. 2
01

5)

D
ry

 t
ro

pi
ca

l 
fo

re
st

s >
 w

et
 t

ro
pi

ca
l 

fo
re

st
s 

(S
ch

ni
tz

er
 2

00
5,

 
D

eW
al

t 
et

 a
l.

 2
01

0,
 

D
eW

al
t 

et
 a

l.
 2

01
5)

Hypothesized mechanisms

H
ig

he
r 

d
en

si
tie

s 
of

 s
m

al
l 

un
d

er
st

or
y 

tr
ee

s 
in

cr
ea

se
 

th
e 

av
ai

la
b

ili
ty

 o
f t

re
lli

se
s 

an
d 

th
us

 li
an

a 
co

lo
ni

za
tio

n 
ra

te
s 

(P
ut

z 
19

8
4b

, P
ut

z 
an

d 
H

ol
b

ro
ok

 1
99

1,
 

B
al

fo
ur

 a
nd

 B
on

d 
19

93
).

1B
Y

es
.

Y
es

.
Y

es
.

Tr
op

ic
al

 fo
re

st
s 

ha
ve

 
m

or
e 

sm
al

l u
nd

er
st

or
y 

tr
ee

s.

Y
ou

ng
er

 fo
re

st
s 

ha
ve

 
m

or
e 

sm
al

l u
nd

er
st

or
y 

tr
ee

s.

D
ry

 fo
re

st
s 

ha
ve

 m
or

e 
sm

al
l u

nd
er

st
or

y 
tr

ee
s.

H
ig

he
r 

un
d

er
st

or
y 

lig
ht

 
le

ve
ls

 in
cr

ea
se

 li
an

a 
ju

ve
ni

le
 

su
rv

iv
al

 a
nd

 g
ro

w
th

, 
in

cr
ea

si
ng

 li
an

a 
co

lo
ni

za
-

tio
n 

ra
te

s 
(H

eg
ar

ty
 1

99
1)

.

1B
N

o.
N

o.
Y

es
.

Tr
op

ic
al

 fo
re

st
s 

ha
ve

 
lo

w
er

 u
nd

er
st

or
y 

lig
ht

 
av

ai
la

b
ili

ty
.

Y
ou

ng
er

 fo
re

st
s 

ha
ve

 
lo

w
er

 u
nd

er
st

or
y 

lig
ht

 
av

ai
la

b
ili

ty
.

D
ry

 fo
re

st
s 

ha
ve

 h
ig

he
r 

un
d

er
st

or
y 

lig
ht

 
av

ai
la

b
ili

ty
.

H
ig

he
r 

ca
no

p
y 

tr
ee

 
m

or
ta

lit
y 

ra
te

s 
d

ec
re

as
e 

th
e 

p
ro

p
or

tio
n 

of
 tr

ee
s 

in
fe

st
ed

 w
ith

 li
an

as
.

1C
N

o.
N

o.
Y

es
.

Tr
op

ic
al

 fo
re

st
s 

ha
ve

 
hi

gh
er

 c
an

op
y 

tr
ee

 
m

or
ta

lit
y.

Y
ou

ng
er

 fo
re

st
s 

ha
ve

 
hi

gh
er

 c
an

op
y 

tr
ee

 
m

or
ta

lit
y.

D
ry

 fo
re

st
s 

ha
ve

 lo
w

er
 

ca
no

p
y 

tr
ee

 m
or

ta
lit

y.

 EBSCOhost - printed on 2/13/2023 11:37 AM via . All use subject to https://www.ebsco.com/terms-of-use



Ta
b

le
 2

. C
on

si
st

en
cy

 b
et

w
ee

n 
W

el
l-

E
st

ab
lis

he
d

 P
at

te
rn

s 
of

 V
ar

ia
ti

on
 in

 L
ia

na
 A

b
un

d
an

ce
 a

m
on

g 
Fo

re
st

s 
an

d
 

H
yp

ot
he

si
ze

d
 E

xp
la

na
to

ry
 M

ec
ha

ni
sm

s 
M

ot
iv

at
ed

 b
y 

C
on

si
d

er
at

io
n 

of
 t

he
 F

ac
to

rs
 T

ha
t 

L
im

it
 L

ia
na

 L
oa

d

Pa
tt

er
ns

 c
o

ns
is

te
n

t 
w

it
h 

m
ec

ha
ni

sm
s?

R
el

ev
an

t 
fi

gu
re

Em
pi

ri
ca

l 
pa

tt
er

ns

Tr
op

ic
al

 f
or

es
ts

> 
 

te
m

pe
ra

te
 f

or
es

ts
 

(G
en

tr
y 

19
91

a,
 

G
en

tr
y 

19
91

b,
 

Sc
hn

it
ze

r 
20

05
)

E
ar

ly
 s

uc
ce

ss
io

na
l 

fo
re

st
s >

 l
at

e 
su

cc
es

si
on

al
 f

or
es

ts
 

(D
eW

al
t 

et
 a

l.
 

20
00

, B
ar

ry
 e

t 
al

. 
20

15
)

D
ry

 t
ro

pi
ca

l 
fo

re
st

s >
 w

et
 

tr
op

ic
al

 f
or

es
ts

 (
Sc

hn
it

ze
r 

20
05

, D
eW

al
t 

et
 a

l.
 2

01
0,

 
D

eW
al

t 
et

 a
l.

 2
01

5)

Hypothesized mechanisms

H
ig

he
r 

so
la

r 
ra

d
ia

tio
n 

in
cr

ea
se

s 
ex

p
ec

te
d 

ca
rb

on
 g

ai
n 

p
er

 le
af

, 
fa

vo
ri

ng
 h

ig
he

r 
lia

na
 LAI


.

2
A

Y
es

.
NA


.

Y
es

.
Tr

op
ic

al
 fo

re
st

s 
ha

ve
 

hi
gh

er
 s

ol
ar

 r
ad

ia
tio

n.
D

ry
 fo

re
st

s 
ha

ve
 h

ig
he

r 
so

la
r 

ra
d

ia
tio

n.

Sh
or

te
r 

ca
no

p
ie

s 
re

d
uc

e 
th

e 
co

st
s 

of
 s

up
p

ly
in

g 
lia

na
 le

av
es

 w
ith

 
w

at
er

 a
nd

 n
ut

ri
en

ts
, f

av
or

in
g 

hi
gh

er
 li

an
a 

LAI


.

2B
N

o.
Y

es
.

Y
es

.

Te
m

p
er

at
e 

fo
re

st
s 

ar
e 

on
 a

ve
ra

ge
 s

ho
rt

er
.

Ea
rl

y 
su

cc
es

si
on

al
 

fo
re

st
s 

ar
e 

sh
or

te
r.

D
ry

 fo
re

st
s 

ar
e 

sh
or

te
r.

Se
as

on
al

 d
ro

ug
ht

 o
r 

fr
os

t  
in

cr
ea

se
s 

th
e 

co
st

 o
f s

up
p

ly
in

g 
lia

na
 le

av
es

 w
ith

 w
at

er
 a

nd
 

nu
tr

ie
nt

s,
 fa

vo
ri

ng
 lo

w
er

 li
an

a 
LAI


.

2B
Y

es
.

NA


N
o.

Te
m

p
er

at
e 

fo
re

st
s 

ha
ve

 s
ea

so
na

l f
ro

st
.

D
ry

 fo
re

st
s 

ha
ve

 s
ea

so
na

l 
d

ro
ug

ht
.

H
os

t t
re

e 
d

ec
id

uo
us

ne
ss

 e
na

b
le

s 
p

he
no

lo
gi

ca
l n

ic
he

 d
iff

er
en

tia
tio

n 
be

tw
ee

n 
lia

na
s 

an
d 

tr
ee

s,
 m

iti
ga

tin
g 

ne
ga

tiv
e 

im
p

ac
ts

 o
f l

ia
na

s 
on

 
ho

st
s,

 fa
vo

ri
ng

 h
ig

he
r 

lia
na

 LAI


.

2D
,E

N
o.

NA


Y
es

.

Te
m

p
er

at
e 

fo
re

st
s 

ha
ve

 m
or

e 
d

ec
id

uo
us

ne
ss

.

D
ry

 fo
re

st
s 

ha
ve

 m
or

e 
d

ec
id

uo
us

ne
ss

.

H
ig

he
r 

ca
no

p
y 

tr
ee

 tu
rn

ov
er

 
re

d
uc

es
 th

e 
va

lu
e 

of
 h

os
t s

ur
vi

va
l 

to
 li

an
as

 a
nd

 th
us

 fa
vo

rs
 h

ig
he

r 
lia

na
 LAI


.

2E
NA


.

Y
es

.
Ea

rl
y 

su
cc

es
si

on
al

 
fo

re
st

s 
ha

ve
 h

ig
he

r 
tu

rn
ov

er
.

NA


.

N
A

 in
di

ca
te

s 
th

at
 th

e 
hy

po
th

es
iz

ed
 m

ec
ha

ni
sm

 is
 n

ot
 r

el
ev

an
t t

o 
th

at
 c

om
pa

ri
so

n 
be

ca
us

e 
th

e 
re

le
va

nt
 fa

ct
or

 d
oe

s 
no

t v
ar

y 
st

ro
ng

ly
 a

nd
 

sy
st

em
at

ic
al

ly
 b

et
w

ee
n 

th
e 

fo
re

st
 ty

pe
s 

be
in

g 
co

m
pa

re
d.

 EBSCOhost - printed on 2/13/2023 11:37 AM via . All use subject to https://www.ebsco.com/terms-of-use



258  •  M uller-Landau and Pacala

Globally, forests vary strongly in liana abundance overall and at all 
three of the scales distinguished here: the proportion of trees infested 
with lianas, the liana loads of infested trees, and the proportion of the 
landscape in a liana-dominated, low-canopy state. We suggest that varia-
tion in liana abundance can ultimately be explained by variation in the 
factors that regulate and limit lianas at one or more of these scales, with 
different factors potentially driving variation along different gradients. 
Rates of liana colonization, liana loss, and liana-infested tree mortality—
which together determine the proportion of trees infested—all vary with 
the environment, liana species, and tree species (Visser et  al. 2018a). 
Variation in these factors among forests naturally motivates hypotheses 
to explain variation in the proportion of trees infested with lianas and 
thus liana abundance, some of which were first advanced decades ago 
(Table 1). Similarly, the costs and benefits of different liana loads, as well 
as the degree to which target loads are realized, also vary with the envi-
ronment, liana species, tree species, and their interaction. Variation in 
such factors along environmental gradients and between forest types 
naturally generates additional hypotheses to explain variation in liana 
loads and thus liana abundance (Table  2). Finally, expected rates of 
transition into and out of low-canopy, liana-dominated states, also vary 
strongly among forests and depend on the combination of liana and tree 
species traits. A better understanding of the controls on these transi-
tions is critical to understanding variation in the frequency of such areas 
among forests.

Understanding what controls liana abundance is critical not only to un-
derstanding geographic variation in liana abundance and forest struc-
ture today, but also for predicting how liana abundance will respond to 
global change—another unanswered question. Liana abundance is in-
creasing in Neotropical forests, and multiple hypotheses have been ad-
vanced to explain this pattern (Schnitzer and Bongers 2011). Increasing 
atmospheric carbon dioxide is hypothesized to favor lianas by increas-
ing the survival and growth of juvenile lianas in the shaded understory 
(Korner 2009), which would be expected to increase liana colonization 
rates and thus the proportion of trees that are infested. Another hy-
pothesis suggests climate change may drive increases in liana abun-
dance as increases in evaporative demand from increasing tempera-
tures outstrip increases in rainfall in many tropical areas, effectively 
making forests drier, consistent with higher liana abundances in drier 
tropical forests, a pattern that can itself be explained through a number 
of mechanisms (Schnitzer 2005) (Tables 1 and 2). Higher rates of distur-
bance, both natural and anthropogenic, also favor lianas as disturbances 
increase the abundance of early successional forests in which lianas thrive, 
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and potentially increase transition rates to low-canopy, liana-dominated 
states. Finally, the introduction of nonnative lianas to areas lacking 
their natural enemies seems to threaten increased overall liana domi-
nance in areas where these lianas become invasive (e.g., kudzu in the 
southeastern United States).

We hypothesize that a complete understanding of liana abundance and 
liana impacts on trees and forest ecosystem properties will require un-
derstanding what shapes the functional composition of liana communi-
ties. Liana species—even in the same forest—can vary widely in their 
traits (Asner and Martin 2012, Gallagher and Leishman 2012, Wyka et al. 
2013) and host exploitation strategies, with important consequences for 
host tree growth and survival (Ichihashi and Tateno 2011). This parallels 
variation in virulence among co-occurring pathogens and parasites, with 
similar fundamental tradeoffs in which more aggressive resource acquisi-
tion by the liana comes at the cost of lower host growth and survival (Mos-
quera and Adler 1998). Changes in liana loads and liana abundance 
across sites are accompanied by shifts in the functional composition of 
liana communities, and specifically in the relative abundance of what 
might be considered more- versus less-virulent liana strategies. Different 
environments and tree communities select for different liana strategies 
and combinations of strategies, with liana communities themselves also 
shaping tree communities, contributing to a feedback loop. A game-
theoretic framework is essential to understanding the liana strategies 
that emerge in any given forest. Explicit treatment of coinfection and host 
heterogeneity will also be necessary to understand liana functional com-
position in many forests. Such a research effort will also yield insights 
into liana diversity.

Here we have argued that tree–liana interactions can usefully be framed 
as host–parasite relationships, especially in the context of understanding 
the proportion of trees infested with lianas. Treating lianas as parasites 
ties into a large and relevant literature of models and empirical research 
in host–parasite interactions and disease ecology. However, although a 
host–parasite framework is broadly useful for understanding lianas, there 
are also competitive and even mutualistic aspects of the relationships of 
lianas with trees. Lianas compete with trees belowground for water and 
nutrients as classic competitors (Stewart and Schnitzer 2017). Many liana 
species also have free-standing juveniles that compete directly with tree 
saplings for regeneration opportunities in the understory and in canopy 
gaps (Schnitzer and Carson 2010, Stewart and Schnitzer 2017). Lianas can 
also have some positive effects on their hosts. Lianas may increase nutri-
ent availability and soil quality beneath host crowns through the higher 
quality of their leaf litter, through mutualisms with nitrogen fixers, and 
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by transporting nutrients from afar (Tang et al. 2012). The higher electri-
cal conductivity of liana stems relative to trees also means that lianas can 
serve as lightning rods, diverting electrical current and thereby reducing 
the probability of tree death from a lightning strike (Gora et al. 2017). A 
full understanding of liana dynamics and abundance may require explicit 
consideration of these interactions.

Lianas have long fascinated biologists (Darwin 1865), and much has 
been written on liana physiology, diversity and distribution, and effects 
on trees and forest ecosystems (Putz and Mooney 1991, Isnard and Silk 
2009, Schnitzer et al. 2015). Nonetheless, lianas remain relatively un-
derstudied compared to trees, due to their lesser silvicultural impor-
tance combined with the difficulty of measuring and modeling them. 
Simply censusing liana stem diameters requires far more complicated 
protocols than those for trees (Gerwing et  al. 2006, Schnitzer et  al. 
2008). Further, measurements of stem rooting location and diameter 
are much less informative about lianas than they are about trees be-
cause biomass is less well-related to diameter for lianas (Gehring et al. 
2004), and a single liana may extend great distances from its rooting 
point (Putz 1984b). Fortunately, new technologies make it easier to map 
lianas at the top of the canopy (Marvin et al. 2016), and to map the 
three-dimensional structure of the understory and the routes taken by 
liana stems within those canopies (Calders et al. 2015). Lianas also pose 
special challenges for modeling; we are not aware of a single published 
forest model or vegetation model that includes lianas (Verbeeck and 
Kearsley 2016), despite their known importance for tree recruitment, 
growth and survival, and forest dynamics. We argue here that many 
models from disease ecology can usefully be adapted for lianas (as we 
have shown in Visser et  al. 2018a). The development of spatially ex-
plicit, individual-based models of forests that include lianas and liana-
tree interactions would also aid in tackling questions of the controls on 
the abundance of lianas pursuing different regeneration and infestation 
strategies.

We tend to take it for granted that lianas are not more abundant, just 
as we take it for granted that the world is green. But just as the answer 
to the question “why is the world green?” is not self-evident, neither is 
the answer to the question of why lianas aren’t more abundant. Natural 
history and considerations of basic biology provide us with insights into 
the processes that may play a role in governing liana abundance, as 
described in this essay. The key unanswered questions concern the rela-
tive roles of different factors within and across scales, and their impor-
tance for understanding variation in liana abundance today and in the 
future.
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The World Beneath Us

Making Soil Biodiversity and Ecosystem Functioning  

Central to Environmental Policy

Diana H. Wall and Ross A. Virginia

How and when will the diversity of species in soil and what they do for 
us become recognized and integrated into the discipline of ecology for use 
in global-scale climate change research and land use policy? This ques-
tion is the basis for a key unsolved problem in ecology from our perspec-
tive, one that is globally relevant: the growing need for understanding how 
soil biodiversity and soil ecology contribute to the functioning of terres-
trial ecosystems and the services they provide to society. There is increas-
ing urgency for intensified ecological research and synthesis with a be-
lowground focus because soils are at the center of multiple interacting 
global environmental issues, such as: land use change, loss of fertile land 
area, climate change, desertification, biodiversity loss (human, animal, 
and plant), disease suppression, and food production. Considerable evi-
dence exists for example, that land use change and widespread soil deg-
radation decreases species diversity and abundance in soils (Dirzo et al. 
2014, Franco et al. 2016, Tsiafouli et al. 2015). Developing options to ad-
dress these global scale challenges requires that we understand the role 
of soil organisms in ecosystems and acknowledge our dependence on soils 
and biodiversity. Here we present a few insights that we posit have con-
tributed to dissuading ecologists from bringing soils, biodiversity, and the 
role of species to the forefront in ecological research and education.

Hypotheses on Biodiversity and Ecosystem Functioning

The hypotheses on the relationships between biodiversity and ecosystem 
functioning are difficult to describe and quantify at the species level (Bal-
vanera et al. 2006, Kardol et al. 2016, Lawton 1994, Naeem 1998). Of the 
several hypotheses, the continuing dogma of species redundancy (Soli-
veres et al. 2016) dominates discussions of the role of individual species 
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in soil functioning. It suggests that because of the massive, undescribed 
diversity in soils, ecosystem processes are insensitive to any species losses 
or shifts in species abundance. However, we argue that the focus on the 
unsolved problem of whether species in soil are redundant in an ecosys-
tem process slows ecological recognition that there is a wealth of increas-
ing and untapped knowledge available on individual species and their in-
teractions within communities of soil biota. In fact, several studies have 
shown that species of soil fauna thought to be redundant actually have 
different effects on ecosystem functioning (Andriuzzi et al. 2016a, Faber 
and Verhoef 1991, Postma-Blaauw et al. 2005), consistent with the idio-
syncratic hypothesis of biodiversity function (Lawton et al. 1994). For ex-
ample, it is well known that soils harbor “keystone” species, whose losses 
or invasions affect the whole ecosystem (Crowther et al. 2013, Loss and 
Blair, 2011, Pelini et al. 2015, Schwarzmüller et al. 2015). Finally, it has 
been shown that biodiversity effects emerge from interactions between 
species in soil (Andriuzzi et al. 2016b, Heemsbergen et al. 2004, Wardle, 
2006). Therefore, given that soil communities are increasingly under 
threat due to global changes, addressing when loss of single species or 
communities will diminish soil quality and ecosystem functioning is an 
increasingly urgent question for all terrestrial ecologists.

Soils Are Habitats

Soils are complex and extremely heterogenous habitats for communities. 
For example, for the USA and its territories, the United States Department 
of Agriculture has described 20,000 soil series (taxonomic units) that have 
considerable variation in soil age, soil physical and chemical characteris-
tics, and vegetation cover. Soil scientists recognize that biota (plants, mi-
crobes, invertebrates, and vertebrates) are one of the five state variables 
that form soils (the others being parent material, relief, regional climate 
and time) along with the influences of human activities (e.g., acidic depo-
sition) (Jenny 1980). Assemblages of soil organisms (microbes and inver-
tebrates, or total soil taxa as observed with molecular technology) differ 
among soils because they are products of evolutionary and environmen-
tal (e.g., land use change) processes that form each soil.

There is evidence that soil characteristics and climate influence the bio-
geography of soil species at local, regional and continental scales (Freck-
man and Virginia 1997). We know, for example, that soil taxa do not nec-
essarily follow plant diversity latitudinal gradients (Bardgett and van der 
Putten, 2014, Nielsen et al. 2014, Wu et al. 2011, van den Hoogen et al. 
2019, Phillips et al. 2019). Research to identify the soil habitat factors that 
determine geographic ranges of soil biota at various taxonomic levels is 
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ongoing (Kerfahi et al. 2016, Robeson et al. 2011, Wu et al. 2011), and 
with standardized sampling and molecular technologies should allow 
ecologists to generate new hypotheses on biogeographic distributions 
and evolutionary relationships. This information is key to understanding 
the adaptation and resilience of soil biota to key processes affecting soils.

For example, it is widely recognized that organisms are active partici-
pants in dynamic biogeochemical processes and in soil formation, both 
major ecosystem processes. In particular, fungi, plants, and large soil ani-
mals such as earthworms, termites, ants, dung beetles, and some mam-
mals are all recognized as ecosystem engineers due to their regulation of 
soil structure and fertility. Fungi stabilize soil and redistribute nutrients 
(Rillig and Mummey, 2006, Wilson et al. 2009), and burrowing animals 
produce channels that facilitate water and air flow through soil (Spurgeon 
et al. 2013). Macroinvertebrates greatly enhance the decomposition of 
plant and animal organic matter (Gessner et al. 2010), and by affecting 
soil structure they influence plant growth and soil nutrient retention 
(Howison et al. 2016, van Groenigen et al. 2014); their work in concert 
with other smaller species of invertebrates and microbes leads to the for-
mation of soil organic matter aggregates where soil carbon is stabilized 
and stored (Six et al. 2006). Gathering more information on ecological 
roles of the many species involved in soil formation in a range of climatic 
and geographic regions will be useful for determining whether species in-
fluence resilience of soils or are modifiers of an ecosystem service that is 
key for restoration of degraded soils. The extrapolation of visible above
ground impacts of soil biota to the subsurface formation and maintenance 
of soils, remains a critical challenge.

We Need to Know More about Species  
and Their Functional Roles

When we began our careers, a ‘black box’ was the designation for all life in 
soil and soil ecosystem functions. By simplifying the complexity of the 
many species and their interactions into soil foodwebs, significant progress 
has been made on determining the role of various functional groups in car-
bon and nutrient cycling. Generally, a representative species with known 
feeding preference and ecology is a basis for those organisms of similar 
morphology being placed in a functional or trophic group of detrital food-
webs (Barrett et al. 2008). However, all species within a functional group 
may not have the same function, or they may have more than one function, 
or their functions may change through time with development. Adding in-
formation on the identity and ecological roles of several species in each 
functional group will improve quantification on the relationships of soil 
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organisms and their role in ecosystem function, such as soil carbon cycling. 
Our perspective is derived from more than 25 years of work in a low diver-
sity field ecosystem, the McMurdo Dry Valleys of Antarctica. There, as we 
sampled across a vast landscape dominated by two- three nematode spe-
cies, we categorized two species as being in the bacterial feeder functional 
group (consumers of soil microbes). As we collected data to characterize 
soil habitats and factors affecting distribution of these two species, it be-
came apparent that species abundance of Scottnema lindsayae flourished in 
dry, saline, low organic carbon soils and was absent in the wetter, more 
carbon rich soils where Plectus antarcticus was dominant (Virginia and Wall 
1999). This information on species identity informed the distributional 
maps for the dry valleys, informed estimates of species contribution to soil 
carbon cycling (Barrett et al. 2008), and studies on biodiversity shifts under 
climate changes where soil moisture and primary productivity were ex-
pected to respond (Andriuzzi et al. 2018).

