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Preface

Each decade of our careers has had a different theme. 
First was the feeling that we had our entire lives to study 
the amazing world of biological diversity, its evolution 
and ecology. Next, we began to realize that the biosphere 
was changing, and it was becoming more diffi cult to 
fi nd some of the species that had become our cherished 
friends; nonetheless, we still could fi nd isolated pockets of 
the way it used to be. Third, we saw that the biosphere was 
changing so rapidly that we needed to document what ex-
isted, paying special attention to what might be useful for 
sustainable human socioeconomic development. Fourth, 
and ongoing, our minds are fi lled with one word: triage.

We are convinced that humanity faces a grave immi-
nent challenge, and the responses to that challenge have 
not been suffi cient. We live in a world of climate change, 
and previous episodes of climate change have had pro-
found impacts on the biosphere and the evolution of life 
on this planet. The crisis of emerging diseases forces us 
to confront the interface between a landscape engineered 
and maintained by humanity at increasing cost, and 
the largely “neglected other” that we sometimes call the 
biosphere. As we push into that neglected other and as 
elements of it push into “us,” predictable things are hap-
pening. We therefore need a more robust understanding 
of the evolutionary biology of pathogens to explain why 
we have a crisis of emerging diseases, one that points the 
way to reducing their impact on us. This book pulls no 
punches, but that is not because we are committed mis-
anthropes. It is because we believe that while the crisis we 
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face is nobody’s fault, we are all to blame. We are going to try to make 
every reader feel ambivalent about some of their most cherished scien-
tifi c and socioeconomic notions, to push people out of their comfort 
zones so they can consider a new perspective. We are not alone. The 
scientifi c community has become galvanized in the early twenty- fi rst 
century and is enthusiastically investigating links between climate 
change, disease, and humanity, resulting in an explosion of scientifi c 
literature matching the explosion of emerging disease. In notes at the 
end of the text and in the bibliography, we refer to about 1000 pub-
lished works and supplementary data for those who want to begin to 
delve more deeply into particular topics. But that is only a fraction of 
the 10,000 or so published articles about climate change and disease 
we have read in the past few years. During the time this book was in re-
view, news reports pertaining to emerging diseases appeared daily, and 
newly published scientifi c articles supporting our perspective appeared 
about once a week. This book confronts some painful realities and pro-
vides suggestions for how we might better cope with what is on our 
front doorstep and threatening to overwhelm us. We hope our words 
will be persuasive, especially to those caring and committed people 
who have been doing their best following traditional yet faulty prin-
ciples. We must begin taking collective personal responsibility for our 
own survival. We are fond of this world and this existence; we would 
like it to continue, and we would like a larger proportion of humanity 
to share its benefi ts.
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1

O N E

How Bad Is It, Anyway?

The world’s a little bit under the weather and I’m not feeling too 

good  myself. 

— Sign at the Rally and March for Science, Washington, D.C., April 22, 2017

This planet’s climate is changing. Inexorably. We now live 
in a “second- order world” in which change is not simply 
accumulating, it is accelerating. Projections for the year 
2100 made around the turn of the century already seem 
woefully inadequate.1 Despite incrementally decreas-
ing birthrates, the human population grows daily; it’s 
on the move, and deep technological footprints mark its 
passage. We alter landscapes and perturb ecosystems, in-
serting ourselves and other species into novel regions of 
the world, contributing to permanent changes in the bio-
sphere. This should surprise no one. More than a century 
ago the Swedish Nobel Laureate Svante Arrhenius showed 
that carbon dioxide emissions from industrial sources 
would increase atmospheric temperatures.2 Three genera-
tions ago Charles Elton, a founder of modern ecology and 
a bellwether for the disruptive effects of climate change, 
wrote: “We must make no mistake; we are seeing one of 
the greatest historical convulsions in the world’s fauna 
and fl ora.”3 Elton concluded that human civilization was 
about to experience severe socioeconomic disruptions. 
Global changes in temperature and rainfall would lead to 
drought, famine, and disease. These would in turn lead 
to confl ict and disease. And confl ict would lead inevita-
bly to migration and more disease. Now each day is a tes-
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timony to Elton’s insights. Climate change alters the movements and 
geographic distributions of myriad species. Transporting people and 
goods brings previously isolated species into sudden contact with one 
another. Drought and fl ood create famine and confl ict. Two- thirds of 
humanity risk water shortages, and the rest face the threat of fl oods.4 
Paradoxically, both drought and fl ood carry increased risk of disease 
transmission. Furthermore, they all lead to migration, and not just of 
humans.5 Diseases emerge everywhere on a daily basis, affecting us and 
the species upon which we depend for our survival. Elton would surely 
not have been surprised that we now fi nd ourselves deeply embedded 
in the midst of an epidemiological crisis. In these arenas of movement 
and new contact, a world of pathogens continually encounters suitable 
hosts with no resistance and no time to evolve any.

This is also not news— maladies rare or unknown half a century 
ago, like HIV and Ebola, West Nile virus, avian infl uenza, Zika, dengue, 
monkeypox, hanta, and Lyme disease— are increasingly commonplace. 
Some old associates, such as malaria and yellow fever, have resurfaced 
with a vengeance. We are even seeing a resurgence of polio and tuber-
culosis, two diseases we thought we had largely vanquished. Yet others 
lurk in places becoming more accessible to humans. Some, such as bu-
bonic plague in the United States, are expanding their geographic dis-
tributions as a result of successful efforts by conservation biologists to 
reintroduce reservoir hosts into areas with high human traffi c.6 In such 
a world— this world— events like these are ongoing. The entire range 
of species upon which humanity depends for socioeconomic reasons 
is affected.

Scarcely a week passes without news of some freshly discovered 
strain of pathogen trading up to a human host  .  .  . or European cat-
tle .  .  . or Nigerian tomatoes  .  .  . or critical pollinator insects  .  .  . or 
sea urchins. News items fl ashing across our monitors since we began 
writing this book in mid- 2016, in no particular order: temporary ces-
sation of blood transfusions in Greece for fear of malaria; closing of 
the Yellowstone River to fi shing for fears of whirling disease and viral 
pathogens infecting trout; tourism losses in Florida amid Zika fears; 
shortages of the yellow fever vaccine in Brazil and in Central African 
countries amid outbreaks on both their continents; appearance of the 
South American tomato leaf miner in Nepal; an invasive insect killing 
trees on which street lights are hung, leading to crime increases as-
sociated with the loss of night lighting; an army worm invasion from 
North America to Africa, putting 10– 40 percent of Africa’s corn crop 
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at risk; red squirrels in the United Kingdom harboring two different 
variants of the bacterium that causes leprosy; sudden oak death disease 
in Hawaii; a rust fungus that is resistant to every known fungicide and 
is infecting wheat in Eurasia; spruce beetle outbreaks in North Amer-
ica; plagues of locusts in southern Brazil and northern Argentina; fi -
larioid worms in reindeer in Fenno- Scandinavia; blue- tongue virus and 
anthrax returning to Europe; an anthrax outbreak in eastern Siberia 
that may have come from anthrax bacteria frozen in permafrost for 
the past century until it began melting; a yellow fever outbreak giv-
ing way to a monkey- pox outbreak, giving way to an Ebola outbreak, 
giving way to a polio outbreak in the Democratic Republic of Congo 
in a span of four months; a massive cholera outbreak in Yemen associ-
ated with ongoing confl ict and a breakdown in the water and sewage 
treatment infrastructure; plague in Madagascar; malaria in Tuscany, 
southern France, and southern Switzerland; leptospirosis breaking out 
in Puerto Rico following Hurricane Maria; a bacterium imported to 
Europe that threatens garden plants and fruit trees; a large infl uenza 
outbreak in North America on the centenary of the Spanish fl u pan-
demic; the threat of measles at Chicago’s O’Hare Airport; a Lassa fever 
outbreak in Nigeria; city parks in São Paulo closed for fears of yellow 
fever and malaria; Ebola reaching an urban center of two million in 
Congo; ongoing outbreaks of Crimean- Congo hemorrhagic fever, Zika, 
Ebola, dengue, chikungunya, Marburg, norovirus, arenavirus, rhinovi-
rus; and on and on . . . 

This is the new normal, the crisis of emerging infectious dis-
ease (EID), caused by pathogens fi tting one of the following criteria: 
(1)  something “new,” that is, a pathogen previously unknown to sci-
ence; (2) a known pathogen becoming more pathogenic than before; 
(3) a known pathogen becoming more pathogenic at the edges of its 
geographic range; (4) a known pathogen appearing in a geographic lo-
cation where it had never been reported before; and (5) a known patho-
gen infecting a host it had never been reported infecting before. This 
is not a crisis of a few headline- worthy viruses infecting humans in 
tropical countries. Emerging diseases are caused by viruses, bacteria, 
fungi, protists, and multicellular animals, all exacting a socioeconomic 
cost from humans and the plants and animals upon which we depend. 
They can be found in developed as well as developing countries, and 
they occur in the wild lands, agricultural lands, and rural, suburban, 
and urban regions. They are transmitted in soil, water, and food; by 
eating, drinking, and casual contact with other organisms or surfaces 
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that they touch; and by a constellation of biting, piercing, and sucking 
arthropods that feed on us and our livestock.

So here we are, plodding prey for a microcosmos of hunters that are 
fi nding us with— it seems— increasing ease. Some are ancient associ-
ates, but something new pops up on a daily basis. And we are afraid 
of them— starting in the past century they have been portrayed as the 
ultimate boogeymen intent on doing us in: “Searchers had not yet, like 
Pasteur .  .  . begun to challenge God, to shake their fi sts at the mean-
ingless cruelties of nature toward mankind, her children.”7 Even these 
insights are not new— such classic books as Microbe Hunters (1926) and 
Rats, Lice, and History (1935) drew attention to this phenomenon,8 so 
humanity should have been ready to accept the same message when 
it was delivered 60 years later by the microbiologist Laurie Garrett and 
the geographer Jared Diamond in their seminal books.9

If None of This Is New, Why Is It “News”?

You would think that the public health response would be a well- oiled machine by 

now. But yet again we have been blindsided.10

Scientists have been warning for at least a generation about the poten-
tial impact of EID in a world experiencing climate change.11 The global 
response to those warnings, however, encourages the public to think 
of EID as isolated events, mostly affecting humans, that can only be 
dealt with by reacting after the fact and that have nothing to do with 
climate change. We allocate massive resources to pathogens that have 
already made themselves known while ignoring the far greater threat 
posed by those waiting in the wings. The ones we know are the tip 
of the iceberg— most of the world’s pathogens haven’t been discovered 
yet. They’re discovering us easily, however; those weekly outbreaks and 
the endlessly variable strains of recent years are ample evidence of that. 
The new status quo is a succession of outbreaks battering an increas-
ingly fragile public and agricultural health infrastructure that cannot 
meet the challenges of global climate change.12 We rarely have an idea 
where the next one will pop up because we have done such a poor job 
of cataloguing the world’s pathogens. All we know is that they’re far 
better at fi nding us than we have been at fi nding them. This known 
issue is likely to continue to be reported as “surprising news” lasting 
only a few days when the real news story, as Laurie Garrett pointed out 
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in 2001, is our continuing failure to cope with the crisis by anticipating 
and preparing for more outbreaks.

Elements of the Problem

The emerging disease crisis can be best understood in the context of 
three fundamental realities that will be recurring themes throughout 
this book.

It’s about Us and Climate Change

About three million years ago our African ancestors moved from the 
forest to the savannah. Gradually changing from scavengers to preda-
tors, sharing prey with grassland carnivores, those ancient humans ac-
quired pathogens that had fi rst been found in hyenas, large cats, and 
African hunting dogs. They carried those pathogens out of Africa, help-
ing them move into native hosts in new environments, while native 
pathogens residing in nonhumans returned the favor, infecting the 
newly arrived humans. Over time, agriculture, domestication, and ur-
banization brought people and animals into even closer contact, ex-
panding the menus of yet more pathogens and making transmission 
easier than ever.

In the past 100,000  years, human geographic expansion dissemi-
nated EID risk on a global scale. If doctors had existed then, they would 
have remarked on a worrisome surge in the number of EIDs, respond-
ing to the crisis as best they could, after the fact, and wondered how to 
manage the outbreaks. The human ecological footprint has had a dis-
proportionate infl uence on the distribution of diversity on the planet 
for the past 12,000 years.13 By that time at least some humans had ad-
opted sedentary lifestyles, accompanied by the rapid emergence of ani-
mal and plant domestication (corn was being domesticated in Mexico 
between 11,000 and 9,000  years ago)14 and new diseases as humans 
inserted themselves more intimately into the lives of their newfound 
domestic companions. That time period also witnessed an improve-
ment in the physical conditions of life, especially for women, who, nar-
rowing the size gap with males, began having bigger, healthier babies. 
This was a mixed blessing. The human population began to grow. A lot. 
By 5000 years ago, humans had established permanent cities, many of 
which would be destroyed and abandoned, and only rarely rebuilt, as 
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a result of confl ict and natural disasters, including climate fl uctuations 
that were relatively mild compared to what is now bearing down on 
us. The human population continued to grow and expand geographi-
cally, building new cities and acquiring more and more new diseases. 
By 250 years ago, we had created industrial cities and the foundations 
of modern technological society.

In the past 50 years an exploding human population, rapid transit, 
and the globalization of economies have produced the real- time crisis 
that is now part of our daily existence. And the onset of accelerating 
warming and environmental disruption has intensifi ed that situation. 
It seems that at least some of the climate change we are experiencing 
signals the end of the extended run of climate stability that marked 
the Holocene. But that is not the full extent of the problem. Today hu-
man beings drive considerable environmental perturbation and uncer-
tainty. Anthropogenic input, including the injection of carbon dioxide 
and other greenhouse gases into the atmosphere, has a tremendous 
infl uence on the state of the climate, global atmospheric and sea tem-
peratures, patterns of precipitation and drought, and the severity and 
frequency of the storm systems that sweep the planet.

Temperature and water ultimately mediate the structure of the bio-
sphere and the distribution of diversity over time.15 Atmospheric car-
bon dioxide has fl uctuated throughout the course of Earth history, 
directly infl uencing global temperature and the availability and dis-
tribution of water. Relatively small changes in atmospheric carbon 
can have substantial cascading effects, as is demonstrated by the out-
comes of atmospheric forcing from industrialization during the past 
250 years. Ironically, the technological component of humanity arose 
during a period of relative stability in the global climate system, fol-
lowing the termination of the last major glacial advance of the Pleisto-
cene just 12,000 years ago. The inception of industrial development in 
the 1750s perturbed that stability, accelerating warming and increas-
ing climate fl uctuations globally. The trajectory was fairly consistent 
for more than a century. Unusual temperature increases began in the 
late 1800s, spurring Arrhenius to make his calculations. The rate in-
creased in the early 1900s, forming the base of the curve in what is 
called the “hockey stick.” There has been considerable and spirited dis-
cussion about this hockey- stick model, but it appears to be an incon-
venient truth that has been maligned but never disproven. That rate 
increase produced “anomalous” temperatures throughout the twenti-
eth century,16 but  Arrhenius’s calculations and observations of global 
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 temperature changes still hold true. Around 1970 there appears to have 
been another uptick in the rate of warming that was especially pro-
nounced in the northern latitudes.

It’s about Complexity

Climate, biology, and human society are all examples of complex sys-
tems. One hallmark of complex systems is that they are capable of sur-
prise. This is because they are made up of interacting parts leading to 
different outcomes, depending both on the proportions of the different 
parts and on the context in which their interactions take place. Alicia 
Juarrero laid the conceptual groundwork for understanding complex 
systems in her groundbreaking book published just before the new mil-
lennium.17 Following her lead, we will remind you at critical junctures 
in this book that when dealing with climate change and emerging 
disease:

It is never just one thing, and it always depends.

Some aspects of life can be explained but cannot be made simple. 
Humans interact in complicated ways with one another, with other 
members of the biosphere, and with the climate. Better food produc-
tion has led to more people demanding more food, causing global pov-
erty levels to rise. Improved public health measures allow more people 
to live longer, leading to more and older people demanding more pub-
lic health services. Decreasing birth rates hold out hope for reduced 
population pressure but also diminish revenues coming into public 
health systems from the young workers who support the older, longer- 
living members of society. Multiple socioeconomic demands on land 
use lead to confl icts. Climate change leads to confl icts. An increasing 
variety of waste products deposited in the very places upon which hu-
mans are making increasing demands marks the end of the human 
production line. These activities are expensive, and soon the expense 
will be greater than we can bear.

Two manifestations of these complex interactions are critical. The 
fi rst is tipping points, instances in which changes occur that impact 
ourselves and the planet irreversibly. Think of them as decisions made 
through action or inaction. Humans have failed to recognize tipping 
points that are occurring due to a burgeoning human population; ag-
ricultural advances; the ways in which landscapes are occupied, used, 

 EBSCOhost - printed on 2/13/2023 7:03 AM via . All use subject to https://www.ebsco.com/terms-of-use



C H A P T E R  1

8

and modifi ed; and a deepening reliance on technology driven by non-
renewable power and energy resources. Combined, these effects have 
transformed humanity’s world from the large and slow one of our an-
cestors to today’s small and rapid one. Generation by generation, the 
transformations have been incremental and thus diffi cult to discern 
and identify. They are however, consistent with a world history of dy-
namic change, and increasing scientifi c understanding of that history 
has made it possible to understand that our current conditions of ex-
istence are increasingly problematic.18 Within that world, our massive 
ignorance about potential pathogens and our indifference to that igno-
rance has brought us to the brink of a tipping point, beyond which our 
ability to respond to a crisis will be overwhelmed. Our capacity for re-
sponding to disease outbreaks after the fact is already eroding and will 
continue to decline if we do not fi nd a way to buy time and mitigate 
the costs of outbreaks.

The second is threat multipliers. Commonly attributed to the U.S. 
military, threat multipliers are phenomena that exacerbate existing 
problems. Climate change, population growth and density, broad ero-
sion of the public- health infrastructure, and globalization are threat 
multipliers for emerging disease.19 Emerging disease, in turn, exacer-
bates poverty, famine, drought, confl ict, and migration and is there-
fore a threat multiplier for those phenomena. This is why the world’s 
militaries consider emerging diseases a national security issue. And if 
it is a national security issue for every country on this planet, it is truly 
a global threat. If we can avoid war by anticipating it, the effort was 
worthwhile; the public will only be unhappy if there is a confl ict and 
the military never saw it as a possibility. Why should we not apply the 
same reasoning to anticipating future emerging- disease scenarios? If 
our predictions of a diffi cult future for humanity with respect to cli-
mate change and disease do not come true, we will be pleased to have 
people deride us as being overly pessimistic. But if our predictions come 
true, and they have not been anticipated, we do not want government 
offi cials to claim that there was no way to prepare for the disasters.

It’s about Fear

Humanity is facing an existential threat. What we have been doing is 
not working, but something is holding us back from trying novel ap-
proaches. What is stopping us? In a word— fear.

Nothing is so much to be feared as fear.20
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Although it is a popular trope among scientists that the public and their 
elected offi cials do not understand the seriousness of climate change, 
we think this is not so. On the contrary, we believe that the scientifi c 
community has done a good job of making people so afraid that many 
members of the public, and many of their offi cials, are in denial. Sadly, 
those who have tried to frighten humanity into responsible action 
have not applied what we know about primate behavior. Anyone who 
has seen our primate relatives in nature understands what we mean. 
Faced with a potential crisis, our cousins freeze in place, and when a 
potential crisis becomes a real crisis, they scatter, each one hoping that 
someone else is slower. We authors have lived our professional lives in 
an environment in which there were always funds available to have a 
workshop or a conference or a symposium, but rarely any— and never 
enough— money to put into action any of the recommendations from 
those activities. Facing a potential crisis, scientists and policy makers 
tasked with helping humanity to survive these crises hold meetings 
and make pronouncements; then they scatter to the winds and hope 
the leopard eats someone else.

It is in our nature as primates to freeze in the face of potential dan-
ger, scatter and then later make a plan— humans are shortsighted as 
well as fearful by nature. One might think that our acute sense of self- 
awareness would have brought with it an acute sense of the necessity 
to plan for future contingencies. But, in a twist of evolutionary irony, 
it appears that self- awareness has been— some say had to be— coupled 
with a pronounced capacity for psychological denial. The argument is 
something like this— the only way to take advantage of the evolution-
ary potential allowed by self- awareness and consciousness is to have 
some mechanism whereby you can keep from being paralyzed by the 
insight that the world is full of things that can kill you. Something that 
allows you to think, “I know the saber- tooth ate my cousin yesterday, 
but he won’t eat me.” Denial allows you to go out of the cave and down 
to the watering hole even after your cousin was killed; and if, in the 
process, you discover that the saber- tooth only appears every fi ve days 
and then only early in the morning or late in the afternoon, you will 
have solved a problem that could not have been solved by staying in 
your cave.

Denial is one way we cope with legitimate fears, but at this critical 
juncture in human history, denial is our greatest enemy, because it can 
leave us paralyzed with fear at a time when we need to act. Humanity 
needs awareness and hope, not fear and despair.
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Why Scientifi c Actions Are Falling Short

Science is an essential source of solutions to the emerging disease cri-
sis, but it has also been an impediment to progress.21 We tell children 
 sitting in fi rst- year university science classes that scientists are inher-
ently cooperative people, pure seekers of truth for its own sake. This 
is not strictly true; humans do have a great capacity to cooperate, but 
scientists are encouraged to emphasize that which is unique over that 
which links group efforts, and to fi ght (literally) for priority. We are 
trained in this behavior from the moment we enter graduate school. 
And there are many opportunistic academics eager to tell us— despite 
manifest evidence to the contrary— that crass selfi shness is our ines-
capable biological legacy, and that this a sustainable way to live. And 
yet, not all of the rhetoric about the cooperative nature of science is 
empty. Scientifi c progress occurs when scientists share the insight that 
cooperation not only can be a good thing for the advancement of hu-
man knowledge, but is essential for achieving their own personal goals. 
And when that kind of cooperation occurs in the context of improv-
ing the quality of life for all humanity, it is a beautiful thing indeed. 
Scientifi c objectivity is the result of cooperative standardization of the 
subjective insights of individual scientists.

Scientists Are Ambivalent about Cooperation

More than 25 years ago the eminent biologist Stephen Stearns spoke at 
an evolutionary biology conference in Montpellier, France. He boldly 
stated that the majority of European scientists— many of whom were 
in the audience— were treating the biodiversity and climate change 
crises as funding opportunities rather than existential challenges. He 
suggested that for the majority of biologists, it was business as usual, 
with a slightly altered title on their grant applications. Stearns felt 
this was the sluggish reaction of people who live in a professional so-
cial context characterized by “the normal tangle of jealousies and ri-
valries, and inclinations to trip and shove.”22 Within that milieu are 
scientists with diverse beliefs about climate change and disease, one 
impediment to cooperation. Some think that humanity is winning the 
war against disease, so there is no EID crisis. Some are skeptical about 
any link between climate change and disease. Some are skeptical that 
new diseases are even emerging. They point to decreasing birth rates, 
increasing life spans, increasing food production, improving health 
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care, and an absence of mass mortalities throughout the world. Many 
of them have an almost religious faith in technological advances to 
save us from ourselves. Other scientists believe that the magnitude of 
the problem— both the emerging disease crisis and the global climate 
change within which that is embedded— is so great we cannot solve it.

Scientists love to receive credit for their discoveries, be it the con-
fi guration of the HIV genome or a beautiful, previously unknown 
metallic silver boa constrictor on a tiny island in the Bahamas. Spe-
cialization makes the pursuit of personal recognition easier, but this 
also impedes cooperation. Specialization for its own sake seems like a 
good thing— so long as you dream of effi ciency and of your own ca-
reer. If your area of specialization is small enough, nothing will ever 
change unless you make it change. Increasing specialization seems like 
a great career move for scientists in today’s world, in which job security 
and research funding depend on making, and then promoting, novel 
discoveries.

And yet, the world of contemporary science is so complex that no 
area can be controlled by a single scientist or a single close- knit re-
search group. Professional survival and success increasingly require a 
means of generalizing knowledge obtained through specialization, ex-
tending it to new problems or stretching it into new useful confi gura-
tions. Otherwise, all the benefi ts are lost as a result of different groups 
having to invent the wheel repeatedly. Institutionalized failure to rec-
ognize this reality is called “stovepiping.” And we have long known 
that stovepiping can be perilous: “If we do not hang together, we shall 
assuredly hang separately.”23

Cooperation is often a good choice. If different researchers try to 
gain ownership or control of the same topic, all but one of them will 
fail and no one will gain, including the one “winner,” who is left hold-
ing on to a piece of knowledge that no one else is allowed to use. If, 
on the other hand, those groups all cooperate, many people will get at 
least some credit. If we look at this as a class of risk/reward decisions, 
the greatest odds are that if you try for exclusivity and do not cooper-
ate, you will likely not get credit, and you will be forgotten. This is 
because science is fundamentally a social system. And no matter how 
determined you are to be “the one,” you are ultimately the person with 
the least control in determining that outcome. So let’s just say that 
building bridges with your competitors is usually better than sitting 
alone on your island. It certainly leads to better outcomes for human-
ity. And we believe we live in a time when humanity is facing an exis-
tential threat.
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The past decade has seen an explosion of interest in emerging dis-
eases, and particularly in the interface between climate change and 
disease. Recent research is being done by many bright young scientists 
more eager to cooperate than their predecessors.24 Their enthusiasm 
cannot compensate for the lack of a comprehensive conceptual frame-
work that explains what we are experiencing, or for a unifi ed set of pro-
tocols derived from that framework for coping with the problem. This 
book presents hopeful news for them.

Scientists Are Overmanaged

Bureaucracy destroys initiative. There is little that bureaucrats hate more than in-

novation, especially innovation that produces better results than the old routines. 

Improvements always make those at the top of the heap look inept. Who enjoys 

appearing inept?25

Science is an evolutionary system and must be based on principles of 
evolutionary diversifi cation rather than static notions of effi ciency.26 
The necessary attributes of evolutionary diversifi cation are (1) the abil-
ity to specialize and generalize, (2) cooperation, and (3) division of la-
bor.27 Scientists can be extremely good at these tasks if they are allowed 
to be fl exible and creative,28 but rigid management systems rarely re-
ward such behavior, although it is often essential to fi nding solutions 
to common problems.

Even when scientists recognize the need and have a framework for 
achieving success through cooperation, they must be allowed to act on 
that knowledge. Modern management practices have become exercises 
in denial and passive- aggressive behavior. If I do something, the situa-
tion could get worse and then I will be blamed. If I wait long enough and do 
nothing, the crisis will most certainly pass. And if it does not pass, I can go 
into heroic crisis- management mode. In the contact zone between short- 
term trivial priorities and long- term existential risk, therefore, modern 
management always opts for what is called “best practices.” Too often, 
“best practices” seems based on the desire to give each manager a way 
to avoid culpability for making the wrong decision in the rare case that 
he makes any decision at all.

Once we begin to fear we cannot solve problems, we begin to feed 
the part of our mentality that avoids risk, and nothing is riskier than 
innovation. We begin to talk about managing our problems, based 
on a simple principle: “It worked in the past, so we will keep doing 
it, our only changes being more and faster and cheaper means of do-
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ing the same thing that worked before.” There, don’t you feel better? 
Think again. This approach to life only works if today and tomorrow 
are like yesterday, and yesterday was calm and safe. But our world is 
one in which today is manifestly not like yesterday and tomorrow 
will be different again. This is why scientists respond badly to being 
overmanaged— it engenders a sense of fatalism in those being managed 
that risks veering into nihilism.

Some blame “society” for not giving them enough money to get the 
job done. Trust is broken on all sides precisely when we need it most. 
The scientifi c community must not accept the way in which it has 
been infantilized by politicians and some media. We must show that 
we are adult enough to know when to cooperate in the face of a com-
mon crisis. It is unacceptable to be content with the status quo. Others 
have quietly given up and retired to the sidelines. The Cassandra Collec-
tive is a darkly humorous term referring to senior scientists specializing 
in all aspects of climate change research who have given up in despair 
and quietly abandoned ship, their Facebook pages now full of pictures 
of grandchildren and scenic vacations rather than the newest report 
or research article. This is an irreplaceable loss of expertise and experi-
ence that we cannot afford.

“Business as Usual” Is the Wrong Answer

You rationalize . . . You defend. You reject unpalatable truths, and if you can’t reject 

them outright you trivialize them . . . evidence is never enough for you. . . . Temper-

atures rise, glaciers melt— species die— and you blame sunspots and volcanoes. . . . 

You turn incomprehension into mathematics . . . 

It served me well enough.29

“Business as usual” is humanity’s prevailing response to the interlinked 
threats posed by climate change, including emerging disease. It is not 
working.

What We Are Doing Is Costly

The past decade has demonstrated that EIDs directly affect our health, 
the integrity of ecosystems, and the sustainability of the primary food 
and water resources on which we depend. Even limited exploration of 
the current literature shows that the direct impacts of pathogens and 
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the treatment of infectious disease are costly. We cannot be compre-
hensive or precise, however, about direct impacts such as mortality 
and morbidity, or the varied responses to infectious disease, because 
of the ways in which the data are presented: in scattered and often 
obscure sources, using disparate measures of socioeconomic “cost,” re-
ported by governmental organizations that have a vested interest in 
minimizing the reported costs. Table 1.1 contains some snapshots of 
the socio economic costs of pathogens and disease across managed and 
natural systems encompassing terrestrial, aquatic, and marine habi-
tats to give the reader some sense of how costly disease is today. Di-
rect costs are an imperfect indicator of the impacts of EID but serve to 
show the scope and depth of the historical challenge, and the degree 
to which accelerating climate and environmental change can infl uence 
new patterns for the distribution of pathogens and diseases. As disease 
emergence continues and expands, costs already approaching a trillion 
dollars annually— an amount exceeding the GDP of all but 15 of the world’s 
nations— will rise. This, in turn, raises the specter that the economics 
of treatment costs and productivity losses owing to infectious disease 
could soon become unsustainable. Either the amount of money avail-
able for treating diseases will increase more slowly than new disease 
emergences, or the amount of money that must be transferred from 
other sources will create diffi culties in the area of concern for the re-
allocated resources. As an analogy, consider the reallocation of water 
from agriculture to residential sources in Cape Town in late February 
2018. That decision provided additional water for the residents of the 
city, but at the expense of likely increases in food prices and stress on 
agricultural lands. Beyond the direct economic health implications of 
EIDs are those related to variations in the effi cacy of control measures 
(resistance and adaptation to chemical or pharmaceutical interven-
tions), changing climate and environments, and the facilitation of vec-
tor development and resilience, enhancing new interfaces for exposure, 
transmission and emergence.

It seems clear that the annual cost of responding to emerging dis-
eases is enormous and growing. The scientifi c literature concerning the 
costs of coping with EIDs that we have encountered since undertaking 
this project supports three general conclusions. First, it’s easy to fi nd 
articles talking about potential costs of EID. Secondly, it’s far more dif-
fi cult to fi nd sources that give actual costs. And fi nally, we have not 
found even one article that provides unequivocal evidence that what 
we are doing with respect to EIDs is economically sustainable.30 We be-
lieve that if there were such data out there, someone would have made 
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Box 1.1 Selected Snapshots of Socioeconomic Costs Due to Pathogens

General
Rosenzweig et al. (2001)
• Plant fungal diseases, nematodes, global: losses of $77  billion between 

1988 and 1990

Pimentel et al. (2005)
• Invasive alien species including pathogens: overall impact of $120 billion 

annually in United States
• Plant pathogens: $33 billion; forest products $7 billion
• Animal pathogens: $14 billion
• Viral disease in humans: $6.5 billion (infl uenza); does not include emer-

gent pathogens WNV, Zika, YFV, dengue

World Health Organization (2005); Conteh et al. (2010)
• Neglected tropical diseases (NTDs), global, Africa, Latin America, Asia: 

543,000 deaths worldwide, 57 million disability- adjusted life- years (DALYs); 
include helminth and protozoan diseases (Chagas disease, human African 
trypanosomiasis, leishmaniasis, lymphatic fi lariasis, ascariasis, trichuriasis, 
onchocerciasis, schistosomiasis); equivalent to global burden of malaria, 
$3 billion annually)

Gebreyes et al. (2014)
• Emerging infectious diseases: zoonoses (source of 75% of EIDs), global: 

Over the past 15 years there have been more than 15 deadly zoonotic or 
vector- borne global outbreaks: (1) viral (hanta, Ebola, highly pathogenic 
avian infl uenza [H5N1 and recently H7N9], West Nile, Rift Valley fever, 
norovirus, severe acute respiratory syndrome [SARS], Marburg, infl uenza 
A [H1N1]) and (2) bacterial (Escherichia coli O157:H7, Yersinia pestis, and 
Bacillus anthracis [hemolytic uremic syndrome, plague, and anthrax, re-
spectively])

• Since 1980 more than 87 new zoonotic and/or vector- borne EIDs have 
been discovered.

• The global economic burden due to zoonotic diseases is substantial.
• The World Bank estimate of the economic burden due to six zoonotic 

outbreaks in specifi c countries between 1997 and 2009 is $80 billion.
• Potential losses from a pandemic infl uenza outbreak could be $3 trillion.

Trtanj et al. (2016)
• Water- borne pathogens, North America: These are estimated to cause 

between 8.5% and 12% of acute gastrointestinal illness cases annually 
in the United States, affecting between 12 million and 19 million  people 
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Eight pathogens, all infl uenced to some degree by climate, account for 
approximately 97% of all suspected waterborne illnesses in the United 
States: the enteric viruses norovirus, rotavirus, and adenovirus; the bacte-
ria Campylobacter jejuni, E. coli O157:H7, and Salmonella enterica; and the 
protozoa Cryptosporidium and Giardia. Expansion of Leptospira and Vibrio 
bacterial species and gastrointestinal maladies is anticipated with climate 
warming.

Bower et al. (2017)
• Chytrid fungus (Batrachochytrium dendrobatidis), global pandemic: am-

phibians; includes AU$15 million over fi ve years to conserve 29 threat-
ened frog species.

Mariculture and Fisheries
Shinn et al. (2014)
• Microparasites and macroparasites, global: fi shes in aquaculture; losses 

range from hundreds of millions to more than $1 billion

French (2016)
• Tetracapsuloides bryosalmonae (proliferative kidney disease; myxzozoans), 

Montana: salmonid fi shes; fi sheries closure, Yellowstone River; losses of 
$360,000– $524,000

Human and Animal Viral Pathogens
Meltzer et al. (1999)
• Infl uenza (human), United States: $71.3 billion– $166.5 billion

Guzman and Kouri (2003)
• Dengue, global: 50– 100 million cases; costs unknown

Gilbert et al. (2008)
• Highly pathogenic avian infl uenza, Asia, 2005– 2006: $10 billion

Fofana et al. (2009)
• Bluetongue virus, Europe: outbreak in France, 2007: $1.4 billion; Nether-

lands, $85 million

Kedmi et al. (2010)
• Epizootic hemorrhagic disease, Israel: $1.6 million– $3.4 million

Gubler (2012)
• Dengue, Puerto Rico: $46.5 million ($418 million over nine years)
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Stevens et al. (2015)
• Epizootic hemorrhagic disease, midwestern United States: 42% mortality 

in domestic herds

Wappes (2015)
• H5N2 Avian Infl uenza, Iowa, 2015: $1.2 billion

Samy and Peterson (2016)
• Bluetongue Virus, global, United States, Europe: United States, $125 mil-

lion annually; Belgium outbreak, $250 million

Panzer et al. (2016)
• Zika virus, Caribbean and Latin America: $3.5 billion short- term costs in 

2016

Shepard et al. (2016)
• Dengue (human), global: 58.4 million cases; $8.9 billion

United Nations Development Programme (2017)
• Zika virus, Caribbean, Latin America: losses of $7 billion– $18 billion dur-

ing 2015– 17

Bloom et al. (2017)
• Infl uenza (human) pandemic, global: The World Bank estimates the antic-

ipated gross domestic product (GDP) cost of a moderately severe global 
fl u pandemic at about 5% of world income (roughly $3.5 trillion— a sum 
greater than Germany’s GDP). The full cost of such an epidemic, includ-
ing the lost value of health and longevity, is nearly an order of magnitude 
higher.

Centers for Disease Control (2017)
• Ebola virus, West Africa, 2014– 2016 outbreak: $5.96 billion in response, 

$2.2 billion in lost productivity. The most severe impact of the Ebola epi-
demic, which began in Guinea in December 2013 and quickly spread to 
Liberia and Sierra Leone, has been in lost human lives and suffering.

Lee et al. (2017)
• Zika virus, six U.S. states: $183 million– $1.2 billion over 230 days; worst- 

case scenario: >$2 billion.

Aly et al. (2017); World Health Organization (2018)
• MERS coronavirus, global: emergent human zoonotic pathogen with 

near 40% mortality, discovered 2012
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Bacterial Pathogens
Frenzen et al. (2005)
• Escherichia coli (human), United States: $405 million

Kirigia et al. (2009)
• Cholera (Vibrio), Africa, 2007: The real total economic loss attributable 

to cholera is estimated to have been $91,863,606 assuming a minimum 
regional life expectancy of 40 years; $128,136,952 assuming a regional 
average life expectancy of 53 years; and $155,993,261 assuming a maxi-
mum regional life expectancy of 73 years.

US Biologic (2018)
• Lyme disease (Borellia spp.), United States: 329,000 infections, >$3.5 bil-

lion. Substantial infl uence on tick vector distribution under climate 
forcing.

Protozoan Pathogens
Egbendewe- Mondzozo et al. (2011)
• Malaria, Africa: $12 billion productivity loss

Lee et al. (2013)
• Chagas disease, Global: $627.46 billion health- care burden; $7.18 billion 

annual productivity loss; $188 billion lifetime productivity loss

Plant Fungal Pathogens
Schumann and Leonard (2000); Voegele et al. (2009); 
Singh et al. (2011)
• Puccinia graminis (stem rust or black rust), global: >$5 billion in losses 

annually; Substantial threat through emergence of new races (90% of 
wheat varieties grown worldwide are susceptible to Ug99)

Hovmøller et al. (2011); Pardey et al. (2014)
• Puccinia striiformis (yellow rust or strip rust), global, wheat: “The present 

large- scale epidemics of yellow rust, caused by aggressive P. striiformis 
strains that are tolerant to warm temperatures, may pose a severe threat 
to the world’s wheat supply. Presence of two particular strains in high fre-
quencies at epidemic sites at fi ve surveyed continents may represent the 
most rapid and expansive spread ever of an important crop pathogen.”

• Annual loss 1961– 1984, $157 million; annual loss 2000– 2012, $848 mil-
lion. Changes refl ect climate drivers of rapid global expansion and patho-
gen adaptation to control.
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Human and Animal Helminth Pathogens
Wright (1972)
• Schistosome blood fl ukes, humans, global: across 71 countries with ca. 

125 million infected. Annual estimates of losses attributable to reduced 
productivity: $445,866,945 in Africa, $755,480 in Mauritius, $16,527,275 
in Southwest Asia, $118,143,675 in Southeast Asia, and $60,496,755 for 
the Americas. The total estimated annual loss worldwide amounts to 
$641,790,130, not including costs of public health, medical care, or com-
pensation for illness.

Budke et al. (2006)
• Echinococcus granulosus (cystic echinococcosus), human, global: burden 

of disease $764 million
• Echinococcus granulosus (cystic echinococcosus), livestock, global: live-

stock losses $2.2 billion

Gasbarre et al. (2009)
• Helminths, cattle, United States: $2 billion.

Roeber et al. (2013); “Global Warming— A Rising Cost” (2017)
• Helminths, domestic ruminants (affecting food security and food safety), 

Australia: $1 billion
• Helminths, ruminants, global: >$10 billion

Grisi et al. (2014)
• Helminths, domestic ruminants (affecting food security and food safety), 

Brazil: $14 billion

Adenowo et al. (2015)
• Schistosome blood fl ukes, humans, global: In 2008, 17.5 million people 

were treated globally for schistosomiasis, including 11.7  million from 
sub- Saharan Africa; globally >730 million persons are at risk. More than 
200 million individuals from Africa, Asia, and South America are infected. 
Schistosome infections and geohelminths account for more than 40% of 
the world tropical disease burden, with the exclusion of malaria. These 
pathogens are strongly responsive to climate change. Treatment in sub- 
Saharan Africa: $100 million over 5  years (cost of 1.2 billion tablets of 
praziquantel for 400 million individuals).
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a very large noise about it. So we doubt that continuing to respond to 
each EID after it has made itself known makes economic sense.

We are cautiously sanguine that public and agricultural health man-
agement offi cials know this. We do not believe that they are part of any 
nefarious conspiracy. By virtue of their training and the bureaucratic 
structure created to implement that training with maximal effi ciency, 
however, members of the medical- industrial and agricultural- industrial 
complexes have left themselves unable to cope with the reality of dis-
ease in a changing climate. We believe their sluggish response, which 
is being noted more often now,31 indicates that they simply do not have 
a Plan B and are in denial. This book offers them a Plan B.

We Are Insensitive to the Threat

The 1918 infl uenza pandemic was a low- probability/high- impact dis-
ease emergence. In today’s world of increased human population and 
population density, a repeat of that pandemic could wreak havoc on 
a global scale. And as Time magazine’s May 4, 2017, cover noted, hu-
manity is unprepared for such an event. Such possibilities are “black 
elephants”— a conceptual hybrid between a “black swan” (an unlikely, 
unexpected event with enormous ramifi cations) and “the elephant 
in the room” (a problem everyone knows about but pretends is not 
there).32 Black elephants are problems that everyone knows about but 
no one wants to deal with, so they pretend they do not exist. When 
such a problem occurs, everyone pretends to be surprised, as if it were a 
black swan, something so rare we could not have prepared for it.

We are more worried about the steady accumulation of high-
probability/low- impact pathogens in humans, livestock and crops 
throughout the world, a threat we believe is under- appreciated. No 
matter how mild, localized, and ephemeral, each high- probability/
low- impact pathogen exacts a socioeconomic cost, especially at the 
time of its emergence. And even after resistance evolves, outbreaks 
become chronic and sporadic rather than acute and immediate, the 
pathogens persisting as pathogen pollution.33 West Nile virus is no lon-
ger an acute problem in North America, but it will always be a chronic 
problem that requires some human and material resources to be ex-
pended in preparing for the possibility of recurrent outbreaks.  Every 
year there are norovirus outbreaks in schools and on cruise ships 
around the globe. Few people die, so we do not call them pandemics. 
These outbreaks are most costly in terms of lost productivity. When-
ever a child contracts a norovirus (or arenavirus, or rhinovirus— the 
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list is long and growing) and must stay home from school, educational 
time is lost, the public health care system is engaged (at a cost), and at 
least one parent may have to stay at home, with an attendant loss of 
working productivity and family income. The socioeconomic damage 
caused by high- probability/low- impact pathogens is akin to death by a 
thousand cuts.

And yet, beyond a reference to antibiotic resistance, neither the 
World Economic Forum 2018 threat assessment nor the 2018 “horizon 
scan” by Trends in Ecology and Evolution mentions disease— either low 
probability/high impact or high probability/low impact— as a global 
threat.34 This intellectual blind spot is the most important black ele-
phant associated with climate change and disease.

Summary

The danger is great.

The time is short.

We are unprepared.

But we can change that.

Information about the diversity and distribution of known and po-
tential pathogens is critical for limiting their socioeconomic impacts. 
Yet, our knowledge of the identities, geographic locations, and threat 
potential for the world’s pathogens can be called at best fragmentary. 
At most, 10 percent of the world’s pathogens have been documented; 
the rest remain utterly unknown, despite heroic efforts by a few de-
termined individuals. This massive ignorance alone is reason to be 
concerned about our preparedness to handle the crisis. It’s impossible 
to prepare for a threat whose very existence is unknown. We act as if 
EIDs were rare phenomena and go into in crisis- response mode, as if 
we expected each new outbreak to be the last one. The potential for 
EIDs is actually quite large, and climate change leads to pathogens’ be-
ing more accessible throughout the world.35 This makes the planet an 
evolutionary minefi eld into which millions of people, not to mention 
their crops, livestock, and pets, wander daily.36

What happens when the means of dealing with the conditions of 
life we have relied upon no longer work? Jared Diamond believes that 
this is the fl ash point at which previous human societies have col-
lapsed catastrophically. Eörs Szathmáry believes that technological so-
cieties may have short life spans, and that species on other planets may 
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have reached tipping points similar to the ones facing us and failed. In 
either case, we should be especially concerned about safeguarding hu-
man civilization.

We have been brutally shortsighted. How can we say something that 
harsh, when science has given us global travel, the Internet, and vac-
cines? All change is progress, and all progress is good, right? Right now, 
when we have never been more adept scientifi cally and technologi-
cally, our magic is not working as it should, particularly with respect 
to emerging disease: short- term successes in restricted places are more 
than offset by large- scale, long- term failures in places where climate 
change and associated human activities have brought pathogens to 
new localities and new environmental and socioeconomic contexts.

One of the fundamental goals of the Enlightenment was a desire to 
provide a sense of security based on simplicity, certainty, and control 
with respect to the interactions between humans and nature. Through-
out this book we will encounter episodes in which those desires have 
led us astray, because the biosphere is an evolutionary system, and such 
systems are not simple, certain, or totally controllable. Accepting that 
reality is the key to pushing beyond denial and theoretical expecta-
tions contradicted by daily experience toward a more anticipatory and 
proactive approach for coping with emerging diseases.

There will be no single answer, no quick fi x, to the crisis. Many 
people are working diligently to manage it, but catching up to and 
getting ahead of it requires a fresh perspective from scientifi c sources 
outside the usual suspects. We must take better advantage of the one 
process— evolution— that has been responsible for the recovery of the 
biosphere in all previous major climate- change events. We believe that 
the key to adopting policies allowing us to anticipate and mitigate 
emerging diseases lies in understanding the evolutionary context of 
ecological changes associated with climate- change events. We also be-
lieve part of the reason we are failing with respect to emerging diseases 
during this episode of climate change lies in a faulty understanding 
of how easily pathogens can encounter opportunities to colonize new 
hosts and move to new places. Our perspective suggests that while some 
of the answer is certainly anthropogenic, most of what we are seeing is 
a manifestation of an ancient underlying evolutionary dynamic. The 
impacts of an expanding human population and increased connectiv-
ity due to globalization reinforce the effects of climate change, leading 
to an accelerating rate of change that outstrips anything humanity has 
experienced before.

We plan for wars and weather- related disasters, but not for diseases. 
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Why is that? It is because we have been following a fl awed coevolu-
tionary paradigm based on the assumption that a pathogen can colo-
nize a new host (emerge) only if it experiences genetic mutations that 
allow it to adopt the new host. And because genetic mutations lead-
ing to particular outcomes are not predictable, disease emergence can-
not be predictable, and there is no reason to connect their occurrence 
with climate change. The EID crisis casts doubt on that paradigm. We 
therefore need an alternative explanatory framework in which what 
we experience is expected on theoretical grounds. From our perspec-
tive, the EID crisis is a health issue in only a superfi cial sense. It is more 
fundamentally an evolutionary and ecological issue, a predictable con-
sequence of formerly separated species brought into close contact as 
a result of new opportunities provided by a changing global climate. 
Human population growth and rapid globalized commercial activity 
accelerate the rate of introductions, so outbreaks occur more frequently 
and over a wider geographic range than ever before. Science has ad-
vanced rapidly, but not as rapidly as EIDs and human needs, slowing 
the effective application of new scientifi c information. A powerful and 
highly risk- averse management class that has recently emerged, direct-
ing lines of research and mediating the exchange of scientifi c informa-
tion, further exacerbates the situation.

Human beings, owing to their natural caution, have opted for bio-
diversity policies based on stasis and simplicity rather than change and 
complexity. We are too often paralyzed by a natural fear of complex-
ity and an unknown future. We make a bad situation worse when we 
suggest that evolutionary processes are so prone to accumulating con-
tingencies through time that it is impossible to predict their behavior, 
and thus to control or manage them. The potential for EIDs is a built- in 
feature of evolution. This explains why pathogens are not only good 
at fi nding us, they are also really good at surviving. Those species that 
best survive climate change will be the primary sources of EIDs now 
and in the future. There are many, not a few, evolutionary accidents 
waiting to happen out there, requiring only the catalyst of ecological 
alteration resulting from climate change, species introductions, and 
the intrusion of humans into areas they have never inhabited before.

All of these are happening right now. We are therefore writing this 
book right now because we believe humanity, at least in its highly tech-
nological mode, faces a threat to its existence right now. These are pro-
vocative statements. But if we cannot convince you that something is 
wrong with the way we deal with emerging disease, we cannot con-
vince you that we need a different approach. What if we were to tell 
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you that we have found a strongly repeating feature of evolutionary 
history that explains how the biosphere reacts to major external per-
turbations? What if we told you that this allows us to anticipate the 
future enough to mitigate harmful impacts on humanity while also 
keeping us from making the mistake of closing off evolutionary poten-
tial, which is the only known mechanism for renewing the biosphere 
following extinction events caused by such perturbations? And what if 
we told you this means we can actually do something to buy time and 
mitigate the impacts of EIDs? We can make a difference, but we have to 
work hard, we have to work fast, and we have to work smart.

What health professionals have been doing for more than a century 
is heroic, but safeguarding public and agricultural health has become a 
losing proposition. No wonder humanity is worried and afraid. But we 
cannot be prisoners of our fears.

So fi rst of all let me assert my fi rm belief that the only thing we have to fear is fear 

itself— nameless, unreasoning, unjustifi ed terror which paralyzes the needed efforts 

to convert retreat into advance.37
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T W O

How Did We Get into 
This Mess?

The farther back you can look, the farther forward you are likely to see.

—   AT T R I B U T E D  T O  W I N S T O N  C H U R C H I L L

The emerging disease crisis has caught us fl at- footed, with 
devastating consequences and the promise of worse to 
come. We are seeing too many pathogens, in too many 
hosts, in too many places. For the scientifi c community, 
this is embarrassing and vexing. Haven’t really smart 
people been studying these things for a long time? The 
answer is an unqualifi ed “yes”: many smart scientists and 
clinicians have studied pathogens of various kinds for 
more than 150 years, and we have accumulated enormous 
amounts of information. So how can it be that we were so 
unprepared? The answer to this second question is more 
complicated. Clearly, we had unrealistic expectations. And 
for scientists, that means something is wrong with the 
explanatory framework we have been following. Figuring 
that out requires us to dig a bit into the history of how we 
have thought about pathogens and their hosts. Some may 
fi nd the thought of two chapters of history irritating, but 
there is a reason for it. We are going to fi nd that human 
beings have ignored many warning signs— about climate 
change in general, and about disease in particular— for 
more than a century. We are in a mess. Understanding 
how we got into it is the fi rst step toward offering mean-
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ingful assistance to a broad- based professional agenda attempting to 
safeguard humanity.

We wish to discuss the ways in which thinking about pathogen- host 
associations came to infl uence the thinking and research of particular 
scientists who set the stage for our modern practices. This will help 
understand how we arrived at a set of theoretical expectations that are 
so wildly out of sync with what is happening now and with what has 
happened in the past. And we want to expose the roots of a problem 
facing humanity in real time, to explain why current efforts are failing 
to solve (or even contain) the problem, and to set the stage for our pro-
posed solution. The history of ideas about the nature of the relation-
ship between pathogens and their hosts and their environments is a 
large and fascinating topic, and we hope it will be treated exhaustively 
someday. But that will not happen in the next two chapters. Here we 
want only to describe how the best research into evolutionary biology 
and the best health practices of the past century and a quarter have 
run off the rails. If we— and other like- minded scientists— are success-
ful, human society may survive well enough that sometime in the next 
century a team of intrepid historians will be able to write the defi ni-
tive history. We hope they will chide us only gently for our scholarly 
shortcomings.

Humans have been aware of organisms living on and inside other 
organisms for a long time. Everyone who ever prepared meat, fowl, or 
fi sh for food saw fl eas, ticks, and lice on the outside and lots of worms 
inside. We have also known for a long time that humans host many of 
the same kinds of organisms. But questions of what those other species 
were doing and how they came to be where humans encountered them 
were not answered until rather recently in human history. Moreover, 
even when they were found in conjunction with disease outbreaks, 
those organisms were often considered to be an effect, rather than a 
cause, of illness and death. The transition in thought from “sick people 
have worms” to “worms make people sick” has only happened in the 
last 150 or so years. And that covers only those pathogens we can see 
with the naked eye.

It was not until the second half of the seventeenth century that 
Antonie van  Leeuwenhoek’s remarkable lenses showed us that we 
share this planet with a rich broth of invisible life, which he called ani-
malcules. Leeuwenhoek had a glimmer of an idea that some of those 
micro organisms were associated with disease; notably, he was the fi rst 
person to see the parasitic fl agellate now called Giardia lamblia, a com-
mon (and annoying) intestinal pathogen, and he documented substan-
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tial microbial activity associated with gum disease and tooth decay. 
More than a century later— in 1796— an English country doctor named 
Edward Jenner produced preemptive protection against smallpox, us-
ing the precursor of the procedure we now call vaccination. This was 
an astonishing insight, because Jenner had no idea the disease was 
caused by a virus, something too small to be seen with the microscopes 
of his day. Indeed, it was not until more than half a century after Jen-
ner’s breakthrough that we were able to make a general link between 
van Leeuwenhoek’s tiny denizens— and many more that even he could 
not see— and human suffering. We begin in the middle of the nine-
teenth century, with two scientifi c luminaries who seem not to have 
noticed each other to any great degree during their lifetimes.

Setting the Stage

Between 1859 and 1872 Charles Darwin provided the unifying theory 
of biology, publishing six editions of On the Origin of Species as well as 
related groundbreaking contributions, such as the foundation for all 
modern studies of sexual selection. And he was still able to work on 
barnacle taxonomy and spend time with his family. Darwin was a de-
voted husband and father who lost his 10- year old daughter, Annie, in 
1851, likely from virulent tuberculosis possibly contracted as a result of 
her having being weakened by a previous scarlet fever infection. Some 
might say that modern medicine could have saved her easily and that 
this sort of thing could never happen today, but that is untrue. Tuber-
culosis and scarlet fever are among the diseases that are resurging glob-
ally and in resistant forms that we understand, ironically, as a result of 
Darwin’s work. Darwin was aware of nonmicrobial parasites (at least 
enough to call them “disgusting”),1 but he seems to have considered 
parasites to be a kind of predator and disease to be a name we give to 
situations in which the predator and prey are engaged in an evolution-
ary struggle beyond the normal efforts to survive.

When a species, owing to highly favourable circumstances, increases inordinately 

in a small tract, epidemics— at least, this seems generally to occur with our game 

animals— often ensue; and here we have a limiting check independent of the strug-

gle for life. But even some of these so- called epidemics appear to be due to parasitic 

worms, which have from some cause, possibly in part through facility of diffusion 

amongst the crowded animals, have been disproportionately favoured; and here 

comes in a sort of struggle between the parasite and its prey.2
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To contemporary readers, this passage sounds remarkably insightful, 
offering a glimpse of the notion that there is a causal relationship be-
tween pathogens and disease. In fact, Darwin seemed to have had an 
insight about the potential for what we would today call a coevolution-
ary struggle between host and parasite. Nonetheless, just a few pages 
later, Darwin retreated into more familiar territory

The dependency of one organic being on another, as of a parasite on its prey, lies 

generally between beings remote in the scale of nature. .  .  . But the struggle will 

almost invariably be most severe between the individuals of the same species.3

Darwin distinguished mutual dependencies between distantly related spe-
cies from independent struggles among individuals of the same species. He 
saw host evolution as an outcome of host organisms in confl ict with 
each other and parasite evolution as an outcome of parasites in con-
fl ict with each other. By not following up on his insight from a few 
pages before, Darwin failed to see that parasites and hosts might be 
part of each other’s struggle for survival. The possibility of such mu-
tual evolutionary modifi cation would not be formalized until nearly 
a century after the Origin fi rst appeared. By the mid- nineteenth cen-
tury humans throughout the world had amassed an impressive array 
of medicines along with an equally interesting array of erroneous theo-
ries about what caused the diseases they treated with those medicines. 
Louis Pasteur provided the major breakthrough needed to begin the 
long process of scientifi c understanding of disease. Between 1858 and 
1865, Pasteur produced defi nitive experimental evidence that there is 
no spontaneous generation of life, that fermentation is caused by the 
activity of microbes, and that what is now called pasteurization pro-
tects milk from spoilage by killing microbes. It would not take long 
for other scientists to connect Pasteur’s insights with ideas that many 
agents of disease might also be microbial in nature.4 Those scientists 
would subsequently accumulate a large amount of information about 
the ecology and behavior and the impacts of pathogens— that is, about 
where they live, how they are transmitted, and what they do. The criti-
cal answers about who they are in evolutionary terms would be un-
attain able until late in the twentieth century, but even so, at this time 
humans were not completely in the dark.

Long before anyone could explain illness, humans had knowledge 
of how to cope with many of its symptoms, mostly by drinking brewed 
extracts of certain plants.5 A well- known example is the use of bark 
extracts from several trees in the genus Cinchona as a treatment for ma-
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laria. Having learned about it from indigenous people, in 1632 Europe-
ans brought the medicine from South America to Spain, and then to 
Rome and other parts of Italy. Francesco Torti wrote a treatise in 1712 
that established the effi cacy of cinchona bark for treating “intermit-
tent fevers,” including those produced by malarial infection, but the 
active ingredient— quinine— was not isolated until 1820. (The search 
for relief from illness may also be how we encountered various drugs 
that became part of the religious- recreational aspect of most human 
cultures, but that is a different story.)

When Darwin published the Origin, medicating the ill was not the 
only approach to coping with disease. Variolation refers to a practice 
in which small amounts of material from lesions produced by a dis-
ease in one host are inoculated into another. Variolation of humans 
against sheep pox was mentioned by explorers in Africa as long ago as 
the sixteenth century but may have been attempted in China or India 
even before then. In many cases, variolation either produced no pro-
tection or actually induced the life- threatening disease it was supposed 
to protect against. Nonetheless, variolation was still being used in the 
mid- nineteenth century. Several attempts at immunization by variola-
tion were made for sheep pox, which is closely related to smallpox in 
humans, and bovine contagious pleuropneumonia.

Edward Jenner noticed that cowpox, a disease of— not surprisingly—
cattle, produced symptoms similar to but milder than those of smallpox 
in humans. He then used variolation techniques to introduce what he 
interpreted as a milder form of smallpox into humans and reported that 
those patients did not develop smallpox. Not knowing what caused 
smallpox, however, left people without an explanation for why vacci-
nation provided protection against the disease, so there was no reason 
to think the approach could be applied more generally. Indeed, many 
did not believe Jenner’s account of successes with his procedure.

This period was also a watershed for research in crop disease. Known 
from the Fertile Crescent in 1300 BCE, wheat stem rust was a serious 
problem in ancient Greece and Rome, recognized as early as the time 
of Aristotle (384– 322 BCE). Each spring the Romans sacrifi ced red ani-
mals such as dogs, foxes, and cows to the rust god, Robigo or Robigus, 
during the festival called the Robigalia in hopes that the wheat crop 
would be spared from the ravages of the rust. This festival was incorpo-
rated into the early Christian calendar as St. Mark’s Day, or Rogation, 
on April  25. Historical weather records suggest that a series of rainy 
years, in which rust would have been more severe and wheat harvests 
reduced, may have contributed to the fall of the Roman Empire.
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By the seventeenth century European farmers recognized that bar-
berry was somehow connected to stem rust epidemics in wheat. In 
France in 1660, the city of Rouen banned the planting of barberry near 
wheat fi elds. Two Italian scientists, Felice Fontana and Giovanni Tar-
gioni Tozzetti, independently provided the fi rst detailed descriptions 
of the wheat stem rust fungus in 1767. Thirty years later Christiaan 
Hendrick Persoon, born in South Africa but destined for a life of sci-
ence in the Netherlands, named that fungus Puccinia graminis. By 1854 
the brothers Louis René and Charles Tulasne recognized that some rust 
fungi could produce as many as fi ve spore stages. They were the fi rst to 
link the red and black forms as different spores of the same organism.

Both wheat and barberry plants had been brought to North America 
by European colonists, who also recognized a connection between hav-
ing barberry plants near their fi elds and stem rust epidemics in wheat. 
Laws banning barberry were enacted in several New England colonies 
in the mid- 1700s. However, barberry continued to spread as pioneer 
farmers moved west. From farmyard plantings, barberry spread into 
fencerows and woodlots. Barberry bushes produce abundant berries 
that are attractive to birds and animals that feed on them and spread 
their seeds. Even if farmers stopped transporting barberry with them 
when they moved across North America, the plants always managed 
to fi nd their crops. Using the farmers’ belief that barberries were in-
volved in some way with wheat rust, in 1865 Heinrich Anton de Bary, a 
prominent German mycologist, successfully inoculated barberries with 
spores from wheat plants and wheat with spores obtained from bar-
berries. Once he established that the fungus had a complex life cycle 
requiring development on one host to produce spores that could infect 
the other, the search was on and many other known rust fungi were 
discovered to have similar life cycles, albeit with different hosts.6 The 
laws enacted in seventeenth- century France and eighteenth- century 
New England banning barberries ushered in a third element in coping 
with disease: complementing medicating the ill and vaccinating those 
at risk, we added the notion of eradicating portions of biodiversity as-
sociated with transmitting a disease.

Ending the Nineteenth Century with a Flourish

The last quarter of the nineteenth century was tumultuous for evolu-
tionary biology. Paradoxically, this was driven by a rapid acceptance of 
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the fundamental notion that evolution was responsible for the world’s 
biological diversity, coupled with the emergence of several research 
programs aimed at “fi xing” or replacing Darwin’s theory of how evo-
lution occurred. By the end of the nineteenth century three distinct 
theoretical frameworks had emerged as the principal rivals in a race 
to replace Darwin. Each had a perspective about the signifi cance and 
relevance of pathogen- host associations, and each has persisted into 
the early twenty- fi rst century. Darwin initially considered geographic 
isolation an essential factor in producing new species— populations of 
an ancestral species living in isolation from each other might well be 
subjected to different forms or respond in different ways to the same 
form of natural selection. In later editions, he explored the notion that 
selection alone could produce new species.7 Darwin’s broad perspective 
produced two groups within the biological community: biologists who 
argued for sundering geographic isolation from the process of specia-
tion by natural selection,8 and biologists who believed that geographic 
isolation alone was responsible for producing new species.9 This latter 
school of thought is exemplifi ed by Hermann von Ihering, a German- 
born biologist who spent his career in South America. He observed 
strong similarities in the ecological associations between some temno-
cephalidean (fl atworm) parasites inhabiting freshwater crayfi sh in New 
Zealand and those inhabiting freshwater crayfi sh in the mountains of 
Argentina.10 Assuming that the temnocephalideans would never be 
found without the crayfi sh, he concluded that the contemporaneous 
species were derived from ancestors that had themselves been associ-
ated. Hence, he argued, South America and New Zealand must at one 
time have had freshwater connections. By the last decade of the nine-
teenth century, parasitologists had documented multiple examples of 
parasites associated with particular hosts in one place having relatives 
associated with relatives of those hosts living in other places. Von Iher-
ing reasoned that this must mean that the pathogens and hosts experi-
enced common episodes of speciation by geographic isolation, leading 
to simultaneous speciation events in both parasite and host lineages.11

Other ideas that emerged at the end of the nineteenth century rep-
resented fundamentally different views about the nature of evolution. 
Because we are focusing on ideas about pathogen- host systems, we will 
consider only two of these notions. Each was founded on the nine-
teenth century’s fascination with the apparent fi t of organisms to their 
surroundings, and on an intuitive sympathy for notions of progress, 
advancement, effi ciency, even perfection.
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Like the geographers’ movement, the theory of orthogenesis devel-
oped as a response to what many scientists saw as an overemphasis on 
the role of natural selection in evolution.12 Orthogeneticists proposed 
that change resulted solely from an internal evolutionary drive, the 
mechanism of which was never clearly delineated.13 The Swiss bota-
nist Carl von  Nägeli saw evolution as a manifestation of an internal 
perfecting mechanism, evidenced by trends toward increasing spe-
cialization.14 The version of orthogenesis that characterized twentieth- 
century research emerged near the end of the nineteenth century, 
promoted most notably by the German entomologist Theodor Eimer. 
Like von Nägeli, Eimer assumed that variation and further evolution-
ary options were constrained at the origin of life (he envisioned mul-
tiple origins) to such an extent that the pathway and outcome were 
predetermined. Eimer, however, rejected von Nägeli’s idea of a positive 
perfecting internal drive. Rather, he insisted that there was an internal 
adaptive drive built into living systems. Eimer documented trends in 
which no one stage seemed particularly better adapted than another, 
trends that showed something like von  Nägeli’s perfecting tenden-
cies, and trends in which the transformations became increasingly 
maladaptive. For example, paleontologists who espoused orthogenetic 
views believed that many fossil groups showed trends toward increas-
ing size right up to the point at which they abruptly went extinct. As 
a result of his studies, Eimer believed that a full picture of evolution 
could only be achieved by linking all these different kinds of trends 
together into a unifi ed narrative. And although the trends were most 
apparent in developmental sequences, it was in ecology that he found 
his key to linking the trends.15

Eimer believed that the orthogenetic process led to progressive eco-
logical specialization, often indicated by increasing size or complexity 
of organisms and/or traits. These transformations would be seen ini-
tially as positively adaptive (in von Nägeli’s sense). But that was only 
part of the story. At some point in the process progressive ecological 
specialization turned into dependence on other species, a loss of evolu-
tionary independence, secondary simplifi cation indicated by presumed 
reduction and loss of structures, and fi nally self- imposed extinction. 
It is with this latter part of Eimer’s narrative that pathogens became 
seen as key examples of orthogenetic evolution. Their apparent ex-
treme dependence on their hosts was taken as an indication that they 
had reached the penultimate stage in evolution— overdependence and 
overspecialization prior to self- imposed extinction. The propensity to 
create disease was, therefore, a by- product of evolution, indicating that 
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pathogens had become maladaptive in their environments and would 
soon eliminate themselves. Eimer had given orthogeneticists a narra-
tive, but at a cost. The perspective raised a paradox that would vex the 
orthogenetic movement: If pathogens are in the fi nal stages of evolution 
before self- imposed extinction, why do so many of them persist?

Darwinism itself experienced an evolutionary transformation dur-
ing the fi nal quarter of the nineteenth century, emerging in response 
to a perception that the perfecting infl uence of natural selection 
was being underappreciated. The transition from Darwinism to neo- 
Darwinism was due mostly to the infl uence of the British sociologist 
and Lamarckian Herbert Spencer. One thing about Darwin’s theory 
that irritated people like Spencer (not to mention Alfred, Lord Tenny-
son) was its lack of optimism. Unlike Lamarck’s absolute adaptationism, 
Darwin’s relative adaptationism included the possibility that species 
would sometimes be unable to cope with environmental change rap-
idly enough or appropriately enough to avoid extinction. Additionally, 
Darwin argued that many traits persist in environments in which they 
are viable but not excellent; in other words, they are “adequate.” Such 
traits were the source of an organism’s ability to cope with changing 
environments; if the environment changed in a manner that favored 
a previously marginal form, its increasing fi tness in the new environ-
ment would characterize the evolutionary change. Though Darwin 
spoke of natural selection as being a “perfecting” infl uence overall, no 
particular change was guaranteed to make descendants “better” in any 
way; and in any event, the environments to which selection adapted 
organisms changed more rapidly than inheritance, so while evolution 
tracked environments, it always lagged behind. This was inconsistent 
with belief in a high degree of functional fi t between organisms and 
their environments. Spencer, perhaps drawing on his early advocacy 
of Lamarckism, concluded that “selection” must refer to two comple-
mentary phenomena, one of which was traditional Darwinian selec-
tion while the other was a more general sense of selection that ensured 
that the traits available at any time would always include those that 
enhanced the fi t of organisms to their environments.16 Spencer’s trans-
formation of Darwinism from “survival of the adequate” to “survival of 
the fi ttest” marked the birth of neo- Darwinism.17

Orthogeneticists and neo- Darwinians seemed to have little in com-
mon. And yet, the neo- Darwinians ended up in the same paradoxical 
corner as the orthogeneticists: If natural selection is a perfecting mech-
anism, why are there so many pathogens? Unlike the orthogeneticists, 
the neo- Darwinians at least seemed to recognize there was a paradox. 
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But, ironically, their solution was to postulate a kind of evolutionary 
trend. While disavowing any kind of trends in character evolution as 
envisioned by the orthogeneticists, neo- Darwinians allowed them-
selves to postulate general ecological trends. One early neo- Darwinian 
solution to the paradox of why there are so many pathogens was to 
postulate that selection always reduced pathogenicity, producing more 
benign associations between pathogens and their hosts. This notion 
became so deeply embedded in scientifi c thinking that it is still a pop-
ular myth today.

When Darwin died in 1882, we still knew far more about what agents 
of infectious diseases did than who they were, but we were learning 
fast. Pasteur provided the fi rst general theory of microbial disease, 
suggesting that van  Leeuwenhoek’s world of animalcules was full of 
agents of disease. But with that fearful recognition came a great sense 
of optimism— what we know can’t hurt us.

Around 1850 arsenic was fi rst used to treat nagana, a disease of cattle 
caused by fl agellated protists called trypanosomes. This began a long 
period in which clinicians routinely used various compounds as medi-
cations for sick humans and livestock that were diffi cult to administer, 
often toxic, and usually ineffective. By the mid- nineteenth century hu-
mans throughout the world had amassed an impressive array of mostly 
(but not totally: remember quinine) useless medicines along with an 
equally interesting array of erroneous theories about what caused the 
diseases they treated with those medicines.

Pasteur used the term vaccin to designate all existing and future vac-
cines, not just the Jennerian vaccine. This became common usage in 
the international scientifi c community around 1880 and was shortly 
thereafter included in the French dictionary. Despite smallpox’s pecu-
liarities (e.g., it has no known reservoir host), the successful vaccine 
against it inspired the development of an energetic research program 
sometimes called une maladie, un vaccin (for each disease, a vaccine). 
From the beginning there was considerable overlap in development of 
animal and human vaccines: not only were similar diseases in humans 
and animals often caused by related microbes, but, in many cases, the 
same microbe caused disease in both humans and animals. Develop-
ment of animal vaccines often led the way, presumably because the 
specter of experimenting on animals was less problematic to the public 
than experimenting on humans.

Pasteur’s ideas had been quite controversial at fi rst. When in short 
course, however, vaccines against fowl cholera (1876), anthrax (1878), 
rabies (1879– 85), swine erysipelas (1881), cholera (1884), hog salmo-
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nella (1886), plague (1890), diphtheria (1894), typhoid (1896), bovine 
tuberculosis (1897), and foot- and- mouth disease (1897) were developed, 
both the germ theory of disease and the socioeconomic benefi ts of vac-
cination became obvious.

The same year the typhoid vaccine was developed, Robert Koch re-
ported the fi rst agar cultures of bacteria. His techniques were quickly 
refi ned by a member of his research group named Julius Richard  Petri. 
Many of us have used a Petri dish in a high school or university biol-
ogy class, but how many of us ever wondered who Petri was and what 
he did to warrant having a critical piece of laboratory glassware named 
after him? Think about that the next time you use a Petri dish as an 
ashtray. Within a decade many species of bacteria had been cultured 
following Koch and Petri’s methods, revealing what at the time was 
considered to be an astonishing microbial diversity, but which we 
know today was barely scratching the surface. The microcosmos be-
came even more complicated in 1892, when the fi rst virus— the to-
bacco mosaic virus, a veritable giant among viruses, being almost as 
large as a bacterium— was isolated. This set the stage for a new century 
marked by the emergence of a global industry that remains a major 
source of hope. Whenever a pathogen was isolated and cultured, could 
a vaccine be far behind? Une maladie, un vaccin, indeed!

Natural history played a critical role in the emergence of a new ap-
proach to coping with disease. In 1881 scientists demonstrated, with-
out knowing of the existence of viruses, that mosquitoes transmitted 
yellow fever, and in 1895 Ronald Ross and his team discovered that 
malaria— caused by a protist whose identity was known, but whose 
mode of transmission was not— was also transmitted by mosquitoes. 
Eradicating mosquitoes and their breeding grounds could now be seen 
as promising means of eradicating multiple major diseases. These fi nd-
ings amplifi ed hope for disease control through widespread eradication 
of species responsible for their transmission. Jakob Ericksson’s discov-
ery in 1884, based on his studies in Sweden, that there were multiple 
distinct forms of rust fungi, each associated with a different plant host, 
should have given pause to the eradication notion but did not.18

The dawning of the microbial theory quickly extended to diseases 
caused by parasites that were neither viruses nor bacteria. By the last 
quarter of the nineteenth century parasitologists had amassed consid-
erable information about the biology of various protists, worms, and 
arthropods infecting humans, crops, and livestock. This was a golden 
age for parasitology. Rudolf Leuckart, another member of the German 
scientifi c pantheon, was one of the most progressive parasitologists 
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during the early days of acceptance of Pasteur’s theory that organ-
isms cause disease. He was the fi rst to prove that the tapeworm Taenia 
saginata  was transmitted to humans through cattle, while its relative 
Taenia solium was transmitted to humans through swine. He was part 
of the research group that fi rst documented the life cycle of the parasite 
Trichinella spiralis in swine and humans, helping support Rudolf Vir-
chow‘s campaign to create meat inspection laws in Germany. Evolution 
was not a critical part of Leuckart’s world, but in this regard he was not 
exceptional. Health specialists then, as now, generally paid little atten-
tion to the evolutionary issues associated with pathogens. After all, for 
someone trying to control malaria, it matters little whether Plasmodium 
is on its way to self- imposed extinction or to a benign mutualistic as-
sociation with humans at some point in the distant future. Right now 
it is causing human misery and death, and it needs to be thwarted, not 
explained. That attitude persists today: so long as what we are doing is 
working, there is no reason to change.

Texas cattle fever, a scourge of American livestock producers, was an 
early success story for the eradicators. It had arrived in North America 
in the 1600s, brought by cattle imported from the Spanish colonies in 
the West Indies and Mexico. It spread throughout the southern United 
States and began expanding northward as infected herds were driven 
across the plains to cattle markets. By 1877 northern ranchers were 
determined to stop southern herds from contaminating their own. 
With no organized control efforts, northern cattlemen sometimes sent 
armed parties to turn back herds coming from the south. Studies of 
Texas cattle fever, commissioned by the United States Department of 
Agriculture (USDA), were undertaken by John Gamgee, a British vet-
erinarian, in 1868. The government’s motivation may have been not 
only a desire to deal with a disease of great economic impact, but also 
a desire to restore goodwill between North and South following the 
Civil War. In any event, Gamgee made little progress. It was not until 
1879, when the American veterinarian Daniel Elmer Salmon joined the 
USDA, that things fi nally began to move. Salmon found that healthy 
cattle that grazed on pastures where there had been infected animals 
contracted cattle fever. He also studied the geographic range of the dis-
ease, establishing a quarantine line between infected and disease- free 
areas from the Atlantic coast west through Virginia. Movement of live-
stock originating south of this boundary was regulated.

All along cattlemen had maintained a theory that ticks were re-
sponsible for cattle fever. Many scientists, including Koch himself, dis-
missed the laymen’s theory. Salmon believed the idea had merit, be-
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cause his own observations had shown a strong correlation between 
areas with high tick abundance and cattle fever. He put three scientists 
on his staff in charge of the investigation: Theobald Smith studied the 
microbial cause of Texas fever, Frederick L. Kilborne was responsible for 
testing the theory that ticks transmitted the disease, and Cooper Cur-
tice turned his attention to the biology of the tick. In 1888 Smith dis-
covered the protist that caused the disease. The organism, called Piro-
plasma bigemina (now known as Babesia bigemina), belonged to a group 
of blood parasites that cause babesiosis, an often- fatal disease of cattle, 
horses, and other animals. In 1890 Kilborne’s experiments showed that 
ticks were necessary for the transmission of cattle fever. For his part, 
Curtice made several important discoveries about ticks themselves. 
He found that the tick that transmitted Texas fever spent its entire life 
cycle on the body of a single host and did not drop off the host after 
each molt like other ticks. After feeding, female ticks would fall to the 
ground and lay their eggs. After the eggs hatched, young ticks lived in 
the grass until they encountered a grazing animal, and the cycle was 
repeated. Control of Texas cattle fever thus was correlated more with 
eradicating tick populations than with developing a Babesia vaccine. 
It is diffi cult to overstate the signifi cance of this fi nding: “For the fi rst 
time in history it was proved conclusively that the essential factor of an 
infectious disease may be a microparasite that reaches its victims only 
through an intermediate host, and this revealed why a truly infectious 
disease may in no respect be contagious.”19

At the same time, and on the other side of the Atlantic, rinderpest, 
the major plague of European cattle, was eliminated by the implemen-
tation of sanitary measures eradicating the ecological conditions that 
allowed the virus to fl ourish before the virus causing the disease had 
been identifi ed and isolated. These measures did not extend outside Eu-
rope, and rinderpest was introduced into Africa, where it devastated 
cattle and buffalo populations, as well as those of other susceptible do-
mestic ruminants and many wildlife species. Diffi culties in applying 
the sanitary measures that were so successful in Europe leave rinder-
pest a potential problem today. By the end of the nineteenth century 
all of the elements of contemporary approaches to coping with disease 
were in place: medicating the ill, vaccinating those at risk, and eradicating 
species associated with transmitting the disease. This three- pronged 
approach to infectious disease was to serve humanity well for nearly a 
century.

That time also brought the fi rst warning sign from the scientifi c 
community about climate change. Svante Arrhenius was a Swedish 
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physicist, born the year Darwin published the fi rst edition of the Ori-
gin. Arrhenius, often credited with establishing the discipline of physi-
cal chemistry, was the fi rst scientist to calculate the impact of changing 
concentrations of atmospheric carbon dioxide on Earth’s temperature. 
In 1896 he concluded that carbon dioxide output from human indus-
try would be enough to create what he called the hothouse effect, now 
commonly referred to as the greenhouse effect but formally termed the 
Arrhenius effect in physical chemistry. He concluded that human in-
dustrial output would be enough to postpone the next Ice Age. Ironi-
cally, he felt this would be a good thing, because a warmer Earth would 
aid food production, which needed to increase in order to cope with 
the accelerating increase in human population.20

The First Half of the Twentieth Century

Vernon Kellogg spanned the end of the nineteenth and beginning of 
the twentieth centuries with considerable authority. In an infl uential 
book, Kellogg claimed that “everyone agreed” that traditional Darwin-
ism was dead and that its successor would have to explain “how the 
right adaptation always shows up at the right time.”21 He dismissed 
Darwin’s notion that traits permitting successful adaptation to new en-
vironmental conditions must have occurred in low frequency prior to 
the environmental changes in which they fl ourished.

Kellogg’s ideas about the formation of new species were prescient, 
if underappreciated. He suggested that speciation was initiated by geo-
graphic isolation, and then completed by selection on the partitioned 
variation. Kellogg’s views, however, were paradoxical when it came to 
pathogen- host systems: he wanted selection to play a role in evolution, 
but he also wanted host- specifi c parasites to be infallible indicators 
of geographic speciation.22 His solution to this paradox was twofold: 
(1) parasites are highly attuned to their hosts (that is, they are highly 
host- specifi c and do not “straggle” much onto novel hosts), and (2) the 
host environment is so uniform that it buffers parasites from the ef-
fects of natural selection, complementing von Ihering’s views.

This led Kellogg to recognize three categories of parasite- host rela-
tionships, based on geographic distribution and presumed dependence 
on particular hosts. The fi rst consisted of closely related parasites oc-
curring in association with single closely related hosts living in dis-
junct geographic areas. Following Darwin, Kellogg attributed such cor-
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related parasite- host associations to genealogy: “I do believe that it is a 
commonness of the genealogy rather than a commonness of adapta-
tion that is the chief explanation of this restriction of certain parasite 
groups to certain host groups.”23

The second category comprised parasite species occurring in associa-
tion with closely related hosts inhabiting distinct geographic regions. 
Kellogg believed these relationships refl ected instances in which both 
the hosts and parasites had been geographically isolated but only the 
hosts had become different species. He hypothesized that if the envi-
ronment was different enough in the geographically isolated regions 
to establish selection pressures leading to differentiation of the hosts, 
while the parasites’ environment, consisting of parts of the host, did 
not change to the same extent, then the parasites would not speciate.24 
This was the basis for Kellogg’s views that the presumed uniformity of 
the host environment buffered parasites from selection.

Kellogg’s third category comprised parasites associated with two or 
more distantly related host species living within the same geographic 
region. Such “stragglers” posed an important problem for students of 
geographic isolation. Kellogg suggested that three major factors af-
fected straggling: (1) physical contact between hosts (of the same or 
related species), (2) differential speciation between hosts and parasites, 
and (3)  some inherent tendency for parasite species not to “straggle” 
(add a new host) even when given the chance.25 After 1920 Kellogg and 
von  Ihering no longer produced articles about pathogen- host evolu-
tion.26 They left unfi nished business behind.27

Maynard Metcalf succeeded Kellogg as the American champion of 
the geographic school of host and parasite speciation.28 Working simul-
taneously with frogs and their opalinid parasites (large ciliated protists 
with multiple nuclei), Metcalf considered the Wegener hypothesis of 
continental drift to be supported by von  Ihering and his successors. 
That being the case, Metcalf believed his research program was uni-
fi ed by what he fi rst called the “parasite- host” method and later the 
von Ihering method.29 While primarily interested in the effect of geo-
graphic factors on speciation, the geographers wove the threads of re-
strictions in host range throughout their writing.

Orthogeneticists considered parasites to be highly specialized be-
ings that were no longer masters of their own destiny. Their evolution-
ary fate was sealed; they were totally dependent upon and molded by 
their hosts. From this belief sprang the two related concepts which 
formed the cornerstones of this research program: (1) host specifi city, 
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because only the study of strongly host- specifi c parasites would reveal 
the causal mechanisms underlying parasite- host relationships, and 
(2) “true” or obligate parasites, because only among the “true” parasites 
could one be certain that the environment to which the parasite re-
sponds evolutionarily is provided exclusively by the host.

Heinrich Fahrenholz,30 an entomologist interested in lice, asked 
whether the presence of the same or related parasite species on differ-
ent host species would allow researchers to draw conclusions about the 
relationships among the hosts, regardless of any geographical isolation 
or contact. He argued that parasites are as dependent on their hosts as 
free- living organisms are on their habitats. One would therefore expect 
members of the same host species to be inhabited by the same spe-
cies of parasites, and members of different host species to be inhabited 
by parasites whose phylogenetic relationships would be as divergent 
from each other as were the phylogenetic relationships of their hosts. 
In other words, if parasites produce new species in response to their 
environments, and if the host is the environment, then it follows that 
parasites will produce new species in response to differences among 
hosts. This meant that host and parasite phylogenies should parallel 
each other. In a study of lice inhabiting catarrhine primates (Old World 
monkeys, such as baboons) and great apes, Fahrenholz wrote that the 
different species of lice were related to each other in the same way that 
their hosts were related.

Wolfdietrich Eichler, a German entomologist studying Mallophaga,31 
set the tone for his career with an early attack on the suggestion by 
von Kéler that at least some bird lice exhibited reduced host specifi city—
Kellogg’s stragglers.32 He argued that reports of the same parasite on dif-
ferent hosts meant one of two things: (1) the parasite had inhabited the 
common ancestor of the current host species (à la Fahrenholz) or, more 
likely, (2) there had been a mistake in identifying the parasite. Claiming 
that many of the examples discussed by von Kéler fell into the second 
category, Eichler concluded that one must base taxonomy on an under-
standing of the parasite- host relationship rather than on characteris-
tics of the parasites themselves. This entrenched the perspective that 
hosts were the primary determinants of parasite evolution.33

There was abundant interest in orthogenesis in North America 
and Europe,34 but the ideas remained deeply fl awed. By 1950 ortho-
geneticists had created a circular argument— parasites are highly 
host- specifi c, so they coevolve with their hosts, and because they co-
evolve with their hosts, they are highly host- specifi c. Any confl icting 
or inconsistent observations, therefore, were erroneous or irrelevant 
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 because they failed to conform to the higher theory, which was taken 
as truth. Furthermore, there was no orthogenetic theory of inheritance 
that was consistent with experimental fi ndings. And fi nally, like most 
members of the geographic school, orthogeneticists believed that host 
and parasite phylogenies should parallel each other. They thus joined 
those colleagues in being unable to test that assumption empirically 
because they lacked a method for reconstructing phylogenies.

Amazingly, none of these inconvenient truths slowed the ortho-
geneticists. Eichler, in particular, was unshakably convinced that the 
drive toward increasing host specifi city was a universal trend among 
parasites. When faced with the suggestion that some parasites did in 
fact demonstrate widespread host preferences, he either dismissed the 
parasites as young and thus just beginning along the orthogenetic 
pathway to specialization or claimed that the parasites were members 
of different species. He supported his claim with information from 
population genetics, arguing that parasites inhabiting many hosts 
might appear identical but parasite populations inhabiting a particular 
host were really distinct species recognizable at the genetic, if not at 
the morphological, level.35 And even if genetic evidence was lacking, 
orthogeneticists had an ingenious fallback to explain the anomalous 
situation in which a given parasite species seemed to be associated with 
more than one host species. They called upon something invisible but 
not imaginary— instincts and behavior. In 1899 the American zoolo-
gist Charles Otis Whitman wrote that “instinct and structure are to be 
studied from the common viewpoint of phyletic descent”; in other 
words, behavioral characteristics could be used as indicators of com-
mon ancestry. The orthogeneticists interpreted Whitman’s statement 
in light of the presumed truth of their theory. They “knew” that each 
species of host had its own species of parasite, so the appearance of the 
same species of parasite in two or more different hosts was evidence 
that the parasites in each host were different species: they were clearly 
displaying changes in instinct (in this case meaning “host preference”). 
These changes occurred before changes in structure (morphology of 
the parasite) emerged.

Neo- Darwinian researchers at this time were primarily interested 
in the ecological relationship between particular pathogens and hosts, 
not in any larger- scale phylogenetic outcomes. This was the culmina-
tion of Kellogg’s vision of neo- Darwinism, in which everything is nar-
rowly adapted to a particular environment. The researcher’s job was to 
fi gure out the adaptations on a case- by- case basis and explain how they 
emerged at the right time. This marked the beginnings of recognizing 
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that the pathogens as well as their hosts might be important for under-
standing the evolution of pathogen- host systems. This novel approach 
to understanding the evolution of interspecifi c associations found its 
most energetic advocates among those studying the inter actions be-
tween plants and phytophagous insects. Those associations often 
showed pronounced specifi city with respect to hosts on a species- by- 
species basis yet showed no clear phylogenetic component with respect 
to relatedness among host species or geographic distributions. This 
triggered the insight that the host species was not the focus of evolu-
tion; rather, traits that the hosts possessed in common was the focus.

Just three years after Kellogg published his book, and at the same 
time Fahrenholz published his studies, the Dutch biologist Émile Ver-
schaffelt documented the chemical basis of plant odor and implicated 
it in insects’ choice of plants for eating and egg- laying.36 A decade 
later Charles Thomas Brues, an American entomologist with a back-
ground in both tropical disease and agricultural research, summarized 
a growing body of literature indicating that something quite specifi c 
and conservative, yet not directly phylogenetic, was going on with 
phytophagous insects. Though technology remained limited, Brues 
suggested that the evidence supported Verschaffelt’s fi ndings that the 
host species itself was not what attracted preferential attention from 
particular insects. Rather, there was something— some trait—possessed 
by certain host plants that was the focus of attention.37 This began the 
change from “the host species is the evolutionary resource” to “the 
host species has the evolutionary resource.” About 15  years later, an 
American researcher, Vincent Dethier, began amplifying this line of 
research.38 Dethier believed that the work of Verschaffelt and Brues 
showed that insects chose host plants based on scent and/or taste 
rather than nutritional value.39 His fi rst book, Chemical Insect Attrac-
tants and Repellents,40 summarized his work to that point by saying that 
these chemical features of plants repelled some insects and attracted 
others. Furthermore, he asserted that while all attractants are chemi-
cal in nature, some repellents can be physical as well. And fi nally, he 
noted that the chemicals acting as attractants may be very specifi c in 
nature and yet widespread among plant species. Once technological 
developments allowed sensitive measurements of what insects were re-
sponding to in an individual plant, this research tradition became crit-
ical to research into the nature of ecological specialization. Ironically, 
neo- Darwinians accepted the orthogenetic notion of a progressive 
drive toward specialization and co- opted their argument that changes 

 EBSCOhost - printed on 2/13/2023 7:03 AM via . All use subject to https://www.ebsco.com/terms-of-use



H O W  D I D  W E  G E T  I N T O  T H I S  M E S S ?

43

in behavior set the stage for new selection that led to the emergence of 
new traits. Both schools thus believed in form following function and 
in the centrality of explaining how the right adaptation showed up at 
the right time.

The heads of those readers who are still with us are now throbbing. 
Here in a nutshell is “the problem of ecological specialization”: it was 
(1) invoked by some geographers as part of explanations for geographi-
cal speciation without selection; (2) used by others as evidence that 
selection was an essential part of geographical speciation; (3) treated 
by orthogeneticists as de facto evidence that neither geography nor se-
lection had anything to do with pathogen evolution; and (4) treated 
by neo- Darwinists as evidence that neither geography nor orthogenetic 
trends have anything to do with parasite evolution.

This happens often in science: people agree about the observations, 
the basic data, but do not agree about what those data mean. The ab-
sence of an objective scientifi c method for reconstructing evolutionary 
history in enough detail to provide evidence bearing on the relative 
merits of their explanatory frameworks hindered all these research tra-
ditions. There was simply no way to test the hypothesis that pathogen 
and host phylogenies paralleled each other or why.

The fi rst half of the twentieth century was also a boom time for dis-
ease and health, and not only for advances in treatment of headaches. 
By this time the “medicate, vaccinate, eradicate” approach had become 
well established, and intensive activities were under way in all three 
areas. And those activities were sorely needed— a burgeoning human 
population, increasingly crowded into cities in industrialized countries, 
might be largely free of the scourge of smallpox but still experiencing 
the devastating effects of measles, mumps, polio, tuberculosis, and in-
fl uenza. In tropical and rural areas smallpox still existed, while yellow 
fever and malaria dominated the discussion, and a host of protistans 
and helminths bedeviled humans and their livestock worldwide.

One of the most amazing events of this time was the Scottish sci-
entist Alexander Fleming’s 1928 discovery of penicillin, an antibiotic 
produced by molds. Soon the search was on for naturally occurring 
microbes that produced substances useful in combating disease caused 
by other microbes. The emergence of chemistry as an industrial- grade 
enterprise led the way to identifi cation and refi nements of those newly 
found antibiotics. By 1934, for example, the antimalarial drug chloro-
quine, a synthetic version of quinine, had appeared.

Some vaccine researchers began to apply concepts from the new 
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fi eld of population genetics to health concerns at this time. Once again, 
veterinarians led the way. By the 1920s livestock disease scientists had 
noticed that diseases caused by pathogens seemed often to have a life 
of their own. The occurrence of a pathogen in the environment of sus-
ceptible hosts did not necessarily mean there would be an immediate 
disease outbreak. (The presence of a pathogen in an individual host did 
not mean that host would be diseased; consider the infamous case of 
“Typhoid Mary,” as journalists nicknamed her— Mary Mallon, a cook 
for wealthy families in New York City who infected as many as twenty- 
two, and possibly more, people between 1900 and 1915. She was placed 
in forced quarantine twice after she refused to give up her work in food 
preparation.) So whenever there was a disease outbreak associated with 
a particular pathogen, not everyone got sick, not everyone got equally 
sick, and the disease outbreak did not continue indefi nitely. This sug-
gested that if there were immune individuals within a host population, 
there might be a threshold proportion of them such that when that 
proportion is reached, the pathogen should no longer be capable of sus-
taining itself.

The phenomenon was named “herd immunity” in 1923 by livestock 
health researchers and recognized within a decade as widely occur-
ring.41 Herd immunity brings good news and bad. The good news is that 
we expect that the more rapidly deadly a disease outbreak is, the more 
rapidly it will burn itself out. The bad news is that if the threshold level 
of immunity is not maintained, the disease returns periodically, and 
with a vengeance. Natural immunity in a population does not remain 
at a high level in the absence of regular epidemics, which kill hosts that 
are not genetically immune. Therefore, if we wish to maintain high 
levels of immunity in a “herd,” it is essential that natural immunity be 
augmented by vaccinated immunity. It was ironic that the recognition 
of the value of mass vaccinations occurred at this time, when the cost, 
in time and resources, of producing new vaccines was beginning to sky-
rocket. For example, attempts to develop a bovine tuberculosis vaccine 
began in 1897 but were not successful until 1921.

Protecting herds against the consequences of foot- and- mouth dis-
ease (FMD) has been a concern for cattle breeders since antiquity. From 
World War I to the mid- 1950s FMD was observed throughout most of 
the European continent in the form of widespread outbreaks occurring 
at intervals of approximately six years. In 1926 the fi rst vaccine against 
FMD appeared. Once the diffi cult process of turning the virulent FMD 
viruses into safe antigens was mastered, the second problem was ob-
taining enough virus material for vaccine production. That technologi-
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cal hurdle was overcome shortly after the end of World War II. Thanks 
to mass vaccination, FMD is not currently an issue in Europe, but it 
is still prevalent in some parts of Asia and Africa and thus remains a 
threat throughout the world.

Beginning in 1912, efforts were made to develop a vaccine against 
yellow fever, but it would take 25  years for this quest to succeed. In 
1927 the yellow fever virus was isolated, and efforts were made to de-
rive a vaccine from attenuated samples of that culture. A decade later 
Max Theiler and Hugh Smith discovered a chance mutation in one 
subculture of the attenuated virus that allowed them to produce an 
effective vaccine. The strain with the mutation was called “17D,” and 
100 percent of vaccines administered today are made using this mu-
tant. One might think that alarm bells would have gone off when it 
took such a fortuitous accident to develop a vaccine. Any such soul- 
searching, however, was quickly quashed when Theiler was awarded a 
Nobel Prize (not to mention the even greater honor of having a genus 
of parasites related to malaria named after him). So, time and chance 
notwithstanding, the yellow fever success story shaped our belief that 
we would be able to make vaccines for any pathogen, and that we 
would be able to vaccinate everyone at risk. This became the overall 
story of the development of vaccine technology and mass production 
that characterizes the present era.

Technical shortcomings still limited studies of microbe evolution, 
although much was being learned about their ecology, especially their 
transmission dynamics. This information was useful for mitigating 
disease through interrupting transmission. Little thought was given to 
the unintended consequences of such mitigations, or the evolutionary 
signifi cance of the data being collected, although one brave soul study-
ing wheat rust fungi followed this line of thinking and suggested that 
primitive host plants did not necessarily host primitive rust fungi.42 
The need for better diagnosis was never linked explicitly to taxonomy; 
commonalities in transmission modes among related species of patho-
gens was rarely linked to evolutionary conservatism.

Research on Texas cattle fever showed that ticks transmitted the 
pathogen responsible for the disease. This knowledge opened the way 
to better understanding of other diseases with insect vectors, such 
as malaria and yellow fever, both transmitted by mosquitoes. It also 
pointed toward a solution to Texas cattle fever: in order to control the 
spread of the disease, we would have to eradicate ticks. In 1905 the 
USDA began a cooperative effort with state governments to accomplish 
that task. The Cattle Fever Tick Eradication Program, begun in 1906, 
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led to the eradication of the disease in the United States. Veterinary 
use of vaccines against bovine tuberculosis declined after World War II, 
when it became known that mass vaccination was more expensive and 
no more effective that attempting to eradicate the disease through the 
systematic slaughter of tuberculous cattle.43

Shortly after the end of World War II, however, there were indica-
tions that health goals were going to be more diffi cult to achieve than 
thought. In 1947, less than 20 years after the discovery of penicillin, 
the fi rst documented appearance of microbial resistance to penicil-
lin occurred. Not having the technology to fully understand micro-
bial genetics, the implications of this new phenomenon were not fully 
appreciated. Two years later a potential turning point came— and 
went— when the eminent British evolutionary biologist J. B. S. Haldane 
wrote about the evolution of resistance to pathogens. That topic had 
been raised as early as 1905 in an article discussing Mendel’s studies 
in association with the discovery of strains of wheat that were resis-
tant to rust fungi. But, like the chance mutation in a laboratory strain 
that led to the yellow fever vaccine, encounters with genetic resistance 
to disease still seemed like fortuitous, and thus unusual, events. Hal-
dane suggested that resistance should be studied as an evolutionary 
phenomenon, but that message went largely unheeded in the quarters 
where it could have made a difference, especially at a time when new 
understanding of climate emerged.44

We have a Serbian geophysicist and planetary climatologist, Milu-
tin Milanković, working in Belgrade at the beginning of World War I, 
and later Budapest in the 1920s and 1930s, to thank for the founda-
tions of our current understanding of the dynamics of Earth’s climate 
systems. Remarkably, the insight into what is now the prevailing para-
digm for exploring the past and future of global climate occurred in 
an Austro- Hungarian prison during 1914. Understanding sunlight, or 
solar insolation, and the energy arriving on Earth during the summer in 
the Northern Hemisphere was the critical component of that insight. 
Milanković correctly linked variation in insolation to three distinct 
planetary mechanisms to explain episodic events during the Ice Age on 
geological timescales of the Quaternary. The relationship of the Earth 
to the sun as it goes around it is one of eccentricity, which refers to the 
degree to which the orbit is circular or elliptical; this ellipticality pro-
duces 100,000- year climate cycles. Shifts in the tilt of the Earth dur-
ing passage around the sun are called obliquity; increasing tilt produces 
greater seasonal extremes, in 41,000- year cycles. Wobbling motions of 
the planetary axis are called precession, driving variation or extremes 
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of insolation seasonally in the Southern or Northern Hemispheres in 
23,000- year cycles.45

Milanković cycles emerge from variations in solar forcing, or the 
levels of solar energy received on Earth, which result from complex 
interactions among these three mechanisms. Eccentricity in particular 
leads to varying levels of summer insolation in the Northern Hemi-
sphere and in part explains the altitudinal distribution of snow; when 
snow accumulates and is persistent, glaciations are not far behind. 
At the other extreme, precession has been linked to monsoonal cli-
mate shifts, for example, either amplifying or depressing rainfall in 
Africa, resulting in the expansion or collapse of connections among 
ecosystems on different continents.46 Summer insolation (as mea-
sured at 65  degrees north latitude) should gradually increase for the 
next 25,000 years. The eccentricity of Earth’s orbit is expected to de-
crease over the coming 100,000 years, however, so a change in inso-
lation should be dominated by obliquity. According to Milanković’s 
calculations, our current climate stability should have continued for 
a long time, as inception of the next glacial cycle was not predicted 
for another 50,000 years.47 Sadly, his calculations did not include the 
potential infl uences of accelerating climate warming in the Anthro-
pocene.48 As a consequence, accelerating change has been especially 
evident at high latitudes of the Northern Hemisphere since the 1970s 
when anthropogenic warming driven by carbon dioxide and green-
house gas emissions reversed the incremental cooling trend of the past 
2000 years.49 The two critical pieces for understanding Earth’s climate 
and accelerated  anthropogenic warming were known more than a cen-
tury ago but were never connected. Arrhenius believed atmospheric 
warming would be a boon to agricultural production and Milanković 
did not consider it in his calculations. Humanity continued to slumber 
in a false sense of security.

Summary

In the century following Pasteur’s amazing insights, a unifi ed approach 
to coping with the pathogens that caused infectious disease emerged: 
medicate the ill, vaccinate those at risk, and eradicate the species involved 
in transmitting the disease. The treatment of disease became a very 
pragmatic business. In the roughly 75 years following Darwin’s death, 
by contrast, evolutionary biology underwent an upheaval, producing 
three different approaches to studying evolution. Evolutionary stud-
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ies of pathogens became a very esoteric business, mostly un concerned 
about the pragmatic matters associated with battling diseases those 
pathogens caused. As we leave that fi rst century of research into evolu-
tion, disease, and climate, enormous advances have been made, contro-
versies have been established, and technology has advanced.

But storm clouds are massing on the horizon.
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T H R E E

Dawning Awareness

When the past returns to us with all its glory and pain, we don’t know 

whether to embrace it or fl ee. 

— Brian Herbert and Kevin J. Anderson,  H U N T E R S  O F  D U N E  (2012)

Modern thinking about disease and evolution began qui-
etly and slowly. A year before the centenary of the pub-
lication of the Origin, the distinguished American math-
ematician Charles Mode was a young scholar studying the 
genetic interaction between wheat and rust fungus patho-
gens. That year he published the fi rst mathematical model 
of mutual evolutionary modifi cation resulting from mu-
tual antagonism between parasites and hosts, introducing 
a concept called coevolution.1 Mode received little recogni-
tion for this accomplishment until recently, although that 
publication marked a critical juncture in our understand-
ing of pathogen and host evolution. For the fi rst time, sci-
entists had to take into account the impact not only of the 
pathogen on the host, but also of the host on the patho-
gen. Technological advances in molecular biology and ge-
netics during this period allowed researchers to produce 
the new data required by the new theoretical framework. 
The esoteric and the pragmatic could join forces, as Hal-
dane had urged, but it would not happen quickly.

Neither geographers nor orthogeneticists could escape 
the issue of host specifi city and the specialized ecological 
elements of pathogen- host associations. Most critically, 
neither group had an objective method for reconstruct-
ing phylogenies to compare the degree to which patho-
gen and host phylogenies coincided. Circular reasoning 
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ensued. For the geographers, parasites occurring in similar but geo-
graphically separate hosts were assumed to be the result of speciation 
by geographical isolation, so one could assume that the parasites were 
related to each other phylogenetically in the same way that their hosts 
were. Orthogeneticists also assumed that parasites occurring in closely 
related hosts were related to each other phylogenetically in the same 
way that their hosts were related to each other, but without regard to 
geographic distribution. Lacking an independent method for generat-
ing phylogenies, how could either group test its fundamental beliefs? 
And how could they distinguish their results? Not a good situation.

The geographers had an additional, unacknowledged problem. Any 
given pair of species— pathogen and host— was assumed to have arisen 
in geographic isolation from their closest relatives. This implies that 
the common ancestor of those species had a broader geographic range 
than either of its descendants. And yet, that species would also be as-
sumed to have arisen through geographic isolation. So how do the iso-
lated ancestral species become widespread enough to be affected by an 
episode of isolation? And how do we detect and distinguish isolations 
and expansions? Most unsatisfactory.

Parasites  .  .  . furnish information about present- day habits and ecology of their 

individual hosts. These same parasites also hold promise of telling us something 

about host and geographical connections of long ago. They are simultaneously the 

product of an immediate environment and of a long ancestry refl ecting associa-

tions of millions of years. The messages they carry are thus always bilingual and 

usually garbled. As our knowledge grows, studies based on adequate collections, 

correctly classifi ed and correlated with knowledge of the hosts and life cycles in-

volved should lead to a deciphering of the message now so obscure. Eventually 

there may be enough pieces to form a meaningful language which could be called 

parascript— the language of parasites which tells of themselves and their hosts both 

of today and yesteryear.2

By the centenary of the publication of Darwin’s Origin of Species, 
productive elements of the frameworks espoused by the geographers 
and orthogeneticists were being subsumed by neo- Darwinism. Neo- 
Darwinians had come to accept that geographic isolation provided the 
initiating conditions in most cases of species- formation, though they 
insisted that completion of the process required natural selection. 
They had also accepted many of the evolutionary trends recognized 
by the orthogeneticists— including those associated with pathogen- 
host evolution— but had injected selection as an explanation, called 
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orthoselection, in each instance in which the orthogeneticists had 
failed to document a mechanism. Despite calls to integrate with main-
stream evolutionary biology,3 the majority of parasitologists remained 
attached to their orthogenetic roots and were apparently blissfully un-
aware of these discussions; neither the Journal of Parasitology nor Para-
sitology, Britain’s leading parasitology journal, published any articles 
dealing with evolutionary concepts, nor did they offer any editorial 
comment about the centenary.

Mainstream evolutionary biology no longer considered the geogra-
phers and the orthogeneticists as belonging to distinct research pro-
grams, much less as competitors for center stage. Mode’s initial article 
was published in the prestigious journal Evolution. Just six years later, an 
article in the same journal captured the attention of a broader popula-
tion of evolutionary biologists.4 Paul Ehrlich and Peter Raven proposed 
that the evolutionary diversifi cation of plants and insects had been fu-
eled by complex interactions involving mutual modifi cation— notably 
of plant chemicals and insect olfactory and gustatory preferences.5 
They suggested that such coevolutionary dynamics might have a gen-
eral phylogenetic context, but the fi ne details need not parallel the 
evolutionary history of the specifi c taxa involved. The distribution 
of insects among plants followed the evolution of host resources and 
the evolution of insects’ abilities to utilize those resources, rather than 
the evolution of host species themselves. Within evolutionary biology, 
Ehrlich and Raven’s vision of coevolution catalyzed research involv-
ing “two major groups of organisms with close and evident ecological 
interactions” that were not just associated with each other, but actu-
ally modifi ed each other evolutionarily. Ehrlich and Raven did not cite 
Mode’s articles on the subject, delaying the integration of basic evolu-
tionary biology with the study of pathogen- host systems.

The Darwin centenary created little notice in the health world. 
The British medical journal Lancet carried limited discussion, reports 
of meetings, and a book review of Darwin’s autobiography released in 
1958. Two editorials and three short articles published between 1958 
and 1960 included discussions of Darwin and Freud and of Darwin and 
Wallace, along with speculations on the cause of Darwin’s poor health.6 
In the United States the Journal of the American Medical Association and 
Journal of Tropical Medicine and Hygiene carried neither editorials nor 
articles about the centenary. The New England Journal of Medicine, like 
the Lancet, published a short commentary taken from a lecture on the 
centenary focused on the centenary celebrations rather than any po-
tential implications of evolutionary theory for medicine, as well as a 
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short article  about Down House, Darwin’s residence, which served as a 
vehicle for discussing the transformation of religion, law, society, and 
science in the latter half of the nineteenth century. There were also 
two short perspectives published that fl oated various theories on the 
reasons for Darwin’s many and various symptoms.7

The focus of disease specialists continued to be empirical and tech-
nological. Truly sophisticated culturing techniques and methods for 
nucleotide extraction and analysis emerged at this time, laying the 
foundation for modern studies of pathogen evolution. Disease research-
ers had always seen pathogen- host relationships in terms of a one- way 
confl ict, pathogens attacking hosts, hosts requiring human interven-
tion unless they happened to be resistant. Mode’s articles showed 
clearly that a focus solely on host resistance to disease was inadequate; 
we now had to contend with the issue of pathogens overcoming host 
resistance as well.8 It would seem inevitable, then, that when evolu-
tionary concepts were placed center stage in understanding the nature 
of pathogen- host associations, the disease and the evolution people 
would fi nally get together. And indeed, such studies began to gain trac-
tion. They would not, however, become mainstream for another gen-
eration; “medicate, vaccinate, eradicate” seemed to be working well, 
mostly, and mostly was good enough.

Pathogen resistance to penicillin was fi rst documented in 1947, and 
by 1975 microbial resistance to antibiotics was a consistent fi nding in 
clinical and fi eld settings. This created an unanticipated drain on time 
and resources. From then on, producing medications in an attempt to 
stay ahead of the evolutionary capabilities of pathogens would be a 
large- scale and expensive preoccupation of the pharmaceutical indus-
try, eventually leading some corporations to ask whether investing in 
antibiotics was worth their efforts.

With smallpox, typhoid, and yellow fever vaccines in place, no viral 
disease caused greater fear in the fi rst half of the twentieth century 
than polio. Once the full attention of vaccine researchers turned to 
polio, there was no doubt there would be a polio vaccine, it was simply 
a matter of who would win the Nobel Prize. But polio turned out to be 
more of a challenge than most expected. The public was becoming a 
bit restive until, in the span of six years, not one but two polio vaccines 
were produced, by Jonas Salk in 1955 and by Albert Sabin in 1961. All 
three of the authors remember when our parents lined us up as young-
sters to receive both vaccines.

After the success of the polio vaccine, work continued on develop-
ing vaccines for a number of pathogens. In 1962 the successful iso-

 EBSCOhost - printed on 2/13/2023 7:03 AM via . All use subject to https://www.ebsco.com/terms-of-use



D A W N I N G  A W A R E N E S S

53

lation of the rinderpest virus in cell culture led to a highly effective 
vaccine that has been the primary reason for the success of the global 
campaigns to eradicate the disease. Optimism and public expectations 
remained high, but a harsh reality was making itself known. Caught 
up in the celebration of each increasingly rare success, we lost sight 
of the increasing diffi culties experienced in producing vaccines. For 
example, British researchers were aware in 1948 that there was a link 
between rubella in pregnant women and congenital birth defects in 
the children they were carrying. Despite that knowledge, no major ef-
fort against rubella was undertaken until a major outbreak occurred 
in the United States in 1962, just a year after the Sabin polio vaccine 
became available. That rubella outbreak led to a spike in children born 
with birth defects. The public outcry was tremendous, and signifi cant 
amounts of funds and researchers were marshaled to the effort. Despite 
that, a rubella vaccine was not produced until 1969, seven years after 
the major outbreak in the United States began, and a full generation 
after British physicians fi rst reported a link between birth defects and 
rubella in pregnant women.

By the 1960s and into the 1970s, herd immunity was at the core of 
discussions about the costs and benefi ts of mass vaccination programs, 
and at this point the term herd immunity became more widely applied. 
The immediate response was a resoundingly positive one: we can now 
control disease outbreaks through mass vaccination programs. Real-
ity quickly set in. Mass vaccination programs require a manufacturing 
base for mass production. That became possible only in the decade fol-
lowing the end of World War II. They also need an infrastructure capa-
ble of delivering mass vaccinations. For pathogens affecting livestock 
and fl ocks of domestic birds in wealthy countries, all you need is an 
energetic veterinarian and assistance from the ranchers and farmers. 
For those affecting humans in wealthy countries, all you need is a uni-
fi ed medical profession urging the public to line up for vaccinations. 
But what about delivering vaccines on a level necessary to provide herd 
immunity in poor countries? Who pays for that? Most felt that as our 
technology became more sophisticated, vaccines would become easier 
to make and cheaper to produce and deliver. This turned out not to be 
the case.