In soils, however, as Kibblewhite et al. (2008) noted, the standard defi-
nitions of diversity and ecosystem function are so broad as to be poorly 
suited to characterizing soil processes. For example, measures such as soil 
respiration or decomposition rates over time encompass total biotic spe-
cies and activity, whereas processes aboveground such as leaf respiration 
can be ascribed to a single species. This inability to easily ascribe the func-
tioning of individual species in soils reinforces the concept that soil spe-
cies are redundant in a functional group or for an ecosystem process (Shaw 
et al. 2018, Soliveres et al. 2016). Adding more information on the spe-
cies of soil biodiversity and their functional relationships in ecosystem 
processes can lead to more precise testing of biodiversity–ecosystem func-
tioning hypotheses and perhaps a new interdisciplinary paradigm of soil 
functioning will emerge.

Information on Individual Species, or Their Natural  
Histories and Hosts Is Available

The often-held perception that there is little information on species and 
their ecology in soil overlooks a vast body of knowledge that is available 
from an extensive number of disciplines that can inform ecosystem pro
cesses. Many species and their natural history (feeding habits, physiolo-
gies, life cycles, survival states, geographic ranges, hosts) have been stud-
ied for centuries, albeit in disciplinary silos focused on disease and food 
production (soil microbiology, biology, mycology, protozoology, human 
and animal parasitology, plant pathology, nematology, entomology). Re-
searchers have examined species in soil to serve as models for develop-
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mental biology (e.g., the nematode Caenorhabditis elegans) and for studies 
of population and community dynamics in natural and managed systems; 
to identify predator–prey systems for use in biocontrol by understanding 
their life cycles as pests, pathogens, and parasites of humans, other ani-
mals, and plants; and as beneficial symbionts for forestry and agriculture 
where soil biota (rhizobia, mycorrhizae) have large effects on an ecosys-
tem function (productivity).

A good example of the species specificity in some mesofauna in soils are 
plant parasitic nematodes whose species have highly evolved specific rela-
tionships with their hosts. Some species secrete cellulases and chitinases to 
break down and penetrate host root cell walls; there they have evolved dif-
ferences in root feeding sites (meristem versus cortex), some species are 
sedentary, others migratory, or have parasitic ecologies acting as either 
endo- or ectoparasites. Their effects on plant metabolism (carbon alloca-
tion, water transfer, changes in root architecture, necrosis of roots or leaves) 
are well known to scientists and growers as dependent on the nematode 
species involved. Likewise, many of the microbes and invertebrates that 
prey on nematodes are known. Yet, despite this knowledge, there are few 
detailed US geographic maps of soils and their relation to key soil-borne 
nematode, bacterial, or fungal plant or human pathogens. It is clear that 
soil biota and many of their species are important in plant, animal, and 
human health. Ecologists have an opportunity to explore and cross the dis-
ciplinary boundaries and connect soil science, agriculture, microbial ecol
ogy, biogeochemistry, remote sensing, and geographic information systems 
such that the wealth of information on species is integrated to better under-
stand the relationships of soil biodiversity and ecosystem functioning and 
their benefits to planet health. This approach would also allow detection of 
species movement, loss, or the establishment of invasive species.

Where Next?

Good functioning of soils is critical for life on earth now and will be a 
critical component of global policy decisions in the next several decades 
as natural resources and our food, water, landscapes, climate, and air are 
altered. Thus, we believe that the time is now for incorporating soils as a 
core subject within the discipline of ecology as has been better accom-
plished for sciences focused on freshwater, oceans, and the atmosphere. 
By relegating soils to being a fringe field of ecology, we will continue to 
inadequately address modifications to biodiversity and functioning for a 
major component of the earth that provides generation and renewal of 
soil fertility, clean air and water, and controls of disease, erosion, and 
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biogeochemical cycling. Our perspective in polar research adds to this 
urgency as we see the polar land masses warmed, ice retreat, altered 
biodiversity, and other global changes that will accelerate biotic feed-
backs affecting soil organic matter dynamics and greenhouse gas emis-
sions. Treating soils as a major biotic habitat with feedbacks to multiple 
ecosystem functions will enable better options for land management at re-
gional and global scales.

There has been rapid progress in soil science and soil ecology, particu-
larly in soil biodiversity and ecosystem functioning, that is both notewor-
thy and encouraging. We use as a basis to gauge progress, priorities from 
Wall and Virginia (2000), that were modified from previous soil ecology 
priorities from the 1990s. The summary of these priorities from 2000 (in 
italics) and our updates on progress are as follows:

Development of new techniques, standardization of techniques for sampling 
and analysis and informatics to enhance the database on soil biodiversity. 
These advances have been rapid and have expanded the lists of biodiver-
sity and functional roles in soils. Molecular techniques now allow unpre
cedented analysis of total soil biodiversity (prokaryotes and eukaryotes) 
from a single soil sample and comparison to other samples (approximately 
600–800 soil samples) collected at the same time. Many of the species or 
operational taxonomic units are rare or new to science and the numbers 
of sequences per soil sample confirms the immense biodiversity in the 
world beneath us. These advances in technology will promote soil biodi-
versity analyses across landscapes, regions, and globally. Metagenomic ap-
proaches are also improving information on species and their functions 
and potential responses to global change (for example, analysis of func-
tional genes across ecosystems and responses to climatic variables). Costs 
for the technology per sample are declining, which will encourage stud-
ies combining soil habitat (soil characterization) for each sample. Bioin-
formatics frameworks are also advancing and being tested. Needed for the 
future will be greater representation of the biodiversity in a soil sample 
because at present only a small fraction of the biodiversity in a soil sam-
ple is captured by techniques that often used less than a gram of soil. 
Whether soil species identifications based on morphological data will be 
combined with molecular characterizations to provide more robust data-
bases is as yet unresolved. Because these advances primarily have been 
focused on microorganisms, a priority continues to be the combined study 
and analysis of both invertebrates and microbes (or prokaryotes and eu-
karyotes) from the same soil sample, to elucidate the relationship and in-
fluence of invertebrates on the microbial populations and diversity.

Development of interdisciplinary and international cross-site experiments 
and predictive models to quantify the relationship of soil biodiversity to eco-
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system processes for use in global change policy. Progress in experiments 
and models is occurring, but it is still limited, and many cross-site experi-
ments and models are done at the grass-roots level and are poorly funded. 
Priorities are to assure the incorporation of sites in developing nations and 
those ecosystems having faster rates of land use and other global changes. 
Inclusion of experts in soil-borne plant, human, and other animal diseases, 
as is happening with planetary or one health research, will be a basis for 
projecting future diversity change, disease potential, and other service 
changes to soils.

Development of syntheses of distributional patterns of soil biodiversity 
globally, to predict how soils should be maintained for sustainable use. 
There have been advances in this priority, such as formation of the Global 
Soil Biodiversity Initiative (GSBI) in 2011 as a grass-roots partnership of 
soil researchers from multiple disciplines working to enhance the use of soil 
biodiversity science and ecosystem services in global environmental pol-
icy and the sustainable management of terrestrial ecosystems. A 2016 
product of this initiative has been maps of distributions of soil biodiver-
sity and maps of global threats to soil biodiversity published in the Global 
Soil Biodiversity Atlas (Orgiazzi et al. 2016) that serve as the framework 
for hypotheses to be tested in the lab, field, and through modeling. Nota-
bly, the GSBI’s influence contributed to favorable decisions relating to soil 
biodiversity from the United Nations Convention on Biological Diversity 
Fourteenth Conference of the Parties (COP 14) in Fall 2018. Future needs 
include long-term observational networks and synthesizing case studies 
of soil biodiversity and ecosystem functioning with other soil-related dis-
ciplines across management and spatial scales as a basis for sustainable 
management of terrestrial ecosystems.

These three priorities show that there has been sufficient knowledge 
for some time to include soils, soil biodiversity science, and ecosystem 
functioning as a central component of ecology in order to address more 
accurately multilinked global challenges (Wall and Six 2015). Research 
has continued on many of these priorities and the results are impressive 
although not complete. We reemphasize here what we proposed in 2000 
as one of the most pressing research issues: We must increase training of 
ecologists to include working on species, their natural history, and eco-
logical roles of soil-dwelling organisms. To do this will require a breadth 
of soil-related scientists integrated within ecology and engaged in 
bringing new technologies and ideas to the study of soil biodiversity and 
ecosystem functioning. Today’s students are often disappointed by the 
minimal attention to soils and soil biodiversity presently included in 
ecology lectures but can be encouraged to fill that gap to prepare for 
future challenges.
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Closing Thoughts

The black box of soil has opened and an exciting era for ecology awaits. It 
reveals soil and biodiversity characteristics that can be documented, func-
tions that can be evaluated based on more precise species identifications, 
exciting new hypotheses on soil biodiversity and ecosystem functioning 
that can be more accurately tested at field scale and beyond, and presents a 
wealth of linkages and interdependence between biodiversity in soil and 
aboveground. Importantly, opening the black box has shown that we do not 
need to know all species in a soil to manage it, but more species-level infor-
mation in soil food webs is key to better quantification of the most signifi-
cant interacting functions. Opening the black box shows the multiple needs 
for research and syntheses on soil biodiversity databases, multifunctions of 
species within functional groups, cross-regional and continental distribu-
tional patterns, and inclusion of soil habitat characteristics with vegetation 
and wildlife management plans. This is a scientifically challenging and piv-
otal time to plan for the future. Looking to the next fifty years, we urge a 
new generation of ecologists to embrace soil and its related disciplines as a 
core component of our discipline of ecology to better inform and reverse 
terrestrial habitat degradation and preserve the many services provided by 
soil biodiversity.
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Ecology and Medicines

Andrew F. Read

This year, more than 2 million people in the richest countries in the world 
will be overwhelmed by evolution and die. At the heart of that carnage is 
an ecological process that is barely being studied. My choice for Unsolved 
Problem in Ecology: What regulates the population densities of drug re-
sistant pathogens, parasites and cancer cells?

The Grand Challenge

One of the greatest triumphs of twentieth-century medicine was the discov-
ery of drugs that could be used to treat infections and cancer (Greenwood 
2008, Burch 2010, DeVita and DeVita-Raeburn 2015). But almost as soon as 
those wonder drugs were discovered, failures due to what we would now 
call drug resistance were observed. Every known cancer drug can fail for 
this reason, as can most antimicrobial drugs. Today, virtually all cancer 
deaths in rich countries are because therapeutically resistant populations of 
neoplastic cells come to so dominate a tumor that initially effective treat-
ment no longer works (Aktipis et al. 2011). Likewise, drug-resistant strains 
of microbes increasingly challenge global health in settings as diverse as US 
hospitals, Mumbai slums, and animal food production systems. For cancers, 
resistance evolution plays out de novo in each patient. For infections, de 
novo evolution can be quite rare, but having emerged, drug resistant strains 
can rapidly spread globally. One estimate has it that by 2050, antimicrobial 
resistance will kill more people than cancer does today—if nothing is done 
(O’Neill 2014).

Clearly, there is much that can be done. Inventing new drugs is impor
tant, but a constant search for the nth-generation drug to treat resistance 
to the (n − 1)th-generation drug (Foo and Michor 2014) is not obviously sus-
tainable, especially when resistance mechanisms get ever more generic 
and when it costs in excess of US$1 billion to bring a new drug to mar-
ket. Nondrug solutions have to be a top priority—particularly ways to 
attack infections and tumors with biologics, such as phage, vaccines, 
and immunotherapy (although many of those approaches will also drive 
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antagonistic evolution in the target cell populations). And for infections, 
simple things such as hygiene and alterations to farm practices can 
help. But for all that, it is hard to imagine that medicine can continue 
to deliver health gains in the twenty-first century without heavy reli-
ance on therapeutic chemotherapy. We need to figure out how to use cur-
rent and next-generation drugs in a way that delivers therapy without also 
delivering drug resistance.

Human immunodeficiency virus (HIV) treatment shows that is possi
ble (zur Wiesch et al. 2011). The right combination of drugs delivered with 
the right regularity and at the right doses prevents the evolution of resis
tance to antiviral drugs and makes HIV infection survivable. Apparently 
evolution-proof drug treatment therapies have also recently been devel-
oped for hepatitis C virus (Ke et al. 2015). These strategies work by pre-
venting resistance arising in the first place. If for example there is 10−8 
chance that a mutation conferring resistance to a drug will occur, the 
chance that an individual pathogen or tumor cell will simultaneously ac-
quire resistance to n drugs with different modes of action is 10−8n, a van-
ishingly small number. But patients are not always fully compliant with 
the right regimens (zur Wiesch et al. 2011, Ke et al. 2015), so periods of 
monotherapy sometimes result. And even where patients can be relied on, 
combination therapy is not always possible. There can be limited drug op-
tions, especially because contrasting modes of action are required. Cross-
resistance readily evolves anyway in many cancers and infections, and in 
the case of infections, de novo resistance can be a small part of the prob
lem. For example, multidrug-resistant tuberculosis is mostly caught from 
other people (Luciani et al. 2009). Moreover, for many bacterial infections 
there are often good data that patient health outcomes are not improved 
by combination therapy (reviewed by Woods and Read 2015). Where im-
munity is going to clear an infection anyway, asking a patient to swallow 
the extra cost and side effects of an additional drug to perhaps prevent 
the spread of resistance in a hospital is tricky stuff.

So combination therapy can provide a solution to the problem of drug 
resistance but, at least as it is currently formulated, not a universal one. We 
have to explore other ways to use drugs to treat patients while minimizing 
the resistance evolution. I contend that there will be a myriad of solutions, 
but to get at them, we need to add some serious ecology to current efforts 
in oncology, molecular genetics, pharmacology, and clinical microbiology.

The Ecological Challenge

Evolutionary rescue, the ability of a population under rapid decline to 
evolve traits to enable population recovery before extinction, is relatively 
well studied by evolutionary ecologists and geneticists not least in the con-
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text of climate change (Gonzalez et al. 2013). An unfortunate phrase in 
the context of human health, evolutionary rescue is nonetheless precisely 
what is happening when drug resistance emerges in infections and can-
cer. And at the heart of it all, is ecology (Uecker et al. 2014).

Figure 1 is the schematic used by the Centers for Disease Control and 
Prevention to explain to the public how antibiotic resistance evolves. The 
process is fundamentally the same for all the pathogens, parasites, and 
cancers on which we wage chemical warfare. In the absence of drug treat-
ment, the population size of resistant cells is tiny. After aggressive drug 
treatment, the sensitive cells are removed and the resistant cells replicate, 
sometimes to life-threatening densities (and, in the case of infection, often 
to transmissible densities). Thus, therapy-sensitive populations prevent the 
replication of resistance. When treatment removes those populations, a 
massive expansion of the resistant cell population ensues. It is the resis-
tant population that causes medical problems. This process can play out 
many times in a patient as treatment regimens are repeated or changed, 
but whatever the details, the key effect is the vast amplification of resis
tance. Before treatment, the sensitive population makes resistance so rare 
as to be of no concern (that is how we recognize a drug as being effective 
or useful in the first place). Afterwards, the ecology of the situation is so 
rearranged by chemotherapy that resistance has been amplified by many, 
many orders of magnitude.

Figure 1. Public education schematic of the evolution of antibiotic resistance. Figure 
reprinted from and courtesy of the Centers for Disease Control and Prevention. 
http://www​.cdc​.gov​/drugresistance​/about​.html.
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Of course, the resistance arises in the first place by some sort of gene
tic event such as mutation or, in the case of bacterial infections, from hori-
zontal gene transfer from nontarget organisms in the microbiome (Will-
mann and Peter 2017). Over the last few decades, science has generated 
vast catalogs of the genetic events that cause resistance in infections and 
tumors. But from the genetic details alone, we can infer rather little about 
what will happen once an individual pathogen or tumor cell has become 
resistant. Ecological forces determine its fate. We control those forces with 
our drugs. If we want to stop creating therapy-resistant cancers and patho-
gens, or deal with them once we have, we have to understand those eco-
logical forces.

Drug resistance is thus a problem in applied ecology. When we want to 
manage endangered species, invasive species, or pest species, we need to 
first understand the ecological processes determining the dynamics of 
the populations of concern. Solutions come from that population science. 
In agriculture, where problems of resistance to insecticides and herbi-
cides are legend, many solutions have come from studying the ecology of 
the target organisms (Radcliffe et al. 2009). The same must be true, surely, 
with drug-resistant tumor cells, pathogens, and parasites. Yet the ecology 
of resistance in patients is barely being studied. We often know in excru-
ciating detail the genetic and cellular mechanics of drug action and resis
tance mechanisms. By contrast, our understanding of the ecology by 
which any resistance mechanism threatens patient health is rudimentary. 
I am not sure it is even yet at the level of Elton’s Animal Ecology—published 
in 1927.

Competition

Let me illustrate that claim. The dominant ecological force that can ac-
count for the dynamics schematized in Figure 1 is competition. Most ob-
viously, competition with sensitive progenitor cells or cells in the micro-
biome prevents resistance emerging once it has arisen. Competitive 
suppression explains why resistance is rare prior to treatment; competi-
tive release accounts for the subsequent resistance explosion. Experiments 
bear out that interpretation. Figure 2 shows the ecological processes of 
competitive suppression and competitive release in play in experimental 
infections in my lab.

But, echoing earlier debates in ecology (Diamond 1975, Conner and 
Simberloff 1979), others do not think competition is important. For in-
stance, Bruce Levin (quoted in Kupferschmidt 2016) says that because 
fitness costs of resistance are often not that high, competitive release is 
not a very strong force (see also Ankomah and Levin 2014). My view is 
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that competition will still be important even if there are zero fitness costs 
to resistance, and that where experiments have been done (e.g., see Fig. 2), 
they clearly show competition. But without doubt, the importance of com-
petition between drug-sensitive and drug-resistant cells in infections and 
tumors is an empirical question. A consensus cannot be reached until 
ecological experiments in a wide range of settings have been done. And 
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Figure 2. Competition in a mouse model of malaria. Kinetics of infections in nine 
mice infected with pyrimethamine-resistant (gray) and -sensitive parasites (black). 
Mice were infected with 25 resistant parasites (gray dots); some mice were in-
fected five days earlier with approximately 1 million sensitive parasites (black dots). 
Mice G–I were treated with pyrimethamine for seven days (gray bars) to eliminate 
the sensitive parasites. Note that, formally, gray flat lines denote times at which 
densities were below polymerase chain reaction (PCR) detection. Otherwise prolif-
erating populations of resistant parasites (mice A–C) are competitively suppressed 
by sensitive parasites (mice D–F). Drug treatment releases them from competitive 
suppression (mice G–I). Reprinted from Day, Huijben, and Read, Is selection rele-
vant in the evolutionary emergence of drug resistance? Trends in Microbiology 
23:126–133. Copyright © 2015, with permission from Elsevier.
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incredibly, there isn’t even consensus on how to do the relevant experi-
ments. What are often called competition experiments in studies of an-
timicrobial resistance are often measures of relative growth rate in expo-
nential growth phase, before any density dependence kicks in (Hughes 
and Andersson 2015).

Even if competition turns out to be a key ecological force, as I strongly 
believe it will, that is only a starting point. What is the mechanism of any 
competition? Resource, interference, or apparent (immunity-mediated) 
competition (Read and Taylor 2001)? My attempts to test for apparent 
competition in a mouse model of malaria, some of the only in vivo stud-
ies I am aware of, have proven frustratingly contradictory (Raberg et al. 
2006, Barclay et al. 2008). Quite possibly in that particular host–pathogen 
system, several types of competitive interaction are going on at once, with 
their relative importance changing during the course of infection. More 
generally, I know of only one study looking at competition between resis
tant and sensitive lineages across resource gradients (Wale et al. 2017), 
the simplest and most fundamental ecological question. Are single nutri-
ents limiting? Which ones? How does immunity modify that? Where is 
the density dependence coming from? For infections, when is competition 
with drug-sensitive progenitors that which is most important, and when 
is it competition with confecting strains or commensal members of the 
microbiome? Or is something else the reason we are not already neck deep 
in resistance?

The ecological processes controlling resistance in two arenas seem par-
ticularly important. With both tumors and bacterial biofilms, very strong 
competition must be going on; indeed, necrosis is common within tumors 
as cells die from lack of oxygen and glucose (Gillies et al. 2012). How do 
sensitive and resistant cells compete in those arenas? Is there competition 
on the growing edge of biofilms and tumors or are those regions so re-
source rich that there is no density dependence? Therapeutic drug concen-
trations can be very high on the outside of biofilms and tumors; how does 
that modify any competition? If we understood the ecology in those set-
tings, and how pathogens and cells adapt to them, we could make more 
informed decisions about dosing regimens, choice of drugs and drug com-
binations, and of nonchemotherapeutic solutions (Day et al. 2015, Gatenby 
and Brown, 2017, Hansen et al. 2017, Hochberg 2018).

More generally, competition is quite possibly the only major natural 
force preventing the evolution of drug resistance. I have trouble imaging 
what else stops resistance emerging in the absence of treatment. Com-
plex adaptive valleys that cannot be crossed in the absence of drugs? That 
is competition. Drift? That is demographics. Waiting time for mutations? 
They seem to come along pretty fast when we use drugs. Whatever: some 
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natural forces stop resistance spreading—otherwise we would not have 
anything we call a drug. What is that natural force? Can we intensify it? 
Can we harness it (Wale et al. 2017)? 

Coda

Every day, oncologists battle to keep their patients alive. When they lose 
that battle (as they will almost 600,000 times this year in the United States 
alone), they lose it because chemotherapy has profoundly remodeled the 
ecology of a tumor. We know next to nothing about that ecology. It is of 
course easier to sequence cells than to measure growth rates while ma-
nipulating resource gradients, controlling immunity, hormones, cell–cell 
interactions, and chemotherapy. But not so long ago, the idea of getting a 
complete DNA sequence for a single tumor cell was fantasy. I hope that in 
the not-too-distant future, we will be able to peer into a tumor or a bio-
film, observe the relevant natural history and do decisive ecological ex-
periments. I bet it will be hugely interesting. And save lives.
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Six Wedges to Curing Disease

Michael E. Hochberg

One of the great challenges in ecology and evolutionary biology is to ex-
plain disease, whether caused by infectious agents such as parasites and 
pathogens, or by the deterioration or transformation of cellular behavior 
and function, a prime example of the latter being cancer. Decades of ob-
servation and research suggest that successfully treating disease requires 
insights into how the environment mediates the interactions between in-
dividuals and biological etiological agents (BEAs) of disease such as para-
sites, pathogens and cancer cells. A major finding is that single factor, tar-
geted therapies are not only likely to fail in controlling or eradicating 
many BEAs, but are also likely to select for resistance, reducing options 
for subsequent treatment attempts, and in cases of infectious BEAs, ren-
dering therapeutic agents (e.g., antibiotics) obsolete.

I argue that meeting the growing challenge of treating disease in ag-
riculture and animal husbandry, in protected and domesticated species, 
wildlife, and in the human population will require a fundamental un-
derstanding of ecological interactions at sites of infection or disease. I 
discuss different ways in which components of such disease ecosystems 
mediate BEA and therapeutic dynamics and resistance evolution and de-
rive a very simple mathematical criterion for therapeutic success. I then 
touch on how fundamental insights as revealed by the processes of evo-
lutionary rescue and competitive release can help understand why ther-
apies succeed or fail. Finally, I present six “wedges” that can each contrib-
ute alone, or as part of multipronged approaches to successfully treating 
disease.

The Magic Bullet

Despite remarkable progress in prevention and treatment, the impacts of 
diseases in agriculture and animal husbandry, and on protected and do-
mesticated species, wildlife, and human health are likely to intensify into 
the twenty-first century. Humans in particular are increasingly in contact 
with each other and with wildlife, treated with drug regimens that select 
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for resistance, and adopt lifestyles or are exposed to environments that 
render them more susceptible to infectious diseases and more likely to get 
cellular diseases such as cancers.