This period of time also witnessed a shift in eradication efforts from 
coping with preexisting pathogens to dealing with emerging ones. 
Developing global commerce made it easier for pathogens to be trans-
ported to new areas. Surprisingly, in many cases we discovered that 
pathogens were perfectly happy to be moved from their place of evo-
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lutionary origin and might well take up with novel hosts whose evolu-
tionary association with the original host might not be easily under-
stood in terms of coevolution.9 Even worse, once established they were 
not so easy to eradicate.

Myxobolus cerebralis is a member of a group of organisms called 
myxo sporeans whose closest relatives are the group that includes jelly-
fi shes and sea anemones. Myxobolus cerebralis lives in freshwater habi-
tats, where it uses oligochaete worms (aquatic relatives of earthworms) 
as hosts for one stage of its life cycle and salmonid fi sh as hosts for 
the other stage. The pathogen has been associated historically with 
brown trout (Salmo trutta) in central Europe, where it provokes mini-
mal pathology and disease despite living in the brain. Were it not for 
the importance of trout for food and sport fi shing, M. cerebralis would 
undoubtedly still enjoy relative obscurity where it originated. In 1903, 
however, young nonnative rainbow trout (Onchorhynchus mykiss) intro-
duced to Germany began to exhibit what became known as whirling 
disease. The parasite attacks the central nervous system and cartilage 
of young fi ngerlings, leading to skeletal malformations that cause the 
characteristic whirling symptoms as the fi sh try to swim; mortality 
in hatchery situations is nearly 90 percent in hosts other than central 
European brown trout. In 1956, M. cerebralis was introduced into the 
United States by infected fi sh imported from Europe. The parasite is 
now known in 26 states and provinces in the United States and Canada 
as well as twenty- fi ve other countries globally. Introductions have been 
mediated by the movement of infected fi shes, often rainbow trout, 
for aquaculture and hatchery rearing linked to sport fi sheries. Local 
movements can be facilitated by persistence of the resistant spore stage 
released from decomposing fi sh, passage of spores in predatory fi sh- 
eating birds, and developing stages in oligochaetes. The pathogen im-
pacts aquaculture and sport- fi shing hatcheries and recently has begun 
to cause disease in wild populations outside central Europe— for exam-
ple, seriously threatening the viability of some trout populations in the 
most important streams and rivers across Colorado and Montana.10

Increased appreciation for the socioeconomic impacts of disease led 
to the largest mobilization of humans and technology ever aimed at 
eliminating habitat suitable for the transmission of pathogens or their 
vectors. In the 1940s DDT was used to control insects— especially 
mosquitoes—that transmitted disease. It was so effective that by the 
1960s parasitologists had begun to talk seriously about eradicating ma-
laria from the globe. Two books published at the end of this period 
required that agenda to be reset.
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The books were The Ecology of Invasions by Animals and Plants, by 
the British ecologist Charles Sutherland Elton, published in 1958, and 
Silent Spring, by the American marine biologist Rachel Carson, pub-
lished in 1962.11 Taken together, they presaged critical understanding 
of the emerging disease crisis. First, climate change was happening and 
would have widespread infl uence, particularly in terms of the global 
movements of plants, animals, and humans; and second, human tech-
nology for controlling disease incurred costs for the integrity of the 
biosphere. By 1972 the ecological damage done by indiscriminate use 
of DDT to control mosquitoes led to the chemical being banned. This 
was the fi rst indication that dealing with disease could bring us into 
confl ict with other agendas associated with climate change. The trans-
mission dynamics of pathogens was key, being an indication both of 
the cohesive trophic structure necessary for the persistence of patho-
gens and of the places where targeted biodiversity destruction would 
be effective. In a world in which maintaining ecosystem integrity was 
becoming a pressing issue, confl icts of interest were inevitable. Public 
and agricultural health issues had entered the wildlands.

We now begin to emerge from the mists of history into contempo-
rary research. After the Darwinian centenary, evolutionary biology 
began to move away from the search for “rules” as research continu-
ously showed that the rules that were not fl at- out wrong were more 
like guidelines. The coevolutionary framework provided by Mode and 
by Ehrlich and Raven fi t this zeitgeist perfectly, catalyzing an explo-
sion of coevolutionary studies that continues today. It also coincided 
with growing awareness of the reality of climate change and its likely 
impact on biodiversity and disease emergence. Critical to the develop-
ment of scientifi c understanding in these connected areas was a meth-
odological advancement called phylogenetic analysis, or phylogenetics.12

Ending the Twentieth Century

All evolutionary approaches to understanding pathogen- host systems 
up to the last quarter of the twentieth century fl oundered at critical 
points because they lacked a means of generating explicit phylogenies—
histories of ancestry and descent— derived from objective evidence 
rather than from each researcher’s a priori assumptions. A leading 
fi gure in the study of microbial evolution has bluntly stated that no 
proper studies of microbial evolution were possible until phylogenies of 
microbes became available.13 Technological advances in molecular biol-
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ogy provided the raw data for generating microbial phylogenies, but 
data do not speak for themselves. We needed a way to evaluate those 
data with respect to what they might be able to tell us about phylogeny.

The elements of such an approach had long existed in the oral tradi-
tions of many taxonomists, including Darwin, and parts of it had even 
been formalized to some extent.14 But it was Willi Hennig, a German 
entomologist, who provided the fi rst explicit description of an objec-
tive methodology for reconstructing phylogenies. Based upon analyz-
ing observable attributes of the organisms, the method was indepen-
dent of theories about how they arose and therefore a powerful tool for 
studying evolution.15 Phylogenetic trees have few moving parts, being 
made of branches, nodes, and traits, and yet they have proven to be 
extremely versatile in a wide range of evolutionary studies (fi g. 3.1).16

The Geographers and the Orthogeneticists Unite: Cospeciation

In 1979 Brooks discussed two elements of parasite evolution that could 
be examined phylogenetically.17 One of these was that common ground 
between geographers and orthogeneticists: cospeciation, instances in 
which hosts and parasites speciated together. When an entire group of 
parasites is the result of cospeciation, there will be complete congru-

Speciation

Hypothetical 
ancestors

Terminal taxa

F I G U R E  3 .1  A diagrammatic representation of a phylogenetic tree showing terminal 
branches (known species), internal branches (hypothesized ancestors from which known 
species, or other ancestors, descended), and nodes connecting branches (hypothesized 
speciation events splitting an ancestral species into descendants).
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ence between pathogen and host phylogenies (they can be superim-
posed on each other without a mismatch; see fi g. 3.2).

Such phylogenetic association is not de facto evidence of any par-
ticular kind of coevolutionary process; in fact, cospeciation patterns 
may simply be the result of concomitant speciation by two or more 
ancestral species that happened to be living in the same area and expe-
rienced the same physical isolation. Support for this hypothesis offers 
relatively weak explanatory power.18

The maximum cospeciation perspective emerged from these initial 
discussions, based on the old assumption that pathogens are so highly 
specialized on specifi c hosts that they are effectively inherited with 
their hosts and thus track host phylogeny.19 Such pathogen- host asso-
ciations would be reinforced if pathogens and hosts experienced con-
comitant episodes of geographic speciation, so this perspective seemed 

F I G U R E  3 . 2  Phylogenetic tree of a hypothetical group of lice infecting our hypothetical 
group of rodents (from fi g. 3.1). If we superimposed the two phylogenies, all the branches 
would align, indicating the hosts and parasites cospeciated.
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to be an ideal way to unite the geographers and the orthogeneticists. 
Finding patterns of cospeciation was more important than any expla-
nation for the mechanisms responsible for them. Secretly, the geogra-
phers would think cospeciation was due to geographic isolation, and 
the orthogeneticists would think it was due to the inherent orthoge-
netic drive. So long as comparisons of hosts and geography and para-
sites were all congruent, everyone could be happy.

As we mentioned above, Brooks’s discussion of coevolution had 
two elements. The second refl ected cases in which new pathogen- host 
associations were established when a pathogen colonized a distantly 
related host (Kellogg’s “stragglers”). Colonization events could be de-
tected by areas of disagreement between pathogen and host phylog-
enies (fi g. 3.3).

The major problem for the maximum- cospeciation perspective was 

F I G U R E  3 . 3  A different phylogenetic tree for our hypothetical group of lice infecting our 
hypothetical group of rodents (from fi g. 3.1). If we superimposed the two phylogenies, the 
branches would not align, indicating that the hosts and parasites did not cospeciate. Rather, the 
parasites speciated in a context that involved moving to a host that was not their original one.
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simple: when scientists began to compare pathogen and host phylog-
enies, they found little evidence of cospeciation.20 Comparisons of 
parasite and host phylogenies undercut the assumption of the orthoge-
neticists about the universality of cospeciation; parasite and host phy-
logenies rarely show 100  percent agreement, and often far less than 
50 percent. The news for the geographers was only slightly better— the 
geographic distributions of parasites and hosts still sometimes showed 
common speciation events caused by geographic isolation affecting 
both hosts and parasites, even when the host and parasite phylogenies 
did not match. However, the geographic school also suffered a serious 
blow: geographic isolation was not the only factor involved in the dis-
tributions of related species. In fact, there was evidence that isolation 
was episodic and that between episodes there was usually substantial 
movement; furthermore, that movement was often associated with the 
evolution of new species that did not conform to a simple geographic 
cospeciation scenario.21

The complement of cospeciation, called coaccommodation, concerns 
the evolution of the various traits associated with the nature of a given 
pathogen- host association (the phylogenetic element of the Vershaffelt- 
Dethier tradition).22 In this type of study researchers seek to identify 
evolutionary episodes in which pathogens achieve novel host associa-
tions and then attempt to understand how they were achieved. This 
requires that we link two things. First, we need to distinguish episodes 
of association by descent from those of association by colonization.23 
Secondly, we need to ask whether each of the episodes of association 
by colonization of new hosts is linked with the emergence of novel 
traits. You might wonder how we could fi gure all that out without a 
time machine allowing us to visit the past. The answer is that genea-
logical inheritance is so conservative that every organism is a kind of 
time machine, carrying with it ancient inherited information. By the 
time of the phylogenetics revolution, two different models of coaccom-
modation had appeared. The more general of the two is called resource 
tracking, or sequential colonization. One of four things can happen to 
a pathogen when it attempts to colonize a new host. First, it may not 
succeed. Secondly, it may colonize the new host species and maintain 
its identity because the new host possesses the same resource as the an-
cestral host.24 As far as the colonizer is concerned, the new host is sim-
ply more of the same habitat— we humans see that the pathogen has 
added a host, but from the pathogen’s perspective it is occupying more 
of the same habitat. Thirdly, the pathogen may initially colonize the 
new host species because it possesses the same resource as the ancestral 
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host but may then diverge evolutionarily anyway (perhaps owing to 
geographic isolation).25 Finally, and least commonly, the pathogen may 
colonize a host species representing a novel resource. If the colonizer 
already possesses a trait that allows it to access the novel resource, it 
may establish itself on the new species. If the colonizer does not speci-
ate, it has simply expanded its resource base. If the colonizer does spe-
ciate, we have the emergence of a new pathogen species using a new re-
source. A special case of this scenario is called phylogenetic tracking.26 In 
that scenario, the evolutionary sequence of events is as follows: a new 
host species evolves, characterized in part by an evolutionarily mod-
ifi ed form of the required resource. This new species of host is then 
colonized by individuals from the pathogen associated with the ances-
tral host. Some of the pathogen individuals adapt to the new form of 
the resource, eventually producing, in their turn, a new species.27 And 
so the cycle continues. In order for this to occur, the ancestral host 
species must persist after the speciation event that produces descen-
dants bearing the modifi ed resource; otherwise, the ancestral associate 
species would have no resource base to support it through the colo-
nization phase. This dynamic would give rise to cases of apparent co-
speciation in which the pathogens were nonetheless younger than the 
hosts (this would later be rebranded as delayed cospeciation). The second 
class of models encompasses what are now called coevolutionary arms 
races. These are refi nements of the coevolution models by Mode and by 
Ehrlich and Raven. The primary assumption in the arms- race models 
is that coevolving associations are maintained by mutual adaptive re-
sponses (mutual association with mutual modifi cation). Variations on 
this theme have similar beginning assumptions: (1) pathogens reduce 
the fi tness of their hosts; (2) hosts that, by chance, evolve traits that 
make them resistant to the pathogens (defense mechanisms) will in-
crease their fi tness relative to their undefended brethren, and the new 
defense mechanism will spread throughout the species; and (3) some 
pathogens will, in turn, evolve a counterdefense allowing them to 
survive in association with the previously protected hosts. If this trait 
confers a fi tness advantage on those individuals (e.g., through access to 
an unused resource base), the counterdefense mechanism will spread 
throughout the pathogen species. The pathogen species will now en-
joy unhampered dining on the previously protected members of the 
host species, until the cycle begins anew. We have documented many 
cases in which insects that feed on specifi c plants possess the ability to 
detoxify specifi c secondary chemical compounds sequestered in plant 
tissues.28 But in most cases it is uncertain whether either of the traits 
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evolved in the context of the association. As Dethier pointed out in the 
1940s and 1950s, insects may be attracted to plants having compounds 
that the insect can already detoxify. Also, because insects are often able 
to “unfriend” a host that turns out to be unpalatable, how could there 
be any evolutionary mechanism forcing the insect to associate with an 
unpalatable host in the hope that the insect could produce offspring 
that could detoxify the host or forcing the insect to stay in association 
with a host if it evolved a toxic secondary compound?

Given that cospeciation is far from common, we must assume that 
many pathogen- host associations are established when pathogens add 
new hosts or change hosts. But the great majority of pathogens have 
small host ranges, often only a single host. So there is little evidence of 
cospeciation, yet most pathogens are associated with a small number of 
host species. How can a pathogen be so restricted in terms of host range 
and yet evolve by changing hosts? The traits that enable pathogens and 
hosts to maintain specialized associations must be connected in some 
way with how they change host allegiances. If that is true, however, it 
would seem that all of the traits associated with the specialized relation-
ship must be unique to each evolutionary episode. That is, each host 
switch must be accompanied by “the right adaptation showing up at 
the right time.” The way to investigate that inference is to ask whether 
any of the specializations persist through changes in associations— that 
is, whether they are phylogenetically conservative. This would seem to 
be the case— after all, if we say “malaria” most readers will immediately 
think “mosquito” (transmission dynamics) and “blood cells” [and pos-
sibly “liver”] (microhabitat preference), even if the precise species of 
malaria, the precise host, and the country of origin are not specifi ed. 
Clinicians of all kinds have accumulated such knowledge anecdotally 
for centuries under the rubrics “diagnosis” and “control,” taking their 
successes for granted and rarely thinking that evolution was the source 
of their insights.

In 1980 Dan Janzen wrote the fi rst of a series of insightful articles 
asking “when is it coevolution,” in which he noted that simple associa-
tion between pathogens and hosts (herbivorous insect in Janzen’s case), 
no matter how predictable and exclusive, was not, by itself, evidence 
of mutual evolutionary modifi cation worthy of being called true co-
evolution.29 Five years later he coined the term ecological fi tting to ex-
plain cases in which a given pathogen occurred in association with one 
host in one locality and a different one in a second locality. Janzen felt 
that this meant that while most pathogens might be ecologically spe-
cialized, they still possessed fl exibility in host use.30 In between those 
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articles, Janzen and Paul Martin published an article discussing what 
they called evolutionary anachronisms. To them, an evolutionary anach-
ronism was a persistent ancestral trait that may have functioned in a 
particular way in the past but no longer served that function owing to 
extinction. Their exemplar was large thorns on some neotropical trees, 
which they postulated had served as a defense against being eaten by 
Gomphotheres, members of an ancient and honorable, but extinct, 
group of large herbivores related to elephants.31 The lack of communi-
cation between ecology and systematics at that time meant that Janzen 
never saw that ecological fi tting in ecology and coaccommodation in 
systematics might be pointing at the same thing; “anachronisms” indi-
cated phylogenetic conservatism in specialized ecological traits, which 
could be a source of ecological fi tting.

In Europe, mistletoe (parasitic plants of the order Santanales) seem 
to love trees standing in or near fl ooded ditches. An arms- race scenario 
might assume initially that waterlogged trees must be at higher risk 
of infection, their defenses having been weakened. That initial weak-
ness would somehow provoke a coevolutionary response in the host 
that would then lessen the cost of being infected. But what if heav-
ily watered trees are healthier than their water- stressed relatives, and 
thus more attractive to mistletoe, and also more able to afford to be in-
fected? If they can pay the freight, so to speak, it’s not a disadvantage. 
If this is the case, it may be coevolution, there may even be mutual 
modifi cation, but there is no arms race. Alternatively, what if mistletoe 
infection is a lottery, infected trees simply being ones that happen to 
be visited by birds that disseminate mistletoe seeds, who choose trees 
living near water because the birds need water too? If so, then the fact 
that many trees are uninhabited while some are heavily infected may 
not mean anything about the details of the interaction between the 
pathogen and the host species; rather, it may be more a matter con-
cerning the details of the transmission dynamics of mistletoe itself. 
And if the number of infected trees killed by heavy mistletoe infection 
is suffi ciently small, mistletoe- induced mortality might occur, but not 
often enough for selection to play a role in mitigating that cost.

This range of possible explanations for a seemingly simple plant- 
plant association takes us back to the Verschaffelt- Dethier school of 
thought, which recognized that the chemicals produced by— and 
stored in—plants may be attractants to some and repellents to other 
insects. Insects that are attracted to the scent of secondary compounds 
they can metabolize and repelled by those they cannot face a far eas-
ier time making decisions about food and oviposition sites than those 
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 attracted to plants containing noxious secondary compounds, requir-
ing the evolution of detoxifi cation mechanisms. From our perspective, 
we are uncertain how pathogens and hosts can afford the continual 
confl ict implied by coevolutionary arms races when simply avoiding 
hosts that are, or have become, noxious is a cheaper option. What links 
these observations to coaccommodation is the sense of evolution’s tak-
ing the line of least resistance, leading to resolution of confl icts of in-
terest rather than intensifi cation and prolongation of confl ict. If evolu-
tion is a process of selective diversifi cation, it must be fundamentally 
a process of confl ict resolution in which both of the parties in confl ict 
manage to persist.32

In order to make some progress in this area, we need to be more 
analytical about the evolution of ecological specialization. By the early 
1980s a research program emerged using phylogenies to link ecologi-
cal specialization with phylogenetic conservatism.33 Through such 
research we discovered that phylogenetic conservatism in functional 
traits of all kinds, including those associated with transmission dynam-
ics and microhabitat preference for pathogens, is by far the norm and 
not the exception.34 Parenthetically, this supports the traditional Dar-
winian view that “the right adaptations at the right time” are traits 
that were already in existence before the “need” arose. The candidate 
for integrating these emerging problems in coevolutionary studies was 
the geographic mosaic theory of coevolution (GMTC).35 The GMTC is 
based on some standard ideas: that the world is composed of specialists 
and generalists, and various evolutionary phenomena produce differ-
ent proportions of each; that only specialists participate in coevolution-
ary interactions; and that coevolutionary interactions act to limit host 
ranges either by progressive resource specialization (resource tracking) 
or mutual modifi cation (coevolutionary arms races). The GMTC im-
proves upon previous proposals, however, by suggesting that not only 
can specialists evolve from generalists, but they can, with the help of 
geography, evolve from other specialists. Coevolution can occur when 
a generalist parasite is distributed among multiple hosts— each repre-
senting a different resource— in different geographic locations, where 
differential selection produces new specialist parasites associated with 
each different host. Or it can occur when a pathogen is restricted to a 
single host, but that host is isolated geographically into populations 
that are subjected to different selection pressures. In that case each host 
species is in reality a mosaic of coevolving populations. The GMTC al-
lows but does not require reciprocal evolution of defense and counter-
defense traits, and it specifi es an element of geographic isolation lead-
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ing to diversifi cation. But that diversifi cation does not need to be 
consistent with any cospeciation scenario.36 It is still, for our purposes, 
incomplete.

The phylogenetics revolution did not produce a new theory of 
pathogen- host evolution, but it cast doubt on all contemporary alterna-
tives, leaving a conundrum: how can associations be so specialized as 
to require the pathogens and hosts to be together geographically long 
enough for concomitant geographical speciation, and yet still be able 
to switch hosts and expand geographically, as virtually all studies of 
pathogen- host systems have shown? All major explanatory frameworks 
of the twentieth century agreed on one thing: host- range changes (in-
creases or alterations) should be diffi cult to achieve. We had theories 
suggesting that ecological specialization might allow parasites to move 
around geographically but would rarely allow them to switch hosts; 
we had theories that said ecological specialization would not allow 
parasites to move around much geographically and would rarely allow 
them to switch hosts. But phylogenetic studies indicate that most as-
sociations are established by some form of host colonization, and that 
the key traits allowing pathogen- host associations to persist and evolve 
are both highly specialized and phylogenetically conservative.

How wonderful that we have met with a paradox. Now we have some hope of mak-

ing progress.37

This is the parasite paradox: parasites are ecological specialists and 
yet (a) specialists and generalists do not occur equally, specialists pre-
dominating, even though specialists evolve from generalists; (b) there 
are many emerging diseases occurring more rapidly than seems rea-
sonable if they require chance evolution of novel host- use capabilities; 
and (c) phylogenetic comparisons routinely show high levels of host- 
range changes in the evolutionary diversifi cation of pathogen- host 
associations.38

The parasite paradox is particularly germane for understanding 
emerging diseases. Pathogens ought not to be doing what they are do-
ing, but they do. This affects humanity. Negatively. A lot. Resolving 
the paradox is critical for studies of, and sustainable responses to, the 
emerging disease crisis. We have expected pathogens to be extreme 
ecological specialists, locked in coevolutionary arms races with their 
hosts that should progressively decrease the chances that they will be 
able to switch to new hosts readily. In other words, the coevolutionary 
process itself should be our best fi rewall against emerging disease. And 
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yet, emerging diseases are occurring in real time and more often than 
can be accounted for by random mutation of genetic information that 
fortuitously allows parasites to infect novel hosts. Phylogenetic studies 
told us that solving the conundrum was going to be complicated, and 
would require integration among different viewpoints, each of which 
wanted to be self- suffi cient as an explanatory framework but clearly 
was not.

Meanwhile, on the health front, technology was advancing rap-
idly, theoretical ideas were coalescing, money was being spent in ever- 
increasing amounts on “disease,” and yet it was all beginning to fall 
apart. A well- known adage in competitive tennis is “Never change a 
winning game, always change a losing game.” By now it should be clear 
that we are playing a losing game with respect to dealing with disease. 
So we have to admit there is something lacking in our ideas about how 
the world ought to be, fi gure out what that lack is, and bring our reason 
and our experience together to forge a new paradigm and new means 
of coping with emerging disease. Otherwise we are lost.

A New Framework

By the end of the twentieth century we knew more and understood 
less than ever about pathogen- host associations and how to cope with 
them. We knew the shortcomings of the twentieth- century paradigms 
but did not have a unifi ed alternative paradigm. We had documented 
parallel lines of research in evolutionary biology, characterized by a 
belief that each group had a self- contained and complete explanatory 
framework. More often than not, however, the groups simply appeared 
to be unaware of each other. In some cases, the research groups reacted 
to each other antagonistically, to everyone’s detriment. In modern par-
lance, the study of pathogen- host systems was heavily “stovepiped”— 
highly specialized and without any mechanism for generalizing results 
across research groups or any sense that different research groups could 
benefi t from collaboration and division of labor.39 Against all expec-
tations, we have achieved a hopeful breakthrough, which we call the 
Stockholm Paradigm, integrating a number of existing research pro-
grams: historical ecology; ecological fi tting and sloppy fi tness space; 
the geographic mosaic theory of coevolution; the oscillation hypoth-
esis; and the taxon pulse hypothesis.40 In the next four chapters we will 
introduce and explain the conceptual glue that binds these research 
programs into the Stockholm Paradigm and show how they contribute 
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to understanding the nature of the emerging disease crisis and, more 
important, insights into what we can do about it.

Our joy at being part of the group that has achieved a synthesis 
that eluded scientists for more than a century is tempered by the im-
plications of that synthesis for a world caught in the throes of a ma-
jor climate- change event. While we were busy trying to sort out these 
tangled conceptual issues, health professionals were fi nding that the 
end of the twentieth and beginning of the twenty- fi rst centuries were 
far more challenging than they might have imagined.

Technological advances in microbiology made possible detailed 
examination of the evolutionary and ecological context of microbial 
pathogen- host associations and comparison with what we knew about 
the evolution of larger pathogens, such as ticks and tapeworms. The 
fi rst phylogenetic studies of rust fungi, for example, supported earlier 
claims that plants and their rust fungi do not cospeciate.41 The result-
ing explosion of studies of microbial evolution, the beginnings of ge-
netic engineering, and the focus provided by the coevolutionary arms- 
race framework provided substantial optimism to those engaged in the 
fi ght against disease. The emerging fi eld of parasite immunology found 
a comfortable fi t in the 1960s with the arms- race idea. Evolutionists 
might see the arms race as a means of long- term confl ict resolution and 
diversifi cation, but epidemiologists and clinicians saw it more literally. 
For them, we are in a war against some elements of biodiversity that 
are attacking us, our children, and the plants and animals upon which 
we depend for life and livelihood. The desired end point, therefore, is 
their elimination. “Medicate, vaccinate, eradicate” continued to seem 
a productive way to achieve that goal. But the warning signs that had 
emerged in the second half of the century were becoming more sig-
nifi cant. Little did anyone know that the fi ght would soon hang in the 
balance and we would be facing possible defeat.

Technical diffi culties in producing effective new medications that 
emerged early in the twentieth century continued into the early 
twenty- fi rst. Melarsoprol B, still the only effective drug against African 
sleeping sickness, was introduced by the end of World War  II. Other 
antiparasitic agents such as suramin and pentavalent antimonials be-
came available in the 1920s, and pentamidine isothionate and sodium 
stibogluconate appeared in the 1940s. Since then, the development of 
new antiparasitic treatments has stagnated, not only because of the 
complexity of protozoan and helminth pathogens, but also because of 
a low economic incentive for diseases that mainly affect people in de-
veloping countries. Increased global travel and exchanges, as well as 
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severe parasitic infections in immune- compromised patients, have led 
to renewed interest in antiparasitic therapy. Parasitic diseases remain 
an affl iction of hundreds of millions globally.

Many drugs were initially developed in veterinary medicine after 
around 1980.42 Antiparasitics target the parasitic agents of the infec-
tions by destroying them or inhibiting their growth. Broad- spectrum 
antiparasitics are drugs that are effi cacious in treating a wide range of 
parasitic infections. At the present time antiparasitics remain a corner-
stone of control and potential eradication programs. They are the ra-
tionale for the development of programs for mass drug administration. 
Initial approaches to development of antiparasitics led to the near- 
eradication of the Guinea worm, Dracunculus medinensis, and the agent 
of river blindness, Onchocerca volvulus.

The aim of preventive chemotherapy is to avert the widespread mor-
bidity that invariably accompanies helminth and other infections— and 
sometimes leads to death.43 Early and regular administration of the an-
thelminthic drugs recommended by the World Health Organization 
(WHO) reduces the occurrence, extent, severity, and long- term conse-
quences of morbidity, and in certain epidemiological conditions it con-
tributes to a sustained reduction in transmission. By the beginning of 
the twenty- fi rst century, pharmaceutical researchers understood that 
there was an evolutionary basis to the issue of increasing resistance to 
antibiotics. If antibiotic resistance is an example of natural selection in 
action, what is called the Red Queen hypothesis suggests that attempts 
to produce technology to outpace the emergence of resistance will be 
futile.44 The more and stronger the antibiotics with which we challenge 
microbes, the stronger the selection for resistance, and the faster the 
resistance occurs. Our experience bears this out.

Major challenges are seen in the continued development of resis-
tance and loss of effi cacy for many of these compounds (such as wide-
spread benzimidazole resistance seen in ruminant and equine nema-
todes, and expanding resistance to ivermectin, once considered the 
magic bullet for control of ectoparasitic arthropods and nematodes). 
Veterinary drugs following the trend of fi ve to ten years between drug 
introduction and the emergence of resistance, established with penicil-
lin more than half a century ago, include the phenothiazines (1940), 
benzimidazoles (1961), avermectins (1980), and macrocyclic lactones 
(1991).45 Furthermore, only 1 percent of new drugs developed between 
1975 and 1999 were antiparasitics, which raised concerns that insuf-
fi cient incentives existed to drive the development of new treatments 
for diseases that disproportionately affect low- income countries. Com-
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mercial sources are producing fewer medications, and resistance to the 
ones we have continues to evolve.

Phylogenetics has been recruited to help speed the search for new 
versions of medications whose effi cacy was being curtailed as a result 
of evolutionary processes. For example, one of the most signifi cant re-
cent contributions to cancer therapy was the discovery of a substance 
called taxol, produced by a tree species called the American yew. When 
the therapeutic properties of taxol became known, botanists using 
phylogenetics suggested that a close relative of the American yew, the 
European yew, should be examined, and in short order the related anti-
cancer agent Taxotene was discovered. A phylogenetic analysis of cone-
fl owers and their relatives was used to suggest which species are most 
closely related to, and thus most likely to possess therapeutic proper-
ties similar to, Echinacea.46 Such research continues to prove fruitful; 
a recent study showed that the closest relatives of those species of Cin-
chona already known to have high concentrations of quinine in their 
bark also have high concentrations.47 But none of this was enough. Not 
sustainable.

Despite attempts to medicate our way out of parasitic disease, para-
sites continue to exert a substantial impact on human well- being and 
food security among, for example, domestic ruminants and fi shes in 
aquaculture.48 Not sustainable.

Recognizing this continuing challenge led to new public sector and 
public- private partnerships, including investment by the Bill and Me-
linda Gates Foundation. From 2000 to 2005 twenty new antiparasitic 
agents were developed or in development. Despite those efforts, a new 
antimalarial cost approximately $300 million to develop in 2005, with 
a 50 percent failure rate.49 Not sustainable.

More people and more crops and livestock are medicated than ever 
before. But in proportion to the risk, are we moving ahead, holding our 
ground, or slipping backward?

Vaccination efforts in the last quarter of the twentieth century also 
lagged, for three reasons: (1) the easy vaccines had been developed, and 
even the signifi cant technological advances to that point were not suf-
fi cient to speed up the process; (2) the “who is going to pay for this/
who is going to receive the benefi ts of this” socioeconomic syndrome 
plagued the development of new vaccines as well as new medications; 
and (3) too many new pathogens were emerging, each one inducing a 
demand for a vaccine.

Like medicating, vaccinating continued the twentieth- century trend, 
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becoming more time- consuming and more expensive to produce  owing 
to unanticipated genetic variation, diversity, and complexity among 
pathogens. Despite technological advances,50 une maladie, un vaccin was 
overrun by too many new pathogens emerging at the same time, mak-
ing it too costly and time- consuming to vaccinate our way out of the 
problem. In addition, most of the risk groups lived in countries too poor 
to pay for mass vaccination programs, and countries that could afford 
them saw no reason to do so.

Targeted destruction of elements of biodiversity essential to disease 
transmission has had some successes. Rinderpest was declared to be 
globally eradicated in 2011. Foot- and- mouth disease eradication pro-
tocols in Europe have worked so well since the 1960s that mandatory 
vaccinations were banned in 1992, raising hopes that this pathogen 
might, like smallpox and rinderpest, be eradicable. If so, it will join a 
very select list indeed. Overall, the approach has become problematic 
owing to confl icts with agendas related to climate change and biodiver-
sity protection. Targeted biodiversity destruction for food production 
enhances health and reduces susceptibility to disease but has become 
problematic in the same way, reminding us that the various challenges 
posed by climate change are interconnected and synergistic. And yet, 
as we began losing ground with respect to medication and vaccination, 
eradication seemed more and more attractive; the benefi ts of eradica-
tion are seen by some to be worth the risk of public condemnation. In 
September 2006 the WHO declared its support for the indoor use of 
DDT in African countries, where malaria remains a major health prob-
lem, claiming that benefi ts of the pesticide outweigh the health and 
environmental risks.

Now we come to modern awareness of global climate change, within 
which the crisis of emerging diseases is inextricably embedded. This in-
cludes concerns about human population and food production; about 
habitat alteration affecting human habitations, agriculture, and biodi-
versity; and about industrialization and pollution. Farsighted people 
saw all these factors coming together in a very unpleasant way and rec-
ognized that it all had to do with “growth,” particularly the notion that 
the solutions to all our problems was “more growth.” In 1972 the Club 
of Rome commissioned a group of mathematical modelers to project 
humanity’s future if we continued along those lines— what they called 
the business- as- usual scenario. They published their results in a book 
called Limits to Growth, which issued some grave warnings about the 
future.51
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Summary

The twenty- fi rst century linked all the socioeconomic problems ad-
dressed by Limits to Growth with those involved in coping with known 
diseases and the new phenomenon of emerging diseases. We believe it 
was no coincidence that the emerging disease crisis imposed itself on 
our awareness as the twentieth century drew to a close and the twenty- 
fi rst began, when the long- predicted global climate- change impacts be-
gan to manifest themselves.52 At a time when we thought we would 
be celebrating our dominion over the Earth, climate change poses the 
greatest challenge our species has ever faced. The scope of the prob-
lem has been underrecognized owing mostly to professional special-
ization and bureaucratic territoriality. The situation in which we fi nd 
ourselves, characterized by a lack of communication and collaboration 
among research programs with common interests, has its roots in ac-
ademic sins of omission, namely preoccupations about research spe-
cialization and personal agendas. Current and widely held concepts of 
specifi city or narrow host range imply that pathogen- host relationships 
should not change readily. But they do. Our ability to anticipate and 
mitigate the impacts of disease emergence catalyzed by climate change 
depends on achieving a better understanding of complexity in the bio-
sphere, in particular its fundamentally evolutionary nature.

Let’s get started.
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Back to the Future

We’re just recycled history machines. —  Jimmy Buffett, D O N ’ T  C H U -  K N O W

Kellogg assigned Darwin’s original formulation to the his-
torical dustbin of ideas superseded by modern thought.1 
Much of the telling of evolution since then has viewed 
Darwin’s On the Origin of Species as the foundation for, 
even the foreshadowing of, the predominant twentieth- 
century evolutionary framework, neo- Darwinism.2 That 
framework is an approach of elegant simplicity, in which 
evolution is reduced to a trinity of “variation, selection, 
adaptation.” As a result, discussions often begin with the 
fi nal sentence of the sixth chapter of Origin of Species: 
“Hence in fact the law of the Conditions of Existence is 
the higher law; as it includes, through the inheritance of 
former adaptations, that of Unity of Type,” suggesting that 
Darwin believed natural selection was the law of the Con-
ditions of Existence.

Paradoxically, many of the same discussions  criticized 
Darwin’s writing style, wondering why it took him 
195  pages to get to the point. Had Darwin been smart 
enough, or had he had a good enough editor, the point 
should have been the climax of his fourth chapter, the 
one specifi cally on natural selection, rather than this con-
clusion two chapters later. That would have avoided the 
misleading impression that while natural selection was a 
signifi cant part of the process, it was not the process. There 
is a different perspective on this harsh assessment of Dar-
win’s writing abilities. Effective scientists write according 
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to a fairly standard formula, described to us as, “Tell them what you’re 
going to tell them; tell them; tell them what you told them.”

If Darwin was following that formula, the statement above occurs 
at a point where the author is summarizing what he has told his read-
ers. His “Tell them what you’re going to tell them” should be near the 
beginning of the book, prior to all that empirical evidence, perhaps in 
the second paragraph of the main text:

There are two factors: namely, the nature of the organism and the nature of the 

conditions. The former seems to be much more the important; for nearly similar 

variations sometimes arise under, as far as we can judge, dissimilar conditions; and, 

on the other hand, dissimilar variations arise under conditions which appear to be 

nearly uniform.3

Most historians consider this passage little more than a general repu-
diation of Lamarckism. However, we believe it is fundamentally im-
portant. From the beginning, Darwin proposed that evolution was an 
outcome— in today’s terminology, an emergent property— of asymmetri-
cal interactions between two causal agents, each of which has its own 
properties relatively independent of the other, producing outcomes 
that are not readily predictable from knowledge of the properties of 
either one alone.

Darwin’s conception of the nature of the organism was explicit: it 
is in the nature of the organism to produce offspring; to produce off-
spring that are similar but not identical to each other; and to be able 
to act in their own behalf. The most important aspect of all this is that 
these aspects of the nature of the organism obtained regardless of the 
nature of the conditions (the environment). Without a high degree of 
autonomy from the nature of the conditions, there would not be more 
organisms born than there are resources available for them to survive 
(“reproductive overrun”) and thus no struggle for survival. This creates 
what is known as “Darwin’s necessary misfi t” between organisms and 
their environments,4 what Darwin envisioned to be the usual condi-
tions of existence.

While nineteenth- century philosophers were fascinated with ways 
in which organisms seemed perfectly to “fi t” their surroundings, Dar-
win was too good a naturalist to be fooled by such wishful thinking. He 
recognized that the key to understanding evolution stemmed from the 
ways in which organisms were able to persist despite misfi ts between 
their surroundings and themselves. Finding such misfi ts to be common 
and universal, Darwin then recognized that not all viable members of 
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all species were able to cope equally well with the nature of the condi-
tions in which they found themselves. Nonetheless, generation after 
generation, all species produced offspring exhibiting varying degrees of 
misfi t with their surroundings, and in far higher numbers than could 
be sustained by environmental resources. This, Darwin reasoned, must 
lead to a struggle for survival on the part of those organisms propor-
tional to their degree of misfi t. When the inherent overproduction pro-
duced variety in traits critical for survival, organisms possessing traits 
that were functionally superior in that particular environmental con-
text would survive best. Whenever an environment changed, those or-
ganisms that already had the functions necessary to survive in the new 
environment would do so, whereas those who lacked them would not; 
what is good today might not be good tomorrow.

Natural selection was the result of the confl ict created, because the 
conditions of existence included the autonomy of the nature of the or-
ganism as well as the nature of the conditions. And the outcome of nat-
ural selection was the partial or complete elimination of those variants 
that were so “misfi tted” that they could not survive. Selection is a local, 
immediate, and intimate phenomenon, acting on existing conditions, 
not previous ones. And thus, “natural selection is the indirect action of 
changed conditions.”

The issue is not “how do organisms survive in the current environ-
ments?” but rather, “how do organisms survive in changing environ-
ments?” This means that natural selection was not the higher law, it 
was a consequence of that law. The fi nal paragraph of the sixth chapter 
of Origin of Species, and not just the fi nal sentence, clearly shows Dar-
win’s perspective:

It is generally acknowledged that all organic beings have been formed on two great 

laws— unity of type and the conditions of existence.  .  .  . On my theory, unity of 

type is explained by unity of descent. The expression of conditions of existence . . . 

is fully embraced by the principle of natural selection. . . . Hence in fact the law of 

the Conditions of Existence is the higher law; as it includes, through the inheritance 

of former adaptations, that of Unity of Type.5

Darwin’s “higher law” governs the total conditions of existence, which 
he defi ned as the sum of interactions between the nature of the organ-
ism and the nature of the conditions.

Darwin proposed two rich visual metaphors to help readers under-
stand his bold vision— the tree of life and the tangled bank. From our 
perspective, these metaphors encapsulate the fundamental complexity 
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of biological evolution, reinforcing Darwin’s framework of great scope 
and generality:

As buds give rise by growth to fresh buds, and these, if vigorous, branch out 

and overtop on all sides many a feebler branch, so by generation I believe it has 

been with the great Tree of Life, which fi lls with its dead and broken branches the 

crust of the earth, and covers the surface with its ever- branching and beautiful 

ramifi cations.6

The tree- of- life metaphor is more than an accounting scheme; it is a 
symbol of a major part of the evolutionary process. Living systems are 
not only capable of acting in their own behalf; they regularly take the 
initiative, using what they have inherited. Metaphorically, the present 
is the state in which biological systems create their own futures based 
on their own pasts. Organisms carry so much of their history with 
them that most explanations for their appearance and function stem 
from their past.

In Europe a sycamore is a maple (Acer pseudoplatanus), while in North 
America a sycamore (Platanus occidentalis) is what Europeans call a 
plane tree (Platanus orientalis). Darwin’s metaphor of natural classifi -
cation as a phylogeny enables us to understand why North American 
sycamores and European plane trees resemble each other so closely, 
why their  ecological preferences are so similar, and why they are able 
to hybridize so readily, despite having such dissimilar common names. 
Specifi c points of origin in space and time play integral roles in explain-
ing the properties of species and the organisms that make them up, 
most  important how they interact with their surroundings, including 
other species.7 Darwin was explicit about the signifi cance of a phylo-
genetic tree:

As it is diffi cult to show the blood relationship between the numerous kindred of 

any ancient and noble family even by the aid of genealogical trees, and almost 

impossible to do so without this aid, we can understand the extraordinary diffi culty 

which naturalists have experienced in describing, without the aid of a diagram, the 

various affi nities which they perceive between the living and extinct members of 

the same great natural class.8

Darwin’s phylogenetic tree metaphor contrasted with a progressive 
view of diversity embodied in the scala naturae, in which “lower forms” 
were replaced by “higher forms.” Thus, the only illustrated metaphor 
Darwin ever provided in any edition of Origin of Species specifi cally 
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underscored the notion of selective accumulation, rather than replace-
ment, of diversity. Darwin was well aware of what that accumulation of 
diversity looked like:

It is interesting to contemplate a tangled bank, clothed with many plants of many 

kinds, with birds singing on the bushes, with various insects fl itting about, and with 

worms crawling through the damp earth, and to refl ect that these elaborately con-

structed forms, so different from each other, and dependent upon each other in so 

complex a manner, have all been produced by laws acting around us. These laws, 

taken in the largest sense, being Growth with reproduction; Inheritance which is 

almost implied by reproduction; Variability from the indirect and direct action of 

the conditions of life, and from use and disuse; a Ratio of Increase so high as to 

lead to a Struggle for Life, and as a consequence to Natural Selection, entailing 

Divergence of Character and the Extinction of less improved forms. Thus, from the 

war of nature, from famine and death, the most exalted object which we are ca-

pable of conceiving, namely, the production of the higher animals, directly follows. 

There is grandeur in this view of life, with its several powers, having been originally 

breathed by the Creator into a few forms or into one; and that, whilst this planet 

has gone circling on according to the fi xed law of gravity, from so simple a begin-

ning endless forms most beautiful and most wonderful have been, and are being 

evolved.9

This metaphorical statement evokes visions of complex ecosystems pro-
duced by selective accumulation of diversity. It also explicitly under-
scores Darwin’s view that natural selection is an emergent property, 
reinforcing his conception of the law of the conditions of existence.

So, at the end of the Origin, Darwin “told us what he told us,” refl ect-
ing back to the second paragraph of the book, where he “told us what 
he was going to tell us,” and in the 425 or so intervening pages, he 
“told us.” The tree of life, embodying the conservative nature of in-
heritance in the nature of the organism, explains why we fi nd species 
doing similar things living in dissimilar conditions. The tangled bank, 
embodying the fact that biodiversity occurs in complex ecosystems 
comprising many species, explains why we fi nd species doing dissimi-
lar things while living together in similar conditions.

Darwinism was highly unusual for a nineteenth- century theory. 
Darwin suggested that evolution was not so much a process as an out-
come of the interaction of two classes of phenomena (the nature of 
the organism and the nature of the conditions), each following its own 
rules but nonetheless spatially and temporally entwined. Furthermore, 
the two classes of phenomena were not coequal— one was more impor-
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tant than the other. And yet, the “greater” phenomenon inevitably cre-
ates confl ict, while the “lesser” leads to confl ict resolution.10 We think 
this is the reason so many scientists of his day readily accepted his fun-
damental propositions but almost immediately began to try to “fi x” 
the theory. Darwin did not postulate a predictable set of outcomes for 
a given set of conditions under the external control of a general and 
powerful natural law, as expected for acceptable scientifi c theories in 
the mid- nineteenth century. In modern parlance, we would say that 
Darwinism was an early (perhaps the earliest) example of a complex 
systems theory.

Breaking the myth of a perfectly adapted biosphere was one of Dar-
win’s priorities: what kind of well- oiled machine routinely produces 
so much waste? Natural selection was a perfecting mechanism, but 
perfection was never achieved, and that was a good thing for species 
coping with changing environments. Restoring the myth of perfect 
adaptation was the priority of twentieth- century evolutionary biology. 
Kellogg wrote that Lamarckians, orthogeneticists, and neo- Darwinians 
“all agreed” that the core issue for evolutionary theory was explaining 
how the right adaptation shows up at the right time.11 As we noted be-
fore, Cope focused on a key issue: if evolution is survival of the fi ttest, 
how do you explain the origin of the fi ttest?12 But by the dawn of the 
twentieth century, the Darwinian notion that what was necessary for 
survival must already be present— in low numbers, in the background 
or on the margins, but present— or extinction would result was not a 
sexy enough answer. Biologists craved something more direct, more 
powerful sounding, more heroic, mythic, even magical. This craving 
was not new, as Whitman suggested in 1899:

The pouting instinct is supposed to have arisen de novo, as an anomalous behavior, 

and with it a new race of pigeons. . . . The incubation instinct was supposed to have 

arisen after the birds had arrived and laid their eggs, which would have been left to 

rot had not some birds just blundered into “cuddling” over them and thus rescued 

the line from sudden extinction. How long this blunder- miracle had to be repeated 

before it happened all the time does not matter. Purely imaginary things can hap-

pen on demand.

Protests notwithstanding, twentieth- century biologists continued 
to build their heroic, mythic edifi ce. But none of their variations on 
a simple and seemingly all- encompassing framework anticipated the 
emerging disease crisis.
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The Nature of Capacity

In a Darwinian system, the capacity for life— the nature of the 
organism—fl ows from inherited information. Transmitting that in-
formation from the present into the future gives living systems a dis-
tinctly historical nature. The capacity to reproduce, develop, mature, 
and reproduce again produces both variable and conservative out-
comes; we are all unique and yet we all have family resemblances. And 
some of those family resemblances are ancient indeed— the fact that all 
the cells in our bodies have a nucleus surrounded by a membrane is a 
family resemblance so old that it embraces a billion years of family his-
tory. This is the reason Darwin asserted that similarities among species 
are overwhelmingly due to common ancestry, not to living in common 
environments.

Another capacity of inherited information is the maintenance of 
life. Organisms use inherited information to impose themselves on 
their surroundings, extracting matter and energy necessary to persist 
long enough to reproduce. The inherited information determines the 
kinds of matter and energy needed for survival (a rosebush and a horse 
have different needs even if they are living in the same environment) 
and how they are extracted from the environment. Inherited informa-
tion determines the capacity to act in one’s own behalf, regardless of 
the conditions— in other words, the capacity to make the best of a bad 
situation. Some organisms survive despite the fact that they live in con-
ditions in which they do not thrive. And that leads to an important 
insight about the nature of life.

Inherited information allows organisms to be both explorers and ex-
ploiters.13 All organisms exploit the usable parts of their environments 
as much as possible and in so doing explore those environments. 
Through reproduction and inheritance, each organism also explores its 
genetic possibilities. Depending on its inheritance and the situation in 
which it fi nds itself, every organism is capable of oscillating between 
exploiting and exploring its surroundings. And no matter how much 
life at any one point in time is biased toward either exploitation or 
exploration, organisms that mostly do the one never lose the ability 
to do the other. It seems to be in the nature of the organism to en-
gage in the  maximum amount of exploitation with minimal loss of 
capacity to explore, to the extent allowed by inherited possibilities and 
limitations.
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Functional Capacity: Ecological Fitting

Evolutionary and ecological explanations for traits associated with 
specifi c functions tend to stress increased effi ciency, especially in ex-
ploiting resources necessary for survival. As Darwin noted, such expla-
nations come with a caveat: if you are too specifi c in your needs, prefer-
ences, or abilities, you could be at risk for extinction if the conditions 
of life change in such a way that those specifi c functions no longer 
allow survival. Evolvable life is able to cope with changes— small and 
large— in the environment. Ecological fi tting is the active expression of 
this functional capacity.14 It lies at the heart of the parasite paradox, 
being the key to understanding how pathogens can have very specifi c 
ecologies yet still be able to change their geographic distributions and 
hosts readily when the conditions of life change. Three classes of phe-
nomena contribute to ecological fi tting.15

Co- option: How New Kinds of Associations Arise

One of the major criticisms aimed at Darwin was the perceived absence 
of transitional stages in either the fossil record or in living species. If 
natural selection operates through a series of small, gradual changes, 
where are the transitional stages? One of Darwin’s answers involved 
changing the function of an existing structure.16 In some cases this oc-
curred when two organs performed the same function, thus setting the 
stage for selection to increase the effi ciency of one, then modify the 
second, and now superfl uous, organ for a different function. Darwin 
believed that this type of dynamic was “an extremely important means 
of transition” in evolution. In other cases, an organ that served a major 
and a minor function was modifi ed to serve the latter at the expense 
of the former. In either such process, the starting conditions might be 
obscured and the transitional stage missing.

Darwin also discussed traits that served no apparent function be-
cause they arose as the by- product of evolutionary processes other than 
natural selection (e.g., the “complex laws of growth” or the “mysterious 
laws of the correlation of parts”). He believed that such traits were an 
important part of organismal evolution because they might eventually 
acquire a function that was necessary for survival in a new environ-
ment: “But structures thus indirectly gained, although at fi rst of no 
advantage to a species, may subsequently have been taken advantage 
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of by its modifi ed descendants, under new conditions of life and newly 
acquired habits.” In each case imagined by Darwin, important evolu-
tionary change was accomplished without creating new structures.

In the fi rst half of the twentieth century, the French biologist Luc-
ien Cuénot championed the term preadaptation for traits of little or no 
importance at their point of origin that nonetheless played a critical 
role down the evolutionary road by allowing organisms to take advan-
tage of new conditions. Unfortunately, his mechanism for how shifts 
in functionality could occur was a somewhat confusing amalgam of 
Darwinian and Lamarckian themes: “One could say . . . that the need 
and the organ create function; in the individual functioning changes 
the organ most effi ciently through the effect of usage, and fi nally selec-
tion intervenes to eliminate descendants that cannot handle the new 
conditions.”17

This confusion over mechanism clouded his central message: traits 
arising under one condition could allow the transition to a new en-
vironment or way of life without the need to evolve new structures. 
Cuénot spent 30  years expanding the defi nition of preadaptation to 
include the co- option of useful traits to serve a new function. He was 
also a member of the fi rst generation of modern geneticists, inspired by 
Gregor Mendel, who attempted to delineate how the units of heredity 
worked. Many of these early researchers focused on the seemingly ran-
dom process of mutation, arguing that adaptation was an incidental or 
accidental by- product. From the preadaptation perspective, this created 
a paradox: if the production of preadaptations was a random process, 
why did adaptation appear to be so organized with respect to the en-
vironment? Cuénot grappled with the paradox but never managed to 
answer it in a satisfactory manner.

Neo- Darwinians of the day disagreed about preadaptation. Dobzhan-
sky dismissed it, writing that “‘preadaptation’ is a meaningless notion 
if it is made different from ‘adaptation.’”18 This ignored Cuénot’s point 
that preadaptations might, after their function had been changed (co- 
opted), appear to be adaptations to the current environment, when in 
fact they were not; their origin and raison d’être predated the current 
role they fortuitously found themselves playing. Richard Goldschmidt 
reduced preadaptations to random micro- mutations, arguing that only 
organisms with “chance hereditary mutant combinations for life under 
changed conditions” could survive in a fl uctuating environment.19 But 
he echoed Cuénot’s proposal that individuals preadapted in this way 
might enter an empty niche and there survive and propagate, eventu-
ally producing new species.
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George Gaylord Simpson elaborated this latter theme, returning 
to the Darwinian notion that organisms carried within them a store-
house fi lled with deleterious and neutral mutations accumulated over 
time, any one or combination of which, under changing conditions, 
might allow them to move from one adaptive zone (e.g., living in the 
water) to another (living on land). Once in the new zone, the popula-
tion would rapidly adapt to it. He thus believed that the preadapted 
trait is not adaptive with respect to the environment in which it 
originated, but that it eventually becomes adaptive in the new zone. 
He concluded  that  such traits were “of tremendous importance be-
cause  they  afford an explanation of quick, radical shifts in adaptive 
types.”20

A decade later Simpson wrote that biologists were using the term 
preadaptation in nine different ways, eight of which assumed that the 
process was adaptive at all stages, and one of which supposed a tran-
sition from nonadaptive to adaptive.21 Simpson’s categories were fore-
shadowed by Darwin’s and Cuénot’s initial recognition that preadapta-
tions originated in two different ways: (1) a neutral or deleterious trait 
acquiring an adaptive function in a new environment, and (2) a useful 
(adaptive) trait changing function. The confusion, then, surrounds the 
origin of the trait: was it initially adaptive or not? Regardless, the out-
come of a preadaptive trait was always the same: evolutionary change 
happened rapidly because the material for change already existed, for 
whatever reason, in the organism. There was general agreement about 
the importance of preadaptation, coupled with dissent about which 
one of the two possible pathways was more important to the produc-
tion of a preadapted trait in the fi rst place.

The glaring problem with the word preadaptation is that it implies 
there is a direction or purpose to evolution (to make the trait adap-
tive), when in fact it is impossible to predict with any degree of ac-
curacy the future of a biological character based on its current state. 
Natural selection is an intimate affair, a process of the here and now 
with ramifi cations for the future that we can recognize only in hind-
sight. Stephen J. Gould and Elisabeth Vrba eliminated the specter of 
evolutionary foresightedness by replacing preadaptation with the con-
cept of exaptation.22 The process by which the trait switches function is 
called co- option (Gould and Vrba used the correct form, co- optation, but 
it never caught on), a general term encompassing all possible processes. 
Co- option is critical to Darwinism because without it, it is often im-
possible to explain dramatic movements into new environments or the 
sudden appearance of “new” traits without unintentionally invoking 
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a Lamarckian “need” for the trait that led to its origin. As Darwin and 
Cuénot proposed, the prior existence of a trait permitted the transition 
from one environment to another.

Persistent traits co- opted to perform novel functions is common in 
interspecifi c associations.23 For example, co- option explains how dipter-
ans, hymenopterans, and coleopterans have become parasitoids,24 and 
co- options featured prominently in the evolution of plant- herbivore 
and plant- pollinator interactions among Dalechampia (Euphorbiaceae) 
species.25 Deciduousness in oaks originated as a mechanism for coping 
with seasonally dry habitats but turned out to function equally well in 
seasonally cold habitats;26 in fact, many of the adaptations to living in 
xeric conditions among plants bear close resemblance to the adapta-
tions to living in cold conditions.

Co- option is key to understanding the origins of pathogen- host sys-
tems. Without co- option, we are left with a variety of almost magi-
cal scenarios, most of which involve waiting for a fortuitous mutation 
to arise. If preexisting traits are capable of performing new functions 
that allow new conditions to be utilized, we have a relatively cheap 
and nonmystical mechanism for achieving the evolutionary transition. 
Because pathogens require hosts, it seems reasonable that hosts existed 
before pathogens arose. It also seems reasonable that the ancestors from 
which each group of pathogens arose were themselves not pathogens. 
Did those ancestors evolve an entire suite of traits specifi c to being 
pathogens, or did preexisting traits allow them to become pathogens 
through co- option?

The life- history traits of parasitic fl atworms, for example, do not 
differ from the life- history traits of their free- living relatives, indicat-
ing that these species do not have a parasitic mode of life, but rather a 
platyhelminth mode of life, which was co- opted to function in a host- 
parasite context.27 It is easy to see that the basic conditions of life with 
which a free- living fl atworm had to contend, feeding on decomposing 
material in low- oxygen conditions in the mud fl ats of a tidal marsh, 
might not be that different from those it encounters living in the intes-
tine of a vertebrate. If that free- living ancestor evolved a novel kind of 
thick skin that helped it fend off other decomposition- feeding organ-
isms in its surroundings, members of that ancestral species might well 
have been protected when eaten by a vertebrate, allowing it to survive 
the new challenges posed by life in the vertebrate’s intestine. Such a 
seemingly simple episode of co- option probably set the stage for the 
diverse group of trematodes and tapeworms that taxonomists now call 
the Neodermata (literally, “new skin”).
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Phylogenetic Conservatism: How Associations 
Persist and Proliferate

When Darwin wrote that similarities between species should generally 
be assumed to be the result of common ancestry, he underscored the 
fundamentally conservative nature of inheritance. You expect a litter 
of kittens to be kittens, not puppies; mammals, not birds; vertebrates, 
not invertebrates; animals, not plants; and so on. From this it follows 
that if the capacity for ecological fi tting stems from the fl ow of inher-
ited information, most of it will be due to historical legacy.

Just how conservative are the functional traits that provide spe-
cies with the capacity to survive and persist? The noted entomologist 
Herbert Ross proposed that approximately one in every 30 speciation 
events in a variety of insect groups was correlated with geographic dis-
persal from the primitive climatic zone to a derived one, or with shifts 
from the ancestral condition to any subsequent state in reproductive 
behavior, ecology, or host preferences.28 He concluded that such shifts 
were consistent with, but much less frequent than, phylogenetic diver-
sifi cation. Furthermore, he believed there were no predictable patterns 
explaining the shifts that did occur and suggested that such transitions 
constituted a biological “uncertainty principle.” By the beginning of 
the twenty- fi rst century phylogenetic studies had uncovered ample 
evidence of conservative and specifi c resource use supporting Ross’s 
view.29

We have already seen that evolutionary conservatism plays a role 
in co- option and the origin of associations such as pathogen- host sys-
tems. Now we will see that this conservatism plays a role in maintain-
ing a diversity of such associations. Evolutionary conservatism may 
lead to a situation in which two or more closely related pathogen spe-
cies share common aspects of their biology inherited from a common 
ancestor, though they may live in different places and inhabit different 
host species.

Back to our “think malaria” comment. No matter what species is 
involved and no matter where on this planet it occurs, all malaria is 
transmitted by mosquitoes. Clinicians have long made use of this real-
ity without understanding, or at least without acknowledging, that it 
is fundamentally a matter of evolutionary conservatism. It allows us to 
engage in unifi ed efforts to combat malaria worldwide by eradicating 
the elements of biodiversity (species) associated with mosquito produc-
tion. But there is a cost to this element of historical conservatism that 
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is often unrecognized. Evolutionary conservatism produces ecological 
homologues, species associations that could conceivably replace each 
other or be interchanged in ecosystems without a fundamental change 
in trophic structure. Ask any six- year- old child to describe what the 
rabbits in their countries do— how they behave, what they eat, who 
eats them, where they make their homes— and you will get a very sim-
ilar response. And it will be a correct response in each country— all 
rabbits share many aspects of their biology in common because they 
inherited those capacities from a single common ancestor. This may 
seem insignifi cant until you see rabbits from one country settling into 
another, competing with the native animals that have very similar 
preferences and requirements. Now replace “rabbits” with “malaria,” 
and “country” with “host.”

We can now see the signifi cance of evolutionary anachronisms, 
traits that evolved in an environmental context that no longer exists. 
Rather than representing a wasteful evolutionary cost,30 they have a 
particular value when it comes to ecological fi tting. Because they are 
traits that functioned well in past environmental conditions, anachro-
nisms allow species that retain them to survive if anything like those 
ancient environmental conditions recur. And the fundamentally con-
servative nature of biological inheritance guarantees that evolutionary 
changes are often slower than environmental changes.

Plasticity: Making the Best of Bad Situations

Not only are organisms able to act in their own behalf, they are fl exible 
in the way they go about doing it. Most organisms are capable of doing 
different things in different situations. This is the built- in fl exibility 
of organisms postulated by Darwin, more commonly referred to to-
day as plasticity.31 Plasticity becomes important in situations in which 
a pathogen— by chance or by choice— fi nds itself in a less than ideal 
situation.

Pathogens have specifi c host preferences and fi ne- tuned sensory re-
sponses to their environments when it comes to fi nding hosts. Hosts, 
however, are largely indifferent to the aspirations of pathogens. As a 
consequence, for most pathogens fi nding a preferred host is something 
like participating in a lottery with a time limit. Scientists who believe 
pathogens are “locked in” on one or a few optimal hosts to the ex-
clusion of all others assume that most pathogens do not fi nd one of 
the preferred hosts, die, and are thus eliminated from evolution. This 
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reduces pathogen biology to a brute- strength approach: simply blast 
the environment with enormous numbers of offspring (buy many lot-
tery tickets) and enough will fi nd preferred hosts to produce the next 
generation.

Plasticity changes the rules of the fi nd- a- host lottery in the patho-
gen’s favor. As Darwin envisioned, selection is absolute for those who 
cannot fi nd what they need to survive and reproduce. Survival is para-
mount in evolution, but surviving does not necessarily require thriv-
ing. Pathogens with the capacity to survive in suboptimal hosts are 
good examples of evolutionary plasticity. Plasticity thus allows indi-
vidual pathogens to provide a positive answer to the question, what 
happens if your preferred host isn’t available?

Ecological Fitting and Traits Specifi c to Pathogen- Host Systems

Despite differences in life- history traits among all pathogens, it seems 
there are no differences in evolutionary outcomes regarding their asso-
ciations with hosts. That means higher order dynamics supersede life- 
history evolution— the various components of ecological fi tting. Rec-
ognizing the signifi cance of this for understanding pathogens begins 
80 years after Origin of Species was published, with an article by the Rus-
sian Aleksandr Aleksandrovich Filipchenko, one of the fi rst true para-
site ecologists. Filipchenko analyzed different nineteenth-  and early 
twentieth- century defi nitions of parasitism and disagreed with using a 
notion of “harming the host” to defi ne the phenomenon. To his mind 
it was impossible to defi ne one object using characters of another. In 
this case “harm” refers to the host, because the host is damaged by 
parasites. Thus, harm is not a character of the parasite itself; it is a char-
acteristic of parasitized hosts. Filipchenko underlined that parasitism is 
an ecological phenomenon and defi ned parasites as organisms whose 
ambient medium was another organism (the host). Thus, parasites 
may be considered as an ecological group of organisms— for example, 
aquatic organisms, whose ambient medium is water. He suggested that 
Hegner fi rst introduced this approach in parasitology,32 but the ideas 
were developed more fully by Valentin Alexandrovitch Dogiel and his 
colleagues in what was then the Soviet Union.33

This perspective leads us to seek evidence for ecological fi tting in 
traits associated with transmission dynamics (how they fi nd a host) 
and with microhabitat preferences (in what part of the host they live). 
For traits associated with these aspects of pathogen biology to exhibit 
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poten tial for ecological fi tting, they should be both highly specifi c and 
evolutionarily conservative.

Transmission Dynamics

Biologists have examined two fundamental components of pathogen 
transmission dynamics. The fi rst is ecological, encompassing (1) the se-
quence and number of hosts,34 (2) the type of host in which each stage 
develops,35 and (3) the site within the host in which each stage devel-
ops.36 The second is developmental, concerning stages leading to re-
productive amplifi cation of infective forms that increase the likelihood 
of infection in the ecological setting in which a particular pathogen 
resides. There is no doubt that every pathogen species exhibits highly 
specifi c ecological and developmental traits associated with its trans-
mission dynamics.37 Phylogenetic analysis has consistently shown us 
that those traits are also evolutionarily conservative.38

Microhabitat Preferences

Now we examine the other critical element of evolutionary survival and 
persistence: microhabitat preferences. Scientists have asked why such 
preferences should be so specialized. After all, just fi nding a host in the 
fi rst place is something of a lottery, so why not utilize the whole host 
once you get there? And indeed, in a number of microbial infections, 
bacteria, viruses, or fungi may be found widely dispersed throughout 
a host’s body when the host is acutely diseased. But in most cases, the 
pathogen resides in a particular part of the host. There is no shortage of 
theories about why this should be: (1) pathogens are extreme resource 
specialists, and preferred or required resources may occur in only lim-
ited parts of the host (a subset of this argument is that pathogens fi nd 
microhabitats where they can hide from potential host effects, such 
as immune responses); (2) every pathogen that fi nds a restricted place 
in the host reduces the chances of competition with other pathogens; 
and (3) every pathogen that lives in a predictable and restricted site 
has a better chance of fi nding opportunities for reproduction.39 More 
than likely, all of these factors are in play in different proportions in 
particular cases,40 because all have one thing in common— they help 
the pathogen cope with its conditions of existence and thus can be 
acted upon by selection. The more specifi c and restricted the nature of 
the conditions, the smaller the target selection has and the more effec-
tively it can act.
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Just as transmission dynamics are specifi c enough to serve as clini-
cal diagnostic features, so are microhabitat preferences. Among the di-
geneans producing disease in humans, Schistosoma species occur in the 
circulatory system, Fasciola hepatica and Clonorchis sinensis occur in the 
liver and bile ducts, and Paragonimus species occur in the lungs.

Microhabitat preferences are also evolutionarily conservative. For 
example, the rivers of South America east of the Andes are home to 
more than 30 species of stingrays that make up the family Potamo-
trygonidae. Like all elasmobranchs (sharks, skates, rays, and their rela-
tives), potamotrygonids have intestines that appear to be very short 
compared to those of other vertebrates. If you examine the interior of 
the intestines, however, you discover a spiraling architecture that cre-
ates multiple compartments and a lot of space for food processing and 
pathogen habitation. One of the groups of pathogens inhabiting those 
stingrays is several species of the tapeworm genus Potamotrygonocestus. 
Members of each species of this genus live only in the anteriormost 
chamber of the spiral intestine of whichever stingray they inhabit.

Finally, microhabitat preferences are not linked to cospeciation. Dif-
ferent species of paramyxoviruses (causal agents of measles, mumps, 
Newcastle disease, rinderpest, canine distemper, and human parinfl u-
enza) often infect hosts that are not closely related, yet each one always 
resides in homologous tissues of the hosts they do infect. Likewise, host 
colonization by viruses may be facilitated by phylogenetically con-
served receptors on cells, and by the capacities of viruses to use those 
receptors.41

The world of pathogen capacity is populated by species possess-
ing traits that are specifi c, conservative, and fl exible. Exploitation is 
thus maximized without restricting exploration capabilities. In short, 
path ogen capacity is associated with a wide range of ecological fi tting 
options. We next examine what the world of pathogen opportunity 
looks like.

The Nature of Opportunity

The nature of capacity stems from the nature of the organism; so, does 
the nature of opportunity stem from the nature of the conditions? In 
large part it does. Darwin, however, used the term to refer to the con-
text in which the opportunity for survival occurs for any given species, 
and that is an outcome of the interaction between organisms and their 
environments. Organismal capacities to exploit and explore their envi-
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ronments allow, but do not guarantee, survival. This is because neither 
capacities nor the environments in which they can function are un-
limited. We call the arena of opportunity “function space.”

The members of each species use a small but predictable portion of 
function space. Inherited capacities provide specifi c ways that organ-
isms impose themselves on the environments where they happen to 
fi nd themselves. This is because inheritance produces highly similar 
offspring regardless of the conditions. Each species produces more off-
spring in each generation than the function space available for their 
survival. For each species, the portion of function space in which the 
differential survival takes place is fi tness space. Fitness space contains 
all organisms that survive the struggle and reproduce; in technical 
terms, they have positive Darwinian fi tness, whereas all others have 
zero fi tness and thus are not represented in fi tness space.

Simply having the capacity to live in a given fi tness space, however, 
does not lead to evolutionary persistence and diversifi cation. Environ-
ments change, and fi tness space changes with them. If natural selec-
tion fi ltered all offspring down to only those whose capacities closely 
and narrowly matched opportunity, the only outcome of changing 
conditions would be extinction. We might envision the operative envi-
ronment of a pathogen species to encompass everything defi ning a host 
as a viable resource. But at any given time, the pathogen is unlikely to 
inhabit all possible hosts in all possible places; therefore, its current op-
erative environment will be a subset of its overall operative environment. 
This means that no matter how specialized the pathogens, they will 
always, given the opportunity, have some ability to survive in novel 
operative environments, that is, susceptible hosts not inhabited in the 
current operative environment. Higher proportions of some kinds of 
offspring rather than others may survive and reproduce in different 
operative environments, but even if those produce viable offspring, not 
all of them are as fi t as their parents.

Darwin felt it was signifi cant that organisms were capable of surviv-
ing in less than optimal conditions.42 This suggests that even though 
fi tness space for each species is a subset of function space determined 
by the nature of the organism, it is expansive. Within fi tness space, not 
everything that could happen does happen. Not everything that does 
happen occurs all the time, or everywhere it could, or in equal propor-
tions. And fi nally, not everything that happens is optimal for the con-
ditions of the time and place. Where organisms thrive is only a subset 
of where they can survive. And since it is in the nature of the organism 
to explore as well as to exploit, variation allows organisms to investi-

 EBSCOhost - printed on 2/13/2023 7:03 AM via . All use subject to https://www.ebsco.com/terms-of-use



C H A P T E R  4

88

gate novel operative environments presented by the circumstances in 
which they fi nd themselves.

Opportunity can thus act as both an evolutionary fi lter and a fa-
cilitator if current operative environments are subsets of all possible 
operative environments. No matter how narrow selection is in any par-
ticular place in association with any particular host, evolution will oc-
cur within sloppy fi tness space,43 a by- product of direct selection under 
some other set of conditions (the ancestral environment). The sloppier 
the fi tness space, the more room there will be for species to alternate 
between exploitation and exploration, so the greater the chances are 
that some of their offspring will survive in some form. During periods 
of environmental stability, we tend to see an accumulation of members 
of a species that are exceptionally good at exploiting those very pre-
dictable surroundings. But during periods of environmental change, 
the members of the population that are better at exploring will sur-
vive. So long as the conditions fl uctuate between stable and changing, 
the frequency distribution of relative exploiters and relative explorers 
within a species population will fl uctuate as well.

This reveals an interesting insight about evolution. Life itself creates 
opportunities for yet more life; in today’s biosphere, the environment 
of every species— pathogen or not— is composed primarily of other 
species,44 and therefore the nature of the conditions is determined, 
to a great extent, by the capacities of other species. If fi tness space is 
sloppy, there is an overwhelming amount of function space available 
for pathogens, because every time a new host species evolves it creates 
even more possible fi tness space for pathogens. This is why there are so 
many pathogen species on this planet.

Sloppy fi tness space can be visualized thusly:45 Consider a bivariate 
world whose dimensions defi ne all possible combinations of two re-
sources, X and Y (fi g. 4.1). At a given point in space or time, the local or 
realized conditions are defi ned by the subset of X and Y that exists. For 
an evolutionary unit (genome, species, even a group), its fundamental 
fi tness space is all combinations of X and Y for which positive fi tness 
can be achieved. Realized fi tness space is that portion of fundamental 
fi tness space accessed to meet the realized conditions. The extent to 
which fi tness space fi ts any particular set of realized conditions will 
be a function of time and selection pressures, but the sum of all con-
servative elements of inheritance, called evolutionary lagload,46 ensures 
that the fi tness space will always remain in large part a function of 
retained history. The imperfect fi t between fundamental fi tness space 
and realized fi tness space at any given point in time or space is propor-
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tional to how sloppy the fi tness space is. From environmental perturba-
tions on a regional or global scale to small- scale perturbations such as 
the local extinction of a host species, it is this sloppiness that provides 
the essential ability of life to cope with rapidly changing conditions 
(fi g.  4.1a) and to explore new options across the physical landscape 
(fi g.  4.1b). Following disturbance or dispersal and depending on pat-
terns of reproductive isolation, wandering through sloppy fi tness space 
both facilitates evolutionary diversifi cation by exposing organisms to 
novel conditions and promotes evolutionary stasis if there are many 
ecologically fi t populations experiencing contradictory selection pres-
sures and signifi cant gene fl ow.

Fitness space is inherently sloppy. Even if you are specialized, your 
realized fi tness space (RFS) is a restricted portion of your fundamen-
tal fi tness space (FFS). If your RFS is specialized, then whatever selec-
tive forces are impinging on you, they will not affect other elements of 
your FFS, so FFS cannot be optimized tightly. If your RFS is generalized, 
it is a relatively large and more diverse portion of FFS. That means you 
will be responding to multiple selective forces, so again your FFS also 
cannot be tightly optimized. The good news is that if it is the nature of 
FFS to be sloppy, it should always be a source of evolutionary potential, 
complementing the indefi nite variation produced by inheritance that 
is part of the nature of the organism. At the same time, fi tness space 
will be sloppy in proportion to how much of FFS is RFS. All the fac-
tors we have discussed above suggest that RFS should always be smaller 
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F I G U R E  4 .1  Graphical representation of a hypothetical fi tness space and the relationship 
with changing environmental conditions represented by two variables (Ov1 and Ov2). From 
left to right, despite the change in environmental conditions (i.e., the change on the rectangle 
describing the variation of the environment), the species illustrated in this example does not 
go extinct locally, thanks to the overlap of its fi tness space with the conditions of the new 
environment (or novel operative environment). Over time (time = 1) and as the species is 
subjected to new selection pressures, the fi tness space of the species will accommodate the 
new local conditions.
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than FFS, and a recent study has confi rmed that this is empirically 
true.47

Surprisingly, this Darwinian perspective makes it diffi cult to imag-
ine an effective coevolutionary arms race on more than the local scales 
envisioned by the geographic mosaic theory of coevolution.48 In other 
words, if there is an arms race locally, it will not affect the pathogen 
or the host globally, and any interactions that affect all associations 
cannot be a restricted case of mutual modifi cation, so there cannot be 
an effective arms race beyond the local association. This is why strong 
coevolutionary interactions cannot limit the emergence of disease dur-
ing climate change.

Opportunity Space for Pathogens

Studies of the evolution of pathogen- host systems tend to focus on 
hosts and geography. Yet to this point we have mentioned neither. 
This is because geographical location and hosts are not inherited ca-
pacities of pathogens. They comprise opportunity space for pathogens, 
elements of their fi tness space. As the founders of pathogen ecology 
(Hegner and Filipchenko in particular) noted, pathogen fi tness space is 
made up of connections in geographic space, host range, and specifi c 
ecology related to transmission dynamics. Fundamental fi tness space 
is made sloppy by discontinuities in two factors. First of all, geography, 
hosts, and trophic structures have inherent discontinuities. Secondly, 
if, as we have noted before, the nature of the organism is paramount, 
the need to exploit the local surroundings for survival outweighs the 
need to explore, and this will tend to produce multiple localized occur-
rences of pathogens. Selection tends to favor exploitation, which will 
tend to restrict realized fi tness space but increase fundamental fi tness 
space. In biological terms, this means that the occurrence of the patho-
gens will be “patchy.”

Geography is the most fundamental element of opportunity. It is 
the matrix that carries hosts and the ecology of transmission and is key 
to both connecting and isolating fi tness space. We can estimate this by 
documenting as many features of the known geographic locations for 
the pathogen (part of its realized fi tness space) as we can, then deter-
mining where else on the planet such conditions exist. Complement-
ing this is the recognition that pathogens must navigate organized eco-
logical diversity in order to transmit their offspring from one host to 
another. This is the bridge between geography and hosts— here we are 
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asking where in the world we might fi nd a suitable ecological structure 
in which a given pathogen could survive. If we know the transmission 
dynamics of the pathogen, we can determine where such an ecologi-
cal structure occurs. Combining the geographical and trophic informa-
tion using ecological niche modeling,49 we can determine much about the 
fundamental fi tness space of a given pathogen. The greater the mis-
match between where the pathogen does exist and where it could ex-
ist, the sloppier will be its fi tness space. So we can also use ecological 
niche modeling to assess just how sloppy fi tness space is for any given 
pathogen species. And the sloppier the fi tness space, the greater the 
chances will be that a given pathogen will be able to survive changes 
in its surroundings.

For pathogens, the resources necessary to maintain life and produce 
the next generation come packaged in other living organisms. Hosts 
have geographic distributions and are embedded in organized eco-
logical structures, so host- based pathogen fi tness space is a subset of 
geographical- ecological fi tness space. But because hosts are the entities 
that are “diseased” by pathogens, we focus more on them. In this case, 
we estimate the pathogen fi tness space through phylogenetic compar-
isons. Hosts have the resources necessary for parasite survival. If we 
know the phylogenetic distribution of those resources, we can deter-
mine all the species that could host the pathogen. And once again, the 
mismatch between known hosts (realized fi tness space) and potential 
hosts (fundamental fi tness space) tells us how sloppy fi tness space is. 
Studies performed in laboratory settings have demonstrated that at 
least some pathogens are capable of surviving in many different hosts, 
including many with which they never associate in nature.50

The phylogenetic distribution of host resources falls into four classes 
(fi g. 4.2). For three of those classes, the resources have a common evo-
lutionary origin, so their occurrence in any given organism or species 
is the result of inheritance from a common ancestor; they are homolo-
gous. In the most extreme case, the resources evolved in a single host 
species. Traits that are not ancestral are called apomorphic, and apomor-
phic traits restricted to a single species are called autapomorphies. So for 
this class we would say the host resources are autapomorphic (fi g. 4.2a). 
In the second class, the host resources are shared by an inclusive group 
of related species; such groups are called monophyletic because they are 
the collective descendants of a single ancestral species. The traits that 
diagnose such groups are novel traits that arose in the common ances-
tor, so they are apomorphies; and they persist (sometimes in modifi ed 
form) in its descendants, so they are called synapomorphies. The host 
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F I G U R E  4 . 2  Parasites are resource trackers. In this example, a species of parasitic copepod 
explores distinct numbers of host species (fi shes) that express those features considered 
resources to the parasites (identifi ed in the phylogeny by the color black). (A) Among the 
host species, only one species presents the necessary resource to the parasite. (B) The 
resource required by this parasite evolved in an ancestral host species and is expressed in all 
its descendants. Hence the parasite species can use all of these host species. (C) The resource 
is plesiomorphic (i.e., is present ancestrally in the host lineage depicted in the fi gure) and 
subsequently lost in both branches. The parasite is found in basal species that retained the 
resource present in the ancestral fi sh species. (D) The resource is found in two distantly related 
host species as a result of independent evolution.
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resources for this class are synapomorphic (fi g.  4.2b). The third class 
of homologous distribution of resources encompasses groups of species 
sharing resources that are persistent ancestral traits, called plesiomor-
phies. If the plesiomorphic trait evolves within the host group, then the 
hosts that retain the ancestral trait do not, on their own, form a mono-
phyletic group, even though they inherited their trait from a com-
mon ancestor (fi g. 4.2c). Finally, resources that have evolved indepen-
dently in more than one species are called homoplasies. In such cases, 
the host species do not form a monophyletic group, nor do they share 
the resource traits as a result of inheritance from a common ancestor 
(fi g. 4.2d). Sadly, we rarely can depict the full phylogenetic distribution 
of the required host- based resources because we rarely know what they 
are. All is not lost, however.

If a 1:1 correspondence between pathogen and host phylogenies 
means cospeciation, disagreement between the pathogen and host 
phylogenies should indicate “not cospeciation.” But the idea of cospe-
ciation is intuitively appealing to many biologists and is a deeply em-
bedded principle in certain research programs. It should come as no 
surprise, then, that methods have been developed to support interpre-
tations that any evidence of disagreement between host and pathogen 
phylogenies represents a “cryptic” case of cospeciation, so long as the 
hosts involved are closely related (in other words, we have no evidence 
for the missing pathogen species that would give us a 1:1 correspon-
dence, but we “know” they must be there). This is known as cophy-
logeny analysis.51 Cophylogeny as cryptic cospeciation is controversial 
because the number of ad hoc assumptions needed to support such in-
ferences can become increasingly large: how many “missing species” 
do you need to invoke to create a perfectly congruent phylogenetic tree 
for pathogens and their hosts? The Stockholm Paradigm, however, al-
lows us to see cophylogeny analyses in a more productive light. What if 
episodes of increasing host range and apparent host switches are evolu-
tionary manifestations of the potential for sloppy fi tness space to facili-
tate pathogen survival when host opportunity changes? In such cases, 
cophylogeny studies might serve as analogs of ecological niche model-
ing, giving us an estimate of host- based fundamental fi tness space by 
estimating the potential host ranges for a group of pathogen species.

Let’s consider an actual case. The Intermountain West of North 
America is a tumultuous landscape of towering isolated mountain 
ranges and plateaus, with mosaics of forests, grasslands, and deserts. The 
area also teems with chipmunks, small and perpetually busy striped ro-
dents belonging to the genus Tamias, subgenus Neotamias. Chipmunks 
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are related to squirrels in an ancient family of rodents (Sciuridae) whose 
history links Eurasia and North America.52 Chipmunks have been ac-
companied on their evolutionary journey by characteristic pathogens, 
among them nematodes called pinworms. Pinworms do not have a 
complex life cycle involving multiple hosts, but their transmission dy-
namics are specialized in another way: infection occurs among parents 
and offspring only in natal burrows. As adults, pinworms live in the 
cecum near the junction of the small and large intestines, although 
females may migrate along the large intestine to the rectum to lay eggs 
that will be dispersed into the environment. Human pinworms, Entero-
bius vermicularis, also live primarily in the vestigial cecum we call the 
appendix, with females migrating to the anus to disperse eggs. This is 
the reason there are occasional reports of appendicitis caused by large 
numbers of pinworms packed into the appendix, and the reason pedia-
tricians and knowledgeable parents watch for children scratching in an 
indelicate manner as a sign of pinworm infection.

Rauschtineria eutamii is a chipmunk pinworm. It comprises six genet-
ically distinct lineages infecting ten species of Neotamias (19 of the 23 
species have been examined) distributed among members of three of 
the fi ve recognized parasite subgroups.53 Cophylogeny analysis based 
on 17 species of Neotamias (fi g. 4.3) found no evidence of cospeciation, 
despite the fact that the parasite lineages are one another’s closest rela-
tives and all the hosts are members of one subgenus. The specialized 
transmission dynamics and microhabitat preferences attest to the spe-
cialized ecological nature of R. eutamii, so we cannot assume that it is a 
cryptically generalized species in any sense except its host range.

We conclude that the parasite is specialized on some aspect of west-
ern chipmunks involving traits that are persistent ancestral character-
istics of the host group (see fi g.  4.2c). The RFS of the parasite is the 
10 documented hosts, whereas the FFS likely includes at least all 23 spe-
cies in the group. As anticipated, the FFS is larger than the RFS,54 sug-
gesting that, given the opportunity, this parasite could readily colonize 
twice as many chipmunk species as it currently does.

Rauschtineri eutamii living in different hosts in the same area are 
more closely related to one another than they are to members of their 
own species living in the same hosts in different places. So the para-
sites are more localized geographically than their hosts, and the known 
host range is a function of hosts periodically expanding their geo-
graphic ranges and then becoming isolated. Neotamias has experienced 
a complicated history of recurring geographic expansion and isola-
tion during the last 2.75 million years,55 and the cophylogeny analysis 
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documented at least three episodes of host range expansion correlated 
with geographic range expansion.

At this point one might assume that the host range would be a subset 
nested within the ecological possibilities that would be a subset nested 
within the geography. But in the real world, things are not so simple. 
Parasites can’t always live everywhere their hosts can live— fi tness 
space for the hosts may exclude some parasites and include others; 
and on short time scales and small spatial scales, there may not be any 
parasites. This has led some to believe that the success of some intro-
duced host species is due to their landing in an “enemy- free zone.” 
The reverse is also true: many parasites have geographic ranges larger 
than the range of the preferred host(s), and there will always be “local” 
pathogens capable of engaging with any introduced host. Once again 
we see that sloppy fi tness space provides means of both fi ltering and 
facilitating pathogen- host systems. As a consequence, the relationship 

T. minimus

T. alpinus

T. a. cratericus

T. amoenus

T. ruficaudus

T. m. grisescens

T. durangae

T. panamintinus

T. speciosus

T. merriani

T. obscurus

T. umbrinus
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T. quadrivittatus
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F I G U R E  4 . 3  Cophylogeny of pinworms (Rauschtineri eutamii) and western chipmunks 
(species of Eutamias [Neotamias]). The host tree shown here contains 17 of the 23 species 
of Neotamias for which suffi cient data were available, 10 of which host R. eutamii. Parasite 
data for eight of those hosts were analyzed (those for T. rufus and T. canipes were not 
included in the study). The diagram, called a tanglegram, depicts parasite associations with 
hosts connected between their respective phylogenies. Each of the subgroups of R. eutamii 
originated from one or more host range expansions, beginning with different species of 
chipmunks in each case. Parasites are distributed among three of the fi ve species- groups 
of western chipmunks.
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between pathogens and geography is complex, as are the relationships 
among pathogens, hosts, and geography.

There are additional, more subtle elements of pathogen fi tness space 
—things like salinity, temperature, humidity, seasonality, and changes 
in the abundance of hosts associated with those variables. Cryptic 
 genetic variability (accumulated low- frequency alleles) and plastic-
ity also add to the picture. Pathogen fi tness space is indeed large and 
sloppy.

The very term sloppy fi tness space invites divergent reactions. For 
some, it is reassuring to think that, no matter how specialized spe-
cies become, there is always room to maneuver, room for innovation, 
room for escape. If it also implies some degree of disorderliness in the 
operation— well, that’s life. Others, however, fi nd the term disquieting. 
They fi nd comfort in the idea that every species occupies a particular 
place in the order of things, and they wish to believe that evolution 
makes that place a very snug fi t indeed. They thus use terms like opti-
mal and fi ttest to refer to the state in which they wish species to exist 
in their surroundings. And yet, if the nature of the conditions changes, 
the species that were fi ttest in the previous conditions are doomed to 
extinction.

Most important, sloppy fi tness space seems to resolve Darwin’s para-
dox, because opportunity is both fi lter and facilitator. For this to be 
true, in the fi rst place, capacity must always be greater than opportu-
nity, and we know this is true because selection occurs. Unless capac-
ity is greater than opportunity, there can be no selection, no matter 
how specifi c and constrained capacity appears to be— because history 
retained (plasticity, co- option, conservatism) is not always history ex-
pressed. We also know that existing capacity is substantial, that the 
ability to store and use previous capacity is large, and that the system 
from which new capacity emerges is one capable of producing indefi -
nite variation. In the second place, opportunity must be changeable. 
And fi nally, capacity must be able to take advantage of changes in 
opportunity— the role of ecological fi tting.

The astute reader is beginning to hear alarm bells: knowing what a 
species is exploiting at any given place and time is not enough to antici-
pate its future activities. We may talk about removing opportunity (e.g., 
eradicating the part of biodiversity associated with transmission) in 
disease control, while in reality we are only changing opportunity— and 
if we are lucky, we change opportunity in such a way that the patho-
gen cannot take advantage. But our track record so far suggests that the 
pathogens are cleverer than we are (of course, many of them have had 
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more than a billion- year head start to experiment with trial and error), 
so when opportunity changes, pathogens emerge in unanticipated ways.

The Nature of Evolution: Ecological Fitting in Sloppy Fitness Space

The operational aspect of capacity is ecological fi tting, which encom-
passes traits of the organism that are both specifi c and variable as a re-
sult of conservatism, co- option, and plasticity. This is what allows spe-
cies to “awesome up” when the right opportunities present themselves. 
The operational part of opportunity is fundamental fi tness space, de-
fi ned as everywhere on the planet that the capacities of any given spe-
cies would result in nonzero fi tness. Fundamental fi tness space is larger 
than realized fi tness space (the fi tness space that is actually occupied), 
the difference being proportional to how sloppy fi tness space is. The 
interaction of ecological fi tting in sloppy fi tness space thus defi nes the 
arena of evolution in which each variable can serve as both fi lter and 
facilitator, depending on the situation. Once again, it is never just one 
thing, and it always depends.

Organisms that survive in sloppy fi tness space are capable of ex-
ploring and exploiting, of generalizing and specializing to an extent 
made possible by inherited characteristics and depending on the con-
tingencies of the conditions of life in which they fi nd themselves. How 
they accomplish this at any given place and time depends not only 
on capacity but also on opportunity. In fact, Darwin suggested that 
while the nature of conditions did not cause evolutionary innovations, 
changes in the nature of conditions seemed to allow such innovations 
in a general way: “Indefi nite variability is a much more common result 
of changed conditions than defi nite variability.”56

And since each species is not subjected to the same selection pres-
sures at different places in its range, or at different periods of time 
within a given place, only species that are capable of ecological fi tting 
will survive. All organisms are oscillators, with the built- in ability to 
generalize and specialize in their sloppy fi tness space according to the 
conditions. It’s a built- in feature of life and creates a bias toward persis-
tence that is its own reward, regardless of relative costs.

We tend to think that “specifi c and predictable” means “limited op-
tions.” But Darwin realized that the dualistic interaction between the 
nature of the organism and the nature of the conditions could pro-
duce predictable and specifi c outcomes without sacrifi cing options. 
That is because, in our terms, capacity is always greater than oppor-
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tunity. And that is a good news/bad news situation. The bad news is 
that this means there will always be reproductive overrun and confl icts 
of interest among the members of each generation. The good news is 
that information is not distributed randomly, optimally, or maximally 
in fi tness space. It is distributed functionally, and function is part of 
the nature of the organism. Information space is thus structured but 
variable— a system of indefi nite variation. And while it is variable, it 
is far more conservative. That means there will be confl icts even if fi t-
ness space is sloppy; but the offspring that survive such confl icts will 
be variable because fi tness space is sloppy. And what a pathogen is able 
to do, given the opportunity, can be as important as, or even more im-
portant than, how well it performs in explaining reactions to climate 
change. Changes in the nature of the conditions are best understood 
by knowing the nature of the organism. Survival in new environments al-
lows, but does not require, new capacities specifi cally fi t to that environment 
(fi g. 4.4).

Organisms as oscillators exploit and explore according to the inter-
section of ecological fi tting and sloppy fi tness space. They will tend to 
be biased toward exploitation, because survival always requires exploi-
tation but— when conditions are highly stable and predictable— need 
not also require exploration.

Exploitation- biased activities will tend to restrict realized fi tness space 
and will be facilitated by discontinuities in fi tness space. For a patho-
gen species, the ultimate exploitation- biased existence would be a spe-
cies occurring in a single place, with a single host, and transmitted in 
a single way. These are the conditions under which opportunity acts as 
a fi lter, and such things as strong coevolutionary interactions would be 
favored if they arose, especially if they occurred in geographically iso-
lated situations.57 A species living in such conditions would be highly 
specialized within realized fi tness space. Because fi tness space has been 
assumed to be highly optimized and limited, some believe that host 
changes could not occur without prior specifi c mutations permitting 
it. But given the enormous potential capacity provided by plasticity, 
co- option, and evolutionary conservatism, strong local coevolutionary 
interactions may restrict realized fi tness space locally without affecting 
fundamental fi tness space.

Exploration- biased activities, by contrast, occur when the nature of 
the conditions changes in such a way that connectedness among ele-
ments of fi tness space increases, amplifying opportunity. In such cir-
cumstances, opportunity acts as a facilitator. Exploration can be as sub-
tle as reproduction, but that is apt to be mostly unsuccessful if available 
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fi tness space is occupied and no new connections can be made. But 
if there is always reproductive overrun, there will always be offspring 
produced that are not the fi ttest. Add to that plasticity, co- option, and 
phylogenetic conservatism, and you have a system in which no matter 
how limited the realized fi tness space is at any one place or time, capac-
ity will always be greater than opportunity.

Successful exploration- biased activities allow the realized fi tness 
space of the species to expand, so the pathogen becomes more general-
ized in fi tness space. This can be manifested in many ways— the patho-
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F I G U R E .  4 . 4  A schematic representation showing two dimensions of the operative 
environment associated with hypothetical host resources. Sloppy fi tness space can allow 
fi tness in an area outside the operative environment to which the parasite is adapted (light 
gray circles). Panels a, d, and g illustrate a specialist, adapted to a single host resource; 
panels b, e, and h illustrate a polyspecialist, which has adapted independently to three 
different resources; and panels c, f, and i illustrate a true generalist, with a more general host 
recognition and tolerance system that allows it to utilize any resource that falls within the dark 
grey area. The open circles in panels d– f represent three novel resources. The specialist in 
panel d can colonize resource 1, which is more or less identical to the ancestral resource, but 
not resource 2 or 3. The polyspecialist in panel e can colonize resource 1, but also resource 
2, which falls within its sloppy fi tness space. And the generalist in panel f can colonize all 
three resources. In panels g– i only one host is available, so all three species of parasites will 
appear to be specialists, but their ecological and evolutionary potential will be very different. 
Redrawn and modifi ed from Agosta et al. (2010).
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gen may remain with its customary hosts and use its customary trans-
mission dynamics, but the geographic range of all species involved can 
increase. The range of hosts used may increase. The number of modes 
of transmission may increase. And, of course, there may be a combina-
tion of factors.

Ecological fi tting is a key element in exploration. If specifi c environ-
mental cues and resources are widespread, or if traits can have multiple 
functions, then the stage is set for the appearance of ecological special-
ization and close (co)evolutionary tracking, without loss of the abil-
ity to establish novel associations. Exploration also sets the stage for 
new capacities to evolve; it is not the result of earlier evolution of new 
capacities. Virtually every species of pathogen, for example, has some 
ability to perform and persist on hosts other than those with which 
they are customarily associated. In addition, some of the inherited fl ow 
of information allows members of pathogen species to persist at the 
margins until their time comes, and newly accessible fi tness space gives 
them access to novel hosts with which they may establish a more suc-
cessful relationship. We now discuss three examples to give you an idea 
of how this capability works in the real world.

The popular name of Fascioloides magna is the giant liver fl uke. Im-
mense by the standard of most digeneans, F. magna is native to North 
America, where it is primarily a pathogen of various species of ungu-
lates (hoofed livestock, deer, and their relatives). Adults live in the liver, 
and their eggs pass out of the host in the feces. Some wind up in the 
water, whereupon a larval form— the miracidium— hatches from the 
egg and burrows into a snail. A complex series of developmental and 
reproductive events then occurs in the snail, producing large num-
bers of larval clones called cercariae that swarm from the snail into 
the aquatic environs. The cercariae alight on aquatic vegetation (as well 
as on the exoskeletons of crayfi sh and the shells of mollusks), where 
they encyst and hope that a free- ranging cervid or domestic ungulate 
will chow down on the vegetation and provide aid and comfort to the 
next generation of F. magna. This pathogen has been introduced into 
Europe, where it also lives as adults in the livers of herbivorous mam-
mals and is transmitted by snails, which shed cercariae that encyst on 
the surface of aquatic vegetation (fi g. 4.5). This species is specialized in 
its transmission dynamics and its microhabitat preferences, yet it is ca-
pable of fi nding suitable realized fi tness space in geographical locations 
far from its origin because the specifi c ecological context necessary for 
survival of the pathogen is widespread.58

Like Fascioloides magna, Haematoloechus fl oedae is a North American 
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native digenean, described originally as living in the lungs of bullfrogs, 
Lithobates catesbeiana. This digenean’s eggs pass out in the feces of the 
frog host into the aquatic environment, where, unlike F. magna, they 
are ingested by the snail host, hatch (releasing the miracidium), and 
pass through the same kind of complex developmental and reproduc-
tive cloning events that occur in F. magna. In the case of H. fl oedae, 
however, the cercariae that swarm out of infected snails penetrate and 
encyst in the aquatic dragonfl y larvae called naiads. There they sit, 
encysted and waiting, until a bullfrog eats the infected naiad or the 
metamorphosed adult, whereupon the next generation begins (fi g 4.6). 
Twenty years ago, during an inventory of parasites in the Área de Con-
servación Guanacaste, in northwestern Costa Rica, two local frog spe-
cies, Lithobates taylori and L. cf. forreri, were found to be infected with 
H. fl oedae. The only consistent differences between the North Ameri-
can and Mesoamerican populations of H. fl oedae were three synony-
mous substitutions in sequences of the cytochrome oxidase I gene, 
indicating that the Mesoamerican lung fl ukes were recent introduc-

F I G U R E  4 . 5  Diagrammatic representation of the life cycle of the deer and livestock liver 
fl uke Fascioloides magna. Adults live in the liver, and their eggs pass out of the host in the 
feces. If feces wind up in the water, the miracidium hatches from the egg and burrows into 
the snail. A complex series of developmental and reproductive events then occurs in the snail, 
resulting in large numbers of larval clones of the miracidium— called cercariae— swarming 
from the snail into the aquatic environs. There, the cercariae alight on aquatic vegetation (as 
well as on the exoskeletons of crayfi sh and the shells of mollusks), where they encyst and hope 
to be eaten by an ungulate or cervid.
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tions rather than ancient relict populations.59 There are other reports 
of H. fl oedae outside its original geographic distribution, but always in 
areas where L. catesbeiana has been introduced and where it remains 
the primary— though not the only— frog host. The Costa Rican fi nding 
added intrigue. Some detective work involving collections of the na-
tional museum in Costa Rica revealed that, a generation before the dis-
covery of H. fl oedae in northwestern Costa Rica, L. catesbeiana had been 
imported into Costa Rica in a failed attempt to grow them for commer-
cial food purposes. No one examined the imported frogs for parasites, 
especially for parasites that have multihost life cycles, such as digene-
ans. The prevailing assumption was that such parasites could never be-
come established in a place where only one of the tightly coevolved 
hosts occurred. The most likely point of entry for the parasite into 
Costa Rica is the capital, San Jose, which is in the mountains, hundreds 
of kilometers southeast of Guanacaste. How could H. fl oedae get from 
San Jose to Guanacaste? Thanks to what we know about the conserva-
tive nature of transmission dynamics, we can anticipate that H. fl oedae 
became established in local snails, odonate naiads, and aquatic frogs in 
the area of San Jose where L. catesbeiana was introduced. But how did it 
get to Guanacaste?

F I G U R E  4 . 6  Diagrammatic representation of the life cycle of the frog lung trematode 
Haematoloechus fl oedae. Adults live in the lungs of frogs, and eggs pass out in the feces of 
the frog host into the aquatic environment. There the eggs are eaten by snails, whereupon 
they hatch; the miracidium penetrates the snail and undergoes the same kind of complex 
developmental and reproductive cloning events that occur in F. magna. In the case of 
H. fl oedae, however, the cercariae that swarm out of infected snails penetrate and encyst 
in dragonfl y naiads. There they sit, encysted and waiting, until a bullfrog eats the infected 
naiad or the metamorphosed adult, and the next generation begins.
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The short time frame involved seems to rule out gradual migration 
of the parasite and its hosts from San Jose to Guanacaste. This leaves an 
additional possibility: adult dragonfl ies are outstanding long- distance 
dispersers, so it is feasible that H. fl oedae was introduced to Guanacaste 
from San Jose by infected dragonfl ies. There are reports of dragonfl ies 
being infected with the cercariae of various species of Haematoloechus 
while they were naiads and still carrying infective parasites even after 
they metamorphosed into adults. In each case— Georgia, the southwest-
ern United States, San Jose, Guanacaste— H. fl oedae was able to survive 
by exploring local fi tness space through ecological fi tting and encoun-
tering essential elements of fi tness space: integrated aquatic ecology in-
cluding snails, dragonfl ies, and frogs whose diet regularly includes drag-
onfl y naiads.60

Studies of frog parasite communities gave us our fi rst view of just 
how comprehensive ecological fi tting in sloppy fi tness space could be.61 
One might think the community structure of digeneans infecting frogs 
living in such diverse environments as temperate deciduous forests in 
Bohemia and North Carolina, temperate grasslands in Nebraska, and 
wet and dry tropical forests in both Mexico and Costa Rica would be 
structured quite differently. Yet, each community encompasses a great 
diversity of digeneans that show the specifi c and conservative patterns 
of transmission dynamics and microhabitat preference common to all 
pathogens: members of the related genera Megalodiscus, Diplodiscus, 
and Catadiscus all live in the rectum of the frog host and pass through 
a snail host, and their cercariae encyst on the surface of crayfi sh and 
snails that are eaten by frogs; all members of Haematoloechus live in frog 
lungs and have the same snail- odonate naiad (and in some cases other 
aquatic insect larvae)— frog cycle as we described for H. fl oedae; mem-
bers of the related genera Gorgodera and Gorgoderina live in the urinary 
bladders of their frog hosts, use pelecypods (clams) as molluscan hosts, 
and may infect insect larvae or larval frogs, becoming adults either 
when the infected larval frog metamorphoses or when infected insect 
larvae or larval frogs are eaten by adult frogs; members of Halipegus live 
in the buccal- esophageal area (eustachian tubes, under the tongue, in 
the esophagus), utilize snails, and then encyst in arthropods that are 
eaten by the frogs; members of the Lecithodenriidae live in the small 
intestine or sometimes in the gall bladder and use snails and aquatic 
insects as hosts; members of Cephalogonimus live in the small intestine 
and use snails and tadpoles; and various other digeneans congregate in 
the small intestine, having gotten there by encysting in various aquatic 
invertebrates and anuran larvae and being eaten (in one group the cer-
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cariae actually encyst in the skin of the frog host, which infects itself 
when it eats its shedding skin).

There is— as expected— little evidence of cospeciation in the par-
ticular associations within and between these communities. There is, 
however, evidence of cophylogeny. That is, by far the majority of para-
site species, and by far the major abundances, in all these communi-
ties occur in frogs belonging to the family Ranidae. Viewed from an-
other perspective, in all cases there is a strong correlation between how 
much time the frog host spends in water and what diversity and abun-
dance of trematodes it hosts. There is also a strong correlation between 
parasite abundance and the foraging habits of the frogs: active and op-
portunistic foragers hosted a high diversity and abundance of parasites. 
And fi nally, there is a correlation between body size and parasites: in 
all communities, some frog species are smaller than the intermediate 
hosts carrying parasite larvae. All three variables— habitat preference, 
feeding behavior, and body size of the frog host— are specifi c and con-
servative traits of the frogs themselves. That is, they are all part of the 
nature of the organism of the frog hosts, as well as part of the nature 
of the conditions of the parasites, whose transmission dynamics are 
also specifi c and conservative. This accounts for the cophylogenetic as-
sociations in the absence of cospeciation. And additional studies from 
the temperate grasslands, marshlands, and forests of Argentina, as well 
as from the Pantanal of Brazil, show the same pattern, with one excep-
tion. There the largest, most aquatic, and most opportunistic predators 
are members of the family Leptodactylidae, not Ranidae.62

What do these communities of diverse parasites, living in diverse 
hosts in diverse habitats, have in common? The startling answer is that 
they are fundamentally the same, structured by specifi c and conser-
vative inherited features of the nature of the organism for hosts and 
parasites. These features are so powerful that community structure 
is largely independent of the nature of the conditions; the temperate 
forests and temperate grasslands of North or South America and the 
marshlands, tropical dry forests, and tropical wet forests of Central and 
South America all show the same pattern.

Summary

Scientists have spent more than 150 years trying to explain pathogens 
by referring to their hosts, because the socioeconomic importance 
of pathogens involves their impact on hosts. If we continue to study 

 EBSCOhost - printed on 2/13/2023 7:03 AM via . All use subject to https://www.ebsco.com/terms-of-use



B A C K  T O  T H E  F U T U R E

105

pathogens in that way, we will never learn why we face a daily barrage 
of news about pathogens moving into new hosts, including us and the 
species upon which we depend for our survival. More important, we 
will never know what we can do to mitigate their impact on us.

We must understand emerging disease from the perspective of the 
pathogen. This is because hosts are not inherited capacities of patho-
gens; they are part of the conditions of life for pathogens, and Darwin-
ism is based on the notion that the nature of the organism is the most 
important element of understanding evolution. Like all life, pathogens 
are oscillators, capable of both exploiting and exploring their sur-
roundings. Survival, however, means retaining the ability to explore 
even when there is nothing new to explore or no need to explore. The 
nature of the conditions always changes, but if you have no ability 
to explore the new world of those changes, to fi nd new viable fi tness 
space, you will eventually go extinct. The capacity to explore at any 
time— ecological fi tting— is a built- in part of the nature of the organ-
ism. This allows pathogens to respond to environmental perturbations 
via evolutionary diversifi cation.63 In a Darwinian world, organisms try 
to survive, and it is important to remember that pathogens are funda-
mentally concerned with surviving, not with attacking.

The Stockholm Paradigm thus resolves the parasite paradox and pro-
vides a novel framework for studying the evolution of pathogen- host 
systems from the pathogen’s perspective. Now we will begin to build 
on that to help us understand some implications of the emerging dis-
ease crisis.
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F I V E

Resolving the Parasite 
Paradox I: Taking 
Advantage of Opportunities

Not all those who wander are lost. —  J. R. R. Tolkien, L O R D  O F  T H E  R I N G S

When we examine pathogen evolution from the patho-
gen’s perspective, we focus on their capacities for exploit-
ing existing viable hosts, and for exploring fi tness space 
where previously unexposed susceptible hosts live. It is 
therefore not enough to enumerate the specifi c ways in 
which particular pathogens are coping with their immedi-
ate surroundings. We need to understand how they came 
to have those capacities, what capacities they have that 
we might not see at any given place and time, and what 
those capacities may allow them to do when faced with 
new opportunities.

When opportunities are limited, ecological fi tting in 
sloppy fi tness space leads to exploitation- biased evolu-
tion, in part because exploring the boundaries of fi tness 
space generally fails. When opportunities abound, by 
contrast, ecological fi tting in sloppy fi tness space leads to 
exploration- biased evolution, and exploring the bound-
aries of fi tness space is more often successful. The propor-
tion of realized fi tness space to fundamental fi tness space 
determines— in a relative sense— how generalized or spe-
cialized you are. And temporal trends determine whether 
a species is specializing (exploitation- biased) or generaliz-
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ing (exploration- biased) in fi tness space. In this view, the ability to gen-
eralize or specialize within fi tness space is a built- in feature of living 
systems, so any species can oscillate between generalizing and special-
izing themselves in fi tness space as their surroundings change, no mat-
ter how specialized their previous situations. The process of specializ-
ing refers to decreases in realized fi tness space, whereas the process of 
generalizing refers to increases in realized fi tness space. Each species, 
at any place and time, can be said to be relatively specialized or rela-
tively generalized in fi tness space, depending on our understanding of 
the full extent of fundamental fi tness space for the species in question. 
Consider a species whose fundamental fi tness space is known. Remem-
ber that fi tness space is fundamentally sloppy— that is, realized fi tness 
space is always a subset of fundamental fi tness space. If the species oc-
cupies more than half its fundamental fi tness space, we could say the 
species is relatively generalized in that fi tness space. If it occupies less 
than half of its fundamental fi tness space, we could likewise say it is 
relatively specialized. More important, if we know something about 
the species’ history, we could determine whether the species has be-
come (or is becoming) more specialized or generalized.

The Oscillation Hypothesis: Generalizing and 
Specializing and Back Again

The oscillation hypothesis postulates that species, as inheritance groups 
of organisms, should exhibit oscillating behavior that emerges from the 
collective oscillating tendencies of individual organisms.1 On relatively 
short time scales and small spatial scales, oscillations appear as local-
ized changes in host range associated with fl uctuations in environmen-
tal conditions. Large- scale evolutionary diversifi cation of pathogens in-
volves an initial phase in which host range increases as opportunities 
allow the pathogen to generalize itself in fi tness space, which in turn 
sets the stage for the emergence of new pathogen lineages, each special-
izing itself in fi tness space.

There are four ways to initiate host- range oscillations: (1) altering ex-
isting trophic structure so that previously inaccessible but susceptible 
hosts become apparent to the pathogen; (2) bringing new susceptible 
hosts that have never encountered the pathogen into the ecosystem; 
(3) expanding the pathogen into new geographic locations where suscep-
tible but previously unexposed hosts live; and (4) expanding pathogen 
capacity by the accumulation of evolutionary novelties through time. 
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None of these factors implies any particular relationship between host 
range changes and rates of diversifi cation. They provide opportunities 
to establish new associations through episodes of generalizing in fi tness 
space, which then set the stage for diversifi cation through subsequent 
specializing in fi tness space. The geographical and temporal extent and 
the biological magnitude of such oscillations depend on the circum-
stances causing increasing or decreasing connections in fi tness space.

The oscillation hypothesis is a convenient explanation for evolu-
tionary changes in host range that is logically consistent both within 
the Stockholm Paradigm and with empirical data. But is it likely to 
be the general pattern for changes in host range during evolution? The 
answer to this question involves a surprisingly complex and interlock-
ing set of issues that is best examined using the powerful tools of math-
ematical modeling.

The Complex Problem of Complex Systems

Complex systems are those in which the whole is greater than the sum 
of its parts. A collection of individual things thus becomes a complex 
system depending on the kinds of interactions the individuals exhibit. 
In order to fully understand the properties of a complex system, there-
fore, it is fundamental to understand how individual members of the 
system interact with each other based on relatively simple rules that 
nonetheless produce properties that could not be deduced by delineat-
ing only the behavior of each individual. We cannot predict the general 
behavior of city traffi c only by understanding how each person drives; 
we must take into account how multiple drivers, each following (more 
or less) the same general rules, interact with one another in a variety of 
situations. Generalities about a system as a whole that cannot be dis-
covered simply by knowing the interactions among elements of the sys-
tem are emergent properties. Host range oscillations of pathogen species 
are emergent properties that cannot be predicted from the oscillations 
of any individual pathogen. Disease associated with pathogens is an 
emergent property of associations between pathogens and their hosts 
and cannot be predicted from the properties of the pathogens alone. 
This strongly supports Filipchenko’s assertion that host- pathogen sys-
tems should be studied from the point of view of pathogens’ own ecol-
ogy, in the context of their interactions with their hosts;2 that is, host- 
pathogen associations should be studied as complex systems.
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Life is inherently complex. Cells associate with one another to form 
an individual; individuals interact to form a population; populations 
interact to form a community. Each level of complexity presents unique 
emergent properties because of the interaction of actors at the lower 
level—properties of populations emerge from the interaction of indi-
viduals, and populations interacting with each other produce emerging 
properties of the communities. Darwinism is based on two elements 
of complexity. The fi rst is that evolution itself is not a process per se, 
but rather an emergent property of the interaction between the nature 
of the organism and the nature of the conditions. The second is that 
the history of biological interactions is signifi cant in explaining their 
properties— how and where they emerged is important in understand-
ing what they are doing today. Indeed, it is possible that Darwinism 
was viewed with great skepticism because it was the fi rst theory of the 
behavior of complex systems, articulated more than a century before 
physicists and chemists “discovered” complexity.3

Much of our understanding of complex systems has come from net-
work analysis. The interactions among the elements of a system ana-
lyzed using network analysis can reveal properties of the system that 
could not have been predicted by understanding how one or a few ele-
ments of the system behave. If the system is complex, a relatively sim-
ple set of rules describing interactions among members of the system 
can produce many outcomes, such as multiple instances beginning at 
the same point but producing different outcomes.4

Network analysis of pathogen- host systems has provided two im-
portant insights relevant to the Stockholm Paradigm. First, networks 
connecting pathogens and hosts (sometimes called epidemiological 
networks) store great amounts of potential information in an easy- to- 
access structure, allowing great fl exibility in the face of changing con-
ditions. The second is that many pathogen- host associations fall into 
two general categories of complex behavior: those in which the patho-
gen becomes established with diffi culty in a given host but spreads rap-
idly among members of a host population once that occurs; and those 
in which the pathogen becomes established readily in a given host but 
spreads slowly once established. The Stockholm Paradigm suggests that 
these categories are not fi xed properties. Rather, the oscillatory capaci-
ties of pathogens allow any given species to behave in either manner, 
depending on the particular host species. Pathogens that easily infect 
and spread slowly in wild hosts may only rarely infect humans or live-
stock or crops, but when they do they may spread rapidly.
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Computer simulations offer another way to understand complex sys-
tems. The technique involves constructing biological systems that are 
allowed to evolve following simple but realistic rules. The idea is to eval-
uate whether those rules can generate predicted emergent properties. 
Perhaps the most comprehensive class of models is called agent based 
models (ABM) or individual- based models (IBM). In these models, indi-
vidual actors (automata) are simulated, using properties associated with 
them (e.g., reproduction, death, mobility, and behavior). These simu-
lated individuals can interact with each over many generations. The re-
sults often reveal the nature of complex properties observed in natural 
conditions. Subsequently, we can compare these properties with pat-
terns observed in nature and construct hypotheses about their corre-
sponding relationships, including insights about patterns and processes 
that are otherwise not expected by researchers.