For many clinicians the Holy Grail is to discover the Ehrlichian “magic 
bullet”—a drug that will target the BEAs and cure disease. Intuitively, the 
most effective way to reduce BEAs is to “hit hard and fast.” That is, more 
drug means more kill within the tolerance limits of the patient. Rapid ad-
ministration of the drug means forestalling further BEA growth and as-
sociated symptoms, but also reducing the probability of the appearance 
of resistant mutant strains. Despite decades of research on pest and dis-
ease control (much of it with an ecological basis), this approach and the 
many alternatives in following pages remain highly controversial (e.g., 
Read et al. 2011).

The magic bullet may be shortsighted for another reason. What will 
cure most patients may not be optimal for the general population in which 
resistant variants may emerge and spread.1 This problem is in many ways 
similar to the objectives of classical pest control (Greene and Reid 2013), 
where short-term success is to attain economic targets for the treated area 
(e.g., an agricultural field), subject to meeting the global objective of slow-
ing the spatial spread of resistance (Vacher et al. 2003). Although human 
cancers are not transmitted between individuals, the concept from pest 
control of spatial resistance management could apply to treating metas-
tasis (Fu et al. 2015), and certain authors have argued that certain tar-
geted therapies could be counterproductive to treatment success (Gillies 
et al. 2012).

Curing Disease Is an Ecological Problem

Some of the diseases that present the greatest threats to human health 
are caused by microparasites, including viruses, bacteria, and protozoa, 
and macroparasites such as helminth worms. Microparasites in particu
lar are characterized by very large populations and therefore consider-
able potential for rapid evolutionary responses. When a drug is applied to 
a large, diverse population, the response will be determined in part by 
the absolute (growth) and relative (selection) impacts on sensitive and re-
sistant subpopulations. Given that resistance depends on genetic expres-
sion, including epigenetics, this means that environment, and more gen-
erally ecology, needs to be incorporated into our understanding of why 
chemotherapies (against microparasites, macroparasites, or cancers) suc-
ceed or fail.

Disease control within the organism is an ecological problem but is 
rarely seen as such. Rather, research and application are overwhelmingly 
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focused on the direct interaction between the therapy (typically a drug) 
and the BEA. Treatment success means that the drug contributed to clear-
ing the BEA, whereas failure would suggest that the drug choice, dose, 
and/or schedule was in error, and/or that resistant strains were present. 
The major omission from this perspective is environment. Indeed, the very 
same interactions found in terrestrial and aquatic systems are found within 
diseased hosts: intra- and interspecific competition, resource limitation, 
mutualism, facilitation, and predation.

Here I argue for a framework integrating abiotic and biotic interactions 
involving BEAs and drugs within disease ecosystems. I briefly discuss the 
basis for this concept. I then present several mechanisms associated with 
therapeutic failure, all of which involve BEA clonal escape. A criterion for 
therapeutic success integrating clonal escape is then formalized in a very 
simple mathematical expression, and I discuss parallels with the concepts 
of evolutionary rescue and competitive release. Finally, I present six com-
plementary strategies or “wedges” towards improved control, their eco-
logical basis, and why they should be considered in future theoretical 
developments.

My approach is largely review, and I make reference where appropri-
ate to individual treatment strategies coming from bacterial infections, 
Plasmodium, human immunodeficiency virus (HIV), and cancers. Table 1 

Table 1. Some Basic Challenges to Treating Patients and Disease  
Management over the Broader Population for Several  

Important BEAs Affecting the Human Population

BEA Individual patients Broader population

Bacterial 
pathogens

Large, diverse populations; hypermu-
tator strains; protective biofilms; 
multidrug resistance

Horizontal gene transfer  
of virulence factors and  
resistance from other  
bacterial species

Plasmodium Evades host immune system; resistant 
strains transmitted to host; distin-
guishing Plasmodium species to 
determine specific treatment

Difficulty in controlling  
the vector

HIV High within-host population turnover 
and generation of antigen diversity; 
uses its enemy (white blood cells) to 
replicate

Prevention through  
safe-sex and no needle  
sharing

Cancer Large, diverse populations; genomic 
instability; dormancy; refractory 
cancer stem cells; limited drug 
amounts due to toxicity; evasion of 
immune system
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presents a list of some of the basic factors associated with these BEAs that 
make them particularly challenging to treat in individuals and to control 
at a population level. Comparing and contrasting insights from these dif
ferent literatures could lead to a greater fundamental understanding of 
disease ecosystems, how drugs affect them, and translation to clinics.

The Disease Ecosystem

Despite many differences between parasites and tumor cells, one broad 
similarity is that both live in disease ecosystems. The disease ecosystem 
encompasses birth, growth, survival, and interindividual and interpopu-
lational interactions such as predation (immune system), cooperation 
(cell–cell signals, tissue architecture, cell function), competition (both di-
rect (as in the case of many parasites) and indirect for limiting resources 
(host cells, glucose, oxygen)), resource replenishment (angiogenesis), de-
tritivory (phagocytosis), and external intervention in the form of therapy. 
The latter is tempered by the idiosyncratic nature of information gather-
ing and translation into a rational treatment. Related perspectives have 
recently been discussed for parasites (Rynkiewicz et al. 2015), pathogenic 
bacteria (e.g., Conrad et al. 2013), and cancer (Basanta and Anderson 
2013, Merlo et al. 2006).

Figure 1 shows an oversimplified depiction of one type of disease eco-
system: the cancer microenvironment. Tumor growth depends impor-
tantly on resource flows through the three-dimensional mass of uncon-
trollably dividing, motile cells (Alfarouk et al. 2013). Cells that are only 
a few millimeters’ distance from the nearest capillary will experience 
hypoxic stress and lactic acid accumulation, due to deficits in oxygen and 
glucose. Cells tend to become increasingly hypoxic and anoxic towards 
the center of a tumor and under prolonged stress they form a necrotic 
core (Smallbone et  al. 2007, Gillies and Gatenby 2007). Stressed cells 
may send signals to the local vascular system to extend capillaries into 
the tumor (angiogenesis), which, if successful, promotes further tumor 
growth (Folkman 2006). From a therapeutic point of view, the challenge 
is to arrest angiogenesis while promoting conditions for drug diffusion 
into the tumor (which increases with angiogenesis). Those cells experi-
encing insufficient doses of the drug or in a dormant state (Fig. 1, yellow 
cell) may be the source of future relapse, as are cells receiving the full 
drug dose, but harboring chemoresistance mutations (Fig. 1, blue cells; 
also, see later). Little is known about how resource dynamics and cell-to-
cell signaling involving BEAs and healthy cells determine the emergence 
and fates of refuge cells and resistant cells. Finally, the predators in the 
disease ecosystem are different components of the innate and adaptive 
immune responses that are most functional at the incipient stages of 
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Figure 1. Disease ecosystem for tumor growth. In this oversimplified representa
tion of the tumor microenvironment, tumor cells can grow as long as they have suf-
ficient access to oxygen and glucose and sufficient space. Tumor cells compete 
among each other and with surrounding healthy epithelial cells. The intensity of 
competition increases with cell–cell proximity and distance from the nearest blood 
capillary (not shown). In the absence of sufficient resources (away from blood sup-
ply), cells become necrotic. Tumor cells may be predated by components of the im-
mune response (phagocytes and lymphocytes). Fibroblasts (not shown) modify 
the disease ecosystem through the production of structural tissue (extracellular ma-
trix) and growth factors, facilitating angiogenesis (pericyte and endothelial cell 
production), inflammation, immune evasion, tumor growth, and metastasis. Tumor 
cells may escape the immune system (not shown) or therapies—the latter through, 
for example, genetic resistance (solid black outlines) or limited drug contact (dashed 
black outline).
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tumorigenesis, becoming less effective or failing in conjunction with tumor 
escape (Merlo et al. 2006).

Largely analogous reasoning holds for nonself BEAs (e.g., HIV, bacte-
rial pathogens, Plasmodium), although each has its own spatial, behav-
ioral, and functional specificities. Moreover, the caricature in Figure 1 is 
centered on local interactions between BEAs, host cells and tissues, and 
drugs. A more realistic representation would include regional and global 
host interactions (e.g., immune, hormonal, other disease foci, effects on 
host health and behavior), and in cases of infectious disease, interactions 
with the external environment. Understanding the differences and com-
monalities between different BEA ecosystems will form a part of develop-
ing theories and predictions for how diseases can be cured.

BEA Escape

Beyond misdiagnosis or misappropriations in the choice of (or patient in-
tolerance to) drugs, the main generic cause for treatment failure is BEA 
escape. BEAs cause disease, morbidity, and mortality in part because they 
either escape natural host controls or amplify them (e.g., cytokine storms). 
BEA escape from drugs bears limited resemblance to parasite escape from 
immune systems or pests escaping natural enemies in biological control. 
This is in part because drugs are nonadaptive, whereas the body has a 
wide array of checkpoints for detecting and destroying diseased cells, and 
the immune system for detecting nonself antigens and the subsequent dis-
abling of parasites.

BEA escape from chemotherapies can occur in one or more of several 
ways. First, BEAs may produce quiescent or dormant states. Examples in-
clude quiescent cancer stem cells (Merlo et al. 2006) and bacterial persister 
cells (Balaban 2004). Second, BEAs may be tolerant, whereby mechanisms 
such as reduced receptor sensitivity or density limit drug impact, as cases of 
drug-tolerant cells in certain cancers (Sharma et al. 2010). Third, a BEA 
may directly resist a drug through a molecular change or a change in recep-
tors and/or drug transport. For instance, bacteria may indirectly resist anti-
biotics through the upregulation of efflux pumps (Webber 2002), or directly 
resist them via drug modification or inactivation (Blair et al. 2015). Fourth, 
some individual agents may be less attainable by the drug than others, 
either due to spatial refuges or active escape through plastic behaviors. An 
example is limited drug diffusion through tumors leading to spatial refuges 
and resistance (Fu et al. 2015, Trédan 2007). Fifth, agents may naturally 
have high mutation rates, or be induced or selected to have increased muta-
tion rates, such as in hypermutator bacteria (Oliver et al. 2004), HIV (Cue-
vas et al. 2015), and certain cancers (Tomlinson et al. 1996). Tumors in 
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particular are thought to contain numerous resistant variants by the time 
neoplasms are typically discovered (Diaz et al. 2012). The preceding five 
mechanisms are largely inferred from in vitro experiments; their detailed 
roles in treatment failures are largely unknown (e.g., Mwangi et al. 2007).

A Simple Criterion

The primary objective of chemotherapy is to affect BEAs so as to durably 
allay or eliminate disease impacts on health. Outcomes are challenging 
to predict because the system is potentially very complex, involving how 
the BEA interacts with itself, with other BEAs (e.g., in coinfections) and 
with healthy cells, but also with other ecosystem components such as re-
source availability (space, nutrients), habitat quality, the microbiome, 
and the immune system. The addition of one or more drugs potentially 
influences these interacting compartments either directly or indirectly, 
creating possible feedbacks, and in so doing will make predictions based 
on individual components in isolation, overly simplistic.

The complexity summarized above indicates that simple criteria, such 
as reducing the BEA net population growth rate to below zero, are prob
ably not useful for understanding chemotherapeutic success and failure. 
Rather, a model incorporating the key phenomena of BEA escape may pro-
vide significant insight into the basic control problem. The model can be 
modified to incorporate different features of the disease ecosystem.

We assume n distinct asexual, haploid classes of BEA where, for phe-
notype i, the current population size, maximum growth rate, density-
dependent limitation (e.g., through competition and/or predation), and re-
ductions in birth (or increases in mortality) from chemotherapy are 
respectively Ni,t, λi, fi,t and ϕi. Note that ϕi encapsulates both the sensitivity 
of a strain to the drug (given inherent levels of tolerance or resistance), 
and the eventuality that the strain is also protected due to spatial refuges.

Assuming a large initial population Ni,0 of the most frequent clone, such 
that population changes are dominated by deterministic rates, the popu-
lation at a short time interval Δ into the future is

Ni,t+Δ = λi ϕi fi,t{Ni,t}Ni,t.

Further, assuming that density dependence (intrapopulation competition) 
in the BEA becomes negligible soon after the chemotherapy begins, and 
resistant or protected variants are initially rare, then after a treatment 
period xΔ, clone i is approximated by

Ni,t+xΔ = (λi φi)x Ni,0.
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Clearly if φi < 1/ λi for all i, then some level of reduction in density is en-
sured. The criterion for achieving population control below a target den-
sity, T, predicted to result in success is therefore

W = Σi(λi ϕi)x Ni,0 < T.	 (1)

Importantly, the objective W < T may be initially met, simply because 
refuge populations are small and do not appreciably grow during the 
initial phases of the therapy. Should these populations not be sufficiently 
held in check thereafter, then eventually they will reemerge, and poten-
tially falsify the success criterion 1. This may happen should subpopula-
tions escape drug control and/or if the immune system is not sufficiently 
effective.

Notice the following. First, because this is an exponential population 
process, the required ϕ to achieve control is highly sensitive to the multi-
plier λ. This reflects the compounding effect of insufficiently checked ex-
ponential growth. Second, meeting criterion 1 requires that all genotypes 
are sufficiently controlled; this sufficiency will depend on the densities, 
biological characteristics of each clone present, and disease ecosystem in-
teractions. Third, if a single resistant mutant is present at the beginning 
of the therapy, then, should it emerge, it takes a minimum of ln(T)/ln(λm) 
time units for criterion 1 to be rejected. And fourth, the immune system 
is an important factor that potentially intervenes to reduce λ, whereby 
therapy accompanied by immune responses are likely to be more effec-
tive than either alone in reducing nonself parasites. In contrast, by the 
time a cancer is discovered (e.g., poses a health threat), the tumor has 
likely escaped natural immune control and would require specific immu-
notherapies to contribute to BEA suppression beyond the effects of a che-
motherapeutic agent (or radiation therapy).

This model is clearly oversimplified and the inclusion of further realis-
tic positive or negative density-dependent interactions such as competi-
tion between tumor cells and surrounding healthy cells could influence 
the therapeutic outcome. For example, Sottoriva et al. (Sottoriva et al. 
2015) considered the emergence and growth of competing clones in 
colorectal cancers. They showed that the initial appearance of a set of 
driver mutations resulted in the dominance of these clones in tumor 
growth, even when more fit strains subsequently emerged. This is because 
early emerging clones gain a priority effect (a “head start”), and as the 
population carrying capacity is approached, clonal per capita growth rate 
and per capita beneficial mutation rate both decrease, resulting in slower 
clonal turnover.
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Rescue and Release

Before proposing a framework towards improved treatment outcomes 
that incorporates the dynamics of disease ecosystems, I describe two 
complementary phenomena that are useful in understanding treatment 
failures.

In evolutionary rescue, the effects of a drug drive the sensitive popula-
tion towards extinction, but resistant variants that are already present or 
emerge during the treatment “rescue” the population (Gonzalez et al. 
2013). The evolution of BEA resistance under high drug doses is a text-
book example of evolutionary rescue, although not all cases of resistance 
evolution need involve evolutionary rescue. Specifically, drugs may only 
partially impact the sensitive subpopulation due to e.g., BEA plasticity, 
spatial refuges, or underdosing. It is also possible that drug resistance 
evolves in situations where extinction would not have occurred in the first 
place (e.g., Gullberg 2011, Andersson and Hughes 2014). In the context of 
improving chemotherapies, if the initial BEA population is small and/or 
genetic variation low, then it may be best to treat with high doses until 
the BEA is cleared. This assumes that the therapy sufficiently decreases 
the rate of evolution (i.e., lowers the number of births and it is not muta-
genic) and does not induce refuge behavior such as dormancy observed 
in some cancers (Sharma et al. 2010).

In competitive release, populations compete for space or limiting re-
sources, and the reduction of one or more competitors contributes to the 
growth of other, less affected (e.g. resistant) populations (Greene and Reid 
2013). Day et al. (2015) differentiated competitive release from competi-
tive suppression, the latter occurring when one competitor suppresses an-
other through a shared density-dependent response, such as an immune 
reaction or environmental degradation (Huijben et al. 2013). With a few 
exceptions, competitive release is not well understood in the context of 
disease ecosystems. For example, Wargo et al. (2007) showed an effect of 
treatment duration on the magnitude of competitive release in Plasmo-
dium. Pena-Miller et al. (2013) used modeling and experiments of antibi-
otic combination therapies to show that failure by the first antibiotic 
strongly favors the growth rate and emergence of resistant clones, which, 
in turn, evade control by a second drug. One of the dangers in competi-
tive release (and indeed evolutionary rescue) is that the expanding resis-
tant population may evolve compensatory traits (MacLean et al. 2010, 
Schulz et al. 2010) or acquire other fitness-enhancing traits, such that pro-
liferation potential is comparable or even greater than that of the origi-
nal population, as has been hypothesized in certain cancer relapses (Ding 
et al. 2012).
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Ecological and Evolutionary Wedges to Vanquish Disease

As described above, the conventional wisdom in treating disease is to hit 
hard and fast. The main constraints on dose and duration are toxicity 
and treatment costs. The risk of this approach is treatment failure and, 
in the case of infectious BEAs, the spread of resistant strains to other 
individuals.

Fundamental research aimed at understanding treatment outcomes 
needs to incorporate the dose debate into a more integrated framework 
based on the disease ecosystem. I describe six non–mutually exclusive 
variables and strategies (wedges) that could contribute to improved treat-
ment outcomes (Table 2).

1. Dosing. Growth inhibition and kill assays are mainstays of pharma-
codynamics. However, drugs are not static entities once introduced into 
the body: They are heterogeneously distributed, and may be modified or 
inactivated, and excreted (pharmacokinetics). For example, Foo et al. 
(2012) studied combined evolutionary and pharmacokinetic models of the 
emergence of cell resistance to erlotinib in patients with epidermal growth 
factor receptor (EGFR)–mutant lung cancers. They found that pulsed dos-
ing could control tumors with resistant clones, but that sufficiently long 
treatment holidays risked enabling the emergence of de novo resistant 
clones. Ankomah and Levin (2014) employed models of pharmacodynam-
ics, focusing on the dose and duration of antimicrobial therapies in sys-
tems with innate and adaptive immune responses. They found that high 
doses used until the immune response finished clearing the infection were 
superior to less intense strategies (but see Day and Read 2016 for contrast-
ing findings). Akhmetzhanov and Hochberg (2015) used computational 
models of tumor growth, based on empirical parameter estimates to de-
rive minimal levels of continuous chemotherapy that would extend pa-
tient life expectancy over that achieved with high-dose therapies. They 
found that optimal dosing should no more than counteract the growth of 
the BEA clone with the highest fitness, otherwise fully resistant clones 
would likely emerge, resulting in possible treatment failure.

Although there is considerable empirical work on how drug dosing po-
tentially affects treatment outcome (for a literature survey, see Day and 
Read 2016), it does not provide a clear signal as to whether “hit hard” 
approaches are superior to alternative dosing schedules (Kouyos et al. 
2014). For example, Negri et al. (2000) demonstrated how strains of Esch-
erichia coli with different levels of resistance to the antibiotic cefotaxime 
persisted at different drug doses. They identified the selective window: 
doses that eliminate sensitive strains and favor relatively resistant ones. 
Work on Plasmodium has shown sensitivity to treatment dose (Huijben 
et al. 2013) and Wargo et al. (2007) demonstrated an effect of treatment 
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duration on the emergence of resistance. A corollary to dosing (intensity, 
schedule, and duration) is whether the therapy should actually kill BEAs 
(cytotoxicity) or rather render them unable to proliferate (cytostaticity). 
Theory shows that these alternatives can have contrasting effects on dy-
namics (e.g., Lorz et al. 2013), suggesting that interactions with other com-
ponents in the disease ecosystem, such as resource competition or preda-
tion by the immune system, may result in different therapeutic outcomes 
depending on the extent to which therapy kills cells or arrests cells.

2. Combination therapies. Employing two or more therapeutic agents to 
treat a disease has shown promise for certain cancers (Vanneman and 
Dranoff 2012), bacterial diseases (Tamma et al. 2012) and HIV (Bartlett 
et al. 2006) (see, also examples in zur Wiesch et al. 2011). The basis is 
twofold. First, combination therapies can be devised to foil one or more 
escape responses, including spatial refuges, effect pathways, and resis
tance genes (e.g., Fitzgerald et al. 2006). The underlying idea is that total 
population coverage by two or more therapies is greater than any one 
alone. For example, Komarova and Wodarz (2005) parameterized math-
ematical models to show how the number of drugs and probabilities of 
resistance to each inform how many drugs are necessary to successfully 
treat cancers. Examples of combined approaches also abound in the anti-
microbial literature; for example, the use of multiple phage types or com-
binations of phages and antibiotics against certain pathogenic bacteria 
(Chan et al. 2013, Torres-Barceló and Hochberg 2016, but see Betts et al. 
2016). Second, the order, schedule, and dose of each anti-BEA can be ad-
justed for maximal effect (Torres-Barceló et al. 2014). Maximal effect is a 
complex quantity that integrates the impact on BEA numbers, the proba-
bility of resistance, and allaying disease severity, while avoiding toxicity 
issues (especially for cancer therapies).

Scheduling can be an important parameter in achieving maximal ef-
fect, for instance when therapeutic agents interfere with one another if 
administered together. For example, Torres-Barcelo et al. (2014) showed 
how the delay between additions of a bacteriophage and an antibiotic is 
key in maximizing impact and minimizing resistance in populations of 
Pseudomonas aeruginosa. This is due in part to the density-dependent na-
ture of phage multiplication and impact on bacterial hosts. Roemhild et al. 
(2015) demonstrated how the order of sublethal doses of antibiotics could 
have substantial effects on bacterial populations and resistance (see also 
Pena-Miller et al. 2013). Combination therapies may also exploit charac-
teristics of the disease ecosystem and of BEAs themselves. Examples in-
clude the sequential use of chemotherapy and immunotherapy (Antonia 
et al. 2006), and poly(ADP-ribose) polymerase (PARP) inhibitors capital-
izing on synthetic lethality in certain breast and ovarian cancers (Rotten-
berg et al. 2008).
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3. Increasing the costs of resistance. One underexplored approach to im-
prove treatment outcomes is to increase the costs of resistance. The idea is 
to use specific interventions so that sensitive BEAs competitively control or 
even eliminate resistant populations. Enriquez-Navas and coworkers 
(2015) have recently argued that for some cancers, chemotherapies could 
be alternated with “fake drugs” that serve only to tip the competitive bal-
ance in favor of sensitive cells. This idea has considerable appeal, but the 
argument could be made that rapid treatment with a fake drug should be 
initiated before the real chemotherapy is even applied. The reasoning is as 
follows. The resistant cell population is expected to be at its lowest num-
bers before treatment. This is due both to resistant cells growing in the 
treatment environment (their absolute fitness is greater than one), and to 
their growth being enhanced by reduced competition with decreased num-
bers of sensitive cells (i.e., competitive release). The sensitive cell popula-
tion will be at its maximum numbers and maximum competitive impact on 
resistant cells before treatment. Increasing the cost of resistance through a 
fake drug will further tip the balance in favor of sensitive BEAs. This paves 
the way for the administration of a bolus of the real drug to clear the infec-
tion or the cancer, or if not completely successful, to follow the real drug 
with cycling fake drug treatments, as in Enriquez-Navas et al. 2015.