ABMs developed to test predictions about some of the elements of 
the Stockholm Paradigm revealed exciting insights into pathogen- 
host associations.5 These models are based on the minimum number 
of assumptions required for realistic behavior, with pathogens mod-
eled individually while potential host populations are represented 
as single entities. They assume a simple pathogen- host relationship 
infl uenced by the relative fi tness of the pathogen with respect to the 
host. Each pathogen population is composed of individuals with the 
potential to mutate and reproduce, with offspring migrating to other 
hosts in the surroundings. The survival of each individual phenotype 
of the pathogen produced during the simulations depends on a sur-
vival curve defi ned for each host species (fi g. 5.1). Thus, all pathogen 
automata are assigned specifi c rates of mutation, reproduction, and 
emigration (attempts to colonize new host species). The hosts are mod-
eled as the value of the pathogen phenotype that presents 100 percent 
survival on that specifi c host species (the mean value of survival) and 
as the survival curve for the pathogen phenotypes that have more 
than 0 percent survival on the same host species, distributed normally 
around the mean. The normal curve used during the simulations 
represents, in many ways, the fi t between the pathogen phenotypes 
and the host species. The host population is modeled as an invari-
able resource, so the curve is basically a function of the survival of 
the distinct pathogen phenotypes in that modeled host species. Each 
phenotype summarizes the collection of factors that infl uence the es-
tablishment and maintenance of the pathogen- host system (i.e., the 
relative status of the defense mechanisms of the host species, the abil-
ity of the pathogen to be transmitted in that host, the host resources 
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required by the pathogen, and the virulence and pathogenicity of the 
pathogen).

More than one pathogen variant may present the same relative com-
patibility within the host population. A simplifi ed example is the rela-
tive fi tness of hypothetical pathogens that have, within their popula-
tion, individuals that express two phenotypes. One phenotype may 
have enhanced ability to evade the host’s immune response but low 
reproductive potential, while a second may be not as effi cient in escap-
ing the host’s response but has a high reproductive potential. Fitness is 
not dependent on a single feature or gene but represents an integration 
of many phenotypic features of each pathogen. For simplicity, pheno-
types with similar fi tness in a host species are called variants.

Pathogen populations in the simulations evolve via selection by the 
host being exploited while encountering other host species. The com-
patibility curves of host species represent the pathogen’s fundamental 
fi tness space, and the portion of fundamental fi tness space occupied by 
the pathogen is its realized fi tness space. The fundamental fi tness space 
of a certain pathogen is expected to be larger than the realized fi tness 
space (fi tness space is expected to be sloppy) because opportunity is 
never maximal— that is, not all host species that make up the funda-
mental fi tness space can be reached or are available to the pathogen at 
any given time (fi g. 5.2).

pi hsr ovi vr us negoht aP

Pathogen “phenotypes”

100%

0.5%
0.0005%

70%

100%70% 70%0.5% 0.5%0.0005% 0.0005%

F I G U R E  5 .1  Assumptions of the mathematical models. The compatibility curve of the 
graphic defi nes the survivorship and fi tness of each parasite phenotype on a specifi c host 
species during simulations. Both hosts and pathogens are modeled as a unidimensional value. 
The host species is represented as an unchanged resource in which the pathogen may achieve 
maximum survivorship, so the distance between the pathogen phenotype and the host 
“optimum” determines the survivorship of the pathogen phenotype.
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Models, Theory, and Reality

The fi rst simulations explored how ecological fi tting allowed pathogens 
to incorporate new host species into the spectrum of resources used by 
the pathogen.6 Opportunities to colonize a new host involved offer-
ing hosts randomly in every generation (fi g. 5.3). If the pathogen es-
tablished a new population associated with the new host, the pathogen 
population associated with the original host was no longer “followed” 
by the program— the data generated by the original population were 
no longer recorded.

The second simulations tested the oscillation hypothesis:7 namely, 
whether the temporal fl uctuation between specializing and generaliz-
ing pathogen lineages could represent an emergent property derived 
from the interaction between pathogens and hosts owing to varia-
tions in the opportunity to alter host range by ecological fi tting. This 
model operates in opportunity space comprising a fi xed community of 
host species, representing distinct resources, that are equally distrib-
uted in the resource space. Limits to fertility were arbitrarily defi ned; 
pathogens could not reproduce among themselves when their virtual 

(a function of capacity)
Sloppy fitness space = Fundamental FS

Available Fitness Space
(a matter of the opportunity)

Operational space = Realized FS
(Opportunity + capacity)

Ov2

Ov1

F I G U R E  5 . 2  Graphic representation of sloppy fi tness space for a species of pathogen (circles 
within the large circle), including potential (circles outlined in gray), available (circles outlined 
in black), and actual host species (partially or completely gray- fi lled circles).
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genomes differed by more than 20 percent. Thus, the simulations al-
lowed speciation associated with the dynamics of host range changes.

Jumping Hosts Is Easy Even When Capacity Varies

Both models supported the predictions of the Stockholm Paradigm and 
uncovered some striking similarities with the results of empirical stud-
ies. They showed that new host species can be added easily through 
ecological fi tting; no new mutations are required. The successful es-
tablishment of new associations depends solely on the survival of the 
pathogen variants in the original host that emigrated to the new host. 
Following successful colonization, sexual reproduction and mutations 
generated new variants, as would be expected. This allowed the patho-
gen population to persist and become modifi ed in the recently colo-
nized fi tness space according to the selective pressure imposed by each 
new host. Colonizing a new host thus did not require evolutionary in-
novations but simply set the stage for them to emerge after the new 
host was colonized, as anticipated by the Stockholm Paradigm.

In general, the more diverse the phenotypic variation of the patho-
gen species, the greater its capacity to successfully incorporate new host 
species into its realized fi tness space (fi g. 5.3). However, as expected for 
a complex system, the relationship between variability and the capac-
ity to successfully change hosts is not linear. Even when pathogen phe-
notypic variability is null (i.e., the pathogen population is represented 
by a single variant), new hosts were successfully colonized more often 
than expected. This is an unanticipated outcome of the model that has 
some important consequences for understanding the emergence of in-
fectious diseases.

In a complementary manner, continuous increase in the variability 
of the pathogen population does not necessarily result in correspond-
ing continuous ability to colonize additional hosts; there is a limit 
(fi g. 5.3). Capacity determines the ability of the pathogen to ecologi-
cally fi t to new host species, and it also increases with time owing to 
the incorporation of evolutionary novelties and recombination. The 
modeled accumulation of variability in the pathogen was intended 
to simulate the accumulation of evolutionary novelties in real species 
through time. These novelties are usually termed spontaneous muta-
tions because they are neither caused by, nor arise in response to, envi-
ronmental changes (in this case, novel hosts).

Increasing variability expands as a larger spectrum of new potential 
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host species becomes available, also making the pathogen fi tness space 
sloppier. There are gaps too large for pathogens to cross at a given point 
of time, in a single event or multiple episodes of host range expansion. 
That actual host range expansions will lag behind potential host range 
expansions gives us some comfort when thinking about emerging dis-
ease because it suggests that pathogen host ranges are not limited solely 
by opportunity— that is, pathogens are not inherently capable of in-
fecting every host on the planet.

Successful host range expansion is easily achieved in many cases be-
cause it is not dependent on specifi c pre- evolved mutations. This re-
fl ects what our phylogenetic studies show has happened in the past, 
what we experience today, and what we believe we will continue to 
see for the foreseeable future. Given any opportunity, pathogens trade 
up to new hosts more easily than is convenient for our current health 
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F I G U R E  5 . 3  Example of one simulation (large graphic) and the synthesis of many similar 
simulations (insert) of the mathematical model. In the large graphic, the vertical axis 
denotes the value of the phenotype for the host species (gray dots and lines) and for the 
pathogen (black dots), and the horizontal axis the number of generations of the pathogen. 
The pathogen occupies a single host species but at every generation is offered different host 
species (gray dots), which it may or may not colonize. A colonized host is represented by a 
gray line, and the black dots associated with it represent the phenotypic composition of the 
pathogen population. The insert shows how the success in the colonization of new host (color 
coded) changes with different levels of pathogen variability (horizontal axis) according to the 
distance between the pathogen population and the new host species (vertical axis). Redrawn 
and modifi ed from Araujo et al. (2015).
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services. Emerging disease owing to pathogens colonizing us, such as 
the well- publicized agents of SARS, HIV- AIDS, Ebola hemorrhagic fe-
ver, Zika fever, Lyme disease, and mad cow disease, as well as others 
that are not so well- known, such as the agents of Hendra virus disease, 
Q  fever, Marburg hemorrhagic fever, monkeypox, and herpes B virus 
can no longer be considered rare events unlikely to be repeated. In fact, 
they are likely only the tip of the iceberg.

The models suggest that pathogens continuously explore potential 
fi tness space as much as possible. This includes the surprising insight 
that pathogens that colonize suboptimal hosts may nonetheless persist 
indefi nitely. And those associations are likely to be associated with disease 
as a result of the poor fi t between the pathogen and host. This leads us to 
reassess the signifi cance of what has been reported as “accidental infec-
tions” or “accidental hosts” in pathogen inventories and then ignored. 
We, and the plants and animals upon which we depend, are exposed 
to continuous attempts of colonization by pathogens that may present 
a potential for the emergence of signifi cantly dangerous diseases. For 
instance, how many times have you, or some member of your family, 
been informed, “You have a viral infection,” without being told exactly 
which virus is the culprit? The ease of surviving in a new host species 
supported by the model simulations suggests to us that many of those 
indeterminate viral infections may represent attempts at colonization 
by new (and sometimes recolonization by old) pathogen species. Many 
of these attempts do not become successfully established thanks to an 
inherent incompatibility of the particular genetic variant of the viral 
species. In other cases, medical intervention offers them no opportu-
nity to spread in the new host population. Regardless, pathogens probe 
host fi tness space relentlessly, and when they encounter viable por-
tions, they readily take up residence.

Demographics and Variation during Colonization

Every time a pathogen adds new host species to its repertoire (known 
by some as “spillover”), the new pathogen population exhibits signifi -
cantly reduced variability when compared to the original population 
(compare fi gs. 5.2 and 5.4b and d). The reduction in variability of the 
newly established population is caused by genetic bottlenecks known 
as the “founder effect.” This phenomenon is well- known in population 
biology as an important agent facilitating rapid change. A numerically 
and genetically limited population of colonizers will be responsible for 
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the growth and differentiation of the new population associated with 
the host species. The reduced variability of the colonizing pathogen 
population under these circumstances likely represents biased sam-
pling of the original pathogen population either by chance (i.e., only 
a few variants have the opportunity to reach the new host species) or 
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F I G U R E  5 . 4  Selection and demography during the incorporation of new host. Population 
demography (histogram of frequency distribution of phenotypes) is represented on the 
putative compatibility curves for the three hosts represented in the fi gure. From the top down: 
(A) An attempt by pathogen population (a) in host 1 to colonize host 2 was unsuccessful, 
resulting in the death of the pathogens on that host. (B) The pathogen population (a) on 
host 1 was successful in colonizing a distant host species (host 3), and the resulting new 
population (b) has limited variability owing to the founder’s effect. (C) Colonization of new 
host species (hosts 2 and 3) by (a), with continuous genetic exchange between pathogen 
populations on the three hosts, results in the accommodation of the frequency of phenotypes 
(or genotypes) of the pathogen population to each respective host species (c and d); the 
white bar in (c) represents the frequency of phenotypes of the new population that tend to 
accommodate to the new resource with time (d). Variants from the old pathogen populations 
are continuously exchanged among distinct host populations, reducing the depth of the 
“valleys” between frequency distributions (d), and, hence, diversifi cation into distinct species 
is hindered. (D) Successful colonization of a new host species (host 2) associated with a 
reduction in variability by the founder’s effect (e); however, this approximates the phenotypic 
variability of the pathogen to the compatibility curve of a third host species (host 3), which 
host can be incorporated into the pathogen host’s range (f). (E) Same as C but without 
continuous genetic exchange between populations established on different host species; 
accommodation of the new populations depends on accumulated evolutionary novelties 
(e.g., by mutation). Accommodation increases the capacity of the population in host 2, which 
facilitates dispersion into host 3. The valleys between the frequency distribution of pathogen 
populations are well marked owing to selection at the margin of each respective host.
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through immediate negative selection effects on the variants that ar-
rive in the new host species (such that only some variants survive).

This process is well- known for several virus species during transition 
to a novel host species.8 For instance, the genetic diversity of the SARS- 
CoV virus is considerably larger in bats (its putative original host) than 
in humans (a recipient host). The same is true for the Zika virus: the ge-
netic variability of the virus collected from African localities includes 
the variability observed for Asian and South American populations.

Low Variability, High Risk

The initial reduction in variability associated with a founder effect 
event during the establishment of the new populations of pathogens 
may represent potential and unforeseen problems to the health com-
munity. The elements that compose the relative fi t between pathogen 
variants and the host species are derived from phenotypes that make 
it possible for the pathogen population to become fully established in 
the new host. Within the parameters included in the defi nition of “fi t” 
in the model is the value of R0 of the pathogen, signifying the average 
number of secondary infections arising from one infected individual 
in a completely susceptible population. This widely used measure in 
epidemiology qualifi es the transmissibility of a given species of patho-
gen in the host population. When R0 is equal to or greater than 1, the 
pathogen can be transmitted successfully within the new host popu-
lation and colonization is achieved; with R0 < 0, the colonization is 
unsuccessful. The model suggests that if any fi t exists, the variants of a 
specifi c pathogen can rapidly colonize the new host. The founder effect 
favors those pathogen phenotypes from the original host that are best 
able to cope with the new host or resource (fi gs. 5.3 and 5.4). Whenever 
opportunity presents itself, those few pathogen variants can rapidly 
colonize the new host population, which, for the pathogen, will appear 
as small variations of the original resource. Transmission is fast and 
effective within the new host population. This means that the more 
random and unanticipated the host colonization, the more likely it is 
we will experience an emergence. This is how the same pathogen can 
commonly infect some hosts and spread slowly within their popula-
tions, and rarely infect other hosts but spread rapidly within their pop-
ulations when successful infections do occur.

Epidemiological data about the development of disease syndromes 
for many species of EIDs support the pattern suggested by the model. 
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Abundant examples in the literature include reports of rapid spread of 
infectious pathogens including Ebola virus (EBOV; fi g. 5.5), SARS- CoV, 
and infl uenza viruses in humans, and Q fever virus in goats and cattle. 
Agents of many EIDs, such as Hendra viruses, herpes B, and Q fever in 
humans appear to have limited ability to colonize populations of new 
hosts and effectively cause epidemics. This class of pathogen may pro-
duce disease in the population of the new host species, but with lim-
ited transmission. The model recognizes these events among the many 
unsuccessful colonization attempts (fi g. 5.3, insert). While they could 
conceivably cause extensive epidemics, they do not represent a produc-
tive means of incorporating new host species and establishing a new 
pathogen- host association. Nonetheless, they always pose a threat of 
occasional recurrence with unpleasant effects.

Danger at the Margins: Edge Effects and Disease

Variants located in the tails of the distribution of compatibility (fi t) of 
the pathogen- host association in the model are marginal variants (see 
fi g. 5.1). Despite being a poor fi t to the host, these variants are valuable 
members of the pathogen population in several situations, including 
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F I G U R E  5 . 5  Exponential growth of cases of Ebola. Limited genetic variability of the EBOV 
in the novel human host does not minimize the impact of the virus on the human population. 
On the contrary, variants that are effective in causing disease and spreading among humans 
may have been preselected in a similar host species. Despite the low variability of the virus 
lineages, spread of the disease is extremely rapid, and the illness is overwhelmingly fatal. 
Source: Centers for Disease Control and Prevention (CDC), https:// www .cdc .gov/ vhf/ ebola/ 
outbreaks/ 2014 -    west -    africa/ case -    counts .html.
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those involving host range expansion in changing environments. The 
poorly fi t portion of the original pathogen population, independent of 
the variability of the original population, represents the variants that 
hold the greatest ability to colonize the most distant host resources. 
While these variants may have low fi tness in the original host associa-
tion, they can be highly fi t in another host species (fi g. 5.3).

We need special focus on these marginal pathogen variants that are 
attempting to colonize the tails of the compatibility/fi tness curve of 
new hosts (fi g. 5.1) and thus have a poor fi t with the new association. 
The colonizing variant may be in this marginal position because of 
characteristics directly associated with the pathogen (e.g., poor trans-
missibility) or with the host (e.g., effi cient immune response to the 
pathogen). It is in this region of the fi tness curve that we expect to 
see high pathogenicity and virulence. This scenario is especially sig-
nifi cant for transient associations but may apply to associations that 
persist for long periods of time.

Before proceeding, we need to introduce two terms. Pathogenicity is 
the potential of the pathogen to cause disease in a single host specimen, 
while virulence is the actual measure of how much damage a pathogen 
causes to the host. Virulence is strongly correlated with the capacity of 
the pathogen to multiply within the host (either in one part of the host 
or throughout the host). From an evolutionary perspective, pathogenic-
ity and virulence indicate that a pathogen is exploring the limits of its 
fi tness space, not that it has mutated into an enemy attacking a new 
host. And the interaction of each phenomenon may produce different 
outcomes. Pathogenicity may be low, but if virulence is high, the dam-
age caused in the host is magnifi ed and leads to disease. Contrariwise, 
an association of low pathogenicity and low virulence may not even 
result in disease. Variants that, in association with certain hosts, are 
linked with pronounced virulence and pathogenicity are usually dis-
tant from the optimum fi t of the association, partly because they are 
more likely to cause disease and eventually the removal (death) of their 
own individual hosts from the host population. High pathogenicity 
and virulence are partially responsible for the failure of several long- 
distance spillovers in the model (i.e. the upper dark area in the insert 
of fi g. 5.3).

The most serious implication of our modeling is that colonization 
of the tails of the compatibility curve may be common when distant 
hosts are colonized. These regions of the curve of the new host species 
will overlap the fi tness curve of the donor (original) host. The mar-
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gins or edges of the fi tness curve, however, may harbor pathogen vari-
ants that originate from more distant potential host species (fi g. 5.3). 
This outcome of the simulations suggests that new host colonizations, 
when they are successful, may have a greater possibility of causing dev-
astating epidemics. Thus, marginal (rare) variants must be sought in 
epidemiological searches for reservoir hosts, especially after the emer-
gence of disease, as is now being done— belatedly— for the Ebola virus. 
Potential reservoirs may be host species distantly related to the newly 
acquired host, especially in the case of highly pathogenic and virulent 
epidemics. For instance, while the virus that causes eastern equine en-
cephalitis appears to produce no obvious damage in its original host 
group, birds, it has devastating consequences in horses; these host 
groups are separated by 312 million years of evolution.

Darwin recognized the evolutionary signifi cance of organisms’ hav-
ing the ability to survive under less than ideal circumstances. Pathogen 
populations may survive for long periods in association with a host spe-
cies for which the variants that compose its population are only mar-
ginally fi t (fi g. 5.3). These phenotypic variants may— but need not— be 
highly pathogenic but exhibit low virulence. This explains two addi-
tional outcomes of the model, also supported by empirical examples. 
First, the variability of a pathogen is not limited to those variants 
that present the highest fi t to the host species, allowing variability to 
increase far from the optimum fi t value through the acquisition of nov-
elties and recombination. Together with the importance of the edge 
of distribution for the arrival of the pathogen, these marginal variants 
also possess a greater potential to explore other available host species.

New pathogen populations can colonize a host for which they show 
low fi t and can remain in the tails of the fi tness distribution for a rela-
tively long time (multiple generations) (fi g. 5.3). The model does not re-
quire a high degree of fi t between pathogen and host species. Confl icts 
between hosts and pathogens need not be readily resolved— increasing 
mutual fi t between pathogen and host is not required for the mainte-
nance of the association so long as both survive. That is, an association 
may persist indefi nitely in a suboptimal portion of the compatibility 
curve. This was anticipated more than 30 years ago when the British sci-
entists Roy Anderson and Robert May presented modeling results show-
ing that we could not necessarily expect selection to favor decreasing 
pathogen virulence.9
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Demographic and Variability Changes Following 
Colonization of New Hosts

Differentiation is greatly dependent on the level of genetic sharing be-
tween the original and newly formed populations. Given time and an 
accumulation of evolutionary novelties, therefore, a pathogen popu-
lation established in a new host may (fi g. 5.4e) or may not (fi g. 5.4c) 
differentiate from the original population (fi g.  5.4a). Pathogen popu-
lations may also increase their capacity to colonize new hosts. Each 
colonization of a new host by ecological fi tting results in a pathogen 
composed of a subset of the original population; the immediate result 
is a change in the frequency of preexisting variants (fi g.  5.4). Differ-
ences in available variants, infl uenced by the founder effect as well by 
selective pressure provided by the new host, can shift the frequency of 
variants in the new host rapidly. In the absence of strong genetic fl ow 
with the original population, this process promotes differentiation of 
the new pathogen population. Subsequent expansion of the new fi tness 
space and further differentiation of the new population depends less 
on the fortuitous emergence of evolutionary novelties than on the level 
of genetic exchange between the two populations.

Predictions derived from the model provide a framework for ex-
plaining why the common assumption that mutation precedes host 
range changes is incorrect. If marginally fi t pathogens occur in low 
frequencies in the original host, characterizing its population by stan-
dard sampling procedures— which aim to identify the most common 
variants— may miss those low- frequency variants and produce an in-
complete picture of the pathogen’s total variation (and thus its potential 
for colonizing new hosts). Correspondingly, if these  marginal pheno-
types represent the portion of the original pathogen population that 
can colonize a new host species, their frequency will likely be higher in 
the new host and easily detectable by sampling. When the original and 
the new host species are distant, only a few marginal variants of the 
pathogen associated with the original host species can successfully col-
onize the new host. In such cases, inadequate sampling of the original 
population could lead to the belief that newly evolved genetic variation 
was required in order for a successful host colonization to occur.

These results have special meaning for the control of pathogens, es-
pecially when their hosts are introduced to a new area. These pathogen 
populations can present low numbers of individuals of one or a few 
variants. They are diffi cult to detect in limited or occasional random 
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sampling protocols performed by health inspectors, so they may pass 
undetected through checkpoints. While these marginal pathogens are 
more diffi cult to detect, they are likely to be more successful coloniz-
ers and potentially more capable of causing disease in new host spe-
cies. Introduced host species bearing poorly fi t pathogen populations 
may act as Trojan horses for local hosts. The implied threat ranges from 
asymptomatic international travelers and tourists, to introduced crops 
and livestock, to imported food, lumber, and fl owers.

Propagule Pressure

Continuous colonization from the original population greatly facilitates 
increased variability of a pathogen population in a new host (fi g. 5.4c). 
Termed propagule pressure, this process is well- known for invasive non-
pathogen species, but the principle holds for pathogens as well. Mul-
tiple or continuous arrivals of propagules in a new ecosystem set the 
stage for introducing new variants. Ecological fi tting gives the intro-
duced species the ability to gain a foothold in a new place. This results 
in rapid increase in the variability of an invasive species, maximizing 
the capacity of the species to handle aspects of the new conditions that 
differ from those in its area of origin.

The capacities of an organism are inherited, and the rules of in-
heritance operate independently from the availability of fi tness space. 
Therefore, more organisms are produced than can survive, and some 
of those that do survive wind up in less than ideal conditions. That 
host changes so often result in disease indicates that pathogens often 
end up in what are, at least initially, less than ideal living conditions. 
These results, with their unsettling implications for emerging disease, 
represent a reaffi rmation of the Darwinian importance of survival of 
the adequate.

The scenarios provided by the computer simulations are compat-
ible with epidemiological outcomes in the real world. They point to the 
possibility of distinct dynamics of host colonization that are funda-
mental for efforts of prevention, mitigation, and epidemiological con-
trol. If opportunity exists, EIDs may originate through one or a combi-
nation of three classes of host colonization dynamics.

In the fi rst scenario, continuous colonization by a single pathogen 
variant allows the pathogen to be sustained by recurring colonization 
because transmission from the new host is impossible, infrequent, or 
greatly limited (fi g. 5.4i). The pathogen is found in the host only be-
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cause it is continuously introduced from the original host; the patho-
gen is not capable of transmitting itself from the new host suffi ciently 
to persist on its own. A well- known group of pathogens that exhibit 
this scenario are the hantaviruses. The hantaviruses to which people 
are most often exposed generally infect rodents (the role of other small 
mammalian hosts such as moles, shrews, or bats in zoonotic transmis-
sion remains to be clearly determined). Rodents shed the virus particles 
through their body fl uids, and humans may become infected through 
airborne transmission. Particular hantaviruses cause diseases such as 
hantavirus pulmonary syndrome (HPS) and hemorrhagic fever with 
renal syndrome (HFRS). Hantaviruses never need to become fully fi t 
to humans in order to be potent pathogens— expansion of the virus’s 
variability is unlikely to occur in human hosts. Among the consider-
able assemblage of hantaviruses, human- to- human transmission has 
been recognized only in the Andean virus, from Argentina. In cases of 
HPS and HFRS, there is no transmission among this everlastingly novel 
host, and hence no pathogen population of these hantaviruses is ever 
continuously associated with humans, which for the most part repre-
sent a dead end for these pathogens.

The second scenario includes colonization resulting from one or 
only a few exposures that nonetheless produce new pathogen popula-
tions composed of variants capable of persisting in the new host species 
(fi gs. 5.4b, d, and e). Because of limited contact or low propagule pres-
sure, the expected variability of the new population is initially reduced 
thanks to limited reproductive isolation from the original. The lack of 
continuous genetic exchange from the original population facilitates 
differentiation of each sister population from the original one; while 
this may occur simply as a change in the variability and frequency of 
phenotypes (or genotypes) (Figs. 5.4b and d), it may also occur through 
the accommodation of variability under the selective pressure of the 
new host resource, leading to the emergence of new variants by recom-
bination and mutation (fi g. 5.4e).

The third scenario (fi g. 5.4c) involves multiple colonization attempts 
that increase the probability of establishing a new population of patho-
gens by expanding the number of distinct variants colonizing a new 
host species. Intense and continuous propagule pressure may result in 
few successful colonization events followed by rapid expansion of the 
new population of pathogen, especially if contribution from the origi-
nal population continues ( a → c, c → d). Transmission among the new 
host species is possible, directly or via a vector, but the contribution 
from reservoir species is continuous and infl uences the variability of 
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the pathogen population in the new host population. This dynamic re-
duces diversifi cation (formation of independent species) despite a large 
host range. The rabies virus likely provides an excellent example of this 
scenario. Colonization of new hosts by RABV genotype I (the rabies vi-
rus) has been, and continues to be, common among bats— the original 
host group of RABV— and carnivores. Despite that, only two host colo-
nization events have generated independently sustainable lineages of 
rabies virus circulating among North American carnivores.10

Directionality in Host Colonization

Flexible host colonization and continuing exploration of available fi t-
ness space leads inevitably to the conclusion that any change in host 
range need not be a one- way process. If host colonization occurs from 
host A to host B, the new population of the pathogen in B is still able 
to live in A. Because A is the original host species, there is no reason to 
think that colonization of pathogens from B to A cannot occur. Some 
term the colonization from A to B spillover and that from B to A spill-
back, but it is important to realize that they are both manifestations of 
the same phenomenon.

The introduction of the Zika virus (ZIKV) in new regions and hu-
man populations throughout the world is an impressive recent ex-
ample. ZIKV colonized humans from African primates in the 1950s, 
although the virus had been known since the 1940s from a rhesus 
monkey that had been used as virus bait at a microbiological research 
station in Uganda’s Zika Forest. In 1966 the virus was fi rst found in 
the Aedes aegypti mosquito in Asia (Malaysia), and in 1977– 78 the fi rst 
report of human infections in Asia came from Indonesia. In 2015 the 
virus was detected in South America.11 Whatever host— Aedes mosqui-
toes, humans, or any other species— was involved in the introductions 
of the virus, once the pathogen was introduced into a new geographic 
area it always seemed to fi nd compatible vertebrate hosts and some-
times new insect vectors. In Asia horses, cows, carabao (water buf-
faloes), goats, ducks, bats, and mice have shown evidence of hosting 
ZIKV. In South America the virus has been detected in native monkeys 
and even in a different species of vector, mosquitoes of the genus Culex. 
This reveals that, given the opportunity, ZIKV has an enormous capac-
ity to colonize hosts. While the involvement of many of these species 
in the circulation of the virus is yet uncertain, we cannot ignore the 
possibility that many of these cases are the result of colonization from 
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humans— the B-to- A scenario suggested above. Host colonization in 
both directions is probably common in the evolution of host- pathogen 
associations and represents an additional risk factor for human, veteri-
nary, and crop health.

Stepping- Stones

Host resource space emerges from the intersection of pathogen capac-
ity and opportunity based on geographic distribution and ecology. And 
it is discontinuous, or patchy. In the short term, these discontinuities 
limit colonization of host species within a given biota. The expansion 
of fundamental fi tness space seems limited. The modeling shows that 
pathogens, however, have ways of reaching host species that seem inac-
cessible. As pathogen populations increase their variability within the 
available fi tness space represented by the host species they exploit, they 
accumulate evolutionary novelties. This leads to increased capacity; 
new hosts become accessible and can be incorporated into the patho-
gen host range (as illustrated in fi g. 5.3 and fi g. 5.4e). Thus, incorpo-
rating more hosts into the pathogen population increases both funda-
mental and realized fi tness space.

As expected, it is easiest to add a new host if it is very similar to 
the original one (fi g. 5.3). A pathogen, however, can reach host species 
that are very dissimilar to the original host by sequentially colonizing 
hosts whose fi tness spaces overlap (fi g. 5.4e). This is known as stepping- 
stone host- switching.12 This process expands the reach of host coloniza-
tion demonstrated in the simulations (fi g.  5.2), allowing a pathogen 
even tually to colonize resources that are quite distant from the origi-
nal host.

Stepping- stone host- switching explains the host distribution of 
species of the monogenean genus Gyrodactylus, ectoparasites of fi shes 
throughout the world. Gyrodactylus species from Eurasia provided 
evidence for step- by- step host colonization that allowed a lineage of 
pathogens originally from Cypriniformes (carp and its relatives) to 
colonize phylogenetically distant fi sh groups such as Salmoniformes 
(salmon and trout), Esociformes (pike), Gasterosteiformes (stickleback), 
and Perciformes (perch) (fi g. 5.6). From their original host stock, host 
range expansion to distantly related hosts apparently occurred multi-
ple times, and in many instances, sequentially— from carp to salmoni-
forms, from salmoniforms to esociforms, from these to perciforms, and 
thence to sticklebacks. The example also suggests many instances of 
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recolonization of ancestral host groups, with parasites of salmoniforms 
at least twice colonizing the ancestral host group, the cypriniforms.13

Once again we are faced with a plethora of terms for different out-
comes of the same phenomenon. In the medical literature, stepping- 
stone host colonization is mediated by what is called an amplifi er host. 
This term is not limited to stepping- stone colonization, however. Am-
plifi er hosts represent various ways to expand the exploratory reach of 
the pathogen. They also act as what has been variously termed samplers, 
selectors, and ecological bridges (most commonly called paratenic hosts 
by parasitologists) between original and colonized hosts. These are all 
manifestations of the complex ways in which pathogens explore their 
surroundings, sometimes encountering viable fi tness space (hosts) that 
could not have been predicted based on simple coevolutionary models.

Let’s return to the hypothetical example of an insect colonizing a 
primate (fi g. 5.7). Humans live mainly in cities and usually do not feed 
on a variety of insects. Our primate, however, lives in the forests and 
occasionally eats insects, by accident or intent. This allows insect vi-
ruses to explore the resource represented by the primate species. In the 
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F I G U R E  5 . 6  Phylogeny of species of ectoparasitic Platyhelminthes (on the left) and that 
of their host groups (on the right). The order of the host is optimized onto the parasite 
phylogeny (gray shades, corresponding to shades on the rectangles of fi sh orders, on the left 
phylogeny); diversifi cation in association with a single host group is represented by black lines, 
and changes in host associations are represented by arrows among the boxes representing 
each host order. Species of Gyrodactylus diversifi ed within distinct fi sh orders and expansion 
of host range followed by diversifi cation is common. There are clear cases of recurrence, when 
the parasite lineage retrocolonizes an ancestral host group.
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insect, the original host species, the pathogen population evolved to 
accommodate the frequency of variants to the compatibility curve of 
the insect. Because the distance between insect and apes as resources is 
likely large, the insights from the models predict that only a few low- 
frequency variants of the insect virus may successfully colonize the ape 
species— hence the limited variability of this pathogen in the ape. Con-
tinuous ingestion of insects by primates is also continuous sampling 
of the primate by the pathogen living in the insect. This increases 
the chances that the primate will become exposed to marginal virus 
variants that can use primates as a resource. The process is a form of 
natural selection, because only the capable variants can survive and re-
produce in primates. These specifi c variants may occur at very low fre-
quency in the original population, but once they arrive in the primate, 
they may spread rapidly. Hunters entering the forest in search of bush 
meat may bring primates into a human settlement unaware that the 
meat contains large concentrations of the new viral variant. Coloniza-
tion of a new host at this point is a far simpler matter, because humans 
are primates, a good indication that they represent similar resources for 
those pathogen variants that were sampled, selected, and amplifi ed by 
primates in the natural environment. Apes, in this example, are sam-
plers (they provide opportunity for new viruses to explore themselves 
as resource) as well as selectors (they impose selective pressure simi-
lar to humans on the variants of the virus population, selecting those 
variants that are likely more prone to colonize humans), and they are 
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F I G U R E  5 . 7.  A putative example of how an “amplifi er” host may serve also as a sampler, 
selector, and paratenic host species. In this example, compatibility curves for three host 
species are presented (curves with different gray shades), with the frequency of phenotypes 
(genotypes) for the pathogen on each host species. Only marginal variants of the pathogen 
residing in the insect are capable of colonizing the tail of the primates’ compatibility curve 
(hence the high frequency/low variability in the primate represented by the dark- gray bars). 
The “new” pathogen population “sampled and selected” by the apes will fi nd humans a 
similar resource that is susceptible to infection. In this example apes, if hunted by humans, 
are transport (paratenic) hosts to humans.
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also amplifi ers (they provide conditions for those selected variants to 
multiply among its host population, maximizing transmission to hu-
mans). Furthermore, they are paratenic hosts, acting as an ecological 
bridge that provides opportunity for host colonization that would oth-
erwise be limited.

Does this story sound like science fi ction? This is how we would use 
the results of the models to generate a hypothesis for the known dy-
namics of infection of EBOV in Africa. The reservoir of EBOV has been 
fundamentally unknown. The only evidence available points to fruit 
and insectivorous bats, but only fragments of the virus’s DNA have been 
detected in these animals. The use of insects as the hypothetical reser-
voir of the virus in our example above was not arbitrary. Insects feed 
on primates and primates feed on insects, so insects are not an unlikely 
distantly related resource relative to primates.14 Also, fi lovirus- like par-
ticles have been identifi ed in some insect species, such as grasshoppers, 
a common food source in places where humans regularly eat insects. 
Perhaps, in order to identify the reservoir (or reservoirs) of EBOV in the 
endemic areas, we should undertake extensive sampling of all species 
that coinhabit the forests surrounding the areas in which epidemics 
have occurred in the past. Previous sampling efforts have been cursory, 
examining a limited number of readily available vertebrates. Without a 
doubt, the virus still exists in the places where outbreaks have occurred 
before. It may not be an agent of the EID in humans in any given place, 
owing to the extensive mortality it causes in native primates (or other 
hunted species), the necessary link to humans. In such cases, the am-
plifi er (sampler, selector, paratenic) host may no longer be abundant or 
even present. If this scenario explains EBOV, we may have the ironic 
situation in which the virus may be transmitted to humans when in-
fected animals are butchered for bush meat, while at the same time the 
reduction in game species due to bush- meat hunting might ultimately 
reduce exposure to EBOV. To further complicate this scenario, farmed 
animals may also act as amplifi er host species. In fact, the recent sug-
gestion that pigs might be involved in the June 2017 Ebola outbreak in 
the Democratic Republic of Congo indicates that we should heed the 
next example, the story of infl uenza A.15

Infl uenza: From Chickens to Pigs to Us

Phylogenetic studies from the late 1980s supported the earlier hypoth-
esis that the infl uenza A virus originated in birds. Subsequently, swine 
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acquired the virus, which differentiated into a swine form. Human in-
fl uenza A is apparently a derivative of the swine form, showing that 
domestication can have costs as well as benefi ts. Swine remain suitable 
hosts for all three forms of the virus. When swine are infected with 
avian and human or swine and human infl uenza A at the same time, 
genetic exchange can produce viral strains that are highly pathogenic 
to humans. Such highly pathogenic strains are usually self- limiting on 
time scales that are short indeed for evolution, but that can be quite 
long if your family lives in an infected area. Evolutionary biologists are 
also intrigued by the number of times such pathogenic hybrid strains 
can be generated and the diversity of viral genetic backgrounds that 
can be co- opted. What intrigues the evolutionist in Budapest, however, 
terrifi es the epidemiologist in rural China.16 The ease with which infl u-
enza viruses engage in stepping- stone host colonization should make 
us very concerned about the largely unknown origin and potential 
threat to humans represented by the infl uenza virus responsible for 
the Spanish fl u pandemic of 1918, which killed as many as 65 million 
people— roughly 10 percent of the human population at the time.

Back to Complexity: Oscillation Emerges Spontaneously 
from Ecological Fitting

The fi rst modeling study showed how easily pathogens can gain a foot-
hold in new hosts through ecological fi tting. The second model added 
the more realistic element of repeated colonization efforts allowed by 
propagule pressure (fi g. 5.8).

We now see the world in a new light, a galaxy of pathogens exploit-
ing existing hosts while constantly exploring their surroundings, prob-
ing for additional viable fi tness space in the form of new hosts. Coloni-
zation reduces the phenotypic and genotypic composition of pathogens 
in newly colonized hosts. Subsequent accumulation of variability, ex-
panding fi tness space, occurs through the acquisition of new features 
and recombination. The second model suggests that, given enough 
time, colonizing populations of pathogen species may even diverge and 
form new species. This cycle then repeats itself as long as new hosts 
are available in the simulation. Just as individual organisms oscillate 
between exploiting known resources and exploring potential fi tness 
space, pathogen species oscillate between restricted host ranges (being 
specialized in fi tness space) and broad host ranges (being generalized 
in fi tness space). This oscillation dynamic is an emergent property of 
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the interaction between hosts and pathogens mediated by ecological 
fi tting, the expected outcome of the oscillation hypothesis.

Oscillations in Real and Evolutionary Time

Oscillations emerge from pathogen- host interaction mediated by eco-
logical fi tting in sloppy fi tness space, and this should be seen in both 
real and evolutionary time. Such oscillations usually are not easy to 
identify in real time. Humans, however, increasingly perform natural 
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F I G U R E  5 . 8  Single simulation of the second mathematical model that accompanied 
the pathogen populations in different host species (indicated in the right- hand column). 
Dots represent the variants of the pathogen, and distinctively colored dots represent 
different species evolving from the original population of pathogen in host 0. Since the 
fi rst generations of these simulations, the pathogens increased their distribution (indicated 
by rectangles of distinct shades of gray) into distinct but similar host species (horizontal 2 
is discontinuous, or “patchy,” rectangles). Constant propagule pressure detected by the 
model apparently facilitated the colonization of new resources by increasing the variability of 
colonizers and reducing the randomness and low variability associated with founder effects. 
Modifi ed from Braga et al. (2018).
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experiments that can allow us to test at least a portion of the process. 
Whenever we expose ourselves to host species with which we have not 
had continuous contact, we provide opportunities for their pathogens 
to explore us. Full exploitation of a new resource depends on the ability 
of the pathogen to colonize and maintain a new population in the new 
host, made possible by ecological fi tting. Thus, the only distinction be-
tween pathogen populations in the original and the new host species is 
the overall variability and corresponding frequency of each variant in 
each population. The original population is, at least initially, more di-
verse, with frequencies of variants that refl ect a longer exposure to the 
selective pressure represented by the original host. Subsequently, dif-
ferentiation of both pathogen populations may occur, and the single 
population of pathogen may diverge into two distinct pathogen lin-
eages, with unique characteristics and evolutionary fates.

Let’s explore a well- known example of an EID, HIV (human immu-
nodefi ciency virus). SIV (simian immunodefi ciency virus) is originally 
a nonhuman primate pathogen that broadened its host range four 
times to incorporate humans. At each of these points in time (indicated 
by a star in fi g. 5.9), the ancestral virus species expanded its host range 
from one to two hosts. Subsequently, the virus specialized in the new 
(human) host species, resulting in fi ve distinct lineages of HIV and a 
return to a one host– one pathogen association.17 Overall, then, lineages 
varied from one to two hosts and, following putative isolation and dif-
ferentiation of the populations into distinct lineages, one host again. 
This is the oscillation hypothesis in real time.

Oscillations are more evident on evolutionary time scales. They have 
not been reported in previous studies because the analytical methods 
used assumed that cospeciation and increasing specialization were the 
prevailing norms. Phylogenetically, associations were assumed to be 
mostly one pathogen occurring in association with a single species of 
host. This assumption leaves no room for generalized pathogens to be 
found, in the present or in the past. As we noted earlier, most cophy-
logeny studies assume that nonmatching between pathogen and host 
phylogenies is evidence of cryptic cospeciation. If your method of anal-
ysis cannot detect generalized pathogens, it naturally cannot detect os-
cillations in host range.

It is possible to analyze the evolutionary histories of pathogen- host 
associations in a way that is sensitive to the possibility of host range 
oscillations. Let’s show this by reanalyzing what is known in the scien-
tifi c literature as the classic case of cospeciation.18
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The Classic Case of Cospeciation: An Example of 
the Oscillation Hypothesis

The family Geomyidae comprises an assemblage of rodents called 
pocket gophers, occurring from the Nearctic to Costa Rica. Geomyids 
have highly sedentary habits, considerable geographic range stability, 
and numerous species and subspecies characterized by strong genetic 
differentiation and ecological partitioning at local scales.19 Pocket go-
phers’ diversity represents an evolutionary radiation between 4.2 and 
1.8 million years ago.20 Contemporary diversity is concentrated in the 
temperate zone, and current geographic ranges indicate restrictions 
south of the Laurentide- Cordilleran during glacial maxima from the 
late Pliocene and Quaternary.

North American geomyids are parasitized by lice of the genus Geo-
mydoechus. Transmission of the pathogens occurs in the nests, limiting 

HIV-1/M

HIV-1/N

HIV-1/O

HIV-2/A

HIV-2/B

F I G U R E  5 . 9  Phylogeny of SIV/HIV viruses showing respective host groups for each lineage. 
Addition of the novel host is indicated by a star.
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opportunity for host range expansion. When carried by their original 
hosts, therefore, there is minimal chance of transfer even when the 
host expands its geographic range, in this case associated with episodic 
climate- change events. If a nest abandoned by one species is subse-
quently occupied by another, however, there is a chance that some of 
the parasites left behind will come into contact with novel hosts that 
are nonetheless closely related to their original hosts. A burst of diver-
sifi cation for pocket gophers, and presumably their louse parasites, co-
incided with a substantial regime of episodic variation in climate and 
habitat perturbation.21 Geomydoechus species parasitize only pocket 
gophers, and divergence rates in hosts and parasites are highly corre-
lated; consequently, cophylogeny assessment yields signifi cant positive 
results. As we have suggested, however, this does not indicate cryptic 
cospeciation. Figure 5.10 compares the parasites and host phylogenies 
to show that half of the associations are due to host range expansion 
and subsequent differentiation. More important, this type of fi ne- scale 
examination, as opposed to the coarse- grained cophylogeny approach, 
shows clear evidence of oscillations in host range.

Reanalysis of additional published studies reveals support for oscil-
lations, in groups as varied as viruses, parasitic fl atworms, nematodes. 
and arthropods (e.g., lice, mites, and copepods).22 Additionally, some 
researchers have documented portions of oscillations, such as the evo-
lution of specialized species in groups of generalized species or of the 
reverse.

F I G U R E  5 .1 0  Phylogenies of pocket gophers and lice with episodes of host range expansion 
circled. Note alternating episodes of isolation (cospeciation) and expansion of host range 
(highlighted by shadows). Brooks, Hoberg, and Boeger (2015).
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Evidence from real pathogen- host associations and from mathemati-
cal modeling support the core elements of the Stockholm Paradigm. 
Given a specifi ed fi tness space, pathogens have a substantial built- in 
capacity— ecological fi tting— to oscillate between exploring that fi tness 
space and exploiting each viable portion they discover. To the extent 
their capacity allows, pathogens will explore their surroundings, colo-
nize viable new hosts, and exploit them. More importantly, ecological 
fi tting allows ecologically specialized pathogens to expand their host 
range easily and without prior evolution of novel host- use capabilities, 
when the host resource upon which they are specialized is phyloge-
netically conservative and widespread. That allows generalizing in fi t-
ness space, taking advantage of opportunities that present themselves 
through ecological fi tting in sloppy fi tness space.23 This leads to a criti-
cal insight— the more specialized a pathogen’s host association is lo-
cally, the sloppier its fi tness space is globally, and the greater the po-
tential for establishing new associations, given the chance. We tend 
to think of changes in the nature of the conditions as a challenge to 
be fought and stopped, reversed if possible. But for pathogens, any 
changes in conditions represent opportunities for survival.

Likewise, any pathogen that is able to fi nd a novel host in which it 
can survive even marginally may specialize rapidly in that host. Hence, 
in evolutionary time, oscillations should become evident whenever 
opportunity presents itself. Given a defi ned fi tness space of arbitrary 
complexity, pathogens will oscillate within it until all available fi tness 
space is fi lled with specialized pathogens.

The Next Step: Exploring and Exploiting . . . and Exploring Again

Our simulations allow us to understand how generalized species can 
diverge into more than one specialized species, but specialized species 
remain specialized. Once fi tness space is saturated (i.e., each parasite 
has one host and each host has one parasite), subsequent evolution 
would involve cospeciation owing to a lack of opportunity for coloniz-
ing hosts. If that fi tness space were altered by climate change, the only 
predicted outcome would be net extinction of pathogens and hosts. In 
other words, there should be only one oscillation cycle. The world of 
cospeciation would become a world of coextinction.24 We know this 
cannot be the case, because we fi nd little support for cospeciation in 
long time- scale studies and see evidence of rapid and rampant host 
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range expansions— emerging diseases— in real time. This implies that 
oscillation cycles recur. What determines that?

If fi tness space is sloppy, there will always be places where pathogens 
could exist that are not accessible. Inaccessibility can be due to local 
trophic constraints (the pathogen is transmitted by a vector or inter-
mediate host that does not feed on, or is not eaten by, all susceptible 
hosts) or geographic isolation (susceptible hosts live in geographic areas 
where the pathogen does not). Pathogens may exist in a stable host 
community, but they continue to accumulate variability in isolation, 
limited to the realized fi tness space, increasing the capacity to explore 
whenever opportunity space changes in such a way that new suscep-
tible hosts become accessible. Even if specialized pathogens retain the 
capacity to survive in hosts other than the ones they “see,” how do 
they fi nd them, setting off a new round of generalizing that then leads 
to the emergence of new specialized associations? How do we get new 
diversity if the internal dynamics of the oscillation hypothesis are not 
suffi cient? We think that repeating oscillations require an external 
catalyst— environmental perturbations beyond the control of evolving 
systems— that open up new opportunities for oscillation modules.

Summary

If fi tness space is sloppy, even highly specialized pathogens have capacities greater 

than the opportunity of the moment. Any change in opportunity, therefore, can re-

sult in rapid emergence of new pathogen- host associations without having to wait 

for the evolution of new genetic information.

Those of you for whom alarm bells went off three chapters ago were 
right to be concerned. The ability to oscillate between generalizing and 
specializing— depending on the opportunities— is a built- in feature of 
the nature of the organism. Organisms really are inherently oscillators, 
and pathogens are very successful organisms. This is a critical issue 
for our understanding of EIDs and our decisions about what to do to 
mitigate their impact on us. We live in a heterogeneous and changing 
world. The capacity of pathogens will become evident as the changing 
environment provides the opportunity to connect fi tness space that is 
currently discontinuous. The key to understanding what we should ex-
pect in the near future is linked to a full understanding of what has 
happened in the past. This is especially signifi cant at a time when spe-
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cies distributions are changing as a consequence of climate change. Af-
ter isolation, accumulation of variability increases the realized fi tness 
space of a pathogen, allowing it to become an EID whenever the op-
portunity presents itself. We will show you in the next chapter that al-
most every case of EIDs in humans or domesticated plants and animals 
is a consequence of altered opportunity catalyzed by environmental 
change.

We next investigate how perturbations beyond the control of any 
single evolving system open up new opportunities for oscillation mod-
ules. We will show you what happens when the surroundings change 
and why we call this opportunity space. This will force us to con-
front the essential connection between climate change and emerging 
diseases.

There will be good news and bad.
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S I X

Resolving the Parasite 
Paradox II: Coping with 
Changing Opportunities

Evolutionary diversifi cation requires repeated opportunities to generalize and 

to specialize in fi tness space. Changes in the nature of the conditions set the 

stage for both.

A biosphere in which fi tness space was fi xed and all that 
mattered was the nature of the organism would be simple. 
Pathogens entering that space would oscillate between ex-
ploring and exploiting until all viable hosts were inhab-
ited to the greatest extent possible. They would then enter 
an existence in which time passed slowly and change was 
restricted to rare events that serendipitously enhanced 
their abilities to survive.1 Such a world would have fewer 
pathogens infecting fewer hosts than the world we experi-
ence; pathogens would become locked into cospeciating 
with their hosts because they lacked the opportunity to 
encounter other hosts. This would not lead to the indefi -
nite diversifi cation that has characterized the history of 
life, including a seemingly endless supply of pathogens.

The history of life on this planet is one of selective di-
versifi cation, not of selective replacement.2 Evolutionary 
explanations should thus not focus solely on “confl icts of 
interest” arising from too many organisms wanting the 
same resources. More important to understand are resolu-
tions of those confl icts that allow both of the groups in-
volved to continue to coexist. Ecological fi tting can lead to 
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both generalizing and specializing in sloppy fi tness space. And general-
izing is the key to diversifying confl ict resolution. But if fi tness space 
does not change, it should be saturated with specialized species, each 
awaiting extinction the next time the climate changed. Without new 
generalizing, neither basic survival nor the possibility for novel special-
ized associations to emerge exist. We have yet to complete the story.

The fi nal part of our tale involves understanding how pathogens 
cope with altered fi tness space. Terrestrial life has been shaped by en-
vironmental changes that alter fi tness space, ranging from constant 
fl uctuations on small geographic scales lasting short periods of time to 
rare perturbations affecting the entire biosphere, and all combinations 
in between. Changes in the environment perturb living systems by in-
creasing or decreasing connectivity in their fi tness space. This alters 
the landscape of opportunity. Decreasing connectivity is an invitation 
to exploit locally isolated arenas, setting the stage for innovation and 
specialization. Increasing connectivity is an invitation to explore, us-
ing the capacity for ecological fi tting embodied in the hereditary his-
tory of each species. This sets the stage for generalization. Perturba-
tions that increase fi tness space connectivity, therefore, should be the 
catalyst for generalization- biased evolution, which sets the stage for 
specialization- biased behavior when environmental stability decreases 
connectivity in fi tness space. This leads us to the ultimate kind of oscil-
lation, in which changes in the nature of the conditions lead to alter-
nating episodes of generalizing and specializing, and those leading in 
turn to indefi nite evolutionary diversifi cation.

This is not a new notion. Formal ideas about oscillations in the na-
ture of the conditions emerged in ecology more than a century ago. 
At that time, ecologists tended to think of dynamic changes as cycles 
rather than oscillations. On short temporal and limited spatial scales, 
they imagined an ebbing and fl owing of a defi ned set of species, each 
with defi ned functional traits, in and out of a given area. Little net 
diversifi cation occurs, even though organisms respond to changing en-
vironmental conditions.

Philip Darlington spent his career doing intensive natural history 
observations— mainly of carabid beetles— focused on an interest in 
how species came to live in the places where he found them. His 1943 
monograph based on his encyclopedic observations of insect faunas on 
mountaintops and islands led him to a general framework in which new 
species as well as new ecological characteristics arose in “centers of di-
versifi cation” with geographical ranges periodically fl uctuating around 
a more stable, continuously occupied center as a result of environmen-
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tal perturbations.3 Darlington proposed that these biotic fl uctuations 
might be interrupted by the formation of barriers to dispersal, producing 
episodes of isolation in which new species arose and ecological diversifi -
cation might occur. Breakdown of those barriers produced new episodes 
of biotic expansion, setting the stage for yet more episodes of isolation. 
Populating the planet with species was thus a matter of sequential colo-
nization emanating from the center of origin for any given taxon. Dar-
lington’s natural history observations also supported the long- held view 
that larger islands have greater species richness than smaller islands. He 
found similar patterns held for different- sized mountaintops.

Darlington’s observations about the size of an area and the number 
of species living in it convinced another Harvard researcher, E. O. Wil-
son, to focus on the number of species living in a particular area more 
than on the manner in which they were formed. Wilson coined the 
term taxon cycles to refer to this extension of Darlington’s framework.4 
Groups of species living together and affected by short- term, small- 
scale environmental perturbations disperse actively and colonize new 
areas when environmental changes allow expansion, then contract 
their ranges when environmental changes reduce the amount of suit-
able habitat. These taxon cycles occur without producing new species 
and without new species arriving in the stable, continuously occupied 
center of the geographic distribution of the species involved. Taxon 
cycles occurring on intermediate time scales and affecting whole com-
munities are often associated with succession. Successional changes oc-
cur when species residing in an area alter their surroundings to such 
an extent that they can no longer live there; think about the transi-
tions leading to old- growth forests. The way in which they alter their 
surroundings, however, leads to their being superseded by species that 
take advantage of the changes brought about by the previous residents. 
In its longest time- scale version, a series of successional events eventu-
ally brings the area back to the initial state. Thus, even on long time 
scales, there is still no net diversifi cation inherent in the framework. 
Nor is there any thought given to what the excluded species do once 
they exclude themselves, and yet they must survive somewhere if they 
are to make a reappearance at the end of a successional cycle.

Collaboration with Robert MacArthur formalized Wilson’s elabora-
tion of Darlington’s ideas. Their equilibrium theory of island biogeogra-
phy was based on the view that dispersal from “source” areas to “is-
lands” (actual or metaphorical), mediated by island size and distance, 
produces a linear log- normal relationship between species richness and 
the size of an island, called the species- area relationship.5 Changes in 

 EBSCOhost - printed on 2/13/2023 7:03 AM via . All use subject to https://www.ebsco.com/terms-of-use



C H A P T E R  6

140

the species- area relationship result from a dynamic balance between 
immigration— that is, colonization from a source area— and extinction. 
Any given “island” can support only a certain number of species, called 
the equilibrium number of species. When the island has fewer than the 
equilibrium number of species, it is open to colonization. When the 
equilibrium number of species is reached, no new species may colo-
nize the area without displacing one already in residence. Mac Arthur 
and Wilson acknowledged that “local speciation” would confound the 
species- area relationship but suggested that for most cases it was prob-
ably safe to omit the production of new species within an area from 
the model, because its effect on the species- area relation is “probably 
signifi cant only in the oldest, largest, and most isolated islands.”

Within a decade, those pesky phylogeneticists began making trou-
ble. A group of them suggested that it was not the dispersal of existing 
species, but the formation of new species, that created generalities in 
biogeography. They postulated that geographic fragmentation of entire 
biotas caused by the formation of barriers catalyzed geographic specia-
tion in many species isolated at the same time in the same way. The 
patterns they envisioned reinforced geologists’ newly rediscovered sup-
port for continental drift. Darlington, leaning on the opinions of ge-
ologists of his day, did not support the theory of continental drift and 
thus had to assume that all geographic speciation occurred as a result 
of populations dispersing across preexisting barriers. The form of geo-
graphic speciation advocated by the phylogenetics people that came 
to be called vicariance (and the research program vicariance biogeogra-
phy), was a resurrection of David Starr Jordan’s law of geminate species 
proposed half a century earlier.6

Island biogeography and vicariance biogeography are complemen-
tary theories, each one focused on what is neglected in the other. Is-
land biogeography, as MacArthur and Wilson acknowledged, neglects 
assessments of the geographic origin of species, even though this is 
what distinguishes a source from an island. Vicariance biogeography 
neglects postspeciation movements, and yet this must be how ancestral 
species become widespread enough to be affected by vicariance. If each 
theory describes something valid, perhaps integrating both would pro-
vide a more complete framework.

Taxon Pulses and Species Distributions

In 1979 Terry Erwin, an entomologist specializing, like Darlington, 
in carabid beetles, proposed the taxon pulse hypothesis.7 Erwin stated 
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that his framework stemmed from Wilson’s concept of taxon cycles 
and was intended to account for both dispersal and speciation in isola-
tion, including ecological diversifi cation, on phylogenetic time scales. 
In contrast with taxon cycles, taxon pulses occur over relatively long 
periods of time and are characterized by expansion into suitable habi-
tat when previous barriers break down, altering previous source- island 
relationships. During an expansion phase, different species within a 
biota encounter additional geographical heterogeneity, including range 
contractions. Such heterogeneity may (1) stop the expansion of some 
species, resulting in species of restricted distributions; (2) affect only 
the rate of expansion for some species, producing widespread species; 
or (3) act as barriers to dispersal of suffi cient magnitude to produce 
new species. Geological evolution, operating on longer time scales than 
biological evolution, may also produce relatively static or impermeable 
barriers, resulting in episodes of speciation by geographic isolation af-
fecting members of these same biotas similarly (vicariance).

The taxon pulse was poorly discussed in the last 20  years of the 
twentieth century, even by those who recognized shortcomings in the 
vicariance biogeography program.8 James Liebherr and colleagues, also 
entomologists who explored carabid beetles, proposed a set of phylo-
genetically based criteria for distinguishing taxon pulses from taxon 
cycles.9 An explicit methodology for examining the phylogenetic con-
text of geographic distributions in a way that could detect taxon pulses 
if they occurred, however, was still not available. That changed in the 
fi rst few years of the twenty- fi rst century. The noted paleontologist 
Bruce Lieberman published a series of landmark paleobiogeographi-
cal studies that expanded our view of diversifi cation on the deep- time 
scales that confront paleontologists.10 He noted that large- scale biotic 
diversifi cation would likely occur over large enough spatial scales that 
historical biogeographical relationships would comprise a combination 
of general episodes of isolation such as, for example, pieces of conti-
nental land masses under fragmentation, as along with general epi-
sodes of connection as continental land masses collided and fused. By 
2005 Lieberman’s work had led to a unifi ed methodology for detecting 
the historical signal of taxon pulses.11

Taxon pulses are historically repetitive, meaning that biotas result-
ing from them are made up of species that have been associated with 
each other for varying lengths of time and arrived under varying cir-
cumstances. Biotas assembled in this manner are complex mosaics re-
sulting from the mixture of episodic expansion, isolation, and mixing 
during new expansion.12 Diversifi cation is driven by biotic expansion 
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F I G U R E  6 .1  Depiction of the taxon pulse, a story of expansion and isolation over time. 
Stage 1: At the beginning, there are two species of freshwater fi sh and their monogenoid 
parasites with widespread distributions across a complex river system with near complete 
connectivity among a number of complex tributaries. Stage 2: Initial isolation episode. 
Sea level begins to rise, trapping fi sh and parasites in three different tributaries. Following 
isolation, we see exploitation and persistence by parasites, extinction of host species (X), and 
persistence by colonization (arrow). Extinction of a parasite species (X) and a subsequent 
colonization and speciation occur on a new host fi sh (arrow). An initial bout of isolation leads 
to increasing diversity for the parasite fauna. Sea level is falling again, and fi shes and parasites 
reestablish connectivity and contact with this expansion phase, leading to exploration and 
new opportunity for colonization and new host- parasite associations. Episodes of expansion 
and isolation alternate between patterns of exploration and exploitation for parasites and 
increasing diversity over time. Based on distributional patterns revealed by Patella et al. 
(2017).
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as well as isolation, so we expect to fi nd general patterns associated 
with both phenomena. Episodes of biotic expansion, especially those 
involving large areas, will inevitably lead to complicated historical re-
lationships among areas, characterized by biotas comprising species of 
different ages derived from different sources. Figure 6.1 depicts how 
taxon pulses work.

In this not- so- hypothetical example we view the coastal regions of 
southern Brazil during an extended history of changing sea levels, such 
as those during the glacial ages.13 Initially, sea levels are low. This ex-
poses an extensive and intricately connected river basin within which 
live— among many others— two species of fi sh, striped and gray, each 
inhabited by a single species of monogenoidean (a fl atworm parasite 
living on the body or gills). Time passes, sea levels rise, and the accom-
panying marine transgression covers some coastal land with salt water, 
which decreases connectivity among the tributaries of the river system. 
The basin is transformed, with three separate rivers emptying into ma-
rine bays. The populations of our focal fi sh and their monogenoideans 
are isolated and eventually become different species. In one river sys-
tem, the gray fi sh host goes extinct but its monogenoidean survives by 
colonizing the striped fi sh. In another river system, the monogenoidean 
associated with striped fi sh goes extinct and its place is taken by coloni-
zation of the monogenoidean from the gray fi sh. Time passes, sea levels 
fall, and a single large river system reemerges. Hosts and monogenoide-
ans expand into this newly accessible fi tness space, coming into con-
tact. The parasites have the opportunity to expand their host ranges, 
and some of them do so, producing yet another mix of pathogen- host 
associations. When the next episode of isolation by marine transgres-
sion occurs, the parasites and hosts in each isolated area have already 
formed complex associations of different ages. Speciation again unfolds 
in isolation. Sea levels drop, the rivers are once again connected, and 
the complex of pathogen- host associations in each isolated river mixes, 
forming yet more pathogen- host associations. After only two iterations 
of this process, the pathogen- host associations that began with just two 
parasites and two hosts now make up a diverse pathogen- host biota.

Taxon Pulses and Emerging Disease

Climate acts indirectly by favoring other species.14

For us, the world is populated by two kinds of species— pathogens and 
hosts. Both are affected evolutionarily by the same abiotic and biotic 
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variables in the nature of the conditions. The opportunities may be 
so specifi c that they affect only certain taxa, or so general they affect 
entire biotas. Sometimes those changes increase connectivity in fi tness 
space, and sometimes they decrease that connectivity. Sometimes the 
changes are so ephemeral that they cause no permanent alterations in 
the composition or fi tness space requirements of species making up 
those biotas; these are classic taxon cycles. These are also in the realm 
of short- term processes at local scales that infl uence the emergence of 
disease.15 When the changes are more substantial in force and dura-
tion, micro-  and macroevolutionary changes occur.16 The taxon pulse 
is a label for the ways in which different taxa take advantage of op-
portunities provided by these latter kinds of changes, which oscillate 
between increasing and decreasing connectivity in fi tness space. And 
when pathogens are given access to novel fi tness space, they are capa-
ble of exploring it and exploiting all viable parts of it. Climate change 
is a primary source of current perturbations of biological diversity, and 
taxon pulse studies suggest this has always been true.17 This is the basis 
for the triad of environment, host, and pathogen that remains central 
to understanding persistence, transmission, and the potential for dis-
ease emergence for all pathogens in all hosts.

At this point you the reader may be thinking that environmental 
perturbations are always a good thing. Time for us to remind you that 
in biology it is never just one thing, and it always depends.

It is true that oscillations in opportunity space have led to the indefi -
nite biological diversifi cation that characterizes the history of life on 
this planet and sustains our existence. But is it also true that technologi-
cal humanity as we know it may not have arisen if the past 10,000 years 
had not been one of unusual climate stability. And that has given us a 
false sense of security. Yes, there were periodic volcanic eruptions and 
bursts of disturbances from storms, earthquakes, droughts, and fl oods. 
But until very recently the world was large and slow, and there was no 
Internet to spread the news of environmental perturbations in distant 
places, so for most humans such events were rare. The nature of our 
existence was fundamentally one of highly predictable environmental 
cycles, interrupted only intermittently by catastrophes.

As our world shifts into a period of constant and accelerating 
change, we are late to the party. Climate change in all its manifesta-
tions is neutral and dispassionate with respect to any given species, 
even us. And all species, including the 50 percent or more of Earth’s 
biosphere that are pathogens, respond to environmental perturbations 
whether or not we are paying attention. In her groundbreaking book 
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Evil in Modern Thought, Susan Neiman suggested the Lisbon earthquake 
of 1599 was the catalyst for Western society to begin distinguishing 
between natural evils, which we now call natural disasters, and moral 
evils.18 From that time forward, humans would increasingly see some 
environmental perturbations not as “messages from God” punishing 
some group of humans for their sins, but as natural phenomena that 
humans needed to deal with. We are still working on that last part, and 
this book is in a sense yet another exhortation for humanity to take 
collective responsibility for coping with natural phenomena.

We cannot cope with a future full of emerging diseases if we do not 
understand what is happening now. And we cannot understand that 
without understanding evolutionary origins. We perceive evolutionary 
history as a series of snapshots faded in proportion to their age. Their 
meaning becomes apparent only if we see them as part of a single com-
plex but knowable history of life from which today’s world emerged. 
The Stockholm Paradigm allows us to connect those snapshots into the 
real- time video in which we are immersed.

So, what are the implications of the taxon pulse dynamic for emerg-
ing diseases? First of all, periods of climate stability are usually times 
of isolation and specialization, of stasis and largely disconnected fi t-
ness space. Environmental changes that follow such episodes lead to 
biotic expansion events. Species that cannot tolerate the changes in 
the place where they have been living leave as fast as they are able, 
changing from exploitation to exploration mode as they seek famil-
iar conditions. As they leave, they pass other species that have vacated 
their abodes and are in the process of discovering that they like the 
newly vacated territory. Biotic mixing is under way. A few species stay 
in place and survive, but they must cope with the loss of old neighbors 
and the arrival of newcomers. In some cases the new arrivals will be 
functional replacements for species that have recently left, maintain-
ing preexisting trophic structures. In others the combination of depar-
tures and arrivals will produce novel trophic linkages. This produces 
an enormous amount of potential fi tness space to be explored and ex-
ploited. And we now know how effi cient pathogens are in that regard. 
The loss of the original host— by extinction or escape— will result in 
a pathogen’s extinction if (a) the vacating host does not take it along 
when it escapes, or (b) another host does not become available when it 
goes extinct. Newcomer hosts from adjacent areas will often be closely 
related to the residents, increasing the ease of host range expansion by 
ecological fi tting. Residents that were not in contact with the pathogen 
before the biotic expansion event may fi nd themselves available; this 
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is yet another source of potential for pathogen survival. The mixing 
process itself may provide opportunities for host range expansion by 
the stepping- stone mechanism.19 This is why most host range expan-
sion occurs in evolutionary bursts during episodes of increasing con-
nectivity in fi tness space associated with biotic expansion catalyzed by 
climate change. Pathogens are climate change’s ultimate survivors, a 
lesson we are only beginning to learn.

Schistosomes are a group of trematodes living as adults in the cir-
culatory system of various mammals and birds. They have a deep evo-
lutionary history with vertebrates but are best known as a helminth 
group that causes great human suffering— schistosomiasis or bilharzia-
sis. Seven of the 23 known species in the genus Schistosoma infect more 
than 240 million people in 76 countries, and as many as 700 million 
people are thought to be at risk of exposure in Asia, Africa, and South 
America.20
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F I G U R E  6 . 2  Phylogeny for species in the genus Schistosoma showing geographic distri-
butions mapped onto the parasite tree to demonstrate the history of this group of blood 
fl ukes. Diversifi cation demonstrates alternating patterns of expansion and isolation from an 
ancestral Asian distribution. From the Asian trunk of this tree, one event brought parasites 
into western Eurasia, and two episodes of expansion occurred bringing them into Africa. 
From Africa, geographic colonization occurred with expansion and isolation of the Indian 
subcontinent and southeast Asia. Humans are hosts for seven species in either Asia or Africa; 
this is associated with discrete events of host colonization from other mammals (stars) and in 
association with aquatic habitats.
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Schistosome evolution is a story of snails, vertebrates and conti-
nents. Schistosomes have snail intermediate hosts, and the swimming 
infective stage called a cercaria directly infects a vertebrate host by 
penetration of the skin. Their evolutionary history clearly shows the 
taxon pulse signal (fi g.  6.2).21 The geographic distributions of schis-
tosomes indicate repeated episodes of expansion and isolation events 
linking Asia and Africa beginning in the Miocene (fi g. 6.3). The broad 
outlines of schistosome history reveal an origin in Asia (the japoni-
cum group). Two episodes of expansion brought schistosomes to Eur-
asia and eastern Europe (S. turkestanicum and S. incognitum). Two more 
brought them to Africa (the hippopotami group, and the mansoni group 
+ haematobium group), one of which was later the source of a fi fth ex-
pansion event, from Africa onto the Indian subcontinent (the indicum 
group).

These geographic expansions involved host range changes. In Africa 
host range expansion involved both new mammalian groups, such as 
hippopotamus, and new snail groups; Asian schistosomes use members 
of a group of snails called pomatiopsids, while African schistosomes 
use members of a group of snails called pulmonates.22 All seven species 
of schistosomes known to infect humans are the result of episodes of 
host range expansion at various times in Asia and Africa.

Schistosome evolution also seems to be part of a larger story. Two 
groups of roundworm parasites inhabiting Old World monkeys and 
great apes support an earlier, though still Miocene, episode of expan-
sion from Africa to Asia.23 From that point onward the roundworms 
and the schistosomes seem to be part of the same evolutionary story of 
expansion and isolation. The only difference is that one of the round-
worm parasite groups infecting humans arrived in the New World from 
Eurasia with the original human colonizers of the continent, while 
schistosomes (Schistosoma mansoni) arrived much later, when infected 
Africans were enslaved and taken to the New World.

The schistosome example shows how taxon pulses can set and re-
set the stage for substantial complexity in pathogen- host associations 
through altering geographic and ecological connectivity.24 We expect 
host colonization to be maximized during phases of biotic expansion, 
whereas geographic isolation promotes the emergence of specializa-
tion. In other words, host range expansion will be correlated with geo-
graphic expansion and opportunity; functional diversifi cation and the 
potential for coevolutionary dynamics will be correlated with isolation 
events. Taxon pulses set the evolutionary stage for the ecological play 
involving geographic mosaics of coevolution that have outcomes rang-
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ing from isolation on local landscape scales, with ephemeral emergence 
of local mosaics of disease, to the development of regional faunas.25

A recent estimate suggests that 58  percent of more than 1400 vi-
ruses, protists, worms, and arthropods known to infect humans were 
acquired from animal sources.26 The taxon pulse provides the general 
mechanism for assembling such complex pathogen- host biotas, but if 
we want to understand how we came to have so many pathogens, we 
must understand something of human evolution.

One day between six and eight million years ago our ancestors 
dropped out of the trees. They remained in the forest, emerging three 
million years ago onto the expanding grasslands and savannahs of 
central Africa. There was likely nothing to indicate that they were 
special— they were just one of many lineages, existing, trying not to 
attract the attention of the big predators that shared their habitats. 
They had little infl uence on their immediate environment and did 
not comprehend larger- scale environmental changes. By the Pliocene 
they had no idea they were at the beginning of an ice age, though the 
climate was already cooling, producing fl uctuations between wet and 
dry conditions and infl uencing the distribution of vital resources from 
water to plants.27 Our ancestors somehow survived to the beginning of 

F I G U R E  6 . 3  Geographic history for schistosome parasites showing episodes of expansion 
and isolation in a taxon pulse producing contemporary distribution and diversifi cation 
of these fl ukes. Schistosoma originated in Asia, with subsequent episodes of expansion 
(solids lines and arrows) into Africa (3, S. hippopotami/S. edwardiense), western Eurasia (1, S. 
turkistanicum; 2, S. incognitum), Africa (4, S. mansoni and S. haematobium groups), and then 
from Africa back to the Indian subcontinent and southern Asia (5, S. nasale group). In the 
sixteenth century, S. mansoni was secondarily introduced (broken lines, arrows) from Africa to 
regions of South America and the Caribbean with the transport of infected African slaves.
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the Pleistocene, when a number of remarkable changes that had been 
in the making fi nally emerged. They had scrambled for grasses, seeds, 
fruits, nuts, insects, and the occasional slow and unwary rodent, but 
now their diets shifted. They began to scavenge actively, then turned 
to predation on antelope and other mammals, birds, and even fi sh 
and other aquatic animals.28 The pointed sticks and sharp- edged stone 
tools they invented helped move them into competition with the lions, 
leopards, hyenas, jackals, and possibly remnant populations of African 
bears that once considered them a slow- moving food source. They may 
well have eaten one another at times.29 As they turned the dining ta-
bles on the species with which they shared the savannahs, they began 
to expand across and then out of Africa. By 150,000– 200,000 years ago 
they had become us.30

Our presence increasingly changed the rules of the game and the 
dimensions of the playing fi eld. Early modern human populations 
may have remained in isolation for nearly 50,000 years, restricted by 
disconnected fi tness space (permissive habitats) determined by pre-
vailing climate conditions.31 Genetic data suggest a single expansion 
event led to all non- African populations established at this time pe-
riod, including the colonization of Australia about 65,000  years ago, 
although the signatures of earlier events may have been masked by 
small founding populations and extinctions.32 It is possible that the 
fi rst expansion of modern humans from Africa followed a path through 
the Arabian and Sinai corridors into southern Europe and Eurasia co-
inciding with periods of increased rains during the last glacial cycle, 
107,000– 95,000 and 90,000– 75,000 years ago. Dry conditions that ob-
tained 71,000– 60,000 years ago blocked further expansion from Africa 
to Eurasia, but expansion toward southeastern Asia was open. Falling sea 
levels approximately 60,000 years ago established connections between 
Papua New Guinea and Australia, making additional human expansion 
possible. During a precession minimum about 59,000– 47,000 years ago, 
monsoonal rainfall returned to North Africa. Expanding primary pro-
ductivity and the reopening of corridors to the Arabian Peninsula fa-
cilitated a third major expansion of humans out of Africa. Later waves 
of expansion by Stone Age hunter- gatherers from Africa continued dur-
ing the rest of the late Pleistocene, although with increasing variabil-
ity in habitat connectivity resulting from dramatic climate events that 
marked the termination of the Northern Hemisphere glacial cycles.33

As humans began to occupy more of the biosphere, episodic cli-
mate changes, such as extremes of temperature during the Ice Age, 
infl uenced migration opportunities.34 Modern humans arrived in the 
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Western Hemisphere by crossing Beringia about 15,000– 23,000 years 
ago near the apex of the last glacial advances.35 More archaic human 
populations were already present— Neanderthals especially in Europe 
and the enigmatic Denisovans in central and southeastern Asia. This 
resulted in a mosaic of modern and more archaic human lineages, of-
ten in contact, enhancing the potential for pathogen exchange during 
the Pleistocene.

That period also saw us emerge as a technological species, paving 
the way for ever increasing population and a broadening global foot-
print. This in turn dramatically infl uenced the arena for emerging 
infectious diseases. We have maintained some of the pathogens that 
infected our ancestors living in the African savannahs more than two 
million years ago, but we have acquired even more. For most of human 
history our populations were small and isolated, and our interactions 
with the environment were intimate, bringing us into contact with 
many potential pathogens. Africa may have been the initial source for 
many pathogens infecting humans and their crops and livestock, but 
wherever we have gone and having survived whatever episodes of cli-
mate change we have experienced, we have accumulated pathogens.36

Pathogen spread and sharing among early humans was a local phe-
nomenon, limited by distance and population density. That began to 
change as our technological advancement found great comfort and 
security in a major climate shift at the termination of the glacial age 
around 12,000  years ago. We call the resulting extended period of 
highly unusual climate stability the Holocene or the Neolithic. It is at 
the beginning of this time that we fi nd the fi rst evidence of humans 
adopting a sedentary lifestyle.37 Agriculture and the domestication of 
animals as food and companions rapidly emerged and took hold, then 
just as rapidly spread.38 Domestications were complex events, often 
involving multiple geographic centers that framed the future trajecto-
ries for many parasites and diseases.39 This included a rich legacy of 
pathogens; groups of roundworms in domestic cattle and sheep have 
origins in Africa where diversifi cation extended over the past fi ve to 
ten million years.40 So, along with all the benefi ts of agriculture and 
domestication came a cost: an increased potential for sharing patho-
gens resulting from the increasingly interdependent associations be-
tween us and the species we had domesticated. Many of our contem-
porary pathogens originated in the increasingly intimate links among 
humans and food and companion animals emerging from domestica-
tion.41 Even more, as sedentary living evolved into true urbanization, 
human living space provided viable fi tness space for yet more animals, 
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like rodents, that carried yet more pathogens happy to add humans to 
their repertoire.

A Tale of the Tape(worm)

Pathogens associated with our domestic animals tell stories of human- 
related food chains, centers of agriculture and urbanization and geo-
graphic expansion but are nearly always rooted in deeper history. A 
group of tapeworms that inhabits humans around the world exempli-
fi es this. Species of the genus Taenia are parasites of terrestrial carniv-
orans that circulate in well- defi ned predator- prey systems. Predators, 
such as felids, canids, hyaenids, and ursids, among others, host approx-
imately 50 Taenia species, with new species being found almost annu-
ally. Herbivores such as ungulates (hoofed mammals) and rodents har-
bor the infective larval stages, and the fi nal, carnivoran, host acquires 
the tapeworm when it eats prey infected with such larvae. Parasite 
transmission dynamics are thus oriented around connections estab-
lished in foraging relationships among particular groups of carniv-
orans and their prey. Host range shifts among carnivoran groups have 
had a prominent infl uence on diversifi cation and distribution among 
most of these tapeworms. Three species of Taenia are obligate parasites 
in people— Taenia saginata, T. asiatica, and T. solium— and their larval 
or infective stages are found in the musculature or liver of domestic 
animals. Taenia solium has an especially broad intermediate host range 
that includes humans, other primates, domestic dogs, and swine.

For many years scientists believed that these tapeworm species had 
become associated with humans only since the domestication of food 
animals, such as cattle or swine. The story was that these parasites were 
originally found as adults in canids and as larvae in ungulates that 
the canids ate. When we domesticated dogs and ungulates and began 
eating the ungulates, we acquired the heretofore dog tapeworms. This 
would make the association between humans and Taenia spp. no more 
than 15,000 years old.42 Phylogenetic analysis of Taenia established a 
novel ecological, geographic, and temporal setting for their association 
with humans as defi nitive hosts.43 Taenia spp. that inhabit humans are 
older than previously thought, likely associated with early humans in 
the late Pliocene and Pleistocene (ca. three to two million years ago; see 
fi g. 6.4).44

In addition to genetic estimates suggesting great age, the common 
ancestors of the Taenia spp. infecting humans were parasites not of 
wild canids or dogs, but of lions, hyenas, and bears. This leads us to 
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conclude that early humans likely acquired Taenia spp. as a result of 
more than one independent event of host range expansion by sharing 
scavenged or hunted prey infected with larval Taenia originally shared 
with carnivorans. Taenia solium is the sister species of T. arctos, a para-
site of Northern Hemisphere bears in the genus Ursus, and that pair 
of species occurs within a broader assemblage of Holarctic Taenia spp. 
infecting felids, canids, and hyaenids.45 Although Taenia saginata  + 
T. asiatica are sister species, their most recent common ancestor was the 
sister species of T. crocutae, a parasite of hyenas.

What we know is consistent with the African origins of the ances-
tors of Taenia in humans (fi g. 6.5). We can’t be certain of African ori-
gins until we have a more complete phylogeny; the real story will cer-
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F I G U R E  6 . 4  Phylogeny for Taenia based on a composite of current molecular- based trees 
depicting relationships among these tapeworms. Nakao et al. (2013); Terefe et al. (2014). We 
have mapped the geographic distributions of these tapeworms on the tree. Taenia saginata 
+ T. asiatica and T. solium are not closely related to each, indicating that people have become 
hosts on two separate occasions, events associated with dietary shifts by our ancestors from 
scavenging to carnivory. The origin of the ancestor of T. saginata + T. asiatica appears to be 
associated with sharing scavenged or hunted prey that host larval Taenia with hyenas; for T. 
solium, colonization of hominins involved sharing scavenged or hunted prey that host larval 
Taenia with bears.
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tainly be more complicated. There is the potential that independent 
events of host colonization leading to the common ancestor of T. sagi-
nata and T. asiatica, possibly involving our cousin Homo erectus, may 
have taken place in Eurasia, where hyaenid and bovid diversity was 
well established in the Pliocene. The common ancestor for T. solium +
T. arctos may have originated in Sub- Saharan Africa, with divergence of 
the sister species in the Palearctic. There are only two estimates of the 
age of divergence within this assemblage: for T. saginata + T. asiatica, 
divergence is placed at 0.78– 1.71 million years ago;46 and the Asian and 
African/European genotypes of T. solium have been dated similarly at 
0.80– 1.3 million years ago.47 This means the original host expansion 
events by the ancestors of T. solium and of T. saginata + T. asiatica are 
even older. These conservative estimates seem to denote a common his-
tory of expansion out of Africa followed by isolation in western Eurasia 
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F I G U R E  6 . 5  Major geographic episodes in the evolution of Taenia. Distributions refl ect 
complex relationships of expansion and isolation across regions and continents. The initial 
radiation of human species may have occurred in Africa or the west- central Palearctic, with 
expansion across Eurasia (1). Isolation in the western Palearctic and eastern Eurasia (2) led 
to the divergence of T. saginata + T. asiatica and the recognized genotypes of T. solium in 
the Pleistocene. During Neolithic times and during the era of domestication of cattle and 
pigs, these parasites were acquired once they colonized our primary ungulate food animals. 
Taenia asiatica remained endemic to Asia, but T. solium and T. saginata became widely 
distributed, coincident with trade routes and the expansion of animal husbandry (dotted 
arrows). For example, T. solium became distributed in Madagascar following introductions 
of infected people or swine nearly 2000 years ago (3) and again during the slave trade in the 
past 200 years (5). Pig and cattle tapeworms were brought to the Americas with European 
exploration and occupation and the slave trade after the 1500s (4). These characteristic 
parasites that circulate in our primary food animals now have broad cosmopolitan distri-
butions, with introductions throughout the world.
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and in southeastern Asia near the middle of the Pleistocene, predating 
the origins and expansion of modern humans out of Africa.

No matter the details of place of origin, Taenia spp. infected humans 
long before domestication arose, at a time when the earliest humans 
left evolutionary traces of transitions from foragers eating primarily 
plant material to aggressive scavengers competing with animals such 
as hyenas, to active predators competing with species such as lions, 
tigers, and leopards on the African savannahs or the southern Palearc-
tic. At the end of the Pleistocene, humans persisting in small groups of 
hunter- gatherers may, owing to our demographics— small groups, con-
stantly on the move, having limited contact with other groups— have 
been remarkably free of pathogens that could circulate directly from 
human to human.48 Nonetheless, they already hosted Taenia spp. as a 
result of their hunting success.

We acquired Taenia spp. from our carnivoran neighbors through 
these competitive acts of predation on at least two occasions during 
the transition by early humans from forest to savanna habitats.49 Much 
later we domesticated the intermediate hosts of the tapeworms and 
took the pathogens with us on our explorations of the planet. Expan-
sion across the western Palearctic and southern Asia may have set the 
stage for geographic isolation in southeastern Asia and the divergence 
of T. saginata and T. asiatica and the genotypes of T. solium. The timing 
suggests that Taenia spp. circulated among hominins prior to the ori-
gins of modern humans and well ahead of the domestication of cattle 
and swine.50 Following their expansion from Africa, these Taenia spp. 
became widely distributed within but restricted to the Old World.

Our journey into the Neolithic is about the link between domestica-
tion and disease. The roots of agriculture and domestication of swine 
and ruminants had origins in the Middle East and in Asia between 
9000 and 10,000 years ago.51 If humans had already acquired Taenia by 
that time, our modern food animals, particularly cattle and swine, may 
have unwittingly become intermediate hosts during the process of do-
mestication.52 This would have involved T. saginata in cattle and T. asi-
atica and T. solium in swine, along with a possibility that the T. solium 
life cycle might have been maintained— at least to some extent— in 
some human populations through cannibalism.53

Taenia solium has discrete African and Asian genotypes refl ecting 
isolation and divergence in the Pleistocene,54 enhanced or maintained 
into the present through the discrete nature and regional history of 
swine domestication.55 Genetic data reveal a more recent history of 
global introduction and establishment for this pathogen. Fifteenth- and 
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sixteenth- century trade routes linking Africa and Europe, the Ameri-
cas (Peru and Mexico), the Philippines, and southern Asia were espe-
cially prominent in the introduction and dissemination of T. solium.56 
In the Americas, populations of T. solium were derived from multiple 
introductions with people or swine from African and later European 
sources, but not from Asia. Asian and African genotypes occur in Mad-
agascar, illuminating an unexpected and earlier history for the tim-
ing of human dispersal and colonization of the island from different 
sources.57 Madagascar populations of T. solium with Asian affi nities are 
related to those in northern Nepal and only distantly linked to insular 
southeastern Asia, which had been assumed to be the source. African 
genotypes arrived considerably later, only about 200 years ago, the re-
sult of the slave trade between Africa and Madagascar. Because early 
humans initially inserted themselves into African foraging guilds with 
carnivorans and ungulates, the initial colonization events for Taenia 
may not have been so strongly dependent on their population density, 
because other hosts helped maintain the parasite. Since becoming es-
tablished in species capable of long- distance movement, however, their 
history has been one of expansion and mixing of early and later hu-
man populations and their domestic animals.58 This served to expand 
the spectrum of human pathogens and also broadened the geographic 
and ecological distribution of pathogens among those organisms that 
we brought as food or companion animals.59

As our human ancestors expanded geographically, they would have 
been exposed to an array of vector- borne pathogens, each one initially 
localized by the vector distribution. Like Taenia, some of these patho-
gens could have been brought by humans to new places where suscep-
tible but previously unexposed vectors waited, unaware that their lives 
were about to change. Scientists believe this kind of phenomenon has 
occurred often, leading to geographic breakouts of pathogens through 
the acquisition of new vectors (e.g., West Nile virus, chikungunya vi-
rus, Zika virus) or newly encountered susceptible domesticated or free- 
ranging host species.60

Many other pathogens of humans and livestock likely have an “out 
of Africa” origin and a complex history of sharing. The roundworm 
parasite that causes human river blindness in Africa, Onchocerca volvu-
lus, was derived from a bovid host.61 That particular parasite has not ex-
panded into other parts of the Old World but was introduced to South 
America possibly as early as the 1500s, coincidental with the African 
slave trade. There the organism found a suitable vector in native black 
fl y hosts, and the parasite was established through a classic case of host 
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range expansion via ecological fi tting. Schistosoma mansoni evolved in 
Africa nearly 120,000 years ago, derived from a host range expansion 
by an ancestral schistosome infecting other mammals. Like Taenia and 
Onchocera, S. mansoni was introduced to South America and the Carib-
bean about 600 years ago as a result of the African slave trade associ-
ated with colonization of the continent by Europeans. Schistosomes 
can only be acquired when water- borne larvae penetrate the host skin; 
this may have been associated with sedentary living near permanent 
water bodies or the emergence of fi shing. A number of other pathogens 
of humans that are transmitted in an aquatic milieu seem to have been 
acquired as a result of increasing reliance on aquatic habitats.62

The bacterium that causes tuberculosis, Mycobacterium tuberculosis, 
emerged initially from Africa with our ancestors.63 The bovine strain 
of this pathogen was derived much later as one of the unintended con-
sequences of domestication. Human expansion carried this pathogen 
and disease throughout the Old World during the past 6000 years, an 
increasingly familiar theme. And, like Taenia, tuberculosis was thought 
not to have made the trip across Beringia and was unknown in the 
New World until arrival of the Europeans. When evidence of tubercu-
losis was discovered in Peruvian mummies predating European con-
tact, that narrative seemed to fall into in doubt. It turns out, however, 
that the tuberculosis that plagued those ancient Peruvians was not 
M. tuberculosis, but another species more commonly found in local sea 
lions, an early case of an emerging disease waiting to happen.64

Of course, not everything that is in Africa began in Africa. Many 
gastrointestinal parasites in free- ranging ungulates have origins in Eur-
asia and more northern latitudes. Many of these parasite groups ex-
panded from northwestern Eurasia into North America across Beringia 
in the past three million years, taking advantage of climatic conditions 
that precluded groups originating in warmer areas.65

Domestication of cattle and sheep was at the core of introductions 
of the liver fl uke, Fasciola hepatica, which enjoys a global distribution.66 
Arising in the central Palearctic, this species was widely introduced 
throughout the temperate areas of the Old World coincidentally with 
developing trade accompanied by the spread of domestic livestock and 
invasive gastropod intermediate hosts. As with the history of the re-
lated giant liver fl uke, Fascioloides magna, that we discussed earlier, es-
tablishment in new localities in western Europe involved host range 
expansions for both novel fi nal (deer and their relatives) and interme-
diate (snail) hosts, facilitated by both climate and land- use change.67

Roundworms of the genus Trichinella have a unique life cycle— the 
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same host is the intermediate and defi nitive host, and transmission to 
new hosts involves carnivory or scavenging infected carcasses (e.g., by 
rodents, carnivorans, other mammals, crocodilians, and some birds). 
Infective larval stages live in the musculature, for example in swine, 
and upon ingestion of raw or undercooked meat the parasites develop 
in the subsequent host, leading to successful transmission and persis-
tence. The group has a history of association with vertebrates as much 
as 300 million years old. Our particular interest is in the members of 
a group within the genus characterized by the formation of a tissue 
capsule around larvae in host muscle that originated in Central Asia 
approximately 30  million years ago. The group comprises nine spe-
cies whose radiation involved multiple expansion events from Eur-
asia into North America with mammalian hosts across Beringia in the 
Pliocene/Pleistocene, one into the Neotropics from Eurasia with the 
fi rst small cats nearly 12 million years ago, and two or three events into 
Africa (fi g. 6.6).68

Trichinella distributions in Europe and in southeastern Asia refl ect 

T. spiralis

T. nativa

T. spiralis

T6-unnamed

T. murrelli
T. britovi

T. nelsoni

T. patagoniensis

T9 - unnamed

T8 - unnamed

T. spiralis

T. spiralis

T. spiralis

F I G U R E  6 . 6  Global geography and history for species of the encapsulated group of 
Trichinella. The initial radiation began nearly 30 million years in central Asia, where the 
greatest diversity for T. spiralis is observed. Independent events of expansion occurred in the 
Pliocene (solid lines and arrows) into Africa and isolation with the distribution of T. nelsoni (the 
sister of T. spiralis) and for T- 8 (an unnamed species). T- 8 is the sister of the Palearctic T. britovi, 
which also expanded into Africa about 100,000 years ago. Geographic colonization in the 
Plio cene through the Nearctic (T. patagoniensis) to South America, and during the Pleisto-
cene into North America (events for T. murrelli and for T- 6 + T. nativa), was the basis for the 
origins of Western Hemisphere fauna. Trichinella spiralis became widely distributed in central 
and western Europe from central Asia, associated with swine domestication and expanding 
husbandry in the Neolithic (dotted lines). These populations were eventually distributed 
into the Western Hemisphere after the 1500s with the transport of infected pigs and rats in 
association with humans (they were synanthropic).
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the history of swine domestication.69 The species of greatest health and 
economic importance, T. spiralis, has a relatively short association with 
humans, swine, and rats. Asia is one of the centers for swine domestica-
tion, and the extensive genetic variability of T. spiralis there suggests an 
association with swine in the Neolithic or even earlier. European lin-
eages of the parasite, in contrast, exhibit genetic uniformity consistent 
with a single origin about 6000 years ago. European trade and colo-
nization introduced the parasite assemblage to North Africa and the 
Americas over the past 600 years.70

The “barber- pole nematodes” of the genus Haemonchus are stomach 
and abomasal pathogens in ungulates.71 Although most of the diversifi -
cation of the 12 species in this genus was confi ned to Africa, the group 
appears to have originated in Eurasia and diversifi ed from there (fi g 6.7). 
Most of the diversifi cation encompassed a series of within- Africa taxon 
pulses associated with a considerable amount of host range oscillations 
involving many ungulate groups, including the Caprinae, Bovinae, An-
tilopinae, Giraffi dae, and Camelidae. The pulses correspond to identifi -
able episodes in the Middle Miocene (from 14 to 15 million years ago), 
the Pliocene (between 3  million and 2.6  million years ago) and the 
Quaternary (less than 2.6 million years ago).72 This included multiple 
cases of stepping- stone host colonization.73 Four species expanded out 
of Africa back into Eurasia in the Holocene: H. longistipes, associated 
with domestication of the dromedary and with the subsequent expan-
sion along trade routes for incense and spices from Africa to India;74 
H. placei and H. similis, primarily associated with domestic cattle; and 
H. contortus, primarily associated with domestic sheep and goats (Ca-
prini). Global introductions to every continent expect Antarctica for 
the latter three species were coincidental with European colonization 
after the 1500s, which has seen the host range for H. contortus explode 
to include ungulate hosts of 40 genera.

These examples show us that many pathogens, as well as their as-
sociations with us and with the plants and animals upon which we 
depend for survival, are far older than we imagined. And their histories 
indicate they have not only persisted through many previous episodes 
of climate change, they have often taken advantage of those episodes.

Anthropocene Impacts

Domestication and global dissemination of pathogens infecting hu-
mans and their crops and livestock are recurring themes in human 
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evolution since the Neolithic, especially during the past 600  years.75 
Pathogen circulation for modern humans began in the Pleistocene 
with early mixing of African and Eurasian biotas.76 Most pathogens 
have histories based on transmission patterns that originated prior to 
the advent of agriculture and domestication and are likely to involve 
links among Neanderthals, Denisovans, and modern humans. A suite 
of distinct disease packages from the Pleistocene (some viruses, bac-
teria, and helminths) and Holocene (plague, cholera, arboviruses, ma-
laria, and helminths, among others) defi ne or characterize this history. 
Signifi cantly, such diseases as measles, smallpox, pertussis (whoop ing 
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F I G U R E  6 . 7  Geographic history for the species of Haemonchus nematodes living in the 
abomasum of domesticated ruminants. There are 12 species, and this group is primarily 
limited to Africa, where it has radiated among antelopes and other bovids since the Miocene 
(1). The complex radiation unfolded with sequential arrival and host colonization of different 
ungulate groups from Eurasia into Africa. Only four species of these nematodes escaped 
Africa, an event associated with domesticated cattle, sheep, goats, and camels. Here we 
show the routes and history of expansion for those species in domesticated hosts. Solid lines 
are historical events that may not be directly linked to human involvement; broken lines 
denote anthropogenic expansion and introductions connecting regions and continents; and 
bidirectional arrows indicate recurring exchange. Haemonchus longistipes expanded from 
Africa across southern Eurasia into India coincidental with host colonization and domestication 
of the dromedary (2). Neolithic domestication of cattle, sheep, and goats led to subsequent 
expansion into Asia for H. contortus, H. placei, and H. similis (3). Later trade routes such as the 
Silk Road, which linked Africa, Europe, and India, further disseminated the fauna (4). European 
contact and exploration introduced these three species to South and North America, with 
recurring or overlapping introductions refl ecting an exchange of stock late into the twentieth 
century (5,6). Haemonchus was introduced to Australia and New Zealand from European and 
other sources in the nineteenth century (7). Global introductions led to broad dissemination 
of H. contortus through ecological fi tting and host colonization among a considerable number 
of ungulate species in the Western Hemisphere.
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cough), and a range of other viral pathogens in humans originated via 
host colonization from domestic stock from Europe in the Neolithic.

As the Neolithic waned, our world became increasingly small and 
fast, with access to every corner of the planet. Our relationship to cli-
mate underwent a transformation. We had been among the passive 
bystanders to climate, often looking for a cave or later a stone hut in 
which to shelter. As we marched fi tfully into the late Holocene, we saw 
a growing frequency of military campaigns, invasions, occupations, 
and population displacement. Long- distance trade along sea routes and 
land connections grew. Our travels required us constantly to contend 
with new pathogens and diseases. During this time transmission that 
originated through exposures to infected livestock became enhanced 
by crowding but limited by immunity, and both factors increasingly 
characterized conditions up to the Middle Ages.

As the Middle Ages arrived, the human condition— particularly 
in Europe— was no less tumultuous and certainly not improving to a 
great degree. The burden of human disease increased. Expanding trade, 
religious pilgrimage, and warfare spurred geographic expansion, infl u-
encing the spread and emergence of many of the pathogens limited to 
humans, such as leprosy, smallpox, measles, tuberculosis, and typhus.77 
And to make matters worse, the frigid circumstances of the Little Ice 
Age jeopardized human health and food security and ended 500 years 
of Norse occupation in Greenland.78

Plague has an especially convoluted history of expansion and pan-
demic explosion linking Eurasia and western Europe. Caused by the 
bacterium Yersinia pestis, plague is a well- known disease with ancient 
populations widespread in Central Asia and more restricted occur-
rences in northeastern Africa, the Arabian Peninsula, southern China 
and Mongolia, and northwestern India.79 Plague is one of the iconic 
human diseases spread by rodents and their fl eas. During the past 
5000 years this pestilence has swept across the planet, including at least 
three pandemics that killed more than 200 million people. Plague may 
have initially spread out of Eurasia into Europe in the Late Neolithic 
or Bronze Age between 4500 and 3700  years ago with the westward 
expansion of steppe- pastoralists.80 The disease returned to Central Asia 
with subsequent dispersal by human populations, although that his-
tory is obscure. The Plague of Justinian swept through Constantinople 
in the sixth century CE. That emergence seems to have spread with 
rats, fl eas, and people moving northward on cargo boats navigating the 
Nile from the African Great Lakes region north to Alexandria and on 
to the Bosporus.81 The second plague pandemic, known as the Black 
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Death, unfolded between 1347 and 1665, eventually infecting half the 
population of Europe. The overlapping trade routes, religious pilgrim-
ages, military confl icts, and human migration due to the recurring 
crop failures, famine, and torrential rains that characterized the Little 
Ice Age became threat multipliers for the disease.82 Rather than being 
a reemergence of endemic plague following an earlier establishment 
from Asia, the second pandemic in Europe may be linked to multiple 
events of geographic expansion into western Europe.

Plague pandemics are attributed to climate and weather patterns, es-
pecially in Eurasia.83 Climate cycles involving a minimum of 16 events 
catalyzed the episodic recurrence of plague in Asia and expansion into 
Europe; these were taxon pulses in near contemporary time. In Central 
Asia warm springs and wet summers synchronize vegetation growth 
and the increased rodent and fl ea populations required for transmis-
sion. Environmental changes reducing vegetation growth can cause 
rodent populations to crash within one to two years, whereupon fl eas 
colonize alternative hosts, including urbanized rats and humans. In-
fections of humans, rats, and camels in trade caravans on the Silk Road 
requiring a 10- to- 12- year journey from Asia to European ports on the 
Mediterranean facilitated the westward pulse of expansion. A subse-
quent three- year spread among rats and humans involved connections 
among the major port cities, leading to 61 recognized maritime intro-
ductions around Europe and the Mediterranean between 1346 and 
1859. In a slow world dominated by land caravans and maritime trade, 
substantial lag times were involved between outbreaks in Asia resulting 
from climate oscillations and episodes of introduction and emergence 
in western Europe.84 Recurrent expansion from Eurasia would result in 
a complex mosaic of plague genotypes, which may account for the per-
sistence of plague in a now- extinct focus identifi ed in France indicating 
emergences in the 1400s and 1700s.85 Plague arrived in North America 
for the fi rst time from southern China and Hong Kong, coming ashore 
at San Francisco in 1899.86 All exposures and subsequent outbreaks in 
North America originated from this introduction. The establishment 
of plague in North America was part of a third global pandemic in the 
early 1900s.

Plague is still very much with us, though there has not been a global 
pandemic in more than a century. Cholera, by contrast, provides a 
chilling view of recurrent pandemics in recent times and on short time 
scales. Caused by the bacterium Vibrio cholerae, the disease exploded 
onto the world stage with what is called the fi rst pandemic, sweeping 
out of India and into China and Asia during 1817– 20. There have been 
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six additional global pandemics, all linked to climate and globaliza-
tion.87 We are currently in the grip of the seventh pandemic, which 
originated in 1961 and has circled the globe three times, infecting 
three million to fi ve million people annually. Cholera emerges most 
often along the coastal regions of the Bay of Bengal in association with 
increasing sea surface temperatures during ENSO (the El Niño South-
ern Oscillation, commonly known as El Niño) events that infl uence 
near- shore production cycles. The bacteria become amplifi ed and en-
ter marine trophic structures that connect to the human food chain. 
ENSO events also warm ocean waters, and cholera requires tempera-
tures of at least 15 degrees C to develop and cause illness. The bacte-
ria are carried along established shipping routes to urban centers in 
near coastal areas.88 International shipping and tourism hubs become 
sites where multiple populations of cholera meet and mix. There, in 
a manner analogous to the situation with infl uenza A, recombination 
among members of different populations increases the production of 
pathogenic genotypes. Poor personal hygiene and contaminated wa-
ter supplies allow the bacteria to spread. Drought focuses surface wa-
ter resources and increases concentrations of bacteria, whereas fl ood-
ing challenges water security and sanitation infrastructure.89 Within 
current risk areas, warming oceans will extend the length of time 
water temperatures remain above 15 degrees C. Latitudes currently 
free of cholera may begin to experience water temperatures above the 
15- degree threshold for at least some period of time; coastal Alaska and 
the North Sea could see expansion of a number of Vibrio species, in-
cluding those that are highly pathogenic, within this century.90

Some of our most serious disease threats come from pathogens that 
ravage food crops.91 Wheat, for example, is the world’s largest food crop 
and along with barley represents 26 percent of the global food supply. 
It is also one of the most widely distributed and genetically homoge-
neous food plants in cultivation, and its existence as a global mono-
culture creates particular vulnerabilities to rapid pathogen emergence. 
Foremost among these are the rust fungi, three species in the genus 
Puccinia that have long been documented to wreak havoc and that rep-
resent an expanding threat today, capable of causing more than $5 bil-
lion in losses annually. The genus Puccinia includes about 3500 species, 
most of which are pathogens of wild grasses (family Poaceae). Wheat is 
one of those species, so it is no surprise that it hosts rust fungi. Each of 
the three wheat rust species seems to have originated in different parts 
of Eurasia, where they remained isolated and in obscurity for most of 
their existence.92 Puccinia striiformis, the yellow leaf rust, for example, 
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originated in the Himalayas and experienced an early separation in 
China and Pakistan, independent of the radiation for the other wheat 
rusts.93

Rusts are excellent explorers, with broad host ranges and an evo-
lutionary radiation involving extensive host- plant colonization, geo-
graphic expansion, and ecological diversifi cation.94 Humans acquired 
wheat rusts by domesticating wheat in the Fertile Crescent and then 
spread it into the Trans- Caucasus region more than 12,000 years ago.95 
Connectivity among farmlands linked previously isolated rust species 
with susceptible wheat crops in environments favorable for transmis-
sion.96 Like all good oscillators, they took advantage of the invitation to 
explore. The wheat leaf rust Puccinia triticina seems to have colonized 
wheat from Aegilops speltoides in the Middle East. The evolution of the 
yellow rust, P. striiformis, involved episodes of geographic and host 
range expansion from China and Pakistan into Europe. The origins of 
the stem rust, P. gramini, are not so clear.97 But it is likely all three of the 
species met wheat in the Fertile Crescent and Trans- Caucasus regions, 
where they created problems for early agriculturalists.

European farmers recognized that barberry was somehow connected 
to stem rust epidemics by the seventeenth century. The French city 
of Rouen banned the planting of barberry near wheat fi elds in 1660. 
Laws banning the importation and planting of European barberry 
were enacted in several New England colonies in the mid- 1700s— to 
no avail, since a native barberry grows throughout the wildlands. And 
when that species was planted near wheat fi elds, infections stemming 
from rusts imported from Europe broke out with a vengeance. In 1865 
de Bary had established that the fungus had a complex life cycle that 
appeared to require development on one host to produce spores capable 
of infecting the other. Researchers in the early 1900s recognized that 
de Bary’s belief about rust life cycles was not absolute. These fungi are 
capable of great feats of ecological fi tting as a result of extreme plastic-
ity in their reproductive modes. All of them are quite capable of surviv-
ing only on wheat plants, or only on wild grasses, or only on barberry, 
undergoing indefi nite episodes of asexual reproduction. So it appeared 
that the hope that barberry eradication would eliminate the pathogens 
was forlorn. The only good news was that forcing the fungi to persist 
in asexual modes for extended periods of time would decrease the odds 
that new virulent strains would emerge as a result of recombination.

The wheat rust fungus had a large potential host range among wild 
grasses, making it a constant threat for infection and reinfection of 
crops of other domestic grasses. You might eradicate large numbers of 
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barberry, even ban it from being imported or planted close to agricul-
tural lands, but you cannot eradicate grasses, which make up 12,000 
species of plants covering 40 percent of Earth’s land surface. Despite 
those warnings, wheat continued to be grown and shipped throughout 
the world, and the rust fungi always hitched a ride, reaffi rming that 
geographic and host colonization are critical issues in global disease 
emergence.98 Yellow rust fungus, for example, has had extensive global 
spread along trade routes during the past 100 years (fi g. 6.8). The recent 
history of rust dissemination illustrates the role of pathways facilitated 
by people. Everywhere that humans have introduced wheat- based agri-
culture, rust pathogens have been transported, introduced, and estab-
lished as pathogens along with the grain.

The Western Hemisphere and India have long experienced seasonal 
outbreaks and crop losses, but new pathogenic strains of Puccinia have 
recently emerged in Europe and Africa.99 Most outbreaks occur on a 
regional scale, such as the northward seasonal migration of black rust 
that occurs in the central region of the United States and Canada. Sea-
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F I G U R E  6 . 8  Long- distance introductions and migrations of yellow wheat rust fungus linked 
to human activities since 1900. (Ali et al. [2014]). (1) An association of yellow wheat rust 
and the wheat host have origins in the Himalayan region, serving as a precursor for global 
expansion. (2) In the early 1900s a pathogen strain was introduced and established from the 
United Kingdom to the Americas. (3) United Kingdom to Australia in 1979. (4 and 5) Northern 
Africa to the Middle East in 1986 and continuing to India in 1998. (6) North Africa to South 
Africa in 1996. (7) Africa to the southern United States in 2000. (8) The Arabian Peninsula to 
Australia in 2003. Patterns of lines and color symbols that are the same show shifts for single 
strains of fungi at different times over the past century. Episodes of introductions of single 
fungal strains have occurred on multiple occasions, for example into the Americas in the early 
1900s and into Australia about 30 years ago. Multiple strains have also been established, for 
example in the United States and Mexico and in Australia.
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sonal shifts also tell the story of episodes of local extinction and re-
inva sion in those regions whose climates do not permit persistence of 
the pathogens. Epidemics are driven by climate envelopes— hot days 
(25– 30 degrees C) and mild nights (15– 20 degrees C) with ample pre-
cipitation; for example, in North America these interactions determine 
the climate-  and weather- related northward expansions that occur sea-
sonally from the southern United States and Mexico northward toward 
Canada. New strains of yellow rust occur over large areas in Europe, 
North Africa, East Africa, and Central Asia where they had previously 
been considered eradicated. Genetic analysis shows that the strains 
most successful in colonizing new geographic areas are most closely 
related to the virulent strains that caused earlier epidemics from North 
America to Afghanistan.100 These fungi clearly illustrate the threat of 
pathogen dissemination as an unintended consequence of accidental 
introductions through expanding agricultural lands and opening trade 
routes, ultimately damaging food security on all continents.101 In a sim-
ilar manner, movements of domesticated livestock in agricultural lands 
and along trade routes introduced nematode parasites worldwide.102

The examples we have discussed in this section have a common 
theme: disease emergence associated with climate change in recent and 
contemporary times. Hantaviruses and plague circulating in southwest-
ern North America and hantaviruses infecting voles in Fennoscandia 
are sensitive to even minor fl uctuations in climate. In North America 
these are linked to multiannual to decadal shifts in ocean- atmosphere 
circulation.103 Notably, seven of the nine outbreaks of yellow fever in 
the United States during the nineteenth century can be linked to these 
events, in which eastern North America is subjected to high tempera-
tures and humidity. Global climate warming has a disproportionate 
infl uence across northern ecosystems that are a bellwether for plan-
etary change.104 Lungworm nematodes in caribou and musk oxen on 
the tundra of the central Canadian Arctic provided the fi rst snapshots 
of climate- based responses in pathogen- host systems anywhere on the 
planet.105 Adult protostrongylid nematodes live in the lungs of ungu-
lates, and their larvae develop in slugs or snails whose development and 
viability are infl uenced by temperature and moisture. If temperatures 
are too low, parasites do not develop, transmission does not occur, and 
infections do not persist. Prior to the 1970s temperatures on the Ca-
nadian mainland limited the life cycle and transmission to a two- year 
process for the lungworm Umingmakstrongylus. Rising temperatures 
since 1970 caused a shift from a multiyear to an annual infection pat-
tern. This led to larger parasite populations involving ever greater num-
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bers of hosts. Initially the parasites remained excluded from the adja-
cent islands across the Northwest Passage, where temperatures were too 
low to permit completion of the parasite life cycle. This changed by the 
early 2000s, when two unrelated species became established on the low 
Arctic islands in response to permissive new environments. Warming 
has also led to a rapidly expanding geographic range for unrelated fi -
larioid nematodes among cervids (reindeer and introduced white- tailed 
deer) and blood- feeding arthropod hosts in Finland.106

Summary

The Stockholm Paradigm provides a direct link between climate change 
and emerging diseases. Climate change does not cause emerging dis-
eases, but it provides opportunities that set the stage for pathogens to 
explore new fi tness space. Pathogens expand geographically, leading to 
new distributions of established diversity, which in turn sets the stage 
for the emergence of new specialized diversity. Each episode of gen-
eralizing (expansion) and specializing (isolation) is initiated by envi-
ronmental perturbations that increase connectivity in fi tness space. 
There is abundant evidence that pathogen diversifi cation has followed 
this evolutionary pattern, and that each episode has been catalyzed by 
some form of climate change. Oscillations— from host range changes 
to taxon pulse dynamics— are generalities that do not show strong pe-
riodicity because the triggers are contingent. We cannot predict with 
certainty that a Stockholm Paradigm episode will be initiated on any 
given date, but we can anticipate that whenever climate change occurs, 
a Stockholm Paradigm episode will be initiated. The structure and dis-
tribution of the complex pathogen- host systems we see now are much 
more strongly infl uenced by events in the past than we had thought, 
and sometimes more than by things happening now. As a result, their 
regularities may emerge only on the scale of global climate episodes. 
Such oscillations take time and space to unfold. This is an excellent 
example of our recurring theme of complex systems: it is never just one 
thing, and it always depends. Only a few of the pathogens that humans 
host are relicts of our distant ancestry. This is because we largely left 
the African forest environs where they still live. Nonetheless, we have 
an enormous number of “new” pathogens acquired in the course of 
history since we moved into the savannahs and beyond. Simply bring-
ing our old habits into new habitats exposed us to some pathogens we 
had never encountered. But we also changed our habits, fi rst by add-
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ing more animals to our diet as we actively scavenged the remains left 
behind by carnivorans, then developing the tool- making abilities that 
allowed us to become predators in our own right. New pathogens were 
a major cost of that dietary bonanza. About 12,000 years ago, climate 
stability broke out across the globe. Humans quickly changed their 
habits again, and agriculture, animal domestication, and sedentary 
lifestyles led to new interfaces with our world. These changes brought 
us into contact with many of the pathogens that still affect us, our 
crops, and our domestic animals. At fi rst, the costs of newly acquired 
pathogens seemed to be outweighed by our increasing success in im-
proving our living conditions. But those improvements led, inevitably, 
to unprecedented population growth, and with that came geographic 
expansion. Humans bringing the lifestyle of sedentary pastoralists 
and agriculturalists into places new for them came into contact with 
other humans, either hunter- gatherers or other sedentary pastoralists 
and agriculturalists. And while those contacts laid the groundwork for 
cooperative activities, such as trade, too often they produced confl ict. 
Confl ict, in turn intensifi ed the movements of human populations, 
bringing humans and their domestic plants and animals into contact 
with yet more pathogens.107

By the end of the eighteenth century it appeared that our techno-
logical innovations would allow us to survive our burgeoning popula-
tion, our movements, our diseases, and our confl icts. There were warn-
ing signs, however. Yellow fever emerged in Philadelphia during 1793 
when infected French refugees displaced by the Haitian slave rebellion 
arrived at the same time that increasingly warm conditions amplifi ed 
populations of the Aedes aegypti mosquito vectors.108 Jenner’s initial 
vaccination experiments in 1796 were a response to recognizing that 
humans were beginning to have trouble surviving disease without 
help, and in 1797 the Reverend Thomas R. Malthus warned that food 
production could not keep pace with population growth. At the time, 
however, these events were never connected.