4. Dynamic agents. Drug specificity is one of the mainstays of Ehrlich-
ian magic bullets. However, it is also a shortcoming because, as discussed 
above, targeting one or a small number of vulnerable traits can select for 
resistance (Gillies et al. 2012). An alternative is to capitalize on the diver-
sity of “living” agents and their potential to overcome the evolution of 
resistance in situ, or in treating previously evolved multidrug-resistant 
pathogens. Examples include lytic phages against pathogenic bacteria (Pir-
nay et al. 2011, Viertel et al. 2014) and oncolytic viruses (Russell et al. 
2012). For example, Wodarz and Komarova (2009) developed and ana-
lyzed mathematical models to show that tumor control by oncolytic vi-
ruses depended importantly on virus growth and diffusion to refuge can-
cer cell populations. Others have argued for a “Trojan horse” strategy, 
whereby avirulent BEA variants could be used to control more virulent 
strains (Brown et al. 2009) and greatly reduce the risks of resistance evo-
lution. An interesting related development is to employ bacteriophages as 
adjuvants to select for increased sensitivity to antibiotics (Chan et al. 2016).

A prime advantage of dynamic agents, and bacteriophages in particu
lar, is self-amplification and adaptation to resistant hosts in situ. Because 
the diversity of phages is virtually limitless, they can be combined into 
cocktails to maximize overall strain coverage and effect on the target bac-
terium (Chan et al. 2013). Bacteriophages can either treat established in-
fections or be used prophylactically (“lying in wait”) so as to prevent 
pathogens from colonizing incisions or wounds (Kutter et al. 2010). When 
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bacterial densities are low (such that phage self-amplification is limited) 
or difficult to attain, the phage inoculum can be increased, functioning 
more like a conventional antimicrobial drug.

5. Tweaking different interactions in the disease ecosystem. As introduced 
above, one of the cornerstones of ecology—that individuals interact with 
each other and the environment—is all but neglected in chemotherapies. 
There are many possible interventions into the disease ecosystem that 
could increase impacts on BEAs. For instance, immune systems (“preda-
tors”) can be harnessed to combat malignant cells (e.g., Childs and Carl-
sten 2015). Empirical work shows that one way to accomplish this is 
through dynamic agents (Eriksson et al. 2009), whereas other immune 
stimulations prevent BEAs from becoming established in the first place 
(Barr et al. 2013). Other studies include those that show how healthy cells 
may help suppress neighboring tumors (Maley et al. 2004), or that the 
evolutionary rates and adaptability of BEAs may be slowed (Kostadinov 
et al. 2013), or how factors as diverse as resource bases, virulence factors, 
host tolerance, microbiomes, and cell–cell cooperation may be targeted 
to improve therapeutic outcomes (Jansen et al. 2015, Fig. 1; Ross-Gillespie 
et al. 2015; Vale et al. 2016).

6. Adapt to the situation. The conventional approach of treating disease 
is to employ information based on symptoms, eventual identification of 
the BEA, and patient characteristics to devise a one-off strategy with the 
objective of improvement or cure. A different approach is to use early-
warning signs, and initial and ongoing information to predict disease dy-
namics and adapt treatments so as to manage or eradicate the BEA. For 
example, adaptive therapy has the dual objectives of an acceptable cancer 
burden and minimal resistance evolution (recently reviewed in Nichol 
et al. 2015). In the context of phage therapy, Pirnay et al. (2011) distin-
guished general or prêt-à-porter strategies and more-personalized sur 
mesure approaches. One example of the latter is adaptive phage training, 
whereby lytic phages are evolved before or during a therapy in the labo-
ratory, so as to improve their impact on particular bacterial strains, ex-
tend the spectrum of hosts attacked, or anticipate bacterial resistance 
(Betts et al. 2013, 2014) (see also Betts et al. 2014 for a related discussion 
of steering evolution). Once training is complete, the trained isolates are 
then reintroduced into the disease ecosystem.

More generally, assessing possible “Plan B” strategies before a treatment 
actually begins is not only sensible, but may also influence the choice of 
Plan A. Forecasts of ecology and evolution in the disease ecosystem should 
guide such choices. For example, the use of a risky Plan A with no Plan B 
should Plan A fail (e.g., the treatment of a multidrug-resistant bacterium 
with a last resort antibiotic), may be inferior to the employment of a less-
aggressive, slower-acting Plan A (the use of a phage cocktail) that has an 
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ecologically and evolutionarily sensible Plan B (adaptively trained bacte-
riophage) should Plan A be partially successful or fail.

The Greater Community

The approaches presented above focus on the disease ecosystem within 
the individual patient. For infectious diseases, one must also consider the 
larger population for at least two reasons. First, in the short term, fail-
ure to sufficiently control an infection may result in the transmission of 
sensitive, or even worse, resistant strains. Second, in the longer term, 
the continued use of a single antimicrobial over a sufficiently large pop-
ulation will invariably select for the emergence and spread of resis
tance. Heesterbeek et al. (2015) presented a framework that reveals the 
complexity of managing infectious disease systems, whereby models 
(based on predictive epidemiological parameters, such as the basic re-
productive rate), data, and policy are integrated into a plan of action, 
and improved iteratively. These models have the objective of control 
(while preventing or delaying resistance) or, if possible, eradication. Ap-
plication of one or more of the wedges proposed here should form part 
of disease control and eradication policies as, by reducing the probabil-
ity of resistance emergence, they may prevent or attenuate the spread 
of epidemics in the wider population. Nevertheless, more research is 
needed to understand how attempting to cure individual patients is or 
is not optimal for the population, and inversely, how optimal population-
level programs may result in some patients not being cured, whereas 
they would have been in a patient-centered approached. The six wedges 
presented here, when used singly or in combination may provide a way 
forward to optimize both individual outcomes and population-level 
outcomes.

Conclusions

The complexity of the disease ecosystem provides numerous opportuni-
ties for the employment of novel therapeutic approaches. Real disease eco-
systems and the mechanisms of BEA escape are evidently much more 
complex than presented here (see e.g., Table 2 in Gonzalez-Angulo et al. 
2007), meaning that compromises are necessary between sufficient real-
ism and conceptual and computational tractability. This will be particu-
larly challenging in situations where rapid decisions are needed and for 
which accurate, rich information about the BEA is difficult to obtain or 
difficult to process (Woods and Read 2015). Nevertheless, the six wedges 
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proposed here, based on a fundamental understanding of ecology and evo-
lution in the disease ecosystem, provide a robust armory, which can be 
used singly or in combination to cure disease.
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Notes

The present paper was completed in September 2016. It is the basis of the recent 
study published in Evolution, Medicine and Public Health (Hochberg 2018).

	 1.	In the context of infectious disease, transmission and spread are to other hosts, 
whereas, in cancer (with the exception of transmissible cancers in dogs, Tasma-
nian devils, and certain bivalve species) spread is either through local or distant 
metastasis.
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Collective Cooperation

From Ecological Communities to Global Governance and Back

Simon A. Levin

Collective cooperation within large groups has posed a fundamental puz-
zle in ecology and evolution at least since Darwin, especially to the de-
gree that unequally distributed costs and benefits seem to be a part of the 
story. In the latter case, some individuals may appear to be altruistic; this 
created for Darwin a challenge to his theory of evolution through natural 
selection, a challenge he never fully resolved.

For the evolution of eusociality, Hamilton (1964) seemed to have shed 
useful light on the problem by working out the effects of relatedness and 
kin selection on promoting altruism; yet even that advance has been called 
into question (Nowak et al. 2010), in part because eusociality is not re-
stricted to the haplodiploid insects. In any case, cooperation comes in 
many forms in nature, and clearly often arises among unrelated individu-
als. Such cooperation may aid individuals in the acquisition of resources 
or facilitate mating; often, however, cooperation is a mechanism that arises 
to bind individuals together into groups to provide advantages in conflict 
with other groups. Nowhere is this more evident than in human societies, 
making urgent an understanding of how to extend cooperation to all of 
humanity to deal with common threats, such as the deterioration of the 
biosphere.

The issue of individual incentives versus the collective good represents 
a dominant theme not only in evolutionary biology, but also in economic 
theory. Adam Smith (1776) wrote famously of “the invisible hand,” which 
argued that, sometimes, individuals who pursued their own selfish agen-
das would produce outcomes that benefitted society. This argument is 
often used implicitly in arguing for financial markets relatively free of gov-
ernment control, yet Smith himself explicitly recognized that individual 
greed could undercut the public good. Similar holistic arguments persist, 
however, in fanciful dreams of Gaia (Kirchner 1991, Schneider et al. 1991, 
Kirchner 2002). We have learned from bitter experience that the invisi-
ble hand does not protect our economies; nor will the goddess Gaia pro-
tect our biosphere.
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We do know, however, that individuals cooperate in collective activi-
ties that benefit the group as a whole. Group-selection arguments have 
been invoked to explain such behaviors (Wynne-Edwards 1962), but these 
are justified only under special conditions; more generally, one should seek 
explanations in actions that enhance individual fitness. Addressing the 
issue of how and when cooperation works presents deep theoretical chal-
lenges, with great relevance to how and whether we can achieve a sus-
tainable future for humanity. In this article, I will highlight a few of the 
research areas that seem likely to bear fruit, especially through cross-
fertilization across disciplines. Cooperation in dealing with global prob
lems can benefit from an understanding of how evolution has solved such 
problems or failed to. In the latter cases, if we are to achieve a sustain-
able future, we must understand how to create the norms and institutions 
that bottom-up processes will not find.

As an example, Avinash Dixit, Daniel Rubenstein, and I examined the 
maintenance of insurance arrangements among east African herdsmen 
(Dixit et al. 2013). This is a problem of considerable interest in and of it-
self, but even more so as a model for cooperation in other spheres. In these 
situations, herdsmen engage in cooperative arrangements that allow those 
experiencing bad conditions to graze their cattle on others’ ranges; it is a 
form of insurance, in that it relies on the unpredictability of when one or 
the other will experience good conditions. A first calculation computes 
the social optimum, that which maximizes the sum of the utilities of all 
participating herdsmen. Were there top-down controls, maintained by 
some higher authority, this would be the expected solution. However, if 
individual herdsmen are acting independently, such a social optimum may 
not represent a Nash equilibrium; that is, cooperation will collapse if in-
dividuals experiencing good years discount the future too heavily. Thus, 
a second calculation establishes what the critical discount rate is beyond 
which cooperation collapses. A final calculation then looks for second-best 
solutions, namely those that involve some sharing, and maximize total so-
cial welfare subject to the constraint that the arrangement can be sus-
tained (is Nash) without the intervention of a higher authority. In unpub-
lished work, we investigated the influence of prosociality, meaning that 
individuals incorporate others’ welfare to some degree into their calcula-
tions (for example because others are kin); not surprisingly, this elevates 
the total social welfare that can be sustained. I will return to this theme 
in the next paragraph. The framework described above has obvious ex-
tensions to other problems of the commons, from fisheries to the global 
environment. But it also has the potential to help explain the evolution of 
cooperative arrangements in other species, or even among species, as well 
as the failure of evolution to achieve the collective optimum in many 
circumstances.
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As mentioned above, prosociality obviously facilitates cooperation, and 
the phenomenon raises a number of deep questions: When will prosocial-
ity lead to the maintenance of a public good that would not have existed 
without it? Can social evolution lead to the maintenance of such proso-
ciality? How has prosociality, especially among unrelated individuals, 
arisen through evolution? These questions have been addressed from mul-
tiple perspectives in diverse literature (Gintis 2003, Axelrod 2006, Akçay 
et al. 2009, Dixit 2009), and Dixit and I have been extending his basic 
results to more complex societal topologies, many involving environmen-
tal issues as with our work with Rubenstein (Dixit et al. 2013). The emer-
gence of prosociality of course has long been a staple of evolutionary the-
ory and remains among its most controversial. Marrying economic and 
evolutionary theory holds great potential to lead to enlightening syner-
gisms for all these issues.

Even in the absence of prosociality, cooperation can arise through re-
ciprocal altruism; in other words, through an effective contract involving 
two or more players. The example of the herdsmen is a case in point; but, 
more generally of course, such contracts are a staple of political theory 
(Axelrod 1997) and are crucial in the development of international agree-
ments for such challenges as biodiversity loss or climate change (Barrett 
2003). In any negotiations, implicit or explicit, leading to possible coop-
eration, each player must weigh the costs and benefits of particular ac-
tions; but the situation is more complicated, because the costs and bene-
fits of other parties must be estimated to determine just how much one 
should yield in a negotiation. A framework for thinking about such issues 
involves assessing one’s own likely benefits from cooperation and from 
outside options and estimating the same for potential partners (Akçay 
et al. 2012). Of course, information in such circumstances is asymmetric 
in the sense that another’s costs and benefits (particularly involved so-
called “outside actions”) are not known with the same certainty as one’s 
own, and this makes the decision as to whether to cooperate more com-
plicated. Furthermore, the decision as to whether to cooperate is only part 
of the negotiation, which also must involve deciding how to divide the 
excess goods that have been achieved through cooperation. The theory of 
mechanism design, borrowed from economics (Maskin 2008, Myerson 
2008), can be applied in an effort to determine pathways to cooperation; 
however, application of that theory demonstrates that potential collabo-
rators who would benefit from cooperation may fail to realize this. Though 
the reasons for failure are not the same as for the prisoner’s dilemma (Nash 
1951), the bottom line is the same: Agents that should cooperate do not.

Cooperation can fall short of ideal in other ways, as in the second-best 
solution given earlier. The prisoner’s dilemma only admits one Nash equi-
librium (defect–defect) and is a noncooperative game. More generally, in 
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international negotiations as well as in nature, we may be dealing with 
cooperative games, in which there may be multiple Nash equilibria (essen-
tially multiple stable solutions), some better than others; there, individu-
als may be cooperating, but not as effectively as they might. Evolution may 
well lock in on inferior equilibria; but in international agreements, we 
should strive to find pathways to better solutions.

Cooperation among small numbers of individuals raises issues that also 
arise when many individuals are involved, though the analytical tech-
niques relevant to large groups may be quite different. Still, just as in 
celestial mechanics, where much attention is given to two-body problems 
because they are tractable, the overwhelming number of game-theoretic 
examples that appear in the literature or in textbooks involve only two 
players. The challenge of scaling up to large ensembles hence is one of 
the most crucial areas for such research. In the game-theoretic literature, 
that has sparked interest in what are called mean-field games, namely 
games involving large numbers of interacting individuals (Huang et al. 
2007, Lasry and Lions 2007, Nourian et al. 2012, Nourian et al. 2014); such 
advances have not yet had an impact on ecological investigations, although 
they should. Again, interdisciplinary transfers of insights and perspectives 
hold the potential for synergistic advances.

Of course, mean-field games in ecology have been explored to some 
extent under other names. For example, collective motion of bird flocks 
and fish schools and insect swarms has attracted much attention from 
ecologists and modelers alike (Hamilton 1971, Couzin et al. 2005, Cucker 
and Smale 2007, Bialek et al. 2012); indeed, few ecological topics have 
attracted attention across such a wide spectrum of researchers. Consider-
able work has focused on the dynamics of large aggregations, and on scal-
ing from individuals to collectives; much less, however, has dealt with 
the public-goods dimensions of these ensembles, and the conflict between 
the decisions that individuals make and the good of the group. Informa-
tion is perhaps the ultimate public good, and its production raises issues 
captured in the producer/scrounger dichotomy (Barnard and Sibly 1981, 
Vickery et al. 1991), a staple of behavioral ecology. In collective move-
ment, some individuals pay an extra price for producing information, and 
others basically steal their information from the producers (Couzin et al. 
2005, Guttal and Couzin 2011). Knowing the rules individuals use in de-
termining their movement patterns, and what the consequences of such 
rules are for collective dynamics, leaves unanswered the question of 
whether such rules lead to behaviors that are best for all. Solutions that 
emerge from individual selection in such complex adaptive systems should 
not be expected to maximize total social welfare.

Public goods (and common pool–resource) problems are everywhere in 
the ecological world (Levin 2014), from bacteria and slime molds to nu-
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trient cycling in ecosystems. John Tyler Bonner (1959) highlighted the so-
cial conflicts in the cellular slime mold long ago, and more recent work 
highlights the public goods dimensions of bacterial biofilms (Drescher 
et al. 2014). Nitrogen fixation, chelation, and a number of other funda-
mental ecosystem processes present similar challenges.

Such problems are also at the core in dealing with global environmen-
tal problems and are my candidates for the major unsolved problems in 
ecology. In the natural world, such studies will require scaling from indi-
vidual actions to system consequences, within an evolutionary context 
that asks whether the social optimum in achieved. In achieving sustain-
ability in our societies, however, we must go further, as in the case of the 
east African herdsmen, and even beyond. Garrett Hardin (1968), build-
ing on ideas of William Forster Lloyd (1833), famously brought to the at-
tention of the ecological community the concept of the tragedy of the 
commons, in which individuals, by following their own selfish agendas, 
fail to sustain a resource essential to all. He concluded that the solution 
to such problems was in “mutual coercion, agreed upon,” which for him 
meant societal “arrangements that create coercion of some sort.” Elinor 
Ostrom, however, demonstrated that in small societies, like local fisher-
ies, such mutual coercion could arise from bottom-up cooperative arrange-
ments among individuals, essentially through the establishment of social 
norms (Ostrom 1990). She then built on such ideas to argue that the path-
way to global cooperation, where the common heritages and objectives 
that exist in small societies are absent, is through polycentric approaches 
that built on local agreements (Ostrom 2009). Indeed, such ideas hold great 
promise for the most refractory problems of international cooperation 
(Hannam 2017). Some great unsolved problems facing us, in my view, are 
in understanding when and how cooperation in commons situations 
emerges in natural systems, and how we can overcome limitations to 
cooperation in dealing with the global commons in order to build a sus-
tainable future.
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Keeping the Faith

The Case for Very-Large Terrestrial and Marine Protected Areas

Tim Caro

Very large strictly protected marine and terrestrial areas are the best 
long-term method of conserving intact natural ecological processes that 
are central to answering questions in ecology. Over the last half-
century, anthropogenic pressures on protected areas have changed and 
multiplied yet very large areas are still better able to counter these 
challenges than smaller reserves, and full protection can assuage some 
of them entirely. The next decade may be the last opportunity to ex-
pand the extent of very-large terrestrial protected areas through en-
larging existing reserves, creating new ones, and establishing buffer 
zones and corridors; in most cases international funding will be critical 
to success. Currently, we are making good progress in increasing the 
number of very-large marine protected areas. Ultimately the conserva-
tion of ecosystem processes will depend on these huge areas with mini-
mal human influence which act as important baselines for answering 
unsolved questions in ecology.

Introduction

Functioning natural ecosystems enable us to investigate ecological pro
cesses and establish baseline data against which ecological perturba-
tions can be compared (Sinclair et al. 2002). Future ecological discover-
ies will therefore depend enormously on the preservation of fully 
functioning ecosystems. In the 1960s when many national parks were 
first established it was simply accepted that large unexploited areas 
under strict protection were the best conservation strategy for main-
taining intact ecological communities for perpetuity. These early pro-
tected areas constitute some of the world’s most venerable and famous 
national parks such as Serengeti National Park, Chitwan National Park, 
and Yellowstone National Park. Similar sentiments have been reached 
using meta-analyses of marine systems which show that marine na-
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tional parks (MPAs) under strict protection are the most effective way 
to conserve fish stocks (Edgar et al. 2014).

In this chapter, I arbitrarily define functioning terrestrial ecosystems 
as areas inhabited by large mammals (those with weight greater than 
50 kg) including their predators, and functioning marine ecosystems as 
areas used by apex predatory fish or large marine mammals. I emphasize 
predators because their loss reduces cross-system connectivity, ecosystem 
stability, alters biogeochemical cycling, results in mesopredator release, 
and reshapes plant recruitment (Estes et al. 2011), although other ecologi-
cal players such as large migratory herds certainly contribute to ecosys-
tem integrity (Soule and Terborgh 1999). I define very-large terrestrial 
protected areas (VLTPAs) as those greater than 25,000  km2 in area 
(Cantu-Salazar and Gaston 2010), and very-large marine protected areas 
(VLMPAs) as those greater 105 km2 (Toonen et al. 2013). In line with 
others, I consider strict protection as occurring in International Union for 
Conservation of Nature (IUCN) protected area categories Ia (strict nature 
reserves managed mainly for science), Ib (wilderness areas managed 
mainly for wilderness protection), II (national parks managed mainly for 
ecosystem protection and recreation), III (natural monuments managed 
mainly for conservation of specific natural features), and IV (habitat/spe-
cies management areas managed mainly for conservation through man-
agement intervention).

Despite its pedigree, the classic large protected area paradigm has been 
questioned repeatedly over the last 50 years. Antithetical views have in-
cluded asking whether small reserves are equally good at conserving bio-
diversity (the “single large or several small” (SLoSS) debate), whether ex-
tractive reserves are better at conserving wildlife than no-take areas, 
whether top-down government control is really effective in protecting 
habitat, whether missing ecosystem components can be replaced by prox-
ies, and even whether conserving natural habitats should be our primary 
conservation objective at all. Since 1975, these and other issues have di-
verted academics’ attention, managers’ money, journalists’ priorities and 
governments’ decisions away from what should be the crown jewel of con-
servation: very-large protected areas (VLPAs). Here, I try to reestablish 
why large unexploited areas coupled with strict top-down protection are 
the best strategy for conserving natural ecosystems, dismiss alternative 
propositions, discuss how large well-protected unexploited areas can 
weather many anthropogenic pressures, and summarize measures that can 
be used to broaden the very-large marine and terrestrial protected area 
project.

Extolling the importance of VLPAs is not new (Cantu-Salazar and Gaston 
2010) and several massive MPAs have been gazetted recently (Jones and 
De Santo 2016) but here I stress their critical importance for maintaining 
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ecological processes rather than conserving biodiversity. There are still 
opportunities to set aside VLTPAs and VLMPAs uninfluenced by human 
activities although these are diminishing rapidly, hence the urgency for 
reiterating the case for VLPAs.

Why Very-Large Protected Areas Work

Justification

VLTPAs are the most effective form of conservation for several reasons 
(Table 1). First, their size means that they often include intact species 
assemblages, including populations of relatively rare apex predators 
that can structure lower trophic levels (Terborgh and Estes 2010). They 
also contain robust populations of sufficient numbers of species so that 
ecological processes of competition, facilitation, succession, and scav-
enging can all play out. VLTPAs can also provide space for seasonal 
movements between spatially distinct food sources, and in some cases 
incorporate migratory routes. They can protect entire watersheds and 
aquatic ecosystem processes, and are likely to fare better in the face of 
climate change because of their greater range of elevation, climates, 
habitats, and latitude. Their low periphery-to-core ratio means that 
they are better buffered from anthropogenic influences around their 
edges (e.g., fire); proportionately, land-use conflict along terrestrial re-
serve edges is minimized; and in terrestrial reserves there will be pro-
portionately less human–wildlife conflict because of fewer opportuni-
ties for wild animals to wander outside borders. Indeed, empirical data 
support the negative relationship between protected area size and in-
tensity of human pressure (Jones et al. 2018). From a managerial per-
spective, on a per area basis, larger reserves are easier and less expensive 
to protect and maintain than smaller reserves (Peres 2005, Laurance 2005). 
Nonetheless, their size means that they are costly to purchase, patrol, 
and to monitor in absolute terms.