Largely undetected by us, the era of climate stability was ending. 
This ushered in the modern era (the Anthropocene), characterized by 
an ever smaller and faster world, with a tightening web of threat multi-
pliers: climate change and climate fl uctuations, increasing population 
and population density, globalization of economies and travel, urban-
ization, and reliance on highly polluting and nonrenewable energy 
sources. These factors create problems with water and food supplies 
and security, poverty and social and political instability, confl ict, and 
migration.
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There is no doubt that in the twenty- fi rst century, the web of threat 
multipliers for emerging disease is tightening rapidly: climate fl uctua-
tions today mediate the incidence of a multitude of pathogens, from 
malaria in South America to Rift Valley fever in East Africa, dengue 
in Thailand, 109 and a cholera outbreak in Yemen that threatens to de-
stroy the country. All the examples we have discussed so far, and a host 
of others to which we have only alluded, are the complex landscapes 
for pathogens, diseases, and us. In each circumstance these pandem-
ics arose during periods not just of climate change, but also of climate 
fl uctuations that destabilized human societies. People were on the 
move, responding to patchy food security, famine, socioeconomic and 
political instability, and confl ict. Previous episodes of pandemics sub-
sided with the return of climate stability, but we are now not certain 
when climate stability will return.

Throughout the world, climate change increases the threat of emerg-
ing disease. This is not a new insight.110 What we bring to the discussion 
is the recognition that the pathogens affected by climate change today 
have long evolutionary histories that are important for us to under-
stand. The historical record shows that everywhere we go, and every-
where we take our domestic plant and animal companions, pathogens 
are shared, rapidly and enthusiastically. Furthermore, the capacity to 
thrive and diversify as a result of coping with environmental pertur-
bations is a built- in feature of pathogen biology. What is happening 
today has happened before. Biotic expansion and isolation phases of 
taxon pulses can be catalyzed by external perturbations ranging from 
minor local climate fl uctuations to global catastrophic events such as 
asteroid impacts. And those capacities are on display globally, right 
now. This means that as climate change becomes more pronounced we 
should expect more, rather than fewer, emerging diseases.

We suggested earlier that we see the world as being made up of two 
groups of organisms, pathogens and hosts. If the Stockholm Paradigm 
explains the evolution of pathogens, does it also explain the evolution 
of their hosts?

Let’s fi nd out.
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S E V E N

A Paradigm for 
Pathogens and Hosts

In adaptive radiation and in every part of the whole, wonderful history of 

life, all the modes and all the factors of evolution are inextricably interwoven. 

The total process cannot be made simple, but it can be analyzed in part. It is 

not understood in all its appalling intricacy, but some understanding is in our 

grasp, and we may trust our own powers to obtain more.

—  G E O R G E  G .  S I M P S O N ,  T H E  M A J O R  F E AT U R E S  O F  E V O L U T I O N  ( 19 5 4 )

Vernon Kellogg wrote that neo- Lamarckians, orthogeneti-
cists, and neo- Darwinians all agreed that the core ques-
tion in evolution was understanding how the right ad-
aptation always arose at the right time. He dismissed the 
traditional Darwinian that what was necessary for survival 
under changing conditions must already be present in a 
species population— in low numbers, in the background 
or on the margins of fi tness space, but preexisting— as ab-
surd. We now know that he was wrong on that issue, but 
we can understand his perspective. For Darwinians, evo-
lution was effective, not heroic. At the end of the nine-
teenth century, however, a love of the heroic dominated 
the scientifi c zeitgeist. What could be more heroic than 
the vision of a species, faced with an incoming asteroid, 
or maybe just encroaching desert on the margins of a 
rainforest, bravely standing its ground and averting ex-
tinction by magically producing “the right stuff” needed 
to survive? What about entire groups of species resulting 
from such heroic efforts? A single species, having survived 
an environmental onslaught by coming up with the right 
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stuff, then goes on to a long existence, living happily ever after by 
producing lots of descendant species? Just a few years after Kellogg’s 
book appeared, the race was on to provide the most heroic account of 
evolution.

In the Beginning . . . 

We met Henry Fairfi eld Osborn as a key leader of the North American 
orthogenesis movement. Coping with environments was not impor-
tant to most orthogeneticists, but a particular sense of it was crucial 
for Osborn. With prose appropriate to the heroic feeling of the time, 
Osborn proposed that

it is a well- known zoölogical principle that an isolated region, if large and suffi -

ciently varied in its topography, soil, climate, and vegetation, will give rise to a di-

versifi ed fauna according to the law of adaptive radiation from primitive and central 

types. Branches will spring off in all directions to take advantage of every possible 

opportunity of securing food. The modifi cations animals undergo in this adaptive 

radiation are largely of mechanical nature, they are limited in number and kind by 

hereditary, stirp, or germinal infl uences, and thus result in the independent evolu-

tion of similar types in widely separated regions under the law of parallelism or 

homoplasy. This law causes the independent origin not only of similar genera but 

of similar families and even of similar orders. Nature thus repeats herself on a vast 

scale, but the similarity is never complete or exact.1

Each unique set of characteristics was an adaptive mode, and all spe-
cies exhibiting the same adaptive mode occupied an adaptive zone. 
Os born believed that every lineage traveled through various adaptive 
zones, each marked by increasing ecological specialization, eventually 
becoming so specialized that it went extinct. He believed that adap-
tive radiation was driven by internal principles of diversifi cation rather 
than responses to external demands or opportunities, so he rejected 
both Lamarckian inheritance and natural selection.2 Osborn’s sense of 
adaptation was similar to Darwin’s use of adaptation to mean “func-
tional ability.” It was not, however, connected to Darwin’s notion of 
adaptation as “selective fi t to the environment.”3 Osborn noted: “All 
that we can say at present is that Nature does not waste time or effort 
with chance or fortuity or experiment, but that she proceeds directly 
and creatively to her marvelous adaptive ends of biomechanism.”4 In 
accordance with other orthogeneticists, Osborn attached special signif-
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icance to associations between different species, including pathogen- 
host systems. His “seventh law of adaptive radiation in the external 
body form” was symbiotic adaptation, in which

vertebrate forms exhibit reciprocal or interlocking adaptations with the form evo-

lution of other vertebrates or invertebrates. It is these two principles of too close 

adjustment to a single environment and of the nonrevival of characters once lost 

by the chromatin which underlie the law that the highly specialized, and most per-

fectly adapted types become extinct, while primitive, conservative, and relatively 

unspecialized types invariably become the centres of new adaptive radiations.5

Neo- Darwinians quickly joined the scrum. George Gaylord Simpson, 
also a paleontologist, co- opted Osborn, proposing a framework in 
which natural selection played a central role. Simpson argued that the 
environment could be divided into “a fi nite and more or less clearly 
delimited set of zones or areas.”6 He envisioned adaptive radiation as 
a three- step phenomenon, beginning slowly as small, isolated popula-
tions accumulated mutations (evolutionary novelties) that would grad-
ually make them increasingly more poorly adapted to their environ-
ments. This would allow a population (in a random yet heroic way) 
to make a “quantum leap” into a new adaptive zone. In essence, the 
novel traits would “preadapt” (remember our discussion of problems 
that particular term has created) the population for survival in the new 
zone. Of course, if no new zone were available, this would seem to pre-
adapt the population for extinction, but at this point Simpson is on 
a roll, so let’s go with it. Once in the new zone, the leaping ancestor 
and its descendants would diversify along one or both of two differ-
ent pathways: (1) geographic expansion + speciation, producing many 
species with the same evolutionarily conservative ecologies in different 
places, and (2) ecological diversifi cation + speciation, producing many 
species with divergent ecologies in the same place.

Simpson’s ideas about adaptive radiations emerged at the same time 
physicists were popularizing quantum mechanics. Quantum mechan-
ics is based partly on the proposition that the double life of photons 
(energy/wave versus matter/particle) introduces a fundamental dual-
ity into the universe. Simpson built a phylogeny/ecology duality into 
his adaptive zones, which could be specifi ed simultaneously by the 
group that occupied them (e.g., the “felid zone”) and the adaptive trait 
that matched the environment (e.g., the “carnivore zone”). Different 
zones could thus have different degrees of environmental and taxo-
nomic complexity, which made it diffi cult to determine exactly what 
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constituted a zone. Simpson’s ideas were later modifi ed by a variety of 
authors, including himself, but his basic components remained: an ini-
tial major change (which became known as a key innovation) moved a 
group into a new zone, where the group diversifi ed to an extent limited 
only by the amount of available space in the zone.7

Simpson successfully shunted orthogenesis aside by co- opting the 
concept of adaptive radiation. But his efforts to offer a grand vision 
for adaptive radiations within neo- Darwinism fragmented evolution-
ary studies of large- scale evolutionary diversifi cation.8 And all formula-
tions produced by that fragmentation foundered. The term zone could 
never be defi ned objectively. Basically, if you shut your “ecology” eye, 
adaptive zones appear as phylogenetically coherent groupings that may 
not be ecologically cohesive; and if you shut your “phylogeny” eye, 
adaptive zones appear as ecological groupings that may not be phylo-
genetically cohesive. Neither has it been possible to defi ne objectively 
what qualifi es as a key innovation— or, more important, how that in-
novation caused a population to “leap” from one zone to another. Tra-
ditionally, there was no necessary link between the key innovation and 
speciation, only between the key innovation and the degree of distinc-
tiveness, which in turn was related to the distinctive nature of the new 
adaptive zone. So, if many of the higher taxa grouped in such a man-
ner were not phylogenetically cohesive, their purported distinctiveness 
might be illusory, as well as many of their putative key innovations.

Most biologists studying evolutionary diversifi cation have been 
quite happy to go through life with one eye fi rmly closed. As a result, 
we have two research programs among the academic descendants of 
Osborn and Simpson. Researchers in one focus their attention on the 
radiation of adaptations associated with invasion of the new zone. Al-
though speciation may be incorporated into this program, it is not a 
critical component. The only requirement is that some unit of biologi-
cal diversity must show substantial functional diversifi cation. The 
other group of researchers focuses on the radiation of species. This re-
search is triggered by an old observation that some evolutionary groups 
appear to be unusually species- rich compared with others. Rosa, an-
other orthogeneticist, proposed that sister groups often were the prod-
ucts of two different “stems,” the “precoce” (or smaller stem) and the 
“retarded” (or larger stem). Using orthogenetic reasoning, he argued 
that the smaller stem would be more phylogenetically conservative (ar-
chaic), would reach its apogee of large and exaggerated forms earlier, 
and would go extinct sooner than its more species- rich sister.9 This 
theme was later adopted in modifi ed form by Hennig as the progression 
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rule, in which he proposed that the asymmetry was due to the sequen-
tial dispersal by members of a species into new areas, where they were 
subject to different selection pressures and became new species.10 The 
goal of that research was to identify groups of “unusually high” or “un-
usually low” species number, then try to uncover the processes respon-
sible. Not surprisingly, arguing from the present into the past begin-
ning with a single group produced no general explanations. Differences 
in species number between sister groups can arise for at least three dif-
ferent reasons. First, it is possible that asymmetry develops stochasti-
cally rather than due to the infl uence of any forces extrinsic or intrin-
sic to the biological system. For example, say you have two sister 
species, A and B, existing quite contentedly for eons. Then one day, 
purely by chance, A is subdivided, producing daughter species C and D. 
If speciation occurs at random, then the monophyletic group compris-
ing C and D has a higher probability of being subdivided again than 
does its monotypic sister group (species B), and so on. In other words, 
the more bets you place on the speciation roulette wheel, the greater 
your chance of winning purely by chance. It is also possible that an 
asymmetry in species richness could arise due to factors extrinsic to 
any particular group. Joel Cracraft suggested that the distribution of 
biodiversity was affected by two major environmental factors that con-
tribute to the asymmetric distribution of groups of species.11 The fi rst 
factor was environmental harshness.12 The observation that diversity in 
the tropics is higher than diversity in temperate or arctic regions is of-
ten attributed to differences in speciation rates. It is possible, however, 
that extinction rates in temperate to arctic habitats have been higher 
than extinction rates in the tropics owing to historical increases in en-
vironmental harshness in the colder areas without any particular dif-
ferential rate of speciation by latitude, which limited the number of 
terrestrial and freshwater species living at higher latitudes.13 Cracraft’s 
second factor was the history of geological change and geographically 
mediated speciation. Biological diversity tends to be clumped in “hot 
spots” corresponding to areas with historically high rates of geological 
change, rather than being uniformly distributed across a given habitat 
or zone. For example, tropical diversity is clumped in South America, 
the Indo- Malaysian region, the South African Cape region, Madagas-
car, and the Rift Valley lakes of Africa, areas whose geological histories 
are extremely complex. In other words, a group may be unusually 
species- rich because it exists in an old and persistent geological hot 
spot, where it has been subdividing on a regular basis, producing and 
accumulating many species via repeated episodes of geographic isola-
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tion. Finally, it is possible that asymmetry in species richness is due to 
intrinsic factors, which brings us to the concept of a key innovation. 
Shifting the evolutionary focus from degree of distinctiveness to the 
number of species in a group allowed the key innovation concept to be 
reintroduced to the study of radiations.14 Both changes in competition 
pressure by movement into a new, unoccupied space (either ecological 
or geographical) and improved competitive ability within the ancestral 
space have been cited as possible mechanisms by which the origin of a 
key innovation might have a positive effect on net diversity. It is im-
portant to emphasize here that using phrases such as reduced competi-
tion and ecological release (e.g., release from competition or predation 
pressure) as an explanation for the effect of a key innovation on pat-
terns of radiation is too imprecise. Both of these terms imply absence. 
If movement into a new area removes competition, what causes the 
population to change? If the population remains static in the new 
zone, you have evidence of a range expansion but not of a radiation. 
Surely the evolution of the population in the new zone does not occur 
because of the absence of old conditions of life, but because the popula-
tion has encountered a new opportunity space.15 Species do not leave 
ancestral fi tness space without entering new fi tness space. A key inno-
vation may infl uence net diversity in two different, but not of necessity 
mutually exclusive, ways. It may increase the likelihood that members 
of a group will undergo episodes of rapid speciation.16 A variety of fac-
tors, including adopting a specialist foraging mode, or changes in 
breeding systems (sexual selection) and in population structure, have 
been postulated to have a positive effect on speciation rates. Alterna-
tively, it may infl uence net diversity by increasing population size, ex-
panding the range occupied by the species, or both, decreasing its 
chances of going extinct. The interaction between increased rates of 
speciation and decreased rates of extinction is often diffi cult to disen-
tangle. For example, a comparison of species richness between phy-
tophagous (plant- eating) insect groups and their nonphytophagous sis-
ter groups showed that, in 11 out of 13 comparisons, the phytophagous 
lineage was more species- rich, leading to the conclusion that adoption 
of phytophagy was signifi cantly associated with an increase in net di-
versity.17 Yet, not addressed was how that net diversity had been pro-
duced or whether only a single factor was involved. While we agree 
with the basic idea of a causal coupling of species richness and func-
tional diversifi cation, we believe the mechanism should be viewed 
with some caution. First, the idea that speciation produces species that 
always and progressively partition the environment into smaller and 
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more specialized subunits is not Darwinian, though it predated Os-
born.18 And it was this aspect of Osborn’s adaptive radiation scenario 
that Simpson, and many later authors, were never able to successfully 
remove from their research programs. Secondly, the concept that the 
environment is somehow divided into predetermined niches in the ab-
sence of the organisms that inhabit those niches suffers from the same 
problems as did the concept of adaptive zones. Organisms impose 
themselves on their surroundings—meta phorically creating their own 
niches— existing where they occur and doing what they do to survive 
because of their particular natures and history.19 Organisms are not 
pulled into unoccupied niches— there is no external force drawing spe-
cies to their destinies. Richard Lewontin eloquently wrote that the “er-
ror is to suppose that because organisms construct their environ-
ments they can construct them arbitrarily in the manner of a science 
fi ction writer constructing an imaginary world  .  .  . Where there is 
strong convergence is in certain marsupial- placental pairs, and this 
should be taken as evidence about the nature of constraints on devel-
opment and physical relations, rather than as evidence for pre- existing 
niches.”20

An organism fi rst moves to the zone/niche/resource because of its 
own unique biological properties (ecological fi tting); only after that 
does the interaction between the new zone/niche/resource/selective 
regime and the biological system begin. The appearance that the sur-
roundings are constructed as niches is analogous to a kind of optical 
illusion that Hume warned about. The more historically conservative 
organisms are, the more likely it is that each generation will be char-
acterized by many organisms all preferring the same resources, those 
resources being the ones preferred by the previous generation. The re-
peated exploitation of the same resources could fool some into believ-
ing the environment was doing the structuring when in reality evo-
lutionary history was responsible. Early in the twenty- fi rst century, a 
protocol containing the steps needed to corroborate a claim of adaptive 
radiation for any given group emerged. Its effectiveness was argued by 
examining possible examples of adaptive radiation on a case- by- case 
basis; as a result, it did not achieve the goal of a general explanatory 
framework. Indeed, each step in the protocol was accompanied by a 
list of multiple qualifi ers that would plague any attempt to pin down 
even one example to being considered a well agreed upon case of adap-
tive radiation. The researchers recognized this defi ciency and lamented 
the lack of a comprehensive null hypothesis for studies of evolutionary 
radiations.21 More recent efforts have reiterated that framework or pro-
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vided an even more comprehensive list of possible kinds of evolution-
ary radiations, but a unifi ed research framework has not emerged.22

So, here we are trying to cope with what many consider a core fea-
ture and success story of neo- Darwinism, and it’s a mess. A century 
of studies of evolutionary radiations managed to learn a lot and ac-
complish nothing with respect to a general explanation. We believe 
the search for a general explanatory framework for evolutionary radia-
tions has failed because we have been trying to adapt an orthogenetic 
framework to a neo- Darwinian one. All is not lost, though, so long as 
we go . . . 

Back to the Future . . . Again

Organisms are lazy; species are even more lazy.23

Let’s go back to Darwin. Evolution is not heroic; it is quietly effective, 
perhaps even lazy, at least as lazy as conditions will permit. And in 
keeping with the long history of evolutionary radiations’ being the pre-
occupation of paleontologists, we introduce the work of Alycia Stigall.24 
Like all paleontologists, Stigall has documented that external perturba-
tions, stemming from major climate- change events, are responsible for 
changing the nature of the conditions. But unlike many of her fellows, 
Stigall has focused not on the species that went extinct, but on those 
that survived. They are the ones that were so widespread and numer-
ous that some populations either were not affected by the perturbation 
or were capable of moving away from the changed conditions to areas 
where their preferred conditions still occurred. Through luck or ability, 
those that survive are the ones that take advantage of changing op-
portunities, based initially on inherited traits that existed before the 
perturbation. This should sound familiar.

Throughout the history of life, most species, when faced with cli-
mate change, have moved to places that are most similar to the condi-
tions in which they lived previously and in which they already possess 
the means for survival, or they die trying. They do not “stand their 
ground” heroically, coming up with the right adaptation at the right 
time. For hosts as well as for pathogens, it is critical to remember that 
perturbations in climate do not cause innovations— they allow exploration, 
which sets the stage for innovations to emerge. Isolation during periods 
of climate stability is the context that allows innovations to emerge. 
This is why innovations cannot be predicted, although they can be 
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 explained after they emerge. Once again, this perspective rests on a 
solid Darwinian foundation:

Indefi nite variability is a much more common result of changed conditions than 

defi nite variability.25

The direct reaction of changed conditions is biotic expansion, the ex-
tent to which and manner of which is determined by each species’ ca-
pacity, that is, ecological fi tting in sloppy fi tness space. This sets the 
stage for indefi nite variation to be expressed, upon which selection 
acts,26 because

natural selection is the indirect action of changed conditions.27

We make a bold claim: that the Stockholm Paradigm, which ex-
plains the evolutionary diversifi cation of pathogens, also explains the 
evolutionary diversifi cation of their hosts. What evidence do we have 
to back that up? (Spoiler alert: there is a lot.)

Capacity for Ecological Fitting— Functional Traits 
Are Specifi c and Conservative

In chapter 3 we identifi ed three classes of qualities of inherited traits 
that promote the capacity for ecological fi tting in pathogens. In chap-
ters 4 and 5 we showed how those traits functioned for pathogens try-
ing to survive in a world that is largely indifferent to them. Do these cat-
egories exist for hosts as well? The short answer is a thunderous “yes.”

The fi rst capacity is what we call contextual fl exibility, also known as 
phenotypic plasticity. In the fi rst few years of the twenty- fi rst century 
Mary Jane West- Eberhard wrote a book about this kind of capacity.28 
She provided such comprehensive coverage of the concept that it im-
mediately became its own research discipline, and her book became 
the “industry standard.” The second class of capacities is situational 
fl exibility, better known as co- option. As we noted in chapter 3, Darwin 
recognized this kind of capacity. It was fi rst documented in a phyloge-
netic context in 1983, based on a study showing that the deciduous-
ness of oak trees, which helps temperate oaks cope with seasonally cold 
climates, originated evolutionarily in seasonally dry climates.29 A beau-
tifully written contemporary assessment of this concept was published 
in 2008.30 And fi nally, the capacity that is the foundation of Darwin’s 
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nature of the organism is historical fl exibility, or evolutionary conserva-
tism. A comprehensive treatment of this class of traits, and its perva-
sive occurrence and infl uence in biological diversity, appeared in the 
early years of this century, and subsequent studies have reinforced that 
book’s conclusions.31

These categories stem from Darwin’s view of the “nature of the or-
ganism” and represent the general ways in which different organisms 
cope with their surroundings, especially with changes in their sur-
roundings. They indicate that there is great capacity for ecological fi t-
ting among all life, not just pathogens. An excellent example of the 
contributions of all three categories to the structure of biodiversity is 
a study of ectomycorrhizal communities occurring in association with 
different trees. According to the authors of that study, the commu-
nities are structured by specifi c and conservative elements of micro-
habitat preferences and transmission dynamics. These are precisely 
the fi ndings we discussed previously for the evolution of frog parasite 
communities.32

Fitness Space: Is It Sloppy?

It is tempting to say that if Darwinian evolution applies to all species, 
and if pathogen fi tness space is sloppy, then host fi tness space must be 
sloppy. But this is a good opportunity for us to discuss a critical phe-
nomenon showing that fi tness space is fundamentally sloppy for hosts 
in a way that facilitates host range changes characteristic of emerging 
diseases. That phenomenon is the observed success of invasive and in-
troduced species and our ability to predict such occurrences.

If native species are in exploitation- biased mode and invaders are in 
exploration- biased mode, it is likely that if there is confl ict between in-
vader and native, there will be substantial fl exibility in the system, lead-
ing to confl ict resolution in which both species persist. We can assume 
that, relative to each other, any given invader is in exploration- biased/
generalizing mode, while a resident with similar functional require-
ments is in exploitation- biased/specializing mode. At the time and place 
of introduction, all other things being equal, priority effects do not 
play a role. But at some point the invader will shift into exploitation- 
biased mode, and if that leads to direct competition with a resident, any 
prior advantages enjoyed by the native species will come into play. This 
could explain situations in which an invader initially expands quite 
rapidly in the new habitat, seemingly putting a native species at risk, 
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yet, after a period of time, the invader fades into marginal habits and 
the native makes a comeback. Multiple outcomes are possible, one of 
which is that the invader will become “naturalized” in habitats that are 
marginal for the native species.33 This is also the process that produces 
pathogen pollution.34

Ecological niche modeling has been very effective in understanding 
and predicting the places that are at risk of inadvertent introductions 
and the chances of success for deliberate introductions of species.35 The 
reason for this success is twofold: fi rst, introductions and invasions are 
easy and common because the capacity for ecological fi tting is great, 
fi tness space is sloppy, and fundamental fi tness space is always larger 
than realized fi tness space;36 there is thus massive opportunity in the 
world. Secondly, the capacities possessed by every species that are rel-
evant to taking advantage of opportunities are both specifi c and con-
servative. The “predictive power” of ecological niche modeling is what 
philosophers call retrodiction: you predict that the future will be like 
the past. The more specifi c and conservative such traits are, the better 
we can anticipate where the species possessing them might be able to 
fi nd viable fi tness space.

Fitness space is so sloppy and ecological fi tting capacities are so ex-
tensive that many species are capable of being introduced all over the 
world, given the opportunity, and often we cannot prevent such in-
vasions and introductions even if we wish to. This is equally true for 
hosts and pathogens.

Functional Diversifi cation: Oscillations between 
Generalizing and Specializing

Simpson saw half of the picture when he asserted that adaptive radia-
tions resulted from diversifi cation accelerated by ecological opportu-
nity.37 As with the nineteenth-  and twentieth-  century researchers 
studying the evolution of pathogen- host systems, the foundational 
studies of evolutionary radiations lacked a coherent mechanism for 
generating generalized species. The Stockholm Paradigm suggests that 
generalizing in fi tness space requires only the capacity for ecological 
fi tting, realized fi tness space that is a subset of fundamental fi tness 
space, and a means by which species may encounter fi tness space that 
had not been accessible previously. This complex set of connected ca-
pacities should lead to evolutionary oscillations between generalizing 
and specializing in fi tness space. What would that look like?
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We may not have convinced all readers that phytophagous insects 
are actually pathogens, despite the fact that all of them have specifi c 
host preferences and at least some of them cause “plagues” even in 
their preferred hosts. So, examples using phytophagous insects and 
their host plants are a good bridge between “real” pathogens and “real” 
nonpathogens. Ecological fi tting in sloppy fi tness space sets the stage 
for two major categories of evolutionary transitions.38 The fi rst is taking 
advantage of opportunities permitted by the rules of the game. In general 
terms, such evolutionary transitions are the easiest (i.e., the least costly 
in terms of time and genetic change) to achieve because they require 
only a change in the nature of conditions, not in the nature of the 
organism. These transitions require only altered environmental condi-
tions to bring species into contact with novel sources of evolutionarily 
conservative resources. They may also be called opportunity- limited, but 
this does not preclude a role for natural selection in the outcome (i.e., 
they may also be selection- limited). The second is changing the rules of the 
game. The evolution of new capacities may permit a species to occupy 
new fi tness space. This kind of evolutionary change is more diffi cult 
to achieve than simply moving in fi tness space representing ancestral 
resources, because it requires a change in the nature of the organism. 
These transitions may also be called information- limited, but this does 
not mean natural selection plays no role in the outcome (i.e., they may 
also be selection- limited).

Let us examine the two categories of transitions based on an exam-
ple using some leaf beetles in the genus Ophraella (fi g. 7.1).

The fi gure should look familiar. Much of the speciation in the insect 
group (think “pathogens”) took place within the context of the ple-
siomorphic resource (host colonization among members of the same 
tribe). Many of those events evidently occurred in a burst during the 
Plio- Pleistocene, a time of substantial environmental change.39 This 
implies that potential for speciation may have increased during that 
period of environmental crisis because the beetles were given the op-
portunity to colonize new hosts. Increased sympatry of previously al-
lopatric hosts in rapidly shrinking refugia would have increased the 
chances of host colonization through ecological fi tting if many of the 
newly sympatric hosts shared the same specifi c and conservative re-
sources preferred by the insects. Both colonization of more distantly 
related host plants and movement between tribes encompass fewer 
events, and as yet there is no indication that these events were corre-
lated with each other or with any particular episode of environmental 
change. These host colonizations are more diffi cult to understand.40
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In this example, only two pairs of recently evolved sister species of 
Ophraella (O. communa 1 and 2, and O. conifera + O. sexvittata) show 
possible cospeciation. The system nonetheless has evolved in a con-
text highly infl uenced by phylogenetic conservatism, so there is a 
strong cophylogeny signal despite minimal cospeciation. Many spe-
cies form easily during periods of isolation, when fi tness space is dis-
connected and climate is stable. Many of them go extinct when cli-
mate changes lead to both local alterations of and new connections 
in fi tness space. They lack the capacity to cope with changes or to 
take advantage of the opportunity to explore permitted by the new 
connections in fi tness space. Constraints on the ability to explore 
new fi tness space can be— perhaps usually are— the result of adja-
cent fi tness space being occupied by a relative already in control of 
the resources required by a potential colonizer.41 There is abundant 
evidence of ecological fi tting in sloppy fi tness space, with oscilla-
tions between generalizing and specializing among hosts as well as 
pathogens. Thus far, it seems that host evolution does not differ from 
pathogen evolution. Next, do hosts respond to external perturbations 
with taxon pulses?
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Solidago

Chrysopsis

Eupatorium

Ambrosia

Iva

Helianthus
Artemisiae

Astereae

Heliantheae

Eupatorieae

Anthemideae

Taking advantage of opportunities

Getting into the game

Changing the rules

F I G U R E  7.1  Two different types of transitions in coevolution mapped onto the phylogeny 
for Ophraella. Dotted lines = taking advantage of an opportunity; bold lines = changing the 
rules of the game. Redrawn and modifi ed from Brooks and McLennan (2002).
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Response to External Perturbations: 
Do Hosts Experience Taxon Pulses?

The larger ecological explosions have helped to alter the course of world history 

and . . . can often be traced to a breakdown in isolation of continents and islands.42

Darwin’s metaphor of the tree of life portrayed evolution as a process 
of diversifi cation, an indefi nite increase of species over time. Every-
thing we know about the fossil record and the phylogeny of life on this 
planet supports that view: many species have gone extinct, but none 
has been replaced. The taxon pulse provides a natural means by which 
species form in isolation, then mix together during periods of biotic 
expansion. Multigroup studies in Mexico and in the Hawaiian archi-
pelago and the Caribbean islands show clearly that the taxon pulse dy-
namic underlies the evolution of entire biotas across broad geographic 
scales.43 But this leads us to a conundrum. How can accumulation oc-
cur if the specifi c functional traits that determine species’ fundamen-
tal fi tness space are phylogenetically conservative? Won’t that keep re-
lated species from occurring in the same areas? Evidently not. In the 
multigroup studies of Mexican terrestrial biotas and Hawaiian Islands 
biotas, assembly has involved approximately one- third sequential (for-
ward) colonization, one- third in situ speciation, and one- third back- 
colonization. Thus, as many as two- thirds of those biotas comprise spe-
cies that coexist with “close relatives.” How can this be?

Only in politics does “conservative” mean “no change ever.” In 
evolutionary biology, conservative means that ecological change oc-
curs less often than the formation of new species. As we noted earlier, 
changes in functional traits in many different groups of insects liv-
ing in the Caribbean occur about once in every 30 speciation events 
(3 percent).44 This supports the notion that the nature of the organism 
is to be characterized by traits that are specifi c and conservative. But is 
that enough to allow accumulation of diversity in biotas? The answer 
is a qualifi ed yes. In the simplest case, if only one of the 30 species pro-
duced from 30 isolation events evolves novel functional traits, it would 
have the potential to colonize as many as 29 other biotas already con-
taining close relatives without coming into confl ict with any of them. 
Does that mean the other 29 species in the group would be unable to 
colonize other biotas without coming into confl ict with resident rela-
tives? Not necessarily; ecological fi tting could allow some older species 
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and newer colonizing species to live together— the result of confl ict 
resolution leading to coexistence of both colonizer and resident, even 
if they began with similar fi tness space requirements.

Documenting the full story of biotic diversifi cation and assemblage 
by taxon pulses is complicated, and a truly robust study would require 
analysis of even more taxa than the few multitaxon analyses published 
thus far. Even in those studies, not all groups participated equally in all 
the historical episodes, though they were all consistent with one com-
plex history. Nonetheless, the signature of the taxon pulse as an over-
arching process is always clearly legible. Most groups in each study agree 
on the episodic highlights but differ in the details. Each species plays 
a role in any given biota, but to truly comprehend it, we must know 
the story of the species with which it lives and from which it evolved. 
This is why studies in which multiple taxa have been analyzed together 
show the taxon pulse dynamic so clearly. One particular study helps us 
connect hosts and pathogens. Analysis of the historical biogeography of 
hominoids, proboscideans (elephants and their relatives), and hyaenids 
(hyaenas) since the Miocene epoch (approximately 12 million years ago) 
revealed a shared history of taxon pulses (fi g. 7.2). More signifi cant was 
that the pattern of repeated episodes of expansion, isolation, and new 
expansion was the same as the one involved in the evolution of schisto-
somes and of the two groups of roundworm parasites that we discussed 
earlier. A portion of this history of multiple taxon pulses may refer to 
the host range expansion that led to the common ancestor of Taenia 
saginata and T. asiatica possibly involving Homo erectus in Eurasia, where 
hyaenid diversity was well established in the Pliocene.

To date, eight studies of hosts using methods capable of detecting 
taxon pulses have been published, and all have found clear evidence 
that diversity has been shaped by taxon pulses.45 Those studies are 
only the tip of the iceberg; a large number of recent studies in histori-
cal biogeography, using methods analogous to the cophylogeny meth-
ods, have identifi ed alternating episodes of expansion and isolation, 
leading to mosaic patterns of biotic assemblage within any given area. 
Just as cophylogeny studies should no longer be considered evidence 
of cryptic cospeciation, these biogeographic studies should not be con-
sidered cases of cryptic vicariance. Rather, we should assume they are 
evidence of taxon pulses unless proven otherwise.46 Taken together, 
this sampling encompasses an extraordinary representation of Earth’s 
biodiversity, suffi cient for us to believe that the evolutionary history of 
species’ geographic distributions is a history of taxon pulses.
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Back to the Pathogens

The principles that govern the structure, life cycles, habitats and activities of free- 

living and parasitic animals are really the same.47

The most extraordinary adaptive radiations on earth have been among parasitic 

organisms.48

The elements of the Stockholm Paradigm underlie the dynamics of evo-
lutionary diversifi cation for hosts. Let us now turn full circle and look 
at evolutionary radiations of pathogens. If, as we suggested earlier, high 
reproductive rates in pathogens have to do with increased capacity to 
explore sloppy fi tness space, we should see a strong correlation between 
parasitic groups in which boosted reproductive capacities have evolved 
and evolutionary radiation in both functional diversifi cation and spe-
cies numbers. Among the fl atworms, most pathogens belong to a group 
called the Neodermata (“new skins” ).49 This group includes three 

Node 2 - vicariance split

Node 3 - out of Africa 1 

Node 10 - vicariance split

Node 11 - out of Asia

Node 16 - vicariance split

Node 17 - out of Africa 2

AFRICA

ASIA

F I G U R E  7. 2  Diagrammatic representation of the historical biogeography of proboscideans 
(elephants, mammoths, and mastodons), hominoids, and hyaenas since the Miocene (the last 
12– 15 million years). “Vicariance split” nodes refer to episodes of isolation between Africa and 
Asia; “out of” nodes refer to episodes of biotic expansion. The evidence shows clearly that 
all three groups (and presumably what they ate and what ate them) experienced signifi cant 
diversifi cation as a result of participation in multiple taxon pulse episodes. Folinsbee and 
Brooks (2007).
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groups of “health” signifi cance: the Digenea (we have already discussed 
schistosomes and liver fl ukes); monogenoideans, which are major con-
cerns for commercial production of both marine and freshwater fi sh; 
and tapeworms (we have already discussed Taenia).

The immediate ancestors of the Neodermata were themselves either 
pathogens or opportunistic hangers- on. They had a simple transmis-
sion mode, each generation moving from the outside of one arthropod 
to the outside of another (fi g. 7.3).50

The pattern became more complicated in the common ancestor of 
the Neodermata; a vertebrate host was added, and the adult parasites 
became endoparasitic. Do either or both of these changes count as key 
innovations? They conform to Simpson’s original scenario for a radia-
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F I G U R E  7. 3  Searching for key innovations in the Neodermata. The putative key innovation 
(the plesiomorphic life- cycle pattern for the species- rich Neodermata) is a life- cycle pattern 
involving an arthropod intermediate host, a vertebrate defi nitive host, and endoparasitic 
habitats for the adult parasites living in the vertebrate. The Gyrocotylidea, Amphilinidea, and 
Eucestoda (tapeworms) have retained that general pattern. The trematodes (Aspidobothrea + 
Digenea) display one variation: a molluscan host was substituted for an arthropod host in 
their ancestor. The Monogenoidea have a secondarily simplifi ed life cycle (a return to the 
plesiomorphic state “ectoparasite with only one host,” although that host is a vertebrate, 
not an arthropod). The Digenea and the Eucestoda have independently evolved different 
mechanisms to proliferate larval dispersal stages. Redrawn and modifi ed from Brooks and 
McLennan (2002).
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tion because they involve movement into and diversifi cation in new 
fi tness space, in terms of both hosts and places to live within the host. 
At this level of analysis, it appears that the origin of these two habitat- 
shifting traits is associated with a signifi cant change in net diversifi ca-
tion (Fecampiidae [fewer than 20 species] versus Neodermata [approxi-
mately 14,000 species]).

Paradoxically, if we expand the phylogenetic scope of our study, 
we fi nd that the intuitively pleasing notion that being endoparasitic 
(living in the host) is really signifi cant evolutionarily may not be cor-
rect. This is because the Mongenoidea have both shifted back to the 
ancestral ectoparasitic (living on the host) and have not experienced 
a decrease in net diversity. By the same reasoning, the hypothesis that 
there is something inherently important about adding a vertebrate 
host is also refuted, because the Aspidobothrea, Gyrocotylidea, and 
Amphilinidea all have very few species, despite having a vertebrate 
host. What is the next step in this quest? Diversity is asymmetrically 
distributed among groups within the Neodermata. This mirrors pat-
terns for other very old groups such as spiders and fl owering plants.51 
Let’s search for possible key innovations among the species- rich groups 
of neodermatans as compared to their species- poor sister groups.

From a pathogen’s perspective, hosts are resource patches clumped 
in fi tness space. Furthermore, pathogens are usually less mobile than 
their hosts, so being able to move from host patch to host patch is im-
portant. This is why transmission dynamics are so specifi c and evo-
lutionarily conservative: if you fi nd something that works, stick with 
it. Pathogens that counter this relative immobility have evolved some 
form of one of two general strategies:52 (1) direct development or auto-
infection (or both); and (2) production or amplifi cation of dispersing 
larval or juvenile stages, by either (a) cloning (asexual) or (b) increas-
ing egg production (sexual). The benefi ts of autoinfection are obvious; 
there is a substantial decrease in the risk of your offspring not fi nd-
ing a suitable host. The benefi ts of producing or amplifying larval or 
juvenile dispersal stages are also obvious. Such stages, often aided by 
overwhelming numbers or host- seeking or host- behavior- altering capa-
bilities, function to (1) decrease intraspecifi c competition by partition-
ing resources among different developmental stages, (2) partition the 
parasite gene pool among different developmental stages in different 
hosts to buffer against problems with transmission, and (3) increase 
the likelihood of transmission from one host to another. Increasing re-
productive output is the sexual equivalent of amplifi cation of larval 
or juvenile stages via asexual cloning. Both of these strategies have a 
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direct, positive effect on the reproductive output of their bearers. That 
alone should imbue them with enhanced capacities to explore their 
surroundings, increasing the odds of fi nding new viable fi tness space. 
Are either, or both, of these traits associated with an increase in net 
diversity in the groups where they have emerged?

The Eucestoda (tapeworms) and the Amphilinidea (ca. 3000 versus 
ca. 10 species) show the greatest disparity in species richness between 
sister groups. The eucestodes have used strategy 2a above to cope with 
the patchiness problem; the vast majority of adults are segmented, and 
each segment (proglottis) contains at least one complete set of male 
and female reproductive organs— testes, ovaries, and a uterus. The in-
crease in reproductive output by adult tapeworms is dramatic. The av-
erage daily output of 100 eggs per worm in the Monogenoidea, and 
even the exceptional 24,000 eggs per worm in some of the larger di-
geneans,53 pales by comparison to the 720,000 eggs expelled per day 
by the human beef tapeworm, Taenia saginata.54 The lifetime fecundity 
of a tapeworm is enormous compared with the lifetime fecundity of 
species of other groups of neodermatans. The proliferation of dispersal 
stages created by the new strategy ought to increase the likelihood that 
some larvae will fi nd suitable hosts, decreasing the chance that a given 
population will go extinct.55 This has an indirect effect on speciation 
because it allows a species to persist long enough to encounter a variety 
of speciation- causing factors. The sister group of the eucestodes, the 
Amphilinidea, possesses the persistent ancestral trait of lacking repeat-
ing reproductive units.

Support for the effect of repeating reproductive units on net diver-
sifi cation can be found by investigating groups within the Eucestoda 
that have secondarily lost repeating reproductive units. One such 
group is the Aporidae, parasites of ducks and swans. As predicted, the 
aporids are signifi cantly less diverse than their sister group within the 
Cyclophyllidea (six versus approximately 300 species).

The second- largest asymmetry in species richness is between the 
Digenea and the Aspidobothrea (5,000 versus 50 species). Both aspi-
dobothreans and digeneans share an ancestral life- cycle pattern involv-
ing a molluscan and a vertebrate host. Aspidobothrean larvae hatch 
from eggs, develop directly into juveniles, and are ingested by a mollusk- 
eating vertebrate, where they develop to adulthood. Hence, each as-
pidobothrean embryo can potentially give rise to only a single adult. 
Digeneans, on the other hand, are characterized by a series of complex 
developmental stages in the molluscan host, at least one (and usually 
two) of which produce a large number of cloned  larvae or  juveniles 
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(depending on the species and the stage). The reproductive potential 
of a single digenean embryo ranges from 1000 to 10,000 adults. This 
is signifi cant: of 100,000 Fasciola hepatica (the liver fl uke that  infects 
both sheep and humans) eggs deposited in a pasture from the middle 
of winter to the end of summer, only 17 hatch and infect a snail host.56 
The reproductive potential of those 17, however can compensate for the 
99,983 that did not hatch if each of the 17 is capable of  producing 5883 
cercariae asexually. Like the eucestodes, digeneans have solved the 
patchiness problem by increasing the number of dispersing stages but 
have evolved a different mechanism (strategy 2a above). The effects of 
increasing dispersal stages on net diversifi cation should be similar to 
those described for the tapeworms; however, it is diffi cult to test this 
hypothesis because, unlike the tapeworms, no digeneans are known of 
in which the capacity to produce cercariae has been lost.

Finally, we are left with strategy 1: autoinfection. Autoinfection oc-
curs in only one clade, the Monogenoidea, and that clade is not sig-
nifi cantly more species- rich than its sister group (the Gyrocotylidea + 
Amphil linidea + Eucestoda). Does that mean the trait in the Mono-
geneoidea is not associated with their species richness? Well, not nec-
essarily. The absence of a signifi cant asymmetry in species number 
following the origin of a putative innovation can be the result of two 
different phenomena. The fi rst is that our hypothesis of a causal re-
lationship between the innovation and net diversifi cation is, in fact, 
incorrect. The second explanation is less obvious and more diffi cult 
to approach. It is possible that the positive effect of a key innovation 
in one group was countered by the positive effect of a different key in-
novation in the sister group. For example, the sister group of the mono-
geneans contains a species- rich clade (the Eucestoda). If the eucestodes 
had not developed sexual proliferation of dispersal stages, then we 
would not expect them to be signifi cantly different (in terms of spe-
cies number) from their sister group. Let us use the basal members 
of the Eucestoda, the Caryophyllidea, as our guide.57 There are only 
about 111 species of these tapeworms, which are unsegmented, that is, 
they lack the putative “key innovation” of multiple reproductive units. 
In our alternate universe, then, there are only 111 tapeworm species 
(and fewer dietary restrictions in many of the world’s cultures), and 
the comparison between the Monogenea and their sister group now 
becomes signifi cant (5000 versus 129 species). Back in our universe, we 
believe that it is a useful exercise to reduce the confounding effects of 
a species- rich group (in this case, the tapeworms) in the sister group.

Autoinfection has a positive effect upon reproductive output in or-
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ganisms possessing the capacity for it.58 Is the association between mo-
nogenoidean diversifi cation and this novel reproductive ability more 
than just a spurious correlation? From a theoretical perspective, the 
answer to this is yes, because the subsequent changes in life- history 
characteristics have a direct effect on the genetic structure of groups 
of organisms that spend so much time together, they are more likely 
to mate with each other than with any others. Parasite demes (local 
breeding aggregates; in the case of pathogens, demes are the reproduc-
tive individuals living at the same time in the same host) are ephem-
eral. In the vast majority of cases, they are reassembled each genera-
tion on or in hosts by the relatively random immigration of larval or 
juvenile stages, usually from a larger gene pool than that represented 
by the members of the original deme. Parasites that autoinfect their 
hosts and inhabit long- lived hosts, however, can produce more than 
one generation on or in the same host organism. This reduces the 
ephemerality of the deme structure, increasing the potential that dif-
ferences appearing within a deme could be maintained by inbreed-
ing. Such inbreeding might “promote rapid increase in gene frequency 
and potential fi xing of benefi cial variation.”59 Monogenoideans are 
thus characterized by the appearance of a novel reproductive strategy 
that increases the opportunity for relatively rapid speciation to oc-
cur under a variety of conditions. The hypothesis that the evolution 
of autoinfection infl uences the rates of speciation is supported by an 
additional piece of evidence. Within the monogenoideans, one of 
the most species- rich groups, the Gyrodactylidae, takes autoinfection 
one step further. Instead of laying eggs on their hosts, they reproduce 
parthenogenetically.

Taking into account the appropriate qualifi ers for incomplete knowl-
edge and data, it seems that the traditional idea that any evolutionary 
boost in reproductive capacity in pathogens leads to increased diver-
sity is true. There is nothing magical or heroic about this; it is simply 
a consequence of increased propagule pressure leading to enhanced 
exploration of potential fi tness space. But each such evolutionary in-
novation is highly signifi cant, because the increased ability to explore 
when the opportunity presents itself sets the stage for everything to do 
with pathogen diversity and the emergence of disease during climate- 
change events.

We see some readers with furrowed brows. Why is it so complicated? 
Why not be like viruses and bacteria and just maximize asexual re-
productive output? That’s a great question, and the answer is indeed 
a little complicated. First of all, asexually reproducing lineages evolve 
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instantly into new species each time a mutation arises. And viruses and 
obligately asexual bacteria cope with the world by brute force— very 
rapid reproduction with many strains, most of which appear and dis-
appear rapidly. In addition, it turns out that even among bacteria and 
viruses there is more genetic mixing than you might expect; many of 
them, especially bacteria, are parasexual, possessing amazing ways to 
stir up the gene pool, so to speak. Remember the case of infl uenza. 
But, interestingly, there is something we call the paradox of the cost 
of sex. No, this has nothing to do with emergent sexually transmitted 
infections (though that is a global problem). Simply put, the cost- of- sex 
problem is this: reproducing asexually, meaning that all offspring are 
clones, is a really good thing if you’ve got a great genome. However, 
cloning lineages can be wiped out by a single bad mutation. Sexual 
reproduction provides some protection against the impacts of bad mu-
tations, which can be eliminated by recombination. Some theoretical 
biologists have noted that the ideal compromise would be a combi-
nation of some of each, a phenomenon called haplodiploidy.60 And it 
turns out that there are a lot of different versions of haplodiploidy in 
the world. Humans even have a small remnant of the haplo part of a 
haplodiploid system— we call it meiosis. Now, back to the Neodermata. 
Each of the special reproductive modes we identifi ed in the species- rich 
groups involves an alternation of sexual and cloning reproduction; in 
the Digenean, larvae are cloned; in the Eucestoda, adult reproductive 
units are cloned; and in the most species- rich Monogenoidea, entire 
adults are cloned by parthenogenesis. So, while the actual mechanisms 
differ, each is likely a developmental modifi cation of a common ances-
tral reproductive system, and they all have similar functional impacts 
in terms of evolutionary persistence and diversifi cation.

The Scope of the New Paradigm

Stigall’s results can be summarized thusly: environmental perturba-
tions causing a change in the nature of the conditions lead to biotic ex-
pansions based on existing capabilities (ecological fi tting); this leads to 
generalizing (ecological fi tting in sloppy fi tness space). When climate 
stability returns, local isolation reduces connectivity in fi tness space, 
leading to specialization with or without strong coevolutionary inter-
actions (the geographic mosaic theory of coevolution). This sets the 
stage for survival when the next environmental perturbations hit (the 
oscillation hypothesis). Finally, new perturbations lead to a repetition 
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of the sequence, this time with new players, which produce mixing 
leading to complex ecosystems (taxon pulses).

There seems to be no fundamental difference in the evolutionary 
dynamics of pathogens or their hosts.61 There is simply evolution, and 
it is fundamentally Darwinian. Not heroic, but effective. Darwinian 
evolution is the history of species persisting, sometimes thriving and 
sometimes just surviving, but always coping with whatever conditions 
present themselves, in whatever manner is possible given their inher-
ited capacities, oscillating slightly out of phase with environmental 
changes.

An Integrated Research Program

The Stockholm Paradigm proposes, mathematical modeling of the pro-
posal predicts, and the empirical evidence supports the following char-
acterization of the world of evolvable life that includes a universe of 
pathogens: The evolutionary potential of pathogens is immense, and 
they can take advantage of opportunities rapidly under a variety of con-
ditions. Ecological fi tting in sloppy fi tness space results in oscillations 
between exploiting and exploring that lead to a maximum amount of 
available fi tness space being occupied. That leads to a maximum degree 
of fragmentation of fi tness space, with a maximum degree of special-
ization in pathogen- host associations. Once that occurs, the system as 
a whole experiences exploitation- biased evolution. When the system 
is affected by external perturbations, the initial effect is the establish-
ment of new connections in fi tness space, leading to exploration- biased 
activities for some period of time determined by the size and power 
and duration of the perturbation. During that time species generalize as 
much as possible in the new larger fi tness space. When the perturbation 
ceases, we return to exploitation- biased oscillations, except this time 
the pathogens, their distributions, and their hosts are different species 
in different associations in different places than their immediate ances-
tors. No matter how intense the local interactions are, capacity will al-
ways be greater than opportunity. Species will always have what appear 
to be hidden capacities allowing them to take advantage of novel op-
portunities (and thus escaping a turn of events altering their previous 
conditions of existence). Paradigms comprise multiple interconnected 
hypotheses that combine to suggest a coherent concept. Because of their 
composite nature, paradigms per se do not have predictions, but the hy-
potheses stemming from them do. Next we discuss some of them.

 EBSCOhost - printed on 2/13/2023 7:03 AM via . All use subject to https://www.ebsco.com/terms-of-use



C H A P T E R  7

192

Sloppy Fitness Space

At any given time, most species will be specialists (a fact that includes 
the prediction that most pathogens will have restricted host ranges), 
but this will refl ect opportunity more than capacity. Fundamental fi t-
ness space (including potential host range) is much larger than realized 
fi tness space (including actual host range). Fitness space (including host 
range) changes may be stimulated by any external factor (from tectonic 
events to climate change to anthropogenic activities) that alters acces-
sible fi tness space.

Ecological Fitting in Sloppy Fitness Space

Cophylogeny studies will show lots of host range changes within a con-
strained host group, indicating that host range changes refl ect changes 
in available portions of fundamental fi tness space. Phylogenetic com-
parative studies will show alternating episodes of host range expansion 
and host range reduction, indicating large- scale patterns of changes in 
host range. Successful invasive species will occupy the same or simi-
lar fi tness space as in their source area (niche modeling studies will be 
largely successful in predicting successful introductions).

Generalizing and Specializing (Includes the Geographic 
Mosaic Theory of Coevolution)

Generalizing in fi tness space (including geographic/host range expan-
sions) will be associated with phylogenetically conservative specialized 
microhabitat preferences and transmission dynamics. Specializing in 
fi tness space (including geographic fragmentation and host range re-
ductions) will be the source of innovations in specialized microhabitat 
preferences and transmission dynamics.

The Oscillation Hypothesis

Fitness space (including host range) changes alternate between special-
izing (exploitation- biased) and generalizing (exploration- biased). Such 
fi tness space changes may occur rapidly enough that we miss the tran-
sition from specializing to generalizing to specializing (including cases 
of host range changes from an original host to the original host + a 
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new host to only the new host).62 The large- scale phylogenetic pattern 
of host range changes appears as oscillating increases and decreases in 
host range over phylogenetic time scales.