VLMPAs also protect intact species assemblages and whole ecosystems 
(Table 1) and provide baselines from which to compare many other ma-
rine areas that are exploited (Licuanan et al. 2017). They too can encom-
pass animal seasonal movements (Block et al. 2011) and, potentially, all 
of the life history stages of fishes and invertebrates including larval dis-
persal. Whether fully protected or not, large MPAs have larger fish spe-
cies, and higher fish biomass, particularly of sharks, than fished areas 
(Edgar et al. 2014). Their huge size means that they necessarily protect a 
variety of habitats. Nevertheless, their very-large size means that they 
are extremely costly to patrol, usually requiring aircraft or satellites.
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Questioning the Paradigm

Although some would argue that it is axiomatic that large protected areas 
are our best conservation tool, ecologists, sociologists, and political sci-
entists have questioned this paradigm in several orthogonal ways over the 
last 50 years. Early academic arguments about both the species richness 
and habitat heterogeneity benefits of small reserves (the SLoSS debate) 
no longer have practical relevance in a world where decisions about sit-
ing reserves are normally made on the basis of remoteness, land use, and 
political expediency. Nonetheless, small reserves are essential for conserv-
ing endemic species trapped in an area of human land use (e.g., giant 
pandas (Ailuropoda melanoleuca) in the Wolong National Nature Reserve, 
China), for capturing representative samples of otherwise degraded or de-
stroyed biomes (e.g., tall grass prairie reserves in the United States), as 
stepping stones between larger protected areas (e.g., small forest reserves 
in Tanzania), as mountaintop reserves with unique flora and fauna (e.g., 
in Nicaragua), or where no other alternatives for conserving wildlife exist 
(e.g., many European protected areas), yet they are usually poor substi-
tutes for conserving ecosystem processes.

Starting in the 1970s a movement to utilize wildlife—to make natural 
resources pay their way—was embraced by the IUCN, leading to a split in 

Table 1. Some Advantages and Disadvantages of VLPAs

Advantages Disadvantages

Terrestrial
Intact species assemblages Costly to purchase land
Encompass large home ranges Costly to survey and monitor
Encompass seasonal movements, sometimes 
migration

Costly to patrol

Incorporate several land cover types
Habitat diversity may mitigate climate change
Low periphery-to-core ratio proves insulation 
from external insult
Proportionately easier to manage
Marine
Intact species assemblages Costly to survey and monitor
Protect whole ecosystems. Costly to patrol
Encompass seasonal movements, sometimes 
migration
Protect dispersing larvae
High fish biomass
Protect variety of habitats
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the conservation movement between protectionism and utilization. In Af-
rica, for example, this is manifest as photographic versus hunting tour-
ism or, at a broader scale, hunters against animal rights proponents. 
Limited data suggest that extractive conservation areas have different spe-
cies’ complements than strictly protected areas (Gardner et al. 2007) and 
lack species of conservation significance (Shahabuddin and Rao 2010). For 
those interested in maintaining functioning ecological communities, se-
lected offtake of some species alters strengths of predator–prey interac-
tions that can result in mesopredator release or prey eruptions (Myers 
et al. 2007), or changes in plant–herbivore dynamics. Nevertheless, some 
argue that well-managed exploitation carried out at low levels has a po
litically expedient role of making VLPAs more palatable, as seen in the 
Great Barrier Reef in Australia, or formerly, in the Selous Game Reserve 
in Tanzania, although overexploitation following reserve establishment 
must be guarded against.

It is easy to make prognoses about conserving large wilderness areas 
with a full component of biodiversity and functioning food webs but in 
reality there are increasingly few opportunities due to land conversion, 
population extirpations, and species extinctions. Consequently, species 
have been returned to areas where they were once present historically. 
These can be highly successful in restoring ecosystem processes as in wolf 
(Canis lupus) reintroduction into the Greater Yellowstone Ecosystem; 
other reintroductions of apex predators are planned (Wolf and Ripple 
2018). Related subspecies are also introduced as ecosystem engineers. 
Such restoration projects are becoming more common and are hailed as 
successes, too; for example, heck cattle and Konik ponies as grazers in the 
Oostvaardersplassen, Netherlands (Stokstad 2015) although ecological ref-
erence points against which we can measure “success” are challenging. 
More controversially, plans to rewild areas using extant species to stand 
in for extinct species have been discussed although not yet implemented. 
These ideas involve using cheetahs (Acinonyx jubatus) to rewild areas of 
North America where extinct cheetah species once ran, or Asian elephants 
(Elephas maximus) to double as mammoths. Some academic and journal-
istic effort has been expended on justifying rewilding but logistical bar-
riers including introduction costs, fences, disease prevention, and atti-
tude change are all formidable, and these discussions carry the danger of 
diverting conservation effort away from protecting intact ecosystems 
(Caro 2007).

In the 1980s a debate arose in conservation science about the players 
involved in wildlife protection, centered on who should be responsible for 
protection—state or local communities—and who should benefit from pro-
tection practices. In the context of VLPAs being the most important con-
servation tool for conserving ecosystem processes, they can only be real-
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istically policed by state-run personnel, whereas small no-take reserves 
can be protected by communities provided that resource spillover outside 
protected area boundaries or in buffer zones can be harvested. Admittedly, 
there are exceptions, such as large co-management areas in the Canadian 
Arctic, where strong conservation education and outreach programs are 
coupled with tightly limited resource extraction within reserves, but these 
examples are usually restricted to rich developed nations. As a rule of 
thumb, it is only state institutions that have the financial capability of 
managing areas greater than 10,000  km2  in area. Management aside, 
profits from large reserves need to be apportioned appropriately to sat-
isfy all stakeholders and win local support and this poses great challenges 
for nations with poor governance.

Recently, the very idea of conserving wilderness has been questioned. 
“Gardeners of nature” suggest that most, or all of nature is now subject to 
anthropogenic influence (Otto 2018) and our principal effort should be in 
conserving flora and fauna in agricultural landscapes (Kareiva et al. 2007). 
The origins of this approach are in Central America where human land 
use has left corridors of original vegetation or relatively benign crops con-
necting or being close to remnant forest patches. Yet many agricultural 
landscapes are far less benign; for example, monocultures of soybean and 
palm oil plantations and maize and wheat fields, areas where original veg-
etation is now absent. Such working landscapes are conceptually far from 
intact ecosystems so central to ecological research (Wuerthner et al. 2015).

Having suggested that very-large unexploited strictly protected areas 
are the principal strategy for maintaining functioning ecosystems with 
multiple trophic levels, I next enumerate a dozen important challenges 
that these areas face in 2020 (see also Geldmann et al. 2014). Many of these 
are associated with rapid world population growth over the last half-
century (from 3.45 billion in 1967 to 7.68 billion in 2019) that has left 
an uneven human footprint across the terrestrial landscape (Venter 
et al. 2016).

Contemporary Challenges to Large Protected Areas

1. Human population pressure. In many parts of the world, human popula-
tions are growing quickly near reserve borders (Wittemyer et al. 2008). 
Sometimes this stems from migrants settling near reserves due to lack of 
resources elsewhere, especially arable land (Salerno et al. 2014), some-
times because people are attracted to features of the protected area, such 
as job opportunities in ecotourism, clean water, or the very resources that 
are being protected. Whatever the cause, increasing population pressure 
at terrestrial reserve borders isolates protected areas within the landscape 
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and from each other. Larger reserves are de facto less impacted by neigh-
boring land settlement.

2. Large projects. Worldwide, many large development projects are being 
implemented or planned close to or even inside protected areas. These 
comprise large-scale development corridors (Laurance et al. 2015), mining 
projects, and drilling operations within protected areas, together with as-
sociated access roads as seen in Murchison Falls National Park, Uganda. 
In the USA the possibility of oil exploitation in the federally owned section 
of the Arctic National Wildlife Refuge in Alaska continues to be debated 
while fossil fuel extraction in the lower forty-eight states has disrupted 
ungulate migration patterns and driven declines of the greater sage grouse 
(Centrocercus urophasianus). In the western Amazon rainforest, there are 
nearly 180 oil and gas blocks covering approximately 688,000 km2; many 
of these blocks overlap some of the most speciose areas on earth and are 
located within protected area boundaries (Finer et al. 2013). Yasuni National 
Park in Ecuador houses one of the most-biodiverse and least-degraded sectors 
of the Amazon but contains Ecuador’s second-largest untapped oilfield.

Road proliferation drives deforestation and encourages development 
and exploitation at considerable distances from trunk roads (Ibisch et al. 
2016). Animal mortalities, wildlife and timber exploitation, and species 
introductions all increase with these transport developments (Kleinschroth 
and Healey 2017). In general, larger reserves may be better able to toler-
ate these insults because they affect a relatively smaller proportion of the 
protected area.

3. Fragmentation and isolation. Habitat fragmentation between reserves 
reduces effective reserve size (Laurance et al. 2012) potentially lowering 
the genetic diversity of populations within reserves, slowing population 
growth rates, reducing trophic chain length of communities, altering spe-
cies interactions, facilitating extinctions, and so ultimately lowering bio-
diversity (Rudnick et al. 2012, Crooks et al. 2017). A classic example comes 
from large carnivores with large home ranges that suffer human-induced 
mortality when wandering outside reserve borders (Woodroffe and Gins-
berg 1998). Ecosystem effects such as changes in plant and consumer bio-
mass and nutrient cycling and are often delayed following isolation but 
nonetheless appear later (Haddad et  al. 2015). Obviously, very-large 
areas will be less influenced by reductions in effective reserve size than 
smaller areas.

4. Changing hydrology. Some protected areas serve as dry-season water 
sources for wildlife. New, excessive water demands outside reserves mean 
that major rivers may run dry during all or parts of the year. For exam-
ple, overdrawing river water for irrigation and cattle watering outside 
Ruaha National Park, Tanzania, has caused the Great Ruaha River to be-
come seasonally dry (Mtahiko et al. 2006). In Serengeti National Park, 
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flow of the Mara River has decreased by 68% in the last 40 years due to 
increased water extraction upstream and deforestation of the Mau Forest 
in Kenya (Gereta et al. 2009). Agricultural demand on the rivers upstream 
of Kruger National Park, South Africa, has led to severe water shortages 
within the park (Du Toit et al. 2003). Even large reserves are not immune 
from hydrological pressures.

Runoff from both agriculture and mining activities pollutes watersheds 
and threatens survival of wildlife within protected areas. Widespread use 
of agricultural fertilizers, herbicides, and pesticides has negatively affected 
protected areas such as the Everglades National Park (Izuno et al. 1991), 
for instance. Similarly, pollution from agricultural systems can accelerate 
eutrophication in freshwater systems leading to freshwater species’ de-
clines; coastal protected areas can also be affected. VLTPAs are not im-
mune from these affronts.

5. Deforestation. Selective logging results in forest degradation around 
and within protected areas. In protected areas already affected by logging, 
fuelwood extraction and charcoal production leads to further degradation. 
Many proximate factors (e.g., agriculture, wood extraction) and ultimate 
factors (e.g., economics and national policies) drive deforestation in pro-
tected areas; they are complex and often site- or region-specific so effects 
of deforestation are variable (Geist and Lambin 2002). Remoteness and 
difficulty of extracting resources from some protected areas may be re-
sponsible for lower rates of deforestation and degradation within reserves 
far from human settlement (de facto protection; Joppa et al. 2008) rather 
than reserve size per se.

6. Wildlife exploitation. Oceans were once heavily exploited for marine 
mammals but now are exploited for fish, with apex predators suffering 
badly. The principal function of MPAs is to halt or limit intense fishing 
pressure but to make MPAs palatable to stakeholders limited fishing is 
often allowed and very few MPAs are strictly protected (Costello and Bal-
lantine 2015). Exceptions include new and very-large and remote Pacific 
and Indian Ocean MPAs (Devillers et al. 2015; Jones and De Santo 2016). 
In those that are legally protected, patrolling is a challenge.

In the terrestrial realm, there is a vast luxury trade in wildlife and wild-
life products (Gross 2019) some of which comes illegally from protected 
areas. For example, African elephant (Loxodonta africana) populations in 
Tanzanian protected areas have recently declined by 60% due to ivory 
poaching (Tanzania Wildlife Research Institute 2015). Bushmeat hunting, 
often in protected areas where densities of animals are high, occurs on a 
massive scale: 78,000–110,000 wildebeest (Connochaetes taurinus) are 
poached in Serengeti National Park annually (Lindsey et al. 2013). Bush-
meat can be a last-resort food source for poor communities but is often sim-
ply a source of additional income. In urban areas, bushmeat consumption is 
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increasingly associated with greater wealth (Wilkie et al. 2016). There is 
also a huge illegal trade in threatened plants.

All types of extraction can lead to negative consequences for plant and 
animal communities and ecosystem processes within protected areas. For 
example, high levels of hunting in Amazonian forest sites have resulted 
in reduced densities of large-bodied game species (Peres 2000) several of 
which are important seed dispersers or predators. Respectively, exploita-
tion can affect plant regeneration by decreasing seed dispersal, germina-
tion, and seed size, whereas removal of top predators negatively affects 
ecosystems by altering trophic cascades and reducing length of the food 
chain. Removal of ecosystem engineers, such as elephants, alters vegeta-
tion structure. Unfortunately, VLPAs are not immune from specific forms 
of wildlife exploitation (e.g., rhinoceros poaching) or from general politi
cal instability (Daskin and Pringle 2018).

7. Invasive Species. Exotic plant species are now present in many pro-
tected areas (Foxcroft et al. 2017) and exotic animals are increasing, too. 
The introduced Burmese python (Python bivittatus) has caused a dramatic 
decline in raccoons (Procyon lotor), and opossums (Didelphis virginiana), 
and a complete disappearance of once common rabbits (Sylvilagus spp). 
in the Florida Everglades National Park for example (Dorcas et al. 2012).

Introduced parasites and disease also have detrimental effects on na-
tive populations inside and outside protected areas. Avian malaria and 
avian poxvirus introduced to Hawaii in 1826 led to the probable extinc-
tion of at least 13 bird species. Domesticated animals can be vectors for 
the spread of invasive diseases into protected areas as in the case of do-
mestic dogs carrying canine distemper virus to Serengeti lions (Panthera 
leo). This may be less of a problem in larger protected areas with lower 
periphery-to-core ratios. Invasive species can also outcompete native spe-
cies in protected areas: in Yellowstone National Park and surrounding 
areas, the invasive plant Linaria vulgaris has dramatically reduced the 
cover of native plants (Pauchard et al. 2003).

Nonnative species, especially plants, are often difficult and costly to 
eradicate. Larger protected areas can limit the spread of nonnative plants, 
seen in Kruger National Park, where the number of nonnative plants in-
side the park drops off dramatically 1500 m from the border due to re-
duced disturbance (Foxcroft et al. 2011). In general, human density around 
protected areas is a major driver of invasions of both plants and animals 
and VLPAs are still affected by exotics.

8. Livestock–wildlife conflict. Incursions of livestock into reserves are 
common and livestock grazing has been implicated in environmental deg-
radation, water shortages, and forage scarcity in and around protected 
areas; greater than 40% of 93 protected areas were ineffective at mitigat-
ing the impacts of grazing (Bruner et al. 2001). Although livestock may 
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provide unexpected benefits to protected areas by promoting seed disper-
sal and increasing plant diversity, generally there is a negative competi-
tive relationship between livestock density and wildlife density despite 
competition sometimes being seasonally dependent. In VLPAs, spatial par-
titioning of wildlife and livestock may lessen competition.

9. Fire. Fire shapes ecosystem structure and can maintain biodiversity, 
it can alter habitat structure, and can affect nutrient and particle content 
of soil, water, and air. In tropical forests, the natural fire return interval 
is long but human influence has shortened this through clearing land for 
agriculture. Fires set on nearby land can spread into protected areas as 
seen in the 2019 Brazilian amazon fires. In contrast, in subtropical and 
temperate forests, grasslands, and shrublands that are fire-adapted, fires 
are common but there human activities have suppressed fires leading to 
fuel buildup and woody species recruitment. When they do occur, effects 
can be dramatic as seen in recent severe fires in National Forests and other 
protected areas in the Northwest of the United States. Fires at all latitudes 
change ecosystem processes in protected areas of any size.

10. Recreation. Recreational activities in protected areas are accompa-
nied by creation of roads and trails leading to animal mortalities and al-
terations to animal behavior. Litter and discarded food around recreational 
facilities and trails can result in locally increased animal populations and 
invasive species and diseases being introduced. Larger reserves will have 
a greater capacity to absorb such visitor pressure. In the vast majority of 
cases, tourist revenue fosters protected area establishment and manage-
ment, and globally was worth $8.8 trillion in 2018 so we must learn to 
manage its adverse side effects.

11. PADDD. Protected area downgrading, downsizing, and degazette-
ment (PADDD) is a growing threat to protected areas. Downgrading re-
fers to a reduction in legal restrictions on human activities in protected 
areas, downsizing to a reduction in reserve area, and degazettement to a 
loss of legal protection for an entire protected area. PADDD usually oc-
curs for extraction of natural resources or due to land pressure and claims. 
Since one-fifth of PADDD events occur more than once in the same pro-
tected area, large reserves may be better able to cope with these pressures 
than smaller reserves (Mascia et al. 2014).

12. Climate Change. Average global temperatures are predicted to in-
crease by 1.1–6.4 °C this century leading to rising sea levels, increased 
ocean acidification, and greater frequency of extreme weather events. Cli-
mate change is a particular concern for coral reefs that have suffered se-
vere bleaching events. Of course, these occur whether corals are under 
protection or not and forecasts suggest a 16%–46% reduction in coral reefs 
by 2100 (Descombes et al. 2015). Sea-water acidification is likely to com-
promise gastropods’ abilities to form shells and to change fish behavior.
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Climate change may alter water availability in terrestrial protected 
areas by increasing evaporation, altering snowpack melt, changing the 
quantity or form of precipitation, or modifying the seasonality of pre-
cipitation. Already, reductions in snowpack have led to decreases in 
seasonal water availability for protected areas throughout the western 
United States.

Meta-analyses have uncovered latitudinal shifts in terrestrial species’ 
distributions of between 6.1 and 16.9 km per decade and altitudinal shifts 
of 6.1 to 11 m upwards due to climate change. While empirical data show 
that protected areas buffer detrimental effects of geographic range shifts 
in birds (Lehikoinen et al. 2019), there are concerns that species’ geo-
graphic ranges will move out of protected areas, decreasing biodiversity 
inside and leaving species with inadequate protection. Clearly the prob-
ability of moving out of reserves is reduced when protected areas are 
very large, and altitudinal range shifts may be more possible in larger 
reserves with greater changes in elevation.

In both terrestrial and marine situations, differences in response rates 
to climate change may lead to genetic, phenological, population, and com-
munity changes with loss or addition of predators, prey, pollinators, or 
competitors (Dawson et al. 2011, Scheffers 2016). Alterations in interspe-
cific interactions and formation of novel (nonanalog) communities will be 
important subjects of ecological study and pose challenges to managers, 
but VLPAs may buffer these effects by providing a greater number and 
variety of ecological refuges..

Policing

Given this alarming roster of contemporary threats, many of which in-
volve people living around park borders, there is a need to maintain the 
sanctity of protected areas to stop encroachment and prevent exploitation 
of animal and plant resources (Zupan et al. 2018). In theory, economic 
benefits accruing to people living around reserve borders could be suffi-
ciently large that people will avoid diminishing protected area resources. 
This can work well in marine protected areas where large fish stray out-
side into fishing nets although preliminary evidence is mixed in the case 
of VLMPAs (Ban et al. 2017). In the terrestrial realm this argument suf-
fers from four major problems (Adams and Hutton 2007). First, it is very 
rare that there are sufficient economic returns emanating from a single 
protected area to satisfy economic demands of all neighboring households. 
Second, even where neighbors reap rewards such as construction of clin-
ics or schools around park borders, it is still worthwhile for people to re-
move plants or animals from a protected area—a tragedy of the commons. 
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Third, changing market forces, often beyond national borders, can sud-
denly make certain natural resources extremely valuable (e.g., hardwood 
timber). Thus, compliance with reserve regulations at one point in time 
may flip to disregard. Fourth, international gangs or nationals living far 
away may want to exploit the protected area for items such as ivory 
whether or not local neighbors garner health care or economic benefits. 
Locals are ill-suited to police reserves unless paid and equipped properly. 
In essence, strictly community policing is only likely to work under a rather 
restricted set of circumstances (Agrawal and Gibson 1999): when the pro-
tected area is small and most areas can be easily reached on foot or by 
boat, when resources in the reserve are of little economic value on the 
open market, and when outsiders can be dissuaded from incursion. Em-
pirical work indicates that strictly protected areas in IUCN categories I to 
IV are associated with higher levels of biodiversity than less-well-protected 
categories (Bradshaw et al. 2015) in both terrestrial and marine realms 
(Sciberras et al. 2013) lending some support to this idea.

Effective protection of VLPAs necessitates sufficient government fund-
ing, competent staff, large salaries, good equipment, vehicles, fuel, and 
maintenance, as well as wildlife monitoring (Edgar et al. 2014). For ex-
ample, stopping illegal extraction requires law enforcement and negoti-
ating with local communities; tackling invasive species requires preven-
tion and removal techniques; and managing fire may require suppression 
or prescribed burning. Currently, perhaps the only effective framework 
for protected area conservation is adaptive management, where policies 
are adjusted based on frequent monitoring of biodiversity. Some people 
worry that this flexible strategy may lead to a lack of accountability and 
shifting benchmarks but adaptive management is well-suited to facing un-
predictable threats like climate change.

Very-Large Protected Areas Are Needed Now

Natural functioning ecosystems are critical to the discipline of ecology 
because they enable us to explore unsolved ecological problems. I have 
made a case for very-large unexploited protected areas under strict pro-
tection being the best approach for conserving functioning ecosystems 
because they can often buffer the 12 challenges listed above although em-
pirical verification for some of these assertions are still required. Assum-
ing for the moment that I am correct, I now suggest four ways to enhance 
the VLPA agenda. Currently very few MPAs are fully protected (6%) 
(Costello and Ballantine 2015) and remarkably little terrestrial area is 
under strict protection (15.8%) (Jenkins and Joppa 2009): As a result, 
rather a low percentage of species enjoy this sort of conservation. Some 
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species and regions are not protected at all; as of 2004, more than 1,400 
terrestrial vertebrate species did not have ranges that overlapped protected 
areas (Rodrigues et al. 2004), and 50% of important sites for biodiversity 
conservation remain unprotected (Butchart et al. 2012).

Some of the problems facing protected areas are exacerbated by insuf-
ficient space to protect populations properly. Climate change may shift 
species’ ranges outside of designated regions; fragmentation may divide 
habitat, making parts of the original habitat inaccessible; and resource use 
outside protected areas affects habitat within protected areas (Laurance 
et al. 2012). Addressing these threats will require increasing the areal ex-
tent under protection by making existing protected areas bigger, creating 
new protected areas, and making protected areas better insulated and 
more connected (Watson et al. 2018).

Enlarge Protected Areas

Possibly the easiest way to increase the number of VLPAs is to enlarge 
current large protected areas. When protected areas are established along 
international boundaries as transboundary conservation areas neighbor-
ing countries can create VLPAs without incurring all the costs themselves. 
As illustrations, the Kavango–Zambezi Transfrontier Conservation Area, 
spanning the borders of Angola, Botswana, Namibia, Zambia, and Zimba-
bwe, is set to cover an extraordinary 520,000 km2, including 36 national 
parks, game reserves, community conservancies, and game management 
areas. Other terrestrial transboundary protected areas include the 
1,008,470-km2 Ellesmere–Greenland area in Canada and Greenland (Den-
mark), and the 67,855-km2 Glaciares–Torres del Paine–O’Higgins Com-
plex in Argentina and Chile.

Another method of increasing effective protected area size is to set aside 
adjacent protected areas for exploitation (IUCN categories V and VI) next 
to a strictly protected area. For example, Katavi National Park (4471 km2) 
in western Tanzania is surrounded by Rukwa and Lukwati Game Reserves 
(4194 and 3566  km2, respectively), Mlele Game Controlled Area 
(3544 km2), and Lwafi Game Reserve–Nkamba Forest Reserve (3369 km2) 
where tourist hunting and timber extraction occurs, a total of 19,144 km2.

New Protected Areas

We also need to create VLPAs de novo. Big nongovernmental organizations 
have created algorithms for siting new protected areas by delineating wil-
derness areas (Mittermeier et al. 2003), through the Last of the Wild initia-
tive (Sanderson et al. 2002b, Watson et al. 2016), by uncovering biodiversity 
hotspots (Myers et al. 2000), by identifying Global 200 ecoregions (Olson 
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and Dinerstein 2002), and by protecting endemic vertebrates (Pimm et al. 
2018). Although these protected areas are set to target specific areas of the 
globe, in reality protected areas are usually established on the basis of po
litical expediency. Of 63 VLPAs only a very-low percentage corresponded 
to these global prioritization schemes showing that VLPAs have not actu-
ally been established with regard to global conservation concerns (Cantu-
Salazar and Gaston 2010). The problem with algorithms produced by 
nongovernmental organization teams is that they are neither read much 
by governmental officials making decisions about protected areas, nor by 
local stakeholders. There is an extraordinary disconnect between aca-
demic large-scale analyses and decision-making at a national level.

Several huge new MPAs have been established in the last 15 years (see 
Toonen et al. 2013, Jones and De Santo 2016) including the Papahanau-
mokuakea Marine National Monument (362,074 km2), Phoenix Islands 
Protected Area (408,250 km2), and British Indian Ocean Territory Ma-
rine Reserve (640,000  km2). These are very optimistic developments. 
Other options include networks of interconnected marine reserves (Althaus 
et al. 2017).

Buffer Zones

Protected area effectiveness in maintaining biodiversity is directly related 
to the larger landscape context (Laurance et al. 2012). Buffer zones around 
protected areas are designed to insulate them from the negative impacts 
of anthropogenic activities. For example, intermediate-to-large-sized buf-
fers are thought to reduce illegal extraction within a protected area core 
and can help prevent destruction of forest immediately bordering pro-
tected areas. Furthermore, buffer zones can help protect wide-ranging 
carnivores that wander outside reserves. They also support low-impact 
land-use wherein people can sustainably extract resources or even prac-
tice agriculture and in so doing foster political will. They are particularly 
useful in the context of MPAs.

Despite the recognized importance of buffer zones, only general guide-
lines exist for their development and management, and current under-
standing of the dynamics of anthropogenic pressures at park boundaries 
is shaky. Nevertheless, buffer zones remain an important protection strat-
egy for helping to protect ecosystem processes and providing access for 
local people to utilize resources outside protected area boundaries.

Corridors

Wildlife corridors are a related concept aimed at enhancing the effective 
size of protected areas. They offer more area for species with large home 
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ranges, provide connectivity between protected areas enabling species to 
disperse between them, maintain genetic variability within populations, 
and can rescue populations from local extinction (Belote et al. 2017; Tucker 
et al. 2018; Smith et al. 2019). Elephants, for instance, routinely move be-
tween protected areas using venerated corridors that cross unprotected 
land. Linking existing protected areas may be an important tool for miti-
gating the threat of climate change by enabling species to shift their dis-
tributions to climatically favorable areas. In a promising development, 
some countries are now formalizing national corridor plans (Riggio and 
Caro 2017).

Effective Management

Unless large protected areas are protected by governments, they will sim-
ply be “paper parks,” there only in name. Thus, any protected area re-
quires careful establishment, including boundary marking, adequate leg-
islation, especially tenure resolution, community involvement, and law 
enforcement and funding (Leverington et al. 2010). In most tropical coun-
tries, where biodiversity is high, governments have many other pressing 
needs concerning education, infrastructure, health, energy, and the mili-
tary. Funds for conservation are low on their priorities list, often very low, 
but there are situations where substantial improvements to park infra-
structure and restoration have been successfully accomplished (Pringle 
2017). Therefore, it is important that foreign nongovernmental organ
izations and foreign governments offer more aid in protecting these 
areas. This will be especially important in developing VLPAs, which are 
costly to establish (Table 1). If conservation of functioning ecosystems is 
important to western culture, we must be prepared to pay for it.

Big Thinking

There is abundant evidence that VLPAs are the most effective way of con-
serving fully functioning ecosystems, as well as biodiversity, although the 
minimum area required to achieve these goals is an empirical issue likely 
to vary on a case-by-case basis. However, reserves are still vulnerable to 
many human activities that they aimed to ameliorate at their time of es-
tablishment, and they are now facing a new generation of threats that 
were formerly unanticipated. Very-large reserves are in a commanding po-
sition to absorb some of these pressures. Fortunately, some conservation 
biologists continue to “think big” putting forward ambitious plans that 
link Yellowstone to the Yukon (1,200,000 km2) across the North Ameri-
can Rockies, and setting aside a jaguar corridor (2,562,378 km2) linking 
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182 areas between Mexico and northern Argentina. These and other bold 
initiatives are currently held in limbo at their planning stages, which is 
unfortunate since time is short: Land conversion is now at an advanced 
stage in many biodiverse countries and there are few remaining ecosys-
tems that are uninfluenced by humans. For MPAs the prognosis is better: 
There are still openings to protect large areas of ocean to bolster fish stocks 
and to save multitrophic-level ecosystems. We still have opportunities to 
protect large scale ecological processes in both marine and terrestrial hab-
itats and we must grasp them.
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How Does Biodiversity Relate to Ecosystem 
Functioning in Natural Ecosystems?

Rachael Winfree

The accelerating loss of biodiversity worldwide generates many unsolved 
problems for the twenty-first century. Primary among these, from a human 
perspective, is how biodiversity loss affects ecosystem functions and ser
vices,1 many of which are essential to human life. For example, as we lose 
plant species, what will happen to carbon storage; or as we lose bee spe-
cies, what will happen to pollination? Based on the results of biodiversity-
function experiments, ecologists expect ecosystem function to be strongly 
dependent on the number of species present (Cardinale et al. 2012, Til-
man et al. 2014). On this basis, maintaining ecosystem services has be-
come a leading argument for biodiversity preservation. For example, The 
Nature Conservancy, which spends more on conservation efforts than the 
next eight international conservation organizations combined, now fo-
cuses its biodiversity conservation strategies on maintaining ecosystem 
services.

However, ecologists actually know rather little about how the bio
diversity–function relationship works in real-world ecosystems. In contrast 
to the consensus of more than 600 studies finding that species richness is 
important to function within an experimental context, ecologists don’t 
know to what extent real-world ecosystem functions are dependent on 
the number of species (species richness2), on particular species, or 
merely on the abundance of individuals, regardless of species (Cardinale 
et al. 2012; Winfree et al. 2018). The answer determines whether argu-
ments based on ecosystem services can motivate the conservation of all 
species, or only the subset, perhaps a small one, of functionally important 
species.

In this essay I propose five unsolved research problems, the answers to 
which would help expand our understanding of the biodiversity–ecosystem 
function relationship from laboratory and field experiments (generally 
done at scales of a few liters or square meters) to real-world ecosystems 
(generally measured in hundreds of square kilometers). Part of my aim is 
to point out systematic differences between experiments and real-world 
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ecosystems and suggest ways in which our thinking might need to differ 
systematically between scales as well. First, though, I briefly summarize 
what is already known at each scale.

What We Know from Biodiversity–Ecosystem  
Function Experiments

There is clear consensus on several key ways that biodiversity affects eco-
system function at small scales (Cardinale et al. 2012, Tilman et al. 2014). 
First, across many taxa and types of ecosystem functions, greater species 
richness leads to greater function. Second, the increase in function with 
increasing richness often starts out roughly linear and then approaches 
an asymptote, often in the range of five to ten species (Hooper et al. 2005). 
Third, greater species richness increases the stability of function over time. 
Essentially this happens through compensatory fluctuations among spe-
cies. For example, in multispecies communities, species can have differ-
ential responses to environmental variation (response diversity), or spe-
cies that compete for the same resources can covary negatively as a result 
of competition (density compensation).

What We Know from Real-World Biodiversity–Ecosystem 
Function Studies

A major challenge in real-world research is separating effects of species 
richness from other aspects of communities, such as species composition 
or the total abundance of individuals. These factors are separated by de-
sign in experiments but tend to be intercorrelated in nature. The few stud-
ies that have experimentally separated the roles of richness, composition, 
and abundance in natural systems found richness to be less important to 
function than the identity or abundance of particular high-functioning 
species (Dangles and Malmqvist 2004, Smith and Knapp 2003). At very 
large scales, manipulative experiments on natural communities are not 
feasible, but some researchers have tried to isolate the effect of richness 
statistically or analytically. The results range from positive, hump-shaped 
relationships to no relationship between richness and function (Hoehn 
et al. 2008, Paquette and Messier 2011, Gamfeldt et al. 2012, Garibaldi 
et al. 2013, Winfree et al. 2015).

A final challenge in real-world systems is ruling out the possibility that 
causality operates in the opposite direction, such that high levels of eco-
system function lead to higher species richness. This reverse causality is 
predicted by coexistence theory, and found for some ecosystem functions, 
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such as plant productivity (Chesson et al. 2000, Fraser et al. 2015), which 
unfortunately has been widely used as the outcome variable in the 
biodiversity–ecosystem function literature. This reverse causality is logi-
cally impossible for some other ecosystem services, however, such as crop 
pollination (because increased pollination does not lead to increased flo-
ral resource availability for pollinators, and thus potentially more polli-
nator species, in human-managed plant populations).

Biological mechanisms through which biodiversity could increase func-
tion have been found in real-world systems, however. These include func-
tional complementarity among species (Hoehn et al. 2008, Chagnon et al. 
1993, Tylianakis et al. 2015) and facilitation between species (Brittain 
et al. 2013). Likewise, real-world studies have documented mechanisms 
through which biodiversity could stabilize ecosystem function. For exam-
ple, species that provide the same function respond differently to envi-
ronmental variation (Rader et al. 2013, Bartomeus et al. 2013, Brittain 
et al. 2012, Cariveau et al. 2013), which suggests (although it does not 
show) that communities with more species should provide more stable 
function as environmental conditions vary.

Five Unsolved Problems

The typical biodiversity–function experiment is 3 m2 in size and lasts less 
than one organismal generation (Cardinale et al. 2009, 2011), whereas 
real-world ecosystem functions are delivered over hundreds of kilometers 
and many years. This increase in scale has been predicted to make biodi-
versity both more (Cardinale et al. 2012, Tilman et al. 2014, Duffy 2009) 
and less (Jiang et al. 2009) important to ecosystem function, but we lack 
systematic guidelines for determining how and why the two scales differ. 
In the remainder of this essay, I propose four research questions as a place 
to start. A fifth question asks how the results of this research are relevant 
to biodiversity conservation.

1. Which mechanisms found in experiments might increase the mean, and 
decrease the variability, of ecosystem function in the real world? Species rich-
ness increases mean function in experiments in two ways. The first mech-
anism is complementarity among species. This can occur through niche-
related complementarity in resource use, or in how the different species 
provide the function. With complementarity, a diverse community can ex-
ceed the maximum function achievable by a monoculture of any one spe-
cies. Complementarity is the mechanism that accounts for most of the posi-
tive richness-function relationships found in aquatic experiments, and 
about half of those found in terrestrial experiments (Cardinale et al. 2011).

 EBSCOhost - printed on 2/13/2023 11:37 AM via . All use subject to https://www.ebsco.com/terms-of-use



BIODIVERSITY AND ECOSYSTEM FUNCTIONING  •  341

The second mechanism is known as the selection (or sampling) effect 
and is more statistical than biological. It arises when the species that pro-
vides the most function per individual also comes to dominate the ex-
perimental unit, whether through competition or for other reasons. Thus, 
in the context of a random community assembly experiment, function can 
increase with richness simply because the probability of selecting the 
highest-functioning species for inclusion in the experimental community 
increases with richness. With selection effects, the function provided by 
the community will never exceed the maximum function provided by any 
one species, but it will attain that maximum level more frequently under 
higher richness treatments. Selection effects account for approximately 
half of the positive biodiversity-function relationships found in terrestrial 
experiments, although few of those found in aquatic experiments (Cardi-
nale et al. 2011); the reason for this difference is not known (Cardinale, 
personal communication).

Selection effects might occur less often in real-world ecosystems than 
in experiments, and therefore, we might find fewer positive biodiversity–
function relationships there. First, for most real-world functions, there is 
no reason to expect that the species providing the most function per indi-
vidual will also be dominate the system. Experiments may have found se
lection effects unusually often because they have focused on the func-
tions of biomass production and nutrient acquisition (Jiang et al. 2008). 
These two functions have strong pre-existing links between functional and 
competitive dominance. For example, large plant species compete well for 
space and light, and also produce more biomass per capita. Likewise, R* 
theory predicts that the species that reduces nutrients to the lowest level 
outcompetes other species. But for many important ecosystem functions 
that have rarely been studied in experiments, there is no such expecta-
tion. For example, there is no reason why the bee species that outcom-
petes other bee species should also be the best pollinator, especially when 
one considers that leaving pollen on female flowers is largely a mistake 
from a bees’ point of view.

Selection effects are even less likely to make biodiversity important to 
function when multiple functions are considered simultaneously. This is 
because a single competitively dominant species is unlikely to make the 
greatest per individual contribution to each of many different functions. 
But many functions need to be considered in a real-world setting. Over-
all, then, it seems doubtful that selection effects will link species richness 
to function in real-world ecosystems. Because selection effects account for 
about half of the contribution richness makes to function in terrestrial ex-
periments, we might expect the importance of richness to decline roughly 
by half when studies are done in the real world (Cardinale et al. 2011).
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The second mechanism through which species richness increases func-
tion, complementarity, should show a trend opposite to that of selection 
effects: More species should become important as the number of func-
tions increases. This is because different species are needed for different 
functions (Isbell et al. 2011). What will the net change be in the impor-
tance of species to mean function as scale expands—smaller due to 
missing selection effects, or greater due to increased complementarity? 
At present, we don’t know.

Greater species richness decreases the variability of function when com-
pensatory dynamics among species cancel each other to make community-
level aggregate function more stable. One way this can happen is through 
differences in how different species respond to environmental conditions, 
or response diversity (Fig. 1). Response diversity is probably underestimated 
by experiments, which tend to control environmental conditions (but see 
Leary and Petchey 2009, Tilman and Downing 1994). For the same rea-
son, response diversity might be far more important in real-world settings 
than is predicted by experiments. In fact, insofar as species have environ-
mental niches, we should expect different species to be functionally impor
tant as environmental conditions fluctuate (Amarasekare 2003).
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Figure 1. Schematic representing how response diversity among the species in a 
community (diagonal lines) can result in stable function at the community level 
across a gradient. After Cariveau et al. 2013.

 EBSCOhost - printed on 2/13/2023 11:37 AM via . All use subject to https://www.ebsco.com/terms-of-use



BIODIVERSITY AND ECOSYSTEM FUNCTIONING  •  343

In principle, response diversity could even provide a way for a kind of 
selection effect to work in real-world, non–randomly assembled commu-
nities. Specifically, communities with more species will be more likely to 
contain a species that does well under a particular environmental condi-
tion, such as drought (Tilman and Downing 1994). Thus far, this paral-
lels how the selection effect operates to increase the mean function under 
controlled environmental conditions. However, the second requirement of 
the selection effect, that the species providing the most function per indi-
vidual also becomes the competitive dominant (or becomes more abun-
dant for some other reason), is more likely when there is response diver-
sity. Response diversity provides a lurking variable—namely, the new 
environmental condition—that increases both per individual function and 
competitive ability for the species that is adapted to that condition. For 
example, a drought-tolerant plant can both produce more biomass than, 
and also outcompete, other species that do not survive drought well. A 
classic example of this phenomenon, although it was not referred to as 
response diversity at the time, is provided by the work of Tilman and 
Downing (1994).

Researchers have only recently begun to look for, and find, evidence of 
response diversity in real-world ecosystems. For example, the pollination 
provided by different pollinator species shows diverse responses to changes 
in temperature (Rader et al. 2013), land use (Cariveau et al. 2013), and 
wind speed (Brittain et al. 2012). Simulation models suggest that the com-
pensatory effect of this variation should increase with the number of spe-
cies present (Bartomeus et al. 2013). However, the two key components 
of response diversity are yet to be shown in any real-world system. These 
components are, first, that increased biodiversity leads to increased re-
sponse diversity, and second, that increased response diversity stabilizes 
ecosystem services.

Competition is a second mechanism that can stabilize community-level 
function over time. This works when one species’ decline allows other spe-
cies, with which it competes for resources, to increase (Gonzalez and Lo-
reau 2009). Such compensatory effects have often been found in experi-
ments. However, I expect they will turn out to be less important in 
real-world systems. Experimental designs generally create a zero-sum 
game among species by standardizing resource availability within and 
across replicate communities. All else being equal, such a resource cap 
should increase the probability of compensatory dynamics occurring due 
to competitive release (Winfree 2013). In contrast, real-world resource 
availability varies over both space and time, and in a global-change con-
text, across disturbance gradients. I predict that species’ abundances might 
be negatively correlated over time within relatively undisturbed commu-
nities (either experimental or natural), but positively correlated across 

 EBSCOhost - printed on 2/13/2023 11:37 AM via . All use subject to https://www.ebsco.com/terms-of-use



344  •   Rachael Winfree

more disturbed real-world communities, because some locations or time 
periods simply have more resources for all species (Fig. 2). Note that this 
doesn’t preclude compensatory effects from happening; it just means they 
will be effectively drowned out by noncompensatory effects (Gonzalez and 
Loreau 2009). In this case, competition might not be an important force 
through which biodiversity stabilizes real-world communities against 
global change.

2. Is biodiversity less important to ecosystem function in the real world 
because of the species–abundance distribution? Biodiversity–function exper-
iments generally use even species–abundance distributions, such that 
each species is represented by a similar number of individuals (Dangles 
and Malmqvist 2004, Kirwan et al. 2007, Wilsey and Polley 2004). How-
ever, ecological communities universally have a few common species and 
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Figure 2. A schematic for the proposed hypothesis about density compensation, 
showing negative correlations between species within communities (same symbol), 
but positive correlations across communities (different symbols). Within communi-
ties, resources vary less, leading to competitive interactions and negatively corre-
lated abundances. Across communities, resources vary more, with some sites being 
better for all species. Note that although competition could still generate compen-
satory interactions across communities in this situation, it would be a weaker effect 
that is less likely to stabilize ecosystem function against powerful drivers of species 
loss such as land use change. Figure modified from Winfree (2013); conceptually, 
Shea and Chesson (2002) made an analogous argument for scale-dependence in 
species invasions.
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many rare ones (McGill et al. 2007). In cases where the function a spe-
cies provides is proportional to its abundance, most of the function will 
be contributed by a few species, with the large number of rare species 
contributing little (Fig. 3). In this situation we expect species richness to 
matter less to function than the abundance of a few common species, as 
found by several studies that have measured the distribution of function 
provided per species in natural communities (Winfree et al. 2015, Bal-
vanera et al. 2006, Kleijn et al. 2015) (Fig. 3). How general might this 
pattern be? We don’t know, because very few functions have been ana-
lyzed in this way. However, Vázquez et al. (2005) proposed the following 
unifying argument. Function per species is the product of the number of 
individuals and function per individual. The variance of the former (i.e., 
of the species–abundance distribution) greatly exceeds the variance of the 
latter (i.e., the distribution of per-individual function across species), at 
least for the functions that have been analyzed. Thus, of the two factors, 
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Figure 3. The species-function distribution for the wild-bee community pollinating 
watermelon flowers over a 5400-km2 region and 3 years. This species-function dis-
tribution is driven by the underlying species-abundance distribution: the correla-
tion between the total number of individuals collected for a bee species, and the 
total number of pollen grains deposited by that species, was r = 0.95. (After Win-
free et al. 2015.)
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abundance is the more predictive of the product. Ecologists need to test 
this idea by measuring both distributions for a variety of ecosystem func-
tions, including those functions for which the variance in per-individual 
function might be high. For example, carbon storage by tropical forests 
relies on tree species that vary over orders of magnitude in per-individual 
biomass. Thus, carbon storage per tree, not the abundance of trees, might 
be the most important factor in carbon storage.

The real-world species–abundance distribution could change the impor-
tance of species richness to function in a second way: by changing the 
order in which species are lost as human disturbance increases. In gen-
eral, if the functionally important species are lost first, function will de-
cline rapidly as disturbance increases and richness declines (and con-
versely if unimportant species are lost first). Several studies have found 
that the functionally important species are most sensitive to disturbance, 
resulting in a rapid loss of function with increasing human disturbance 
(Larsen et al. 2005, Wolf and Zavaleta 2015). However, there is no reason 
to expect a general relationship between disturbance sensitivity and func-
tional importance, across taxa, disturbances, or functions. In contrast, 
there may be a general relationship between the probability of a species’ 
loss from the community and its functional importance if both are driven 
by rarity. Specifically, if rare species are both less important to function 
(because there aren’t enough individuals to make a significant contribu-
tion), and more likely to be lost from communities (because the loss of 
few individuals would mean the loss of the species), then function might 
be relatively robust to species loss. We found this was the case for one 
ecosystem function, pollination (Winfree et al. 2015), but the idea needs 
to be tested with other functions. This idea could have wide generality 
given the ubiquity of rare species in real-world communities.

3. Do more species become important to function as spatial, temporal, and 
environmental scale expands? The fact that the biodiversity–function rela-
tionship often asymptotes at a small number of species in experiments 
could be an artifact of experiments being conducted at small spatial and 
temporal scales (Cardinale et al. 2012, Isbell et al. 2011). In the real world, 
species composition changes across space, and this species turnover should 
make more species important to a single function when it is required over 
a larger area (Fig. 4). This idea, although perhaps a bit obvious, has only 
recently been tested (Winfree et al. 2018).

Interestingly, even very conservative tests that use identical experimen-
tal communities in multiple locations and thus control, rather than mea
sure, species turnover, find that many more species become important to 
function as spatial scale increases (Isbell et al. 2011). Similarly, within a 
given experimental community, the cumulative number of species that are 
important to function in at least one year increases with the number of 
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years examined (Isbell et al. 2011). Thus, in both cases the biodiversity–
function relationship becomes less saturating when it is evaluated at larger 
scales (Isbell et al. 2011). Presumably this is due to different species being 
important to function in different environmental contexts, i.e., to response 
diversity across space and time. A related study with a very different in-
terpretation measured the form of the biodiversity–function relationship 
within each year of a long-term experiment and found that the function 
became less asymptotic as the experimental communities matured (Reich 
et al. 2012). Although the mechanism here is not known, it is unlikely to 
be response diversity.

Thus far we have strong predictions that more species will become 
important to function at larger spatial and temporal scales. However, the 
species–abundance distribution could counter this effect. Species that are 
abundant are likely to be widespread (Gaston et al. 2000). If most of the 
function is provided by abundant species, as the discussion above suggests, 
then a small set of common species might suffice to provide ecosystem 
function even across large geographical scales. Of course, species could 
still turn over dramatically as spatial scale expands, but the functional 
consequences of species turnover would be small if the turnover were 
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Figure 4. (A) A typical plot from biodiversity–function experiments, showing that 
the richness-function relationship is increasing and asymptotic (curved line), and 
that in order to achieve function at level w, x species are needed. (B) A plot of how 
the number of species required for a particular level of function changes with spa-
tial scale. The curve represents the number of species required to achieve function 
at level w; x species are required at a smaller scale (as in (A)), but y species are re-
quired at a larger scale. This curve would, however, likely lie far below the complete 
species–area curve that would include all species present, not only those required 
for function. After Winfree et al. 2018.
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driven by rare and functionally less-important species (Winfree et al. 
2015). Graphically, this means that the widespread occurrence of the dom-
inant species would flatten the slope of the curve shown in Figure 4B 
(Winfree et al. 2013). In sum, species turnover and dominance will likely 
have opposing effects on the role of biodiversity in ecosystem function as 
spatial scale increases.