The Taxon Pulse Hypothesis

Geography: pathogen and host geographic distributions will alternat-
ingly expand, then fragment, then expand; but they will not coincide 
precisely. Host range: geographic expansion events will be associated 
with host range expansion, and geographic fragmentation events with 
host range reductions. Geography and host range: episodic geographic 
and host range expansion and isolation will result in the assembly of 
complex faunal mosaics.

Summary

Wanderer, there is no road.

The road is made by walking.

By walking, one makes the road

and, upon glancing back, one sees

the path that will never be trod again.63

Realizing that the Stockholm Paradigm resolves long- standing para-
doxes and confusions in evolutionary biology concerning the nature of 
pathogen- host systems and of evolutionary radiation should be a cause 
for celebration. But the intellectual satisfaction we feel moves to the 
margins in light of the implications of our fi ndings.

At the height of its technological achievements, humanity now lives 
in a time of environmental perturbations of ever- increasing intensity 
and duration that are associated with disease emergence. This threat-
ens our ability to survive as a technological species with the potential 
to achieve better lives for future generations. We believe that under-
standing the relationship between pathogen evolution and evolution 
of the biosphere as a whole is one way to help in that effort. The vari-
ous oscillation cycles we have identifi ed are “reset to repeat” by exter-
nal perturbations of a magnitude great enough to cause extinctions in 
those species caught in the “can’t leave/can’t cope” (no opportunity/no 
capacity) trap of Darwinian extinctions. This is a good news/bad news 
situation. The good news is that such perturbations set the stage for ex-
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tinctions to be overcome by new evolution. The bad news is that patho-
gens will participate in the same way as hosts. We cannot “extinct’ our 
way out of the emerging disease crisis.

The Stockholm Paradigm indicates— paradoxically— that something 
potentially reassuring is occurring. Remember that it is the nature of 
fi tness space to be sloppy, and always to be a source of evolutionary 
potential, complementing the indefi nite variation produced by inheri-
tance that is part of the nature of the organism. The paleontological 
studies by Alycia Stigall in particular concerning evolutionary dynam-
ics during past major episodes of climate change give us hope that 
the lessons of the past can help inform proposals for how humanity 
deals with all the implications of the current episode of global climate 
change. The crisis of emerging diseases is one particular manifestation 
of the general way in which the biosphere copes with massive external 
perturbations.

The good news is that the massive biotic expansions caused by 
cli mate change are an indication that the biosphere is beginning to 
respond evolutionarily in the way it has to all previous such pertur-
bations. And the result of that has been the generation of new bio-
diversity, forming new, complex biotas. The bad news is that the evolu-
tionary ability of the biosphere to cope with large- scale climate change 
and other perturbations means that there will be a spike in emerging 
diseases as a by- product of the way the biospheres copes with climate 
change. This reinforces the notion that we are facing an existential cri-
sis, in which the biosphere is— to use Darwin’s terminology—indiffer-
ent to our fate. Therefore, is it incumbent on us to decide how we are 
going to deal with it.

The emerging disease crisis is one indication that the biosphere is beginning to 

cope evolutionarily with climate change in the way it has always. But it is also an in-

dication that the biosphere is not asking our permission or waiting for us to decide 

to cope and survive.

The emerging disease crisis is yet one more threat multiplier associ-
ated with climate change and will continue so long as there are cli-
matic perturbations, which will continue for the foreseeable future. 
And climate change is not the only source of perturbations leading to 
emerging disease, as we will see next.

So,

Fasten your seat belts; it’s going to be a bumpy night.64
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Emerging Diseases: The 
Cost of Human Evolution

Today is the slowest day of the rest of your life.

—  I A N  G O L D I N ,  P U B L I C  L E C T U R E ,  S T E L L E N B O S C H  I N S T I T U T E  F O R  A D VA N C E D 

S T U DY,  S T E L L E N B O S C H ,  S O U T H  A F R I C A ,  A P R I L   19,  2 017

Now we shift gears, taking our new insights about 
pathogen- host systems from basic science to a world of 
accelerating climate change and emerging diseases. The 
concerns we voice are the concerns of other scientists 
as well, some of them echoing down from more than a 
 century ago. Most of us believe humanity faces a precari-
ous future, and we must act with great urgency if we are 
to fi nd a hopeful outcome. As scientists we are trained 
to deal with  problems with a certain sense of detach-
ment, putting our true feelings aside in an effort to draw 
 rational conclusions. In the following chapters, we will 
try to combine scientifi c detachment with our true con-
cern for  the welfare of humanity, but we will not please 
everyone.

Detachment is a rare virtue, and very few people fi nd it lovable, 

 either in themselves or in others.1

The bad news is on us, all of us. We are biologists, so we 
will begin by calling ourselves out.
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Conservation Biology

Between Stasis and Oblivion, There Is Evolution

In most people’s minds, conservation biology has taken center stage 
for discussions about humanity and a changing climate. It brings to-
gether a galaxy of concerned individuals, all with different motivations 
and backgrounds. Evolution is the only natural process by which the 
biosphere has recovered from all previous episodes of climate change. 
And yet, major policy decisions in conservation biology do not fully 
integrate the evolutionary nature of the biosphere. We criticize only the 
advocates of conservation biology who promote a narrative that all climate 
change and habitat alteration indicates something is wrong, when the unify-
ing theory of biology says that is not always true.

Stasis Is an Illusion, not a Goal

Many policies in conservation biology revolve around a perceived need 
to preserve existing diversity where it is and as it is; or, in a more ex-
treme version, to try to return the biosphere to a state presumed to ex-
ist before the Industrial Revolution. We believe these are inappropriate 
and unreachable goals, given the evolutionary nature of the biosphere.

In a Darwinian world, species are the children of time— specifi cally, 
of the interaction of the nature of the organism and the nature of con-
ditions through time.2 What appears to be stasis in biological systems 
is an artifact of our attention and life span. In reality, the biosphere 
is in constant motion, renewing life that carries a load of historically 
conservative structural and functional traits. This does not mean the 
biosphere teeters “on the edge of chaos.”3 In fact, life occurs in a ro-
bust “window of vitality.”4 Such robustness stems from the nature of 
the organism, but it imbues organisms with a certain degree of insensi-
tivity to their surroundings, especially when it comes to reproduction. 
And that produces natural selection. Biological stability is thus long- 
term persistence as a result of constant environmental change. Phylo-
genetically conservative and persistent features of form and function 
maintain continuity in that change. This has fooled many people into 
thinking that the proper “conditions of existence” are a state in which 
nothing changes. Worse, it has fooled some of those people into nos-
talgia for a past that never existed, the belief that things were better in 
the past.
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It is a feature of complex systems that external perturbations of 
great magnitude will cause the system to respond in unpredictable 
ways— ways that could well be contrary to the intentions of whatever 
(or whoever) is applying the external perturbing force. This should be 
understandable to all readers: human history is littered with people 
who died as a result of unintended consequences stemming from at-
tempts to control the world. We have evidence that efforts expended 
trying to force the biosphere into compliance with human aspirations 
can backfi re horrifi cally. This is not just true of warfare, but also of 
the building of cities and nature reserves. If the biosphere is a complex 
functional system, we must have a light touch in our interventions. If 
we wish to actively preserve any part of the biosphere, we should focus 
on preserving the evolutionary process in general rather than particu-
lar places, species, or species associations.5 The biosphere is not a col-
lection of variable yet static entities; it is an evolutionary system with 
an indefi nite ability to survive even massive external perturbations. 
This leads to a simple- sounding policy— save as many places as possi-
ble, link them together as much as possible, and then let evolution take 
over. This is the way the biosphere has responded to previous mass ex-
tinction events, with remarkable success each time. We may lose some 
species to which we have formed attachments, but what remains will 
be capable of sustaining a transitional biosphere that will evolve into a 
new (meta)stable one.

Evolutionary radiations are evolution’s way of coping with major 
external perturbations. As Stigall’s work shows so clearly, most species 
that cannot move when the climate changes go extinct. Some that are 
able to move go extinct as well, but the survivors are among those that 
move, either fi nding a new place where they can live as before or buy-
ing enough time while on the move to evolve the ability to survive, 
somewhere, somehow. Every radiation thus begins with biotic expan-
sions catalyzed by external perturbations that decrease species fi tness 
in their area of origin, but that also link previously unconnected pieces 
of fi tness space, allowing each species a chance to fl ee for its life. Spe-
cies that are capable of leaving areas where their preferred conditions 
are deteriorating for areas where they can still fi nd preferred conditions 
not only survive, they become generalized in fi tness space. This diver-
sifi es their portfolios, increasing the odds of survival in an uncertain 
future, and setting the stage for evolutionary innovations to emerge in 
the changed conditions to come. How has that been working out?

Some perturbations have been of such a magnitude that a signifi -
cant proportion of the Earth’s species were unable to cope with the 
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changes and became extinct. Five of these terrestrial convulsions are 
called the great mass extinction events. But mass extinction events are 
also mass evolutionary reset events, because every mass extinction has 
been followed by relatively rapid and widespread new diversifi cation of 
hosts and pathogens.6 This shows that there is enormous evolutionary 
capacity in the biosphere, which allows evolution to generate new and 
abundant biological diversity (fi g. 8.1).

Evolution is not merely capable of producing new complex  biotas af-
ter every major perturbation event; it is the only mechanism by which 
that occurs. This fundamental truth must be better internalized in 
the research activities and policies of conservationists. Every day, in 
many parts of this planet, bright and energetic people are out collect-
ing and counting and measuring. Everywhere they record information, 
fi nding populations of many species— plants and animals, large and 
small— changing in a manner correlated with environmental change. 
Those changes are too often interpreted as something bad— reasons to 
intervene to stop whatever is causing the changes. This means, how-
ever, that the research protocols and explanatory frameworks used by 
these researchers have no criteria by which correlated biological and 
environmental changes can be explained as the result of the evolution-
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Million of years ago (mya)

Cambrian Ordovician Silurian Devonian Carboniferous Permian Triassic Jurassic Creataceous Tertiary Quatern.

50% all animal families

30% all animal families

60% all animal families

35% all animal families

50% all animal families

F I G U R E  8 .1  Diagrammatic representation of the impact and aftermath of the fi ve great 
mass extinction events. The x- axis indicates time and the y- axis indicates the diversity of 
animal families estimated from the fossil record. Regardless of the severity of the extinction 
event, evolvable life has enough capacity— in the form of indefi nite variation— to rediversify. 
Summarized from sources on the Internet.
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ary change that allows species to cope with environmental changes. 
What if a reduction in the population size of a certain species is tem-
porary? What if the reduction is an indication that the population is 
responding selectively to climate change and, if left alone, will begin 
to increase in size as older variants that could not cope with climate 
change disappear? After all, one of the core principles of evolutionary 
biology is selective response to local environmental conditions.

This distinction is critical. Our well- intentioned interventions to 
impose stasis could confl ict with the ongoing evolutionary process. 
Certainly, we do not want to counter the only mechanism known that 
allows the biosphere to cope with climate change, neither by hastening 
nor by inhibiting potential for adaptive changes. Conservation biology 
measures that corral portions of the biosphere in situ risk blocking the 
only known mechanism for coping with climate change available to 
evolvable life. Evolution is a never- ending story. Change is an essential 
and inescapable element that we neglect at our peril, and our current 
problems are a testimony to that fact. We can be certain that patho-
gens have not stopped evolving just because we think about them in 
contemporary time.

Pathogens Are Neither Villains nor Victims

Conservation biologists have not achieved consensus about pathogens, 
but they have accumulated strong opinions. Some consider pathogens 
to be natural enemies exacting a terrible cost on their hosts and re-
quiring extermination if possible. That runs afoul of the more general 
notion that we should be preserving as much of the biosphere (and its 
evolutionary dynamics) as possible. Others reason that surely, if patho-
gens exist, they must provide some essential ecosystem service. This 
leads to ideas that pathogens perform important eugenics roles, “regu-
lating” host populations in a way that somehow makes the hosts more 
or less vulnerable to extinction, depending on your assessment of the 
value of the host species. Within this group, a small minority— mostly 
parasitologists— consider pathogens to be special victims of climate 
change requiring nurturing and care lest we lose them. All of these 
groups tend to use colorful descriptive language, such as “arms races,” 
“attacks,” “plagues,” “infestations,” “defense,” “enemies,” “aliens,” 
“enemy- free zones,” “coextinction,” and “invasive species,” when justi-
fying a particular point of view.7

Let’s apply some professional detachment to this emotion- laden 
topic. First of all, from a scientifi c standpoint, pathogens have func-
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tions, not purposes. Pathogens did not magically appear on Earth for 
the purpose of causing disease or regulating host populations. They 
are simply members of the biosphere, species made up of individuals 
preoccupied with survival in the conditions of life in which they fi nd 
themselves. And as they oscillate between exploiting and exploring 
their fi tness space in such preoccupied states, they will contact their 
surroundings— including hosts— in a variety of interesting ways. Most 
humans don’t care about this seething mass of pathogens except when 
some of them have a negative impact on host species for which they 
have a particular fondness or socioeconomic need— or, of course, on 
themselves.

Secondly, evolution does not eradicate pathogens or coeradicate 
pathogens and hosts. Evolution is not a story of hosts being attacked by 
enemies, the enemies either wiping out the hosts or the hosts wiping 
out the enemies, or both wiping out each other as the result of recipro-
cal intensifi cation of confl ict. Nor is it a story of hosts running away to 
a mythical pathogen- free part of the planet. It is a story of confl ict res-
olution: evolution eliminates pathogen- host associations that cannot 
coexist.8 During biotic expansions, species mix together and pathogens 
capable of infecting hosts to which they have never been exposed have 
a chance to enlarge their host range. The new hosts, having never been 
exposed to the pathogen, have no resistance and thus some disease out-
break often accompanies the early stages of the new association. After 
selection has increased the proportion of resistant and tolerant hosts in 
the population, and acute disease is not an issue, the pathogen remains 
as an element of pathogen pollution. This is how evolution produces per-
sistent pathogen- host associations— lots of them. Pathogen pollution is 
a euphemism for the expected fate of pathogens that can coexist with 
their hosts, even if they do not get along that well. To return to an 
earlier observation: pathogen- host associations are neither random nor 
optimal; they are simply functional. This is why EIDs are an expected 
outcome of the biosphere’s coping with climate change based on its 
tremendous evolutionary capacity.

What Lessons about Survival Can We Learn by 
Studying Species That Are Going Extinct?

Whether it is Darwin’s prosaic “survival of the adequate” or Spencer’s 
poetic “survival of the fi ttest,” evolution is about survival and persis-
tence. We have abundant evidence that many species are unable to 
cope with ongoing climate change. What can we learn about our own 
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survival from them? If we want to survive, we need to learn survival 
lessons, not death lessons, from events happening around us. Why, for 
example, if we live in a world in which 50 percent of the current spe-
cies are predicted to go extinct as early as 2050, are we seeing massive 
expansions of pathogen host ranges? Are they the only species on the 
planet participating in biotic expansion in the face of perturbations in 
the nature of the conditions?

At some point we must prioritize survival in allocating research re-
sources and effort. Elton’s Ecology of Invasions (1958) was not a call for 
biology to focus on failure, becoming a scientifi c chorus chanting the 
names of species as they disappear. We have wasted more than half 
a century and now must begin asking some diffi cult questions about 
research funding priorities. Can we afford to continue to spend money 
and expertise on species that are not surviving? Can we afford to spend 
money trying to keep them from going extinct? When do we begin 
paying attention to nonpathogen species that are thriving— who they 
are and why they are doing so well? By saving as many of the areas in 
which the species that are thriving live, will we be saving more of the 
at- risk species than if we target those at- risk species individually?9

The three topics we addressed in this section have a common con-
nection, suggested by the emotional reactions they are likely to elicit. 
They are elements of a persistent non- Darwinian view of nature. 
Eighteenth- century Europe was alive with brilliant natural philoso-
phers, including Jean- Jacques Rousseau, from Geneva. He inspired a 
tradition of looking to nature for validation of what he considered to 
be key principles of natural philosophy. The concept that nature main-
tains itself in an unchanging state is ancient, reaching back as far as 
Herodotus in Western philosophy. Rousseau was inspired by this sense 
of order and predictability in biological systems, which he concluded 
was a good thing. He also reasoned that anything disrupting this “bal-
ance of nature” must be bad.

The twentieth- century notion of the balance of nature claimed that 
“healthy” ecosystems exist in a stable equilibrium. The Gaia hypoth-
esis is a balance- of- nature theory based on the assumption that the bio-
sphere acts as a set of coordinated systems maintaining a homeostatic 
balance. The concept was a core principle of ecological research and 
management of natural resources until it was abandoned in the last 
quarter of the twentieth century for lack of evidence. Then, in the rico-
chet fashion of academic research, ecology bounced from homeostatic 
stasis to chaos, claiming that the biosphere is governed by random 
events that can be described by chaos theory, but never fully explained 
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or predicted. Cooler heads began to exert their infl uence in the early 
twenty- fi rst century, when it became apparent that the biosphere was 
neither random nor optimal, neither static nor chaotic, but evolution-
ary and functional.

Most of ecology and evolutionary biology now accepts that there 
is no static balance of nature. Too many involved in conservation bi-
ology, from concerned members of the public to policy makers to re-
searchers, seem not to have gotten the emails about that. Indeed, parts 
of conservation biology serve as a reactionary repository for some of 
the last vestiges of Rousseauean biology on the planet. It is the source 
of the persistent belief that the natural state of the biosphere is timeless 
and changeless. Or at least it would be if humans weren’t trying to de-
stroy it. Or perhaps at some point in the past it existed in a better state, 
so we should impose stasis before things get worse. Maybe we should 
begin now, using genetic engineering to bring back long- dead species 
such as the wooly mammoth and quagga, and reintroduce big cats to 
North America to restore some mythical balance. So humans should 
either do nothing or actively intervene to return nature to something 
called its “natural state,” which is always the result of someone’s nostal-
gia for a past that never existed.

These views are contrary to the recognition that the biosphere is 
an evolved biological system in which change is an essential part of 
survival and persistence. The notion of a static natural equilibrium is 
also contrary to our understanding of the great upheavals that have 
wracked our planet in the past, causing mass extinctions that are then 
followed by bursts of evolution producing innumerable new species. 
Many species form easily during periods of isolation, when climates are 
stable and fi tness space is disconnected; but many of them go extinct 
when climate change leads to local alterations and new connections in 
fi tness space. The ones that go extinct lack the capacity to cope with 
the changes and to take advantage of the opportunity for exploration 
provided by the new connections in fi tness space. Of course, this can 
be the result of a species’ being forced by circumstance to explore fi t-
ness space that is already occupied by a relative with similar resource 
requirements and lacking the capacity to co- opt or change. A call not 
to impede evolution is not the same as a call to accelerate extinction.

We must not lose the love of nature espoused by von Humboldt and 
Goethe and Rousseau— biophilia, as E.  O. Wilson called it.10 But our 
emotions cannot rule our decisions about the biosphere as it pertains 
to the survival of humanity. We must not advocate policies that place 
limits on evolution. Either such policies will be immediate failures, or 
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we may experience some short- term gains followed by losses far worse 
than if we had done nothing at all. The more we try to impose sta-
sis, the more we take away the biosphere’s ability to respond to per-
turbations, which is the essence of survival. Indefi nite sustainability 
requires indefi nite variation; in other words, without evolution we are 
sunk. But fortunately, we get evolution for free: life on this planet is 
evolvable, and evolving, life. If experience unclouded by emotion has 
shown us anything, it is that all policy decisions that are contrary to 
evolution— anything that attempts stasis and control— work against us 
and become part of the problem.

Evolution has taught us that the old will inevitably pass away; every 
human knows this lesson personally, and we all resent it. But there is 
a positive note. Evolution has also taught us that the passing away of 
the old sets the stage for the arrival of the new, and humans also ex-
perience this personally. Global climate change has happened before 
and has had a signifi cant impact on the biosphere. This means we can 
compare the biological effects of this episode with previous ones and, 
potentially at least, learn the lessons of history.

Health

The challenges are not underappreciated; the responses, well- intentioned as they 

are, have been inadequate.

We are not clinicians or health care providers. But we understand that 
when diseases pop up faster than we can cope with them, something 
is wrong. When a cholera outbreak threatens to bring down an entire 
country, when a single outbreak of Ebola depletes the resources of the 
World Health Organization, when yellow fever and plague outbreaks 
exhaust global emergency vaccine supplies, and when the global cost 
of disease exceeds the GDP of all but 15 countries, thinking outside the 
box becomes a necessity rather than a luxury.

Knowing what they knew, thinking what we all thought in the 
twentieth century, health care professionals could not anticipate the 
emerging disease crisis fully. There were warning signs, but they did 
not catch our attention. The sheer number of emergent diseases since 
the turn of the century has given many researchers pause, but for those 
who control policy, little has changed. Their conceptual framework 
has not permitted them to comprehend fully what is happening. For 
those reasons, it is not surprising very little thought has been given to 
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proactive measures for coping with the crisis. If you don’t believe that 
what is happening is only the beginning of something that could, and 
should, have been anticipated, you will tend to believe the situation 
can be handled by reaction alone. And yet— again— in other areas of 
health practice, we have internalized the message that crisis response 
is not only more expensive than prevention, it is unsustainably more 
expensive. Early changes in diet and exercise patterns are always pref-
erable to open- heart surgery.

For too long, emerging disease was viewed as if some malign in-
fl uence were creating the capacity to seek out targets of opportunity. 
Some believed that selection would always be there to counterattack, 
and that if humans intervened on the side of the angels to help selec-
tion fi ght off the enemy, victory would surely be ours. No one took it 
seriously when modeling efforts showed that selection could not elim-
inate pathogens or even necessarily reduce their pathogenicity.11 We 
have had cause and effect backward. Disease is an indication that a 
pathogen is exploring the limits of its fi tness space by ecological fi tting 
and has encountered viable (if suboptimal) fi tness space— not that it 
has mutated into an enemy attacking a new host.

We now have no excuse for being repeatedly and unpleasantly sur-
prised.12 The Darwinian concept of preexisting capacity taking advan-
tage of new opportunities is the general explanation for all emerging 
disease. Capacity is always greater than opportunity, but opportunity 
drives the bus. Perturbations caused by climate change increase con-
nectivity in fi tness space, inviting humans and pathogens to explore. 
While we have planning conferences, they explore.

Medicating the Ill and Symptomatic Medicine

Pathogens are specifi c and phylogenetically conservative in their trans-
mission modes and microhabitat preferences, which are linked to signs 
and symptoms. Physicians, veterinarians, and crop and wildlife disease 
specialists have all relied on this feature of evolution in treating dis-
ease. The word malaria brings to mind a range of signs, symptoms, and 
treatment options for all species of Plasmodium, which makes diagnosis 
and treatment more rapid and effi cient. But this is a two- way street. 
Similar symptoms are produced by multiple pathogens (how many pro-
duce “fl ulike symptoms”?). How often has your family physician taken 
blood to screen for a pathogen before reaching for the prescription tab-
let? Do no harm, indeed!
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Vaccinating Those at Risk and Genetic Load

Genetic load refers to the reduction in the mean fi tness of one popu-
lation relative to a population composed entirely of individuals with 
optimal genotypes. It is an inescapable yet unintended by- product of 
the success of medical technology.13 When we intervene to help a host- 
selective response to pathogens, we counter selection from the host 
and the pathogen’s perspective. Annual vaccinations are an easy illus-
trative example.

Let’s imagine a host population made up of some individuals who 
are resistant to a given pathogen and others who are not. The smaller 
the proportion of susceptible hosts, the lower the genetic load. We ex-
pect selection to favor resistance, so we expect to fi nd that most host 
populations have a distribution like the one shown in fi gure 8.2, in 
which the majority of hosts are resistant. Vaccination programs do 
not target those individuals directly, because they are already resis-
tant. Therefore, vaccines target and selectively preserve hosts that are 
not genetically resistant. In this way, mass vaccination programs— if 
they are successful— will actually increase the genetic load in suscep-
tible host populations (fi g.  8.2). An increasingly larger proportion of 
the host population will require the vaccination to survive, leading to 
herd immunity policies. Mass vaccination programs are no longer just 
a good idea; they are essential. When that point is reached, if we stop 
mass vaccinations, a far larger proportion of hosts will be in danger of 
disease than before we began the vaccination program.

Annual vaccinations have a complementary unintended cost. Con-
sider a pathogen with a range of variation in its ability to infect a given 
host, or in pathogenicity. Our modeling shows clearly that selection 
will tend to match pathogen genetic variation with host genetic varia-
tion. If a seasonal vaccine targets the most common pathogen variant 
and the vaccine is successful, the next year that variant will be less 
common. Eventually, the vaccination protocol will make common 
variants less common while allowing rare variants to become more 
common (fi g. 8.2); at some point, it will be impossible to predict ac-
curately what next year’s most prevalent variant of the pathogen will 
be (this may explain the failures of annual infl uenza vaccines in 2013 
and 2018). Vaccination programs based on providing annual protec-
tion against the anticipated most common variant of the pathogen 
risk becoming efforts in pure guesswork. Furthermore, when hosts 
and pathogens respond selectively to pharmaceuticals rather to than 
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to each other, we risk adding another dimension to the problem of in-
creasing genetic load.

Eradicating Reservoirs and Biological Control

Rachel Carson’s Silent Spring led many to understand that eradicating 
biodiversity to control disease might be too costly. Nonetheless, this 
mode of coping with disease persists. One application is biological con-
trol. The term refers to the practice of attempting to control one in-
troduced species by introducing another. When put in those terms, 

Expressed phenotypes

Genetically resistant 

Genetically + technologically

resistant 

Fr
e

q
u

e
n

cy
Fr

e
q

u
e

n
cy

F I G U R E  8 . 2  Diagrammatic representation of genetic load. In the top diagram, most of 
the organisms in a population are genetically resistant to diseases the population has been 
exposed to. The bottom diagram indicates the impact of mass vaccinations on the genetic 
makeup of the host population— an increasing proportion of the population is not genetically 
resistant, meaning mass vaccinations become increasingly important. If we consider the dia-
grams to be representations of the pathogen population, the top diagram indicates that there 
is generally only a small proportion of the phenotypes that make up most of the organisms in 
the pathogen population. If an annual vaccine program targets the most common pathogen 
phenotypes, genetic load produces a pathogen population in which an increasing number 
of phenotypes become more equally represented. Vaccination programs targeting the most 
common pathogen phenotype become less effective.
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it sounds a bit like “two wrongs make a right.” A common form of 
biological control involves an introduced pest insect that is infl icting 
damage on a native or an introduced plant of commercial value. The 
introduced pest insect is not a pest in its native area. Why? In its native 
range, the pest is attacked by a parasitoid wasp, which lays its eggs in 
members of the pest species, which die as the parasitoid larva eats its 
way out of the host. So, the solution is clear— import the parasitoid spe-
cies to the place where the pest has been imported, and let nature takes 
its course.

You, the reader, now understanding ecological fi tting in sloppy fi t-
ness space, will begin shouting, “Don’t do it!” Sure enough, within 
a couple of years the parasitoid discovers a native species of insect it 
likes and is busy using it. Sometimes this is just collateral damage. 
But too often the parasitoid not only uses a native species but actu-
ally prefers it. As a result, the introduced pest is granted an evolution-
ary reprieve. And in the worst- case scenario, the native species that is 
now the focus of attention for the introduced parasitoid is itself an eco-
nomically important species— for instance, an essential pollinator for 
other crops or protected wild plants. And to make matters worse— if 
that is possible— establishing pathogens in suboptimal hosts through 
the introduction of the pathogen or the host may increase the risks of 
sampling rare and pathogenic genotypes, increasing the pathogenicity 
of existing pathogens. Likewise, the evolution of resistance to pharma-
ceuticals or pesticides in one population of a pathogen simply adds to 
the pathogen’s ecological fi tting repertoire, making additional spread 
of the pathogen more likely.

And we still alter landscapes and species distributions on large scales 
with scarcely a thought about the long- term, widespread consequences. 
Parasitology students are taught one of the most notorious episodes as 
a cautionary tale. Between 1960 and 1970, Egypt built the Aswan High 
Dam. The United States refused to help fund the project, citing con-
cerns about disease. Parasitologists warned that when large amounts of 
fl owing water were turned into large amounts of standing water, there 
would be an explosion in the populations of certain snails, whose spe-
cifi c and conservative biological traits include a preference for standing 
rather than fl owing water. Seems like no big deal: snails eat algae, so 
if we have lots of them, they may control the spread of algae in the 
newly formed reservoir. But it is a big deal if those snails happen to be 
the vector for Schistosoma haematobium, which live in the blood ves-
sels surrounding the urinary bladder. In addition to blocking circula-
tion and fl ooding the host’s bloodstream with its own metabolic waste, 
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S.   haematobium produces a prodigious number of eggs, each of which 
has a tiny spine that digs through host tissue until it arrives in the uri-
nary bladder and is expelled into the environment— along with blood 
from its traumatic migration through the host tissue. It is a monster of 
literally biblical proportions: an outbreak of S. haematobium is thought 
by some to have been the causative agent of one of the plagues— the 
one that caused the waters of Egypt to turn red with blood— that 
Moses called down upon the Egyptians to encourage the pharaoh to 
grant his people freedom. This was truly a known issue. Since nobody 
wanted to pass up an opportunity during the cold war, one side agreed 
to do what the other would not. The dam was built, and schistoso-
miasis rates in the area skyrocketed, augmented today by a high rate 
of hepatitis B infections in the inhabitants around the Aswan Dam. 
Confl icts and military deployments being temporary, ultimately there 
was no net geopolitical gain to either external power— just an increase 
in human misery inside Egypt. Is it possible that climate change it-
self could eradicate biodiversity in such a way that disease transmission 
is interrupted, perhaps even leading to the extinction of pathogens? 
Might we fi nd that extinction has a silver lining? Uh, no. Coping with 
climate change is a matter of ecological fi tting in sloppy fi tness space, 
so we would predict that more hosts than pathogens might go extinct 
as a result of large- scale and prolonged climate change. Parasitologists 
know that some hosts are “parasite hotels,” hosting a disproportion-
ately large diversity of parasites compared to their relatives. This has 
not yet been investigated directly, but we suspect that those hosts are 
the descendants of the survivors of extinction events that eliminated 
other relatives, the pathogens of those that went extinct moving to the 
survivors, who expanded their geographic ranges into areas where their 
relatives were going extinct. Pathogens are the ultimate evolutionary 
survival machines.

Agricultural Health and Food Security

Loss of environmental resources affecting food security and food safety 
will shortly be substantial and prolonged.14 The emerging disease cri-
sis is by no means limited to pathogens that infect humans.15 Climate 
change infl uences food security and safety in part through changing 
opportunities for pathogen dissemination over small and large scales, 
driving the potential for disease emergence.16 Diverse assemblages of 
pathogens brought together by climate change represent critical imped-
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iments to global food security, in food sources and industries ranging 
from domestic ungulates to aquaculture, fi sheries, and crops.17

Physical and biological perturbations caused by climate change are 
threat multipliers for emerging infectious disease that infl uence non-
pathogen factors affecting health and food security.18 How water is 
distributed— too much here and not enough there, with extreme fl uc-
tuations in precipitation— is the most critical of these, because it links 
direct threats to food production with ease of pathogen transmission. 
The availability of potable and agricultural water is affected by land 
use, ocean warming and acidifi cation, rising sea levels, and desertifi ca-
tion. Attempts to capture freshwater sources may dramatically change 
aquatic systems and the potential for disease transmission, causing 
fi sheries to collapse. Climate change limits the amount and distribu-
tion of well- watered arable land, leading to confl ict and migration. 
Waves of human displacement increasingly challenge global infra-
structure for food and health resources as refugees introduce pathogens 
to, and receive pathogens from, sources new to them.19 Pathogen pol-
lution exerts an ever- greater cost on public/agricultural and veterinary/
wildlife health services. The direct impacts of accelerating climate 
change on health resources and capacity are critical threat multipliers 
for EID among people whose health is already affected by environmen-
tal disruption.

The Stockholm Paradigm leads us to a sobering conclusion: no mat-
ter what we do in recognizing and treating new outbreaks, new infec-
tious diseases will continue emerge so long as the external perturba-
tions associated with climate change persist. We must assume we will 
be living in a world of EIDs for the foreseeable future.

Density and Connectivity

More than 100,000 years ago the initial waves of human population 
expansion were catalyzed by habitat changes, as our ancestors left the 
forest trees for savannah grasslands, then by dietary changes accom-
panying the invention of tools that allowed us fi rst to scavenge and 
then to compete with top carnivorans for animal prey. We were already 
clever and aggressive; the new diet led to larger and more fecund fe-
males, fueling a population boom that created the need for geographic 
expansion as humans sought water and food. Both dietary changes and 
geographic expansion brought those earliest humans into contact with 
pathogens they had never encountered before. Emerging disease was 
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likely not the key factor in keeping their populations small and on the 
move— that was due to a biotic expansion event catalyzed by exten-
sive climate oscillations and glaciation from 90,000 to 20,000  years 
ago— but it certainly played a role.

The last ice age began to abate about 20,000– 18,000 years ago and 
was associated with incremental warming. Around 14,000– 12,000 years 
ago the Pleistocene breathed it last gasp amid rapid, abrupt, and tu-
multuous shifts between cooling and warming, eventually ushering 
in our current era of unusually stable climate conditions beginning 
about 11,700 years ago. It was during that time, at the inception of the 
Holocene, that domestication and agriculture, along with sedentary 
lifestyles, left their earliest traces. Some of that amplifi ed population 
growth propelled geographic expansion. But the rest of it produced 
population densities in sedentary settings never before seen in human 
history. Humans, like many other species, were entering a period of 
biotic stability characterized by isolation, exploitation, and innovation. 
At the same time, increasing population density in isolation increased 
opportunities for contact with pathogens already known from the area. 
Domestic plants and animals suffered the same fate as humans, lead-
ing to a demand for more and more food, as well as higher and higher 
densities of domestic plants and animals.

For the next 5000 to 10,000 years, humans living sedentary lifestyles 
tended to cope with short- term but often intense climate fl uctuations, 
and associated plagues, famine, fl oods, drought, and confl ict, by aban-
doning their abodes to start again elsewhere. The fate of the Khmer in 
Angkor, the Tamils in the inland areas of Sri Lanka, and the Mayans 
in southern Mexico and northern Central America during the Middle 
Ages are notable recent examples. We can imagine countless conversa-
tions: “If this [drought, fl ood, famine, plague, confl ict] goes on much 
longer, we’re going to have to leave.” We do not know that disease was 
ever the primary reason ancient humans abandoned their abodes, but 
we think it likely that disease was often the fi nal insult: “and now the 
kids are all sick.”

Growing populations are exploratory, so humans entered new habi-
tats daily as their local populations expanded. That increased human 
realized fi tness space but made it disproportionately sloppier: as soon as 
humans made a new kind of habitat part of their realized fi tness space, 
all examples of that kind of habitat throughout the world became part 
of their fundamental fi tness space. Migrating humans found fewer new 
places in the world to be completely novel. Human population expan-
sion thus mimicked the biotic expansion phase of taxon pulses, most 
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likely with predictable results in terms of disease (lots of ecological fi t-
ting leading to rampant host range expansion— in other words, a sharp 
increase in EIDs). Species do not fi ll fi tness space optimally or maxi-
mally, but functionally, according to how much and which parts are 
available to them at any given time. Human beings followed this path; 
We did not expand smoothly across the globe, like some kind of gentle 
but inexorable tidal wave of life. Rather, we had a clumped distribution 
owing to the high population densities in populations adopting seden-
tary lifestyles, some members lurching away when that density became 
more than they could bear. This produced two major innovations rel-
evant to the emerging disease crisis: urbanization and globalization.

Urbanization and the Density Trap

More than half of humanity now lives in cities, compared to 14 percent 
a century ago. And within a decade, that fi gure is expected to climb to 
65 percent. For most of the past 12,000 years, sedentary humans coped 
with climate change, and with the increasing risk of disease associated 
with increasing population density, by leaving their settlements in 
search of better conditions. As a result, the number of cities that have 
been abandoned is greater than that of the ones that are still inhabited. 
We are, however, a clever species. And in the past 5000 years we began 
to learn how to endure environmental changes that would previously 
have overwhelmed us and caused us to move.

Part of that learning experience involved recognizing certain con-
nections between urban life and disease. These included such obvious 
things as poor sanitation, poor nutrition, inadequate water, and prox-
imity to certain habitats— for example, foul- smelling swamps full of 
mosquitoes. But they may have included more obscure things, such 
as the presence of royal ibises along the banks of the Nile. Like most 
Egyptian mummies, human and animal, royal ibises had their innards 
removed as part of the mummifi cation process. What is intriguing, 
however, is that at least some of those ibises had their gizzards returned 
to their abdominal cavities, packed full of the snails that transmit 
Schistosoma haematobium. Is it too far- fetched to believe that humans 
could reason from the presence of royal ibises in places where there was 
a reduced threat of schistosomes to a belief that whatever they were 
eating was associated with the disease?

As we recognized connections between certain aspects of urban life 
and diseases, humans produced technological advances, mainly means 
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of decreasing the possibility of outbreaks and of responding rapidly to 
mitigate outbreaks when they did occur. Part of the success of such 
measures was due to the fact that these early urban dwellers were cop-
ing with known diseases, not with new ones encountered as a result of 
colonizing a new geographical area. When such measures were success-
ful, humans were capable of staying longer in their cities. That marked 
the true emergence of urbanized humanity: we no longer felt we needed 
to fl ee a challenge. But the technological innovations were costly, and 
their success was translated into ever- increasing population density as 
fewer people died of disease. In addition, for reasons not under stood 
until 1797, city dwellers seemed to be constantly running out of food. 
The cost of successful urbanization, in addition to new disease patterns, 
was decreased self- suffi ciency— increased reliance on fl ows of essentials 
from outside. Trade between cities and the countryside, or between dif-
ferent cities, was shifting from a luxury to a necessity.

Three generations ago Elton warned that climate change and envi-
ronmental disruption would produce massive migration. And he was 
correct. By the second half of the twentieth century, however, the 
technological advantages of urbanization had changed the traditional 
dynamic. Rather than spreading into new territory, humans began mi-
grating to fewer locales. For all its benefi ts, urbanization became a kind 
of density trap for humanity, although we did not recognize the per-
ils of increasing dependency on fl ows of essentials from outside. Not 
understanding this aspect of the history of urbanization, many today 
believe that highly technological cities are buffered from disease out-
breaks. Alongside the various benefi ts of living in urban settings, how-
ever, are a number of threat multipliers for emerging disease. Five of 
them are especially signifi cant.

Firstly, modern cities produce almost none of the basic essentials 
needed for their inhabitants’ survival. They require a constant fl ow of 
energy, water, and material goods in and out. That is, they have an 
extraordinarily high level of connection to an enormous amount of 
fi tness space containing an enormous number of actual and potential 
pathogens.

Secondly, cities are places of high human population density and 
contact. Remember that epidemiological network studies distinguish 
pathogens that establish themselves readily but spread slowly from 
those that establish themselves with diffi culty but spread rapidly once 
established. High- density cities create conditions conducive for the sec-
ond category of emerging disease. Many pathogens are more likely to 
become established in rural areas than in cities; but, once there is a dis-

 EBSCOhost - printed on 2/13/2023 7:03 AM via . All use subject to https://www.ebsco.com/terms-of-use



E M E R G I N G  D I S E A S E S

213

ease outbreak in an urban setting, the higher the population density, 
the greater the likelihood of exposure to and spread of the disease. Bear 
in mind what happened the fi rst time the Ebola virus entered an urban 
setting, in Guinea, Liberia, and Sierra Leone in 2014.

Thirdly, highly technological cities function through extreme divi-
sion of labor with extreme interdependency. This means that disabling 
a relatively small proportion of the workforce by disease can wreak 
havoc with a city’s regular operations.

Fourthly, large technologically advanced cities allow their human 
inhabitants to live and walk through landscapes that permit pathogens 
to persist on a daily basis. You might not think of cityscapes as permis-
sive environments for pathogens. Take a stroll across the tundra at – 40 
degrees C in a stiff breeze rumbling off the Alaska Range, or a short 
walk in the shimmering heat on the Nullarbor Plain in the depths of 
summer, both places that harbor pathogens, and you might want to 
reconsider. So, large technologically advanced cities, especially cities 
that have attempted to “go green” by creating parklands, provide nur-
turing environments for animals that carry diseases that can be trans-
mitted to humans. This includes domestic dogs and cats, but also ro-
dents, rabbits, skunks and other mustelids, coyotes and foxes, raccoons, 
even hedgehogs and songbirds. In the autumn of 2016 a rabid raccoon 
from somewhere in the wildlands of New York hopped a ride in some-
one’s pickup truck and crossed the international border into Hamil-
ton, Ontario, where it disembarked and infected local raccoons, which 
then posed a severe threat to all other susceptible species— including 
humans— in the city. West Nile virus was introduced into North Amer-
ica when a single infected tourist took a commercial fl ight from Africa 
to New York, where local mosquitoes fed on him and transmitted the 
pathogen to birds living in New York City’s Central Park. Mosquitoes 
that fed on those birds infected humans living in the city and wild 
birds living outside it, so the disease spread rapidly to encompass most 
of North America, where in a short time it established itself as part of 
the continent’s pathogen pollution. And then there was monkeypox, 
introduced into the United States in 2003 by African rodents imported 
for the pet trade, although it was fortunately recognized and quickly 
thwarted, just as in the case of the rabid raccoon in Ontario. In early 
2018 city parks in São Paulo, Brazil, were closed amid concerns about 
yellow fever and malaria.20

Fifthly, and most signifi cant, a population of underpaid, under-
educated, undernourished people who are virtually invisible to pub-
lic health services supports the wealthy standard of living that attracts 
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people to large technologically advanced cities. They are the backbone 
of urban centers, where they handle the food, water, garbage, laundry, 
and hospital waste; they clean the toilets, handle and cook the food, 
and change the linen in restaurants and hotels. In the cities of many 
developing countries, a distressingly large number of people subsist by 
scavenging the refuse and garbage of their more fortunate neighbors. 
In 1842 Edgar Allan Poe published a short story called The Masque of 
the Red Death. It told an apocryphal tale of a town in which smallpox 
broke out. The privileged rich people in the town took in as many sup-
plies as they would need to wait out the outbreak, then closed the gates 
to their castle and settled down to party until the plague was spent. 
When the plague passed and the surviving poor people in the town 
opened the castle gates, they found that all the rich people were dead. 
That could never happen to us, right? We’re much smarter than they 
were in 1842, after all.

What if we had a recurrence of the Spanish fl u pandemic of 1918?21 
What would happen and what would we do? Table 8.1 summarizes an 
apocryphal thought experiment, projecting from the 1918 epidemic to 
a world of 2030 in which there are 4.5 times as many people, and 4.6 
times as many people living in cities, as there were in 1918. If urbaniza-
tion increases the risk of infection by that same amount—4.6 times—
virtually every human on the planet will fall ill, and up to nearly 
2 billion people will die. If urbanization’s benefi ts in terms of living 
conditions and health care offset the increased risk created by high- 
density human living conditions by 50  percent, “only” half the hu-
mans on the planet will fall ill and “only” about 1 billion will die. Even 
in that scenario, global commerce and civic functions will be greatly 
disrupted.

The cost of human disease associated with urbanization does not 
reside simply in the number of people that die in a given outbreak. In 
terms of humans alone, the costs include the people who get sick and 
cannot work, the health care systems that expend human and mate-
rial resources caring for the sick, the cost of the inexperienced workers 
who replace those who become ill, lost worker productivity as parents 
stay home to nurse sick children, and lost educational opportunities as 
teachers and students fall ill. Analogous arguments hold true for dis-
ease outbreaks in plant and animal resources of economic importance 
to humanity.

As we began to recognize connections between certain aspects of 
our lives and diseases, humans nonetheless continued migrating into 
new areas, coming into contact with novel pathogens and introduc-
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ing ones they carried with them to new places. Urban- dwellers added 
the risk of amplifi ed levels of local pathogens resulting from increased 
population density. They produced technological advances pertaining 
to health but at the cost of decreased self- suffi ciency, because the tech-
nological innovations were themselves costly and because their suc-
cess was translated into ever- increasing population density. That, as we 
mentioned before, converted trade from a luxury to a necessity, setting 
the stage for the emergence of hyperconnectivity and interdependence 
among human groups.

Globalization and the Hyperconnectivity Trap

Urban- dwellers coped with the population density trap by developing 
more and more complex trade networks to connect the cities with sup-
pliers of necessary resources living outside the urban boundaries. As 
trade shifted from a luxury to a necessity, groups of mobile and sed-
entary humans in different places became connected. As cities grew 
in size, they required ever- greater amounts of resources from external 
sources. And that led to even more connectivity; this was the begin-
ning of globalization.

True cities emerged about 7000 years ago, but only within the last 
3000  years have we developed the ability to move large numbers of 
people and large amounts of goods around the entire planet. Global-
izing trade connections were limited by time; each trade adventure 
lasted extended periods of time, often years. The development of rapid 

Table 8.1 Depiction of an apocryphal thought experiment

1918
World population 2,000,000,000
Urban population 280,000,0000 (12 cities of more than 1 million)
Infected (25% urban/25% nonurban) 500,000,0000 (25% of humanity)

2030
World population 9,000,000,000 (4.5 × 1918)
Urban population 5,850,000,000 (20.8 × 1918)
Scenario 1: infected (75% urban/25% nonurban) 5,175,000,000 (57.5% of humanity)
Scenario 2: infected (50% urban/25% nonurban) 3,712,500,000 (41.2% of humanity)

Note: What would happen if the world of 2030, with 4.5 times as many people and 20.8 times as 
many people living in increasingly high- density habitats (cities), were subjected to a pandemic of the 
infl uenza variant that infected the planet in 1918? What would Spanish fl u 2.0 look like? We consider 
two scenarios. In scenario 1 the risk of infection increases from 25 percent to 75 percent in the highly 
dense urban areas, while the risk of infection remains at 25 percent elsewhere; in scenario 2, the 
benefi ts of urbanization with respect to health decrease the risk of infection resulting from higher 
population density in urban areas from 75 percent to 50 percent.
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transportation has thus been key to advancing globalization. That be-
gan at the end of the fi fteenth century with oceangoing voyages of dis-
covery to every part of the world, but even as late as the 1950s shipping 
was still the major factor limiting intercontinental connectivity. By the 
1960s air travel began creating the trade and travel connections that 
now link every continent every single day. Real- time communication, 
based fi rst on radio and now the Internet, amplifi ed and coordinated 
by global satellite systems, made the world go faster.

As a result of these activities, humanity has been able to create an 
enormous amount of technological fi tness space for itself. Our global 
technology coverage means we can move things faster and farther than 
ever before. This has changed our world from the large, slow one of as 
recently as a century ago into one that is small and fast. As humanity 
becomes increasingly urbanized, it is not surprising that the greatest 
concentration of technological fi tness space occurs around large cities. 
Human population is much higher than previously thought possible, 
and at least part of the reason must be that globalization has broad-
ened the distribution of food and resources suffi ciently to permit a 
larger number of people to be accommodated.

We have never before had this much technological capability. And 
yet, we are unusually fragile in some ways. Even a small drought can 
hurt humans and agriculture— just ask California, or São Paulo, or 
Cape Town. Droughts were at the core of the Syrian confl ict, which has 
displaced millions, and now ravage central Africa, where famine and 
disease expand. A drought followed by torrential rains can strain in-
frastructure, as one of us learned recently when traveling through the 
Johannesburg airport, listening to public announcements apologizing 
for the damaged infrastructure resulting from recent fl oods. Most uni-
versities grind to a halt if connections to the Internet are interrupted for 
even a short time. Globalization also allows food and people and tech-
nological support for health to be distributed more equitably around the 
world, so even though birth rates are declining, the human population 
continues to grow because people are living longer and infant mortality 
rates are dropping. In a hyperconnected world, this leads to ever more 
people concentrated in ever- growing cities, exposed to more pathogens.

Each major transition in human civilization has brought with it an 
increased risk of disease. We are still encountering new pathogens as 
a result of expanding into new areas, and we still have known disease 
issues in our population centers; now globalization is bringing new 
pathogens to us. Globalization introduces nonhuman hosts and their 
pathogens to novel fi tness space, with potential disease consequences 
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for human and nonhuman residents of that fi tness space. So, global-
ization is more than just humans moving into new fi tness space; it is 
humans bringing many species of plants and animals— and many of 
their pathogens— with them. Humans have a long history of moving 
plants and animals around the globe in any event, and globalization 
simply amplifi es the distance and frequency of these introductions. 
Such speed and ease of distribution increases the odds of pandemics.

Surely large technologically advanced cities should be able to offset 
the risk of new pathogens’ being introduced as a result of trade, travel, 
and migration by detecting incoming pathogens at their point of en-
try. In theory, yes. But inspection and quarantine programs cost time, 
money, and human resources and slow the fl ow of goods. Globalization 
means increased risk, meaning increased costs of risk assessment and 
intervention. Thus far, the economic cost of slowing the fl ow of goods, 
services, and people has outweighed the potential cost of a major dis-
ease outbreak.22 But humanity does not need to be plagued by a low- 
probability, high- impact pathogen— think The Andromeda Strain— that 
threatens to kill all humans. All we need is a steady drip, drip, drip of 
high- probability, low- impact pathogens introduced as an unintended 
consequence of globalization, each persisting as pathogen pollution fol-
lowing its initial acute outbreak;23 never disappearing, always having 
the potential for a new outbreak. This is how the connectivity trap 
amplifi es disease risk; efforts in cities to keep pathogens out became 
ever more costly as cities required or demanded ever more connectivity 
with the rest of the world. Today a pathogen can be disseminated glob-
ally on a time scale of days, if not hours. No matter how well we come 
to cope with them after they happen, they will keep coming. And even 
if we never face a pathogen as deadly and destructive as that which 
caused the 1918 infl uenza outbreak, we will always face the health sce-
nario of “death by a thousand cuts.”

Gambler’s Ruin: A gambler who raises his bet to a fi xed fraction of his bankroll when 

he wins, but does not reduce it when he loses, will eventually go broke, even if he 

has a positive expected value on each bet. In evolutionary terms, Gambler’s Ruin 

means that no matter how well a species or population seems to be coping with 

a current environment, it can still go extinct if conditions change too rapidly or in 

ways that do not allow it to cope.

John Maynard Smith introduced the Gambler’s Ruin metaphor to evo-
lutionary biology, and it is a good cautionary tale for the circumstances 
in which humanity now fi nds itself. We live in a highly constructed 
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technological niche, and we are living beyond our means. The emerg-
ing disease crisis is a wake- up call, an indicator of how easily the tapes-
try of civilization can be frayed.

Limits to Growth

As of April 2019 the human population was estimated to be at an all- 
time high: more than 7.7 billion and growing, despite globally decreas-
ing birth rates. For 10,000 years we did not realize there was a problem. 
That changed in 1797, when the Reverend Thomas Robert Malthus 
published An Essay on the Principle of Population.24 That publication 
is remembered mostly for the startling, and depressing, conclusion 
that human population growth was outstripping agricultural growth. 
 Although Malthus’s intention was to point out a looming humanitar-
ian crisis and urge action to stave off his dire predictions, he is carica-
tured today as someone who was at best indifferent to the plight of the 
poor, at worst an early advocate of cultural genocide.

Darwin used Malthus’s basic assumption, which we paraphrase 
thusly:

Reproduction is part of the nature of the organism, while food availability is part of 

the nature of the conditions. The nature of the organism being by far more impor-

tant than the nature of the conditions, it seems that there must be some general 

mechanism operating on all living systems that limits populations.

Applying this principle to humanity, biologists conclude that there 
must be some maximum sustainable number of humans on this 
planet. Beyond that number, whatever it is, biologists believe there will 
be what we euphemistically call a “population correction.”

We do not view Darwin’s inferences about Malthus’s insights as 
some kind of social program, but rather as a material reality that can 
be dealt with or ignored via various social programs. In the real world, 
there is no free lunch; living in technological fi tness space has costs 
as well as benefi ts. Malthus becomes a problem not by advocating this 
truism, but by ignoring it. And we have ignored it for a very long time. 
We call ourselves Man the Hunter,25 but evolutionarily we are Man the 
Hunted. At issue is not whether we eat meat, or whether males were 
the primary meat getters (human females have become larger over the 
past two million years, so they might have been the primary benefi cia-
ries of adding animal protein to our diets). The critical issue is that we 
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are descended from prey animals, not predators. While we have made 
ourselves into predators, our basic reproductive biology remains that 
of prey. We reproduce easily, but now we can defend ourselves from 
predators (other than ourselves). As a result, our population grows. In-
creased population density initiates biotic expansion events driven by 
the relentless reproductive urge common to all life forms. So, we ex-
plore and exploit new kinds of fi tness space, surviving by eating almost 
anything that is available. We combine an exceptional fl exibility to 
utilize and create fi tness space with a high reproductive rate.

There is growing evidence that, as a result of climate change, crop 
and livestock biotechnology is falling behind in its experiment to show 
that we can boost food production to feed an indefi nitely growing hu-
man population.26 Experiments asking whether technology can prove 
Malthus wrong has been answered with a resounding no. The Green 
Revolution, for example, is a term given to a global agricultural pro-
gram, based solely on boosting food production, imposed on the de-
veloping world by well- meaning people who ignored the Malthusian 
reality.27 The Green Revolution increased food production, and many 
who would otherwise have died did not. But there were no population 
control programs linked to the Green Revolution, and in Sub- Saharan 
Africa alone, the Green Revolution led to a baby boom called the Afri-
can youth demographic bulge.28 That, in turn, has increased conver-
sion of wildlands into agricultural lands, reduced water supplies, led to 
greater confl ict and migration, and increased disease risk.29

The 1972 book Limits to Growth summarized the results of a com-
puter simulation commissioned by the Club of Rome. It created an im-
mediate sensation with this conclusion:30

If the present growth trends in world population, industrialisation, pollution, food 

production, and resource depletion continue unchanged, the limits to growth on 

this planet will be reached sometime within the next one hundred years. The most 

probable result will be a rather sudden and uncontrollable decline in both popula-

tion and industrial capacity.31

Scientists who had seen troubling evidence in their own work on bio-
diversity and climate were alarmed at the suggested magnitude of the 
problem. This led quickly to the emergence of what is now commonly 
referred to as the environmentalist movement. The book also raised 
the ire of all policy makers who were devoted to the notion that we 
can grow our way out of any socioeconomic problems. And because 
that encompassed virtually all political and economic thinking of the 
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day, every part of the political spectrum felt insulted and demeaned by 
the fi ndings. But the authors of the analysis did not make any system- 
specifi c policy recommendations. They simply pointed out that this 
was a global problem and would require a global response.32

The world has dithered for nearly half a century since Limits to 
Growth appeared. None of the world’s countries entertain policies based 
on limiting growth— that is for other countries with inferior socioeco-
nomic philosophies. Those who denied the need to take action were 
joined by advocates of a school of thought in the humanities called 
postmodernism. Postmodernism emerged after World War  II, when a 
number of intellectuals, notably Jean- François Lyotard, began to doubt 
the view of itself that humanity in Western culture had promoted since 
the Enlightenment. In particular, postmodernists rejected human un-
derstanding and objectivity. This attitude in general goes against meta-
narratives derived from earlier ages— the belief that humanity is good, 
or that human morality