4. How can we measure biodiversity meaningfully in the real world? All 
of the biodiversity–function analyses discussed thus far require an em-
pirical measurement of biodiversity. Experiments have predominantly 
used species richness as their biodiversity metric, and this makes sense 
insofar as the species in an experimental unit can be completely counted. 
However, data collected from real-world systems are almost always sam-
ples, and species richness is highly sensitive to the extent of sampling. To 
compare richness among real-world communities, sampling needs to be 
standardized such that equivalent information is obtained from each com-
munity. The problem is how to do this standardization. If sampling effort 
is equalized, the more diverse communities will be under-sampled relative 
to others. If the amount of data collected is standardized (e.g., each sam-
ple is rarefied to the same number of individuals), the higher-abundance 
sites will be relatively under-sampled. The best solution is to equalize by 
coverage, or the proportion of the not-yet-sampled individuals in the 
community that belong to species not yet detected; this equalizes the in-
formation obtained across communities (Chao and Jost 2012). However, 
there are no clear guidelines about the level of coverage, and thus the 
sampling effort, that is necessary in order for the richness calculated 
from the sample to accurately represent the true community richness 
(Roswell et al., in press). Thus, a key unsolved problem for biodiversity 
research is how to equalize samples prior to measuring biodiversity.

One solution to this problem would be to use a metric that is more robust 
to the extent of sampling than is species richness. For example, the Shan-
non and Simpson diversities both stabilize more quickly than richness does 
with increased sampling. This is because they are less sensitive to rare spe-
cies, which are hard to measure, and because they include information on 
relative abundance, which is easier to measure accurately at small sample 
sizes (Roswell et al., forthcoming). For the same reasons, though, compared 
with species richness, they upweight the common species and downweight 
the rarest species. Thus, their use seems counterintuitive to ecologists ac-
customed to thinking about richness, which is often driven by rare species, 
and to conservationists, who often seek to protect rare species.

Lastly, real-world sampling problems are exacerbated when one needs 
to measure mobile organisms. The vast majority of biodiversity–function 
experiments have used immobile organisms, such as plants, or immobi-
lized ones, such as containerized microbes. Yet many important real-world 
ecosystem services, such as pollination, pest control, and seed dispersal, 
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are provided by highly mobile organisms (Kremen et al. 2007). Biodiver-
sity measurement is qualitatively different in this situation. For example, 
all of the plant species in a plot of a few square meters can be counted in 
a few hours, and the addition of new species would occur on a time scale 
of months or years, not hours. In contrast, the number of bee species pol-
linating those same plants will continue increasing with the number of 
hours that the plot is observed. Generally speaking, for mobile organisms, 
the longer one samples, the more species are detected, and this will change 
the biodiversity–function relationship. This general issue is explored by 
work on the species–time relationship (Adler et al. 2005), but we are far 
from having guidelines about how to measure richness of mobile organ-
isms in a meaningful way for biodiversity–function studies.

5. Will preserving real-world ecosystem services preserve real-world biodi-
versity, and vice versa? This is an important question because leading con-
servation organizations are now using ecosystem services as a primary 
motivation for preserving biodiversity. The answer to this question is not 
known but could be approached in several ways. First, ecologists could 
determine to what extent biodiversity is needed for the provision of the 
ecosystem service itself at the present time (or over an empirically inves-
tigable time period). This approach is the focus of this article.

Second, it could be assumed that over longer time periods than are gen-
erally studied (e.g., decades), the identity of the key ecosystem service 
providing species will change, as formerly functionally dominant species 
are replaced by new dominants (the insurance hypothesis; Yachi and Lo-
reau 1999). Thus, because we cannot predict the identity of the future 
dominants, it is pragmatic to conserve all species. Turnover in the iden-
tity of the key species providing a service is very likely to occur at small 
scales even on short time frames. For example, different bee species pol-
linated the same crop fields across two years (Kremen et al. 2002).

Third, even if many rare species in need of protection are not impor
tant contributors to ecosystem services, the same local-scale habitat con-
servation or restoration methods might benefit both rare species and eco-
system service–providing species. For example, there are plant species that 
are preferred by both crop-pollinating and regionally rare bee species, and 
these plants could be used in pollinator restorations (MacLeod et al., in 
press). For this approach to work, the rare species would need to exist in 
the same general place where ecosystem services are required. This might 
not be true for some services; for example, rare bee species are largely 
absent from the intensively agricultural landscapes where most crop pol-
lination takes place (Kleijn et al. 2015). However, it could readily work 
for ecosystem services that operate at a global scale, such as carbon 
storage.

Fourth, even if ecosystem service providers and rare species do not in 
general live in the same place, particular areas that are hotspots for both 
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ecosystem services and biodiversity could be identified a priori, and re-
serves situated there (Chan et al. 2006).

Fifth, rare species might benefit from our current inability to target the 
conservation of particular service-providing species. The convention in 
biodiversity–function research is to answer the question of “how many 
species are required for function?” by listing species in descending order 
of importance and choosing the minimum set of species that provides some 
threshold level of function. However, this convention does not really apply 
in the real world. For most kinds of ecosystem services, ecologists and land 
managers have no robust methods for conserving populations of some spe-
cies in an ecosystem but not others. Therefore, if protected areas are the 
only practical way to conserve ecosystem service providers, then these 
species might serve as umbrellas for the protection of the rest of their 
ecosystem.
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Notes

	 1.	Ecosystem functions are simply the ecological processes that contribute to the func-
tioning of ecosystems (for example, nutrient cycling or decomposition). Ecosystem 
services are ecosystem functions that are useful to people (Cardinale et al. 2012).

	 2.	For simplicity, I focus on species as the units of biodiversity, but many of the ideas 
discussed for species could be applied to other forms of biodiversity such as genetic, 
functional, or trait diversity. Likewise, although there are many metrics of species-
level biodiversity, I focus on species richness. I do this not because it is a good met-
ric (it isn’t! (Hooper et al. 2005) but simply because it is the main metric used in the 
biodiversity–ecosystem function literature thus far (Tilman et al. 2004). Alternative 
biodiversity metrics, as well as the limitations of richness, are discussed under the 
section “How can we measure biodiversity meaningfully in the real world?”
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A Science Business Model for Answering 
Important Questions

Kevin D. Lafferty

Perhaps the biggest question in science is how to do better science. Many 
ecologists, including this book’s editors and authors, have succeeded under 
the current science “business model” and, from our perspective, the sta-
tus quo works well enough. But science business models are under in-
creased scrutiny. For instance, since 2012, at least nine papers have cri-
tiqued government-sponsored biomedical research, with the most-suggested 
(self-serving) solution being to spend more government funds on science 
(Pickett et al. 2015). To get more funding, scientists might consider first 
improving their return on investment. To increase return on investment, 
ecologists (and scientists in general) could rethink training programs, re-
producibility, funding distribution, synthesis, publication models, and 
evaluation metrics.

Training

Unlike a professional school, like law, veterinary, or medicine, where stu-
dents pay tuition in exchange for a degree by exam, science students are 
usually apprentices who learn while training under a mentor. Although 
most PhD students train for a career in research, just one in five ecology 
PhDs will stay as practicing ecologists, presumably because there are fewer 
opportunities to do ecological research than there are ecologists wishing 
to do research (Kennedy et al. 2004). Such culling might maintain high 
quality in research professions, but when supply exceeds demand, wages 
stagnate and career-focused students follow other paths (Alberts et al. 
2014), leading to a poor return on the considerable investment made in 
ecology graduate training programs. In addition, with more students 
comes less support and attention per student, which makes it hard to de-
termine the extent to which competition increases overall professional 
quality. In comparison, medicine’s pipeline is sound (~1% leakage) because 
once a person gets a medical degree, there are medical jobs (Ryten et al. 
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1998). This is not to say that medicine is less competitive (medical school 
acceptance rates are far lower, at ~20%), only that competition filters pro-
spective doctors out at the beginning, whereas science filters many out at 
the end (Ryten et al. 1994). Depending on the details, PhD programs might 
benefit from putting the competition on the front end (such as by requir-
ing a master’s degree), with fewer students, with better prospects, and 
more individual training (Kennedy et al. 2004). Cost savings could help 
support more postdocs and staff scientists, helping to fix the opportunity 
deficit for new PhDs. Although, that would mean fewer yoga instructors 
would have a PhD.

To balance graduate student supply and demand, some have suggested 
funders eliminate research assistants (RAs) on grants and instead fund 
students with fellowships (Alberts et al. 2014). Competitive fellowships 
weed out graduate students at the application stage, rather than at gradu-
ation. Furthermore, fellowship winners become free agents for which fac-
ulty must compete by offering better mentoring, facilities, and exciting 
projects. From the taxpayer’s perspective, fellowships create opportuni-
ties for a nation’s residents, whether to be trained at home or abroad. Fel-
lowships also have the potential to add diversity to the student pool 
through affirmative action. Losing in this proposed model are faculty at 
undesirable institutions with labor-intensive projects, and foreign students 
seeking to work through graduate school. More fellowships could also cre-
ate barriers to students who don’t have the test scores, experience, and 
letters used to evaluate fellowship applicants, reduce the vibrancy of large 
graduate programs, and, by creating a teaching assistant shortage, put 
more pressure on faculty to (gasp) teach.

The science career pipeline disproportionately leaks women. Although 
women increasingly dominate among graduate students, gender career 
disparity remains. For example, 55% of Ecological Society of America 
(ESA) members are women, but only 28% of 2011 ecology authors (and 
only 21% of the authors of the most-cited papers) were female, compared 
with 44% of persons acknowledged for assistance (Beck et al. 2014). Sim-
ilarly, only 30% of National Science Foundation (NSF) ecology funding 
went to female investigators (Beck et al. 2014). Although in 2019 53% of 
2018 ecology hires are women, 40% of associate professors are women, 
and 28% of full professors are women (Fox, J. October 22, 2019 Dynamic 
Ecology Blog). These shifts likely represent both recent increases in fe-
male job applicants and higher attrition rates for female faculty. Female 
scientists face more barriers, including increased teaching loads, reduced 
resource allocation, and few role models (Beck et al. 2014). Unconscious 
bias (by men and women) is pervasive in science, such as the higher valu-
ations given to identical work products, depending on whether the first 
name is masculine or feminine (Moss-Racusin et al. 2012). Furthermore, 
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mixed-gender fieldwork exposes women to sexual harassment outside the 
lab. Although such obstacles make research careers challenging for 
women, they do not explain why so many women with PhDs do not start 
a faculty position. Ecology is impoverished when women are lost from the 
profession, and when so few under-represented groups are attracted to the 
profession in the first place. Ecologists should embrace workforce diver-
sity as much as species diversity.

Recent studies find the main challenge for new female faculty is the 
disproportionate societal, cultural, and biological demands that parent-
ing puts on women in their late 20s and early 30s when career competi-
tion is most intense (O’Brien and Hapgood 2012). This is not just because 
parenting is hard. Medicine does not see a drop in women doctors after 
medical school (Adamo 2013). In medicine, doctors slide into a career 
track earlier, and this makes it easier to establish a career before estab-
lishing a family. Young physicians can also earn more, which makes it 
easier to trade income for inconvenience. Most importantly, most female 
physicians do not need to compete with men for limited positions during 
motherhood (Adamo 2013). This is not to say that women are less com-
petitive than men; it relates to how women view competition. From a hun-
dred female post docs at the University of California, 46 start out think-
ing they want a career in science; by the end, only 11 want one, mostly 
due to how a career would affect their families (Goulden et al. 2011). Los-
ing these female postdocs means that fewer women apply for faculty po-
sitions. For married US faculty with children, mothers were almost one-
third less likely to get tenure than fathers or single women (Goulden et al. 
2011). But in Canada, where competitive funding rates do not differ by 
gender, faculty retention does not differ between women and men (Adamo 
2013). One way by which women could be retained in ecology (and other 
disciplines) would be to reduce professional competition when women are 
starting families and to decrease demands associated with parenting 
(Young 2015).

Hillary Young, a recent faculty member at UC Santa Barbara, explains 
why (Young 2015):

It is an unfortunate biological reality that child-bearing age for 
women coincides nearly perfectly with the age when scientists’ re-
search productivity needs to be the highest. Yet most institutions 
have woeful basic childcare available, no support for urgent or ex-
tended childcare during work related obligations, inadequate sup-
port for maternity needs, financial disincentives to PIs for hiring 
postdoctoral fellows with children needing insurance coverage or 
those who are likely to need maternity leave, no insurance coverage 
for fertility treatment for women who choose to delay reproduction 
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for career reasons, and little way to account for delays in productiv-
ity due to time spent in childcare in the faculty hiring process.

One would think that with most ecology students being women, depart-
ments would adopt female-friendly policies to attract the best students, 
postdocs, and faculty. Existing policies do include reducing institutional-
ized discrimination, training that defines harassment, and encouraging 
more diverse role models (Beck et al. 2014). There is also an effort to shift 
the ecology culture from success through competition to fostering com-
munity building and empowering all our early-career women scientists 
(Horner-Devine et al. 2016). Simple steps, like double-blind proposal and 
manuscript review would make it more difficult for subconscious biases 
to favor some groups over others. Less clear is whether there is a willing-
ness for institutions to address Young’s suggestion that more–parent 
friendly policies, like free onsite child care and after-school programs, 
could reduce the parent–career tradeoff for women. Furthermore, adding 
competition to graduate school admission and reducing it at the faculty 
stage, would minimize intense competition during the period when women 
are at the greatest disadvantage (Adamo 2013). No person in this modern 
age should have to choose between a career and a family; right now, only 
women do (Mason and Goulden 2004).

Reproducibility

We don’t know the extent to which ecological results are reproducible but 
concerns about reproducibility from other disciplines suggest this is a topic 
that ecologists should think about (Alberts et al. 2014). Whereas econom-
ics, psychology, and biomedical research study humans and a few model 
organisms, ecologists study biodiversity in its entirety. For this reason, 
ecologists expect that a single study might not be general, and it is only 
after amassing many studies from many researchers on many systems do 
ecologists consider whether support for a hypothesis is general. Ecology 
is, by its nature, often not reproducible, and there is a tradeoff between 
ecologists replicating specific studies versus gaining insight from doing 
similar studies in different contexts (Nakagawa and Parker 2015). And 
that might be why progress in ecology sometimes seems like a random 
walk more than a stable attractor.

Although the goal for ecology might not be reproducibility, ecologists 
should at least strive for transparent and unbiased data interpretation 
(Oberbillig et al. 2014). Unfortunately, complex modern statistical analy-
ses allow multiple interpretations, leaving it up to ecologists which results 
to report and emphasize. Increasing ambiguity is revealed by lower R2 
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values and higher p-values per paper (Oberbillig et al. 2014). The desire 
to report something significant can lead authors to subconsciously report 
significant outcomes from multiple tests without controlling for multiple 
comparisons (p-hacking) (Head et al. 2015) and ecologists report more 
significant findings when they gather data with a preconceived hypothe-
sis (Parker et al. 2016). On the other hand, the joy in reporting an unex-
pected finding leads to HARKing (hypothesizing after the results are 
known) (Kerr 1998), which is encouraged by high-impact journals that re-
quire authors to emphasize novelty and importance (Alberts et al. 2014). 
Furthermore, under the current biodiversity crisis, it is harder to remain 
neutral and dispassionate about the systems ecologists study. Ecologists’ 
personal concerns for the environment can emphasize catastrophes, col-
lapses, and crises that attract readership, provoking calls for more care-
ful analyses and sober interpretations (Connell 2012). The best way for 
ecologists to help solve environmental problems is to generate unbiased 
information that policy makers can trust.

Ecologists increasingly acknowledge that reproducibility is important 
(Parker 2016), and there is already a move among journals for transpar-
ency and openness guidelines that could help foster reproducibility by 
having authors adhere to citation standards, data transparency, code 
archiving, materials archiving, design transparency, preregistering hy-
potheses and analytical methods, and replicating past studies (Nosek 
et al. 2015). Some have argued that research institutions should imple-
ment good institutional practices (i.e., rules, standards, documentation, 
transparency, blind assessment) (Begley et al. 2015), but ecologists do 
not often follow such practices even when they would be easy to imple-
ment (Parker et al. 2016). For instance, blind assessment helps research-
ers avoid bias, and is standard in clinical trials, but is not common in 
ecology (Kardish et  al. 2015). Although no journal has adopted all 
transparency and openness guidelines, several have their own lists. For 
example, Nature has an 18-point checklist for good institutional prac-
tices in its instructions to authors. Independent assessment could be 
extended into several other publication steps with the aim to reduce 
bias, increase specialization, and foster critical thinking. For instance, 
basing publication acceptance on sound hypotheses and methods rather 
than the significance or findings (as per the Public Library of Science 
(PLOS) journals scope) makes it possible to publish negative results, 
which helps reduce the file-drawer problem. In addition, a few journals 
embrace reproducibility by inviting repeat studies (e.g., F1000Research). 
To push the reproducibility envelope, in Box 1, I propose a publishing 
model called Collaborative Independent Review, which increases repro-
ducibility, but at the cost of time, expense, creativity and investigator 
control.
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Box 1: Collaborative independent review

If taxpayers were to realize scientists spend the public’s money on irrepro-
ducible results, their logical response should be to either withhold funds or 
demand a new process that emphasizes reproducibility. Here is how funders, 
journals, and scientists could implement Collaborative Independent Review 
whereby four independent teams and an editor author a paper together.

The first step is for a Principal Investigator (PI) to propose the questions, 
hypotheses, predictions, and methods (including proposed analyses). The 
preregistered proposal includes an Introduction and Methods, and suggests 
a target budget for the methods and analyses (Parker et al. 2016). Propos-
als receive double-blind panel review based on expected return on invest-
ment. Competitive proposals are revised according to panel review and then 
put out for bids for a lead technician (who can be the PI) and a lead analyst 
(not associated with the PI). The technician receives half the funds upfront 
to implement the methods and report the data. The analyst, who maintains 
independence by remaining anonymous until publication, blindly tests the 
a priori predictions and writes and illustrates the results, including appen-
dices describing the analyses in detail. The analyst sends draft results to 
the PI and technicians for review. Once the three parties agree on the re-
sults, the PI submits the Introduction, Methods, and Results to an editor 
who sends the sections to outside referees. In response to the referee re-
ports, the PI, technician, and analyst revise the Introduction, Methods, and 
Results. The referees then write a collaborative Discussion about the Re-
sults, at which point the funder pays the award balance to all authors (PI, 
technician, analyst, referees, and editor). All data produced in the project 
become available to the public at the publication date so others can repeat 
the analyses.

A drawback is that Collaborative Independent Review could discourage 
the scientific creativity that generates new ideas and hypotheses when un-
expected results occur. It is probably best suited for controversial or politi-
cized topics that could benefit from impartiality or when attempting to re-
peat important or unusual findings.

Funding

Funders assume that scientists convert funding into knowledge. Yet fund-
ing rates predict only 30% of an ecologist’s science impact, even in the 
low-variance Canadian system (Aarssen and Lortie 2010). Regardless, fi-
nancial investment in science is limited (Staff 2017). The default funding 
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mechanism in the United States is the big investigator-driven original re-
search proposal. Unlimited submissions coupled with low success create 
a positive feedback that increases submissions to the point that some NSF 
funding rates are less than 5% (according to the NSF Division of Environ-
mental Biology, 2013–2015 funding rates were 7.6%) (Staff 2017). This is 
near the 6% “not worth it” breakpoint where the effort spent writing pro-
posals has a value equal to the expected funds gained (von Hippel and 
von Hippel 2015). Low funding rates mean risky, creative, or ambitious 
proposals cannot make the cut, demoralizing reviewers and applicants 
alike. And the need to get unanimous positive reviews stifles researchers 
from taking the risks needed to make major breakthroughs. When twenty 
proposals are written and reviewed for each one that is funded, the US 
model seems like an inefficient way to fund science (as says anyone ex-
cept the day they land a big grant).

Funders could increase funding rates for quality proposals by reducing 
award size. In stark contrast to the NSF sweepstakes model, Canada’s Natu
ral Sciences and Engineering Research Council program (NSERC) re-
duces the need to write proposals by funding people more than projects, 
leading to a high return on investment (Aarssen and Lortie 2010). A simi-
lar approach is Brazil’s Coordination for the Improvement of Higher Level 
Personnel (CAPES), which gives research productivity grants to ecologists 
who generate high-impact science (Loyola et al. 2012). Such funding mod-
els provide positive feedbacks whereby productive researchers gain more 
funding, which they are encouraged to convert into more productive re-
search. Although this rewards productivity, positive feedbacks might also 
funnel funding allocations into bigger and bigger labs, which by some 
measure, might become inefficient at doing science as more time is spent 
on managing money and addressing derivative questions. This might ex-
plain why productivity per dollar declines with award size (Fortin and 
Currie 2013). Evidently, when you have to spend time counting money, 
there is less time to count species.

Funders could increase proposal success by reducing submission rates. 
To reduce full proposals, the NSF Division of Environmental Biology has 
new submission limits and uses preproposals to filter out uncompetitive 
applicants. And eliminating submission deadlines reduces submissions by 
half (Hand 2016). Another way to reduce submission rates and reduce de-
mands on outside reviews is to couple submission with reviewing. NSF 
experimented with this by asking some submitting investigators to help 
with the review burden (Mervis 2014). Time-strapped investigators would 
be less likely to submit 20 proposals per year if it meant reviewing 140 
proposals per year.

If universities stopped rewarding investigators for the overhead they 
bring in, faculty might be less likely to propose expensive projects. A 
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different incentive, one based on research efficiency, could flow from 
funders to universities directly. Direct flow from funders to universities al-
ready happens in some countries, like the United Kingdom, where funders 
reward institutions based on cumulative research output (Atkinson 2014). 
But my favorite example is Mexico, which rewards mentors when their stu-
dents author a paper.

Data Streams and Synthesis

Although ecologists traditionally collected their own data, new data 
streams ranging from satellite imagery to climate information to various 
sensor arrays have increasingly high value for ecological synthesis. Fur-
thermore, real-time global species distributions are emerging from crowd-
sourced data. Worldwide programs such as eBird, iNaturalist, and Reef 
Environmental Education Foundation (REEF) compile species accounts 
daily across the globe, and have a culture of conservative identification. 
Such programs (which are often initiated by museums) have incompara-
ble scope and effort, but their design could benefit from more input from 
ecologists skilled in sampling design and data interpretation. Furthermore, 
field ecologists could consider contributing their data to these platforms. 
The public already collects far more species distribution data than ecolo-
gists do, suggesting citizens are now our main collaborators.

More data sounds great, but by the 1990s, NSF realized that there were 
more ecological data than ecological analyses. NSF imagined that finding 
general answers to big questions in ecology required evaluating many 
studies and massive data sets, something that was increasingly in reach 
due to the internet. NSF’s radical idea was to fund the National Center for 
Ecological Analysis and Synthesis (NCEAS) in 1994. Ecologists were more 
than willing to spend a week with their colleagues in sunny Santa Bar-
bara. Rather than give PowerPoint presentations to each other, 5,000 in-
dividuals from 70 countries discussed and synthesized. This approach was 
so productive that NSF renewed NCEAS funding twice (spending roughly 
$30 million over 15 years), during which center working groups and post-
docs published more than 2,000 papers, many being among the most 
highly cited in ecology (and a bargain at $15,000 per paper), with an in-
stitutional h-index of 242. This vast and influential intellectual output 
changed ecology from a lonely endeavor to a team sport. Although NSF 
discontinued funding for NCEAS (despite its incredible success), its spirit 
limps along with nearly 20 synthesis centers modeled after NCEAS. In sim-
plified terms, it is surprisingly simple to break down the barriers to col-
laboration: Cover travel to an enjoyable destination, add some big ideas, 
and the best minds will give up their days off to synthesize together.
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Publication

If you cannot make a good living from doing science, you can from pub-
lishing it. Elsevier (Amsterdam, the Netherlands), which publishes several 
ecological journals, has an enviable 40% profit margin (DeutscheBank 
2005). The ESA took some by surprise when, instead of switching ecol
ogy to open access as some members suggested, it contracted with the 
publishing company Wiley (Hoboken, N.J.) as a way to underwrite the so-
ciety’s bills without having to run a journal (Inouye and McCarter 2015). 
Wiley and the ESA profit because ecologists donate their content for free 
in exchange for professional validation and packaging. You might not see 
many Gucci tote bags at ESA, but ecologists, like most scientists, give cre-
dence to the branding that respected journals offer.

Journals count on scientists to donate their labor. Even though authors 
gripe about how long it takes reviewers to comment on their papers, they 
gripe even more about being asked to review papers, refusing 70% of re-
quests (Hochberg et al. 2009). This is the tragedy of the reviewer com-
mons, whereby benefits accrue most to researchers who have their papers 
reviewed, but don’t accept requests to review themselves. Some have 
suggested that authors solicit their own non-anonymous peer reviews 
(Aarssen and Lortie 2010). Others, worried about cronyism, have sug-
gested a cooperative points system for reviewers, whereby authors need 
to show that they have reviewed papers before they can submit papers 
(see Box 2).

Many have questioned the ethics and legality of publishers profiting 
from taxpayer-funded research that remains behind a paywall. This is the 
motivation behind several institutions canceling subscriptions to some for-
profit journals, and the controversial Plan S (funders forcing authors to 
make their papers open access by 2020) endorsed by the Bill and Melinda 
Gates Foundation, several European research funding agencies, and gain-
ing momentum in China and India. The gold open access model is where 
the author pays publication costs upfront (Hochschild 2016), freeing con-
tent for readers. Although gold open access still privatizes a public good, 
it should drive publishing fees closer to publishing costs because it allows 
authors to shop around for where to submit in contrast to libraries that 
cannot shop around for which journals to subscribe. Unfortunately, gold 
open access has created a market for predatory stand-alone “open access” 
journals, which, by skimping on peer review and editorial oversight, pro-
vide a pay-to-publish service akin to a vanity press for amateur poets. In 
the popular green open access model, authors do not pay publication costs, 
but post their articles’ PDFs on their websites or repositories like Research 
Gate. But the fastest growing model is what I call black open access, where 
scientists download 150,000 articles a day, at the Robin Hood–like server 
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Sci-Hub (34). Black and green publishing could disrupt the publishing in-
dustry the same way free downloads disrupted the music industry.

Then there is diamond open access, in which neither authors nor read-
ers pay a fee (Fuchs and Sandoval 2013). A familiar example is how Cor-
nell University and member institutions subsidize the arXiv preprint server. 
A longstanding publishing model in physics, arXiv has become popular 
enough across other science fields that it posts 10,000 preprints per month. 
These preprints are filtered by moderators and an endorsement system; 
however, because most scientists distinguish this process from traditional 
peer review, authors usually also submit their preprints to conventional 
journals. To build on this model, a group of researchers from public re-
search institutions added a peer-review layer in 2017 called “Peer Com-
munity in . . .” (with parallel sections for ecology, evolution, and paleon-
tology). This project has been supported by some scientific councils of 

Box 2: Brand name cooperative diamond open access

Hypothetically, submitting a cooperative diamond open access (CDOA) 
article costs four tradeable credits per submission. Researchers that need 
credits log on to the server and, if the handling editor approves their expe-
rience and expertise, they can choose from paper topics they want to eval-
uate. In exchange for a credit, they are assigned the paper in their topic(s) 
that has been in the queue the longest. Authors who have written several 
quality peer reviews can be assigned as handling editor. Once a reviewer 
completes a paper, review credit is banked after being weighted (0–1) by 
the editor’s assessment of that review (incentivizing quality reviews). The 
time to review is also noted. After sufficient back and forth between review-
ers and authors, editors (who also receive a credit per paper) determine 
when the paper is suitable for publication. With four banked credits, authors 
can submit a paper, which is reviewed and edited as above. Once accepted, 
the publication date is embargoed by the average time to review associated 
with the author’s cashed credits (incentivizing speedy reviews). CDOA is 
therefore rigorous, fast, and equitable, and the product is easy to make 
open, free to readers and authors, and affordable to subsidizing institutions. 
To create branding, societies like ESA could establish their own portals to 
set standards, vet reviewers, and customize citations. For example, accepted 
articles could carry a citation linking them to the society (or its paper jour-
nals) that handled the paper. Long-term success for CDOA would require 
dedicated subsidies for servers, such as would become available if libraries 
invest less in subscriptions to expensive commercial journals and institutions 
invest less in author charges.
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research institutions (Institut National de la Recherche Agronomique, Cen-
tre National de la Recherche Scientifique in particular), scientific socie
ties, journals, and laboratories. Authors deposit preprints in a preprint 
server like arXiv and then submit that preprint to PCI Ecology (at no cost). 
Named volunteers play the role of editors and invite other volunteers 
(named or anonymous) to review submitted preprints. Reviews and revi-
sions are uploaded to the preprint server where they remain public. If ac-
cepted, the final version is labeled by PCI as a “peer-reviewed” article, 
and the editor adds a short recommendation. However, because a peer-
reviewed preprint stored on a file server lacks the brand value that moti-
vates authors and readers to affiliate with particular journals, it remains 
to be seen whether authors will send PCI their best work. For this reason, 
accepted versions and associated reviews can also be submitted to tradi-
tional journals (which can then charge various fees). An ideal solution to 
the current publishing model would make publicly financed content avail-
able for free without profiting from author labor, have a rigorous and 
equitable peer-reviewing system, and provide the branding that authors 
want to associate with their work. It would not take much to make a plat-
form like PCI Ecology meet all three needs (Box 2). I call this brand-name 
cooperative diamond open access.

For-profit journals could still play an important role in the future 
science-publishing model. The top science magazines, funded by adver-
tising revenue, could publish news, invited reviews, and commentaries on 
notable papers. Someday having an open-access paper highlighted in Sci-
ence might have the same caché that publishing a Science paper has today.

Science Metrics

Discovery motivates scientists, but so does recognition for discoveries. The 
science enterprise now ranks and compares science success for journals, 
scientists, universities, and even countries. Ideally, evaluating individual 
success would involve inspecting a scientist’s record, including reading 
their publications, as often happens during tenure reviews and job 
searches. But shortcuts include many standardized metrics, grouped as in-
puts (grants received, operating costs), outputs (papers published, stu-
dents graduated) and outcomes (student job success, policy influence). 
Many metrics are easy to calculate with online citation information. For 
instance, the website Publish or Perish computes a dozen citation metrics 
(Harzing 2017). When evaluating research institutions, the United King-
dom’s Natural Environment Research Council impact report considers 28 
inputs, 12 outputs, and 8 outcomes (Goff 2015). When ranking university 
departments (for instance, to help graduate students decide where to 
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apply), the US National Research Council uses the publications per fac-
ulty member, citations per publication, grant support, faculty and student 
diversity, student exam scores, graduate student funding, number of gradu
ate students, PhD completion percentage, time to degree, academic plans 
of graduating students, student work space, student health insurance, and 
student activities (Ostriker et al. 2001). The Leiden Rankings look at total 
publications (with optional partial credit for multi-institutional papers), 
high-impact publications, and fraction of high-impact publications per uni-
versity (emphasizing either total output or output quality rather than 
per-capita output) (Centre for Science and Technology Studies 2017). Like 
most short cuts, simple metrics can have shortfalls, but it seems inevita-
ble that scientists and institutions will change their behavior in response 
to how the system grades them.

To the extent that institutions reward scientists based on metrics and 
scientists respond to those awards, metrics could alter, for better or worse, 
how scientists prioritize their time. Science moves fastest when research-
ers take creative approaches to difficult questions. Not long ago, commit-
tees simply counted a scientist’s published papers. Rewarding the number 
of papers published presumably steered some researchers to write many 
uninteresting or trivial papers. Eventually, citation indexing made it easy 
to separate well-cited from forgotten papers. Accumulating citation counts, 
on the other hand, favors one-hit wonders over productivity and conflates 
popularity with quality. These loopholes inspired the now ubiquitous h-
index (count of papers (N) by an author cited N times or more), which 
combines information on cumulative popularity and quantity into a sin-
gle number. However, the h-index can reward self-citation (though often 
this has a trivial effect), values review papers over primary literature, 
and gives overlapping credit to group authors. Easy solutions are to share 
a paper’s citations among its authors (i.e., an individual h-index) (Box 3), 
discount self-citations, and calculate separate metrics for primary and 
review literature (Box 4). Regardless, praise or disdain for a metric often 
lies with the extent that it flatters you.

A citation metric assigned to a paper seems logical (e.g., a well-cited 
versus a poorly cited paper), but the same metrics assigned to individual 
scientists are often illogical because they imply a per-person impact but 
are not calculated as such. Now that most papers are group efforts, the 
ninth author on a 40-author paper (often contributing the equivalent of a 
single paragraph) gets the same credit in their h-index as if they had writ-
ten the paper by themselves. To make individual metrics satisfy basic 
logic, some have advocated adjusting individual metrics for papers writ-
ten by groups (Schreiber 2008). Such individual metrics are easy to cal-
culate and help share credit done by groups. This is particularly impor
tant when comparing the impacts of ecologists (who often work in small 
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groups) with others such as physicists (who often work in huge groups). 
And although the average scientist might be wise enough not to compare 
metrics across fields, it might not be beyond the average dean.

Most science impact metrics fail to meet the key societal expectation 
that scientists should wisely use the public’s money to make important 
discoveries. In part, this is because the public does not reward scientists. 
Instead reward comes from research institutions that depend on overhead 
from research grants to subsidize their operations. Given that institutions 
reward investigators for overhead received, scientists can succeed by em-
phasizing grant writing over paper writing. In 2016, US science and engi-
neering researchers spent $72 billion to publish 409,000 papers, or about 
$176,000 per paper (National Science Board 2018). Yet many of the top-
funded researchers have moderate scientific impact (Fortin and Currie 
2013). Because institutions will continue to reward overhead generation, 
it is up to funders to reward return on investment. This could include 
free-market ideas like funding completed rather than proposed science.

One way to improve the science business model in the public’s interest 
could be to recognize return on investment. A current metric for return 
on investment is the publication impact efficiency (PIE) index, which di-
vides citations by research dollars (e.g., accumulated grant funding or 
grant funding plus salary) (Aarssen and Lortie 2010) (Box 4). A more ab-
stract metric for return on investment would be the individual h-index–
to–dollar ratio. As the ratio of two integrals over time, return on invest-
ment metrics are relatively independent of seniority, although they can 
be extreme (e.g., near zero or infinity) for young scientists. Such ratios 
can be easier to imagine as cost per impact (e.g., dollars per citation or 

Box 3: Individual metrics

Individual metrics should share credit among authors. Ideally, authors 
would indicate proportional credit in their published paper. In lieu of this, 
others have suggested only counting a scientist’s first-authored publications, 
or dividing citations per paper, C, by the number of authors on a paper, as 
in Schreiber’s multiauthored h-index (Schreiber 2008). As a slight improve-
ment to either approach, I propose a simple default algorithm that weights 
credit to first authors more than secondary authors. Here, a solo author 
(N = 1) obviously merits all C citations to that paper. The lead author of a 
multiauthor paper (N > 1) claims half (C/2), and nonlead authors divide the 
remaining half equally (C/2)/(N − 1). Because this simple algorithm is only 
a best guess, journals might start allowing authors to specify proportional 
credit at publication.
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per h-index). To better reflect the empirical discoveries that funding agen-
cies expect, return on investment metrics can be estimated after exclud-
ing review papers. If used to assess individual performance, return on 
investment metrics could motivate researchers to spend more time con-
ducting and writing up science and less time writing long-shot proposals 
to land huge grants, resulting in more research productivity and lower 
variance in funding among researchers.

Conclusions

The science business model has evolved from patron-sponsored intellec-
tuals, to university-funded faculty, to taxpayer-funded scientists. Taxpay-
ers might expect scientists to spend funds wisely on valid, public knowl-
edge. To give the public what they expect might require different models 
for funding science, publishing science, and rewarding scientists. Although 
I have focused on ecologists in North America, most of these issues apply 
to other fields and other countries, especially in Europe. To efficiently 
train the brightest and most creative scientists might require changing the 
training model from a rear-filtered, family-unfriendly, apprentice model, 
to a front-filtered, family-friendly, free-agent model. Funding graduate stu-
dents with competitive fellowships rather than research assistantships 
would reduce student entry rates and help funders improve diversity. 
Fewer students would increase student quality, improve mentoring, and 

Box 4: Individual return on investment

What is the return on investment for an anonymous author chosen from this 
volume? Web of Science (WoS) tabulates their publication count (~190), 
citation count (~17,000) and h-index (59). Over their career, this author and 
their colleagues received about $14 million in extramural funding (not count-
ing salaries). Their PIE, therefore, is 0.001 (or $823 per WoS citation). 
However, the author’s adjusted individual citation count (6,000), individual 
h-index (37), and grant share ($3 million) are all lower, so that the individ-
ual PIE changes to 0.002 (or $500 per WoS citation). Filtering out review 
papers in WoS further reduces the individual citation count (4,500), and in-
dividual h-index (28). Overall their individual empirical PIE would be 
0.0015 (or $667 per empirical WoS citation), or $107,000 per individual h-
index. Metrics that account for research costs and individual rather than 
group impact might make it easier to determine if this researcher has been 
a good investment, or if they just spend time at the beach.
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increase return on investment in training, particularly if funding fewer 
students frees funds for permanent science staff or postdoctoral opportu-
nities. Furthermore, shifting the filter earlier would level the playing field 
for women and men. And having childcare as a standard benefit for sci-
entists would make a science career more appealing to women. Funding 
could generate a greater return on investment if scientists write fewer pro-
posals for less money. One model is NSERC, which encourages scientists 
to produce rather than propose. Furthermore, given the spectacular suc-
cess of NCEAS, funders could encourage creative incentives for new data 
streams and synthesis. Scientists might eventually be able to choose a pub-
lishing model like collaborative independent review, that emphasizes re-
producibility over novelty. One solution for making science products more 
available to the public is the cooperative diamond open access model, 
which shares the editorial and reviewing tasks needed for peer review, 
frees publishing and reading, and gives libraries a way to keep subscrip-
tion costs down. Finally, a business model for ecology must differentiate 
success from failure. Metrics for success should share credit among col-
laborators and emphasize return on investment, where “return” refers to 
empirical discoveries rather than well-cited review papers or opinionated 
book chapters like this.

College deans, funding agency program officers, and journal editors be-
long to the current science business model. Ecologists, however, can help 
create the new science business model imagined here. Certainly the skills 
needed to study behavior, demographics, and consumer-resource interac-
tions are not all that different from the skills needed to create business 
models. If successful, a new science business model will improve train-
ing, increase reproducibility, distribute funding efficiently, synthesize new 
data streams, liberate journal publications, and evaluate success with ap-
propriate metrics. With such changes, ecologists will be ready to solve the 
challenging problems posed by this book.

Any use of trade, product, or firm names in this publication is for de-
scriptive purposes only and does not imply endorsement by the US gov-
ernment. Thanks to Hillary Young, Andy Dobson, Dave Tilman, Thomas 
Guillemaud, Denis Bourguet, Ben Halpern, and my lab group for advice 
and comments.
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Many biological systems are large: the gene-regulatory network of Dro-
sophila melanogaster is composed of more than 15,000 genes interacting 
through activation and inhibition; over a thirty-year period, Charles 
Robertson documented more than 15,000 distinct interactions between 
456 plants and their 1420 pollinators in a single location in western Il-
linois (Robertson 1929; Memmott and Waser 2002); the spread of influ-
enza in Chicago and surrounding areas is mediated by a large social 
network comprising about ten million nodes, connected by billions of 
interactions.

These large biological systems can be represented as networks of in-
teractions between agents (genes, individuals, populations): empirical 
biological networks invariably contain many agents with few interactions, 
and few with very many. This type of network structure makes it difficult 
to describe the systems using mean-field approximations, in which every 
agent is approximated by a typical, average agent. Empirical network 
structures are also very different from what we would expect under simple 
models (such as the Erdős–Rényi random graph, in which every node has 
the same probability of connecting to every other)—nodes in biological 
networks have been coevolving for long periods of time, and thus network 
structure is believed to reflect the underlying biological processes of the 
system.

An underappreciated aspect of these large networks is that they are 
quite variable: When measuring an arctic pollination network in Green-
land, Olesen et al. (2008) found that the number of interactions between 
plants and pollinators varied dramatically from day to day. Similarly, were 
we to build the food webs of two lakes a few kilometers apart, we would 
find substantial differences. However, the dynamical processes occurring 
on these networks seem to be fairly robust to their ever-changing nature: 
Every day in Chicago somebody is born, somebody dies, somebody breaks 
up with their boyfriend—yet we do not expect these events to dramati-
cally alter the number of cases of influenza in a given year. This suggests 
that, although we can only measure a network, rather than the network 
of interactions, all sampled network structures for a given system belong 
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to a well-defined statistical ensemble, in which some unknown but impor
tant quantities are kept constant.

Historically, theoretical ecologists have devoted much effort to the 
study of small dynamical systems. This year marks the 94th anniversary 
of the work of Volterra (1926) on predator–prey interactions (the same 
set of equations had been published by Lotka (1925) the year before). 
These seminal contributions led to the birth of the field of theoretical 
ecology and spurred the development of ever more refined sets of equa-
tions describing the interaction between two populations. Interestingly, 
after almost a century, there is still debate over which variants of these 
equations can best model how species interact (Arditi and Ginzburg 
2012). Besides the great influence of the pioneering work by Lotka and 
Volterra, the field concentrated on small systems also out of mathemati-
cal and empirical convenience. From a mathematical point of view, 
studying even the simplest system of nonlinear, autonomous differential 
equations describing the growth and decrease of interacting populations 
becomes prohibitively difficult when we include more than three popula-
tions. For larger systems, we can rely on numerical integration on a com-
puter, but again it is difficult to understand these systems well enough to 
know what to look for in the rich output of such simulations. In the con-
text of empirical studies, measuring interaction strengths is very com-
plex and quite debated (Berlow et al. 2004); accurately measuring many 
interactions among many species seems to be outside the realm of possi-
bility at the moment.

The study of small ecological systems has produced many beautiful and 
obviously useful results. I am thinking especially of the successes in mod-
eling tightly coupled systems, such as pathogen–host dynamics and labo-
ratory experiments (e.g., Costantino et al. 1997, Yoshida et al. 2003, Dai 
et al. 2012, among many). Small, treatable systems such as these are also 
great for developing intuition about the behavior of complex systems in 
general and can be seen as building blocks of larger systems. However, I 
sometimes feel that the focus on small systems could have serious side 
effects for the discipline as a whole. For example, much of our understand-
ing of competitive interactions descends from the careful study of two 
interacting populations, and yet the beautifully simple result that intra-
specific competition must exceed interspecific competition for populations 
to coexist does not extend to more than two competitors (Barabás et al. 
2016). In addition, some documented dynamics leading to coexistence 
(such as intransitive competition) cannot even be studied for less than 
three competitors (Sinervo and Lively 1996, Allesina and Levine 2011), 
and focusing on two species at a time does not allow for the study of the 
community structure that emerges when pooling all interactions together 
(Barabás et al. 2016).
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Summarizing, much progress in ecology has been made by taking the 
limit of n → 2 for communities of interacting populations. Being somewhat 
of a contrarian, I cannot help but wonder what ecology would look like 
today, had we instead taken the limit n → ∞, starting from infinitely many 
species and working our way down.

This might seem a strange idea, but it has a strong parallel in the de-
velopment of physics. The celebrated equations by Newton can accurately 
describe the motion of the Earth circling the Sun. Take three bodies along 
with their mass, position, and velocity, however, and you will end up with 
a system of equations that cannot be solved analytically. This three-body 
problem has important consequences. For example, although many 
“proofs” of the stability of our solar system have appeared in the litera
ture, we currently believe the motion of the planets to be chaotic, with 
large-scale computations being the only means to produce accurate results 
(Laskar 2013). However, when physicists are confronted with very many 
particles, for example gas molecules in a room, they do not write equa-
tions of motions for each and every one of them and integrate the equa-
tions in a computer. Rather, they rely on a completely different theory 
that, by describing the system statistically, provides important insights on 
its dynamics. In this way, one can show that fundamentally statistical 
quantities, such as temperature and pressure, play a key role in determin-
ing the system’s behavior.

Continuing the analogy with physics, one might ask what the equiva-
lent of temperature and pressure for ecological systems would be—and 
especially what kind of a toolbox one would need to be able to determine 
which quantities have the largest effect on the fate of large ecological dy-
namical systems.

In my explorations around these themes, I stumbled upon the theory 
of random matrices. This branch of mathematics is concerned with the 
characterization of the distribution of eigenvalues and eigenvectors of 
(typically infinitely) large matrices whose coefficients, rather than being 
fixed numbers, are random variables (Bai and Silverstein 2010). Several 
characteristics make results in random matrices directly applicable to the 
study of biological systems. First, this is a theory for large matrices, and 
networks and matrices are two ways of representing the same problem. 
Second, although it is difficult to precisely measure interactions in bio-
logical systems (and these numbers would be subject to change anyway), 
one might hope that describing them with distributions would be simpler 
and more natural. Third, and most importantly, many results in random 
matrix theory are universal (Tao and Vu 2010): the exact distributions for 
the coefficient do not matter, provided that some quantities (e.g., mean, 
variance, and correlation) are kept constant. Hence, one can take a very 
complex network problem and use the machinery of random matrix the-
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ory to determine which quantities have the largest influence on eigenvalue 
distribution. Furthermore, the universality property guarantees that these 
conclusions will be robust.

Many ecological problems (notably, local asymptotic stability (May 
1972), metapopulation capacity (Hanski and Ovaskainen 2000), and spread 
of infectious diseases (Van Mieghem et al. 2009) can be turned into prob
lems regarding the eigenvalues of certain matrices, so that one can di-
rectly translate mathematical results into ecological insights. Though the 
first application of random matrix theory in ecology dates back to the 
seminal work by May (1972) on complexity and stability, ecologists have 
rarely used these tools in the past forty years. Right now, the timing for 
an exploration of these topics and their potential for biology could not be 
more perfect: In mathematics, random matrix theory is experiencing a 
phase of exponential growth, with many active researchers producing 
new, fundamental results and methods at a very high rate (e.g., Rogers 
2010, O’Rourke and Renfrew 2014, Aljadeff et al. 2015). Thanks to these 
advances, one can analyze ever more complex, structured random matri-
ces, unveiling which broad-scale properties of ecological systems strongly 
influence dynamics (Allesina and Tang 2015, Allesina et al. 2015, Grilli 
et al. 2015). Ecologists should engage with the mathematical community, 
proposing new challenges and classes of random matrices that are of eco-
logical interest. This dialogue between mathematicians and ecologists 
could both further the study of random matrices and produce beautiful 
results in the realm of ecology.

Besides the opportunity granted by the development of this theory in 
mathematics, the availability of new, high-throughput ecological data 
should spur the development of a toolbox capable of harnessing the infor-
mation contained in these datasets of unprecedented quality and size. It 
is not surprising that a random matrix approach immediately appealed to 
the community of scientists working on microbial communities and 
metagenomics (Coyte et al. 2015), as our ability to deal with communi-
ties containing hundreds of “species” using more traditional approaches 
is quite limited.

In summary, ecological systems are large, network-structured, and vari-
able, and we need to build a toolbox that can handle these complex sys-
tems in a simple and natural way. The theory of random matrices is a 
promising research avenue, with many active researchers, and fundamen-
tal, new results published every year. Using this and similar techniques, 
we can pinpoint important quantities that largely drive the dynamics of 
ecological systems.

The need for good ecological theories capable of dealing with the com-
plexity of natural communities is growing every day, be it for managing 
ecosystems, or to understanding how to preserve or restore essential 
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ecosystems services. With these growing needs in mind, I maintain that 
in the next century ecology should go big or go home.
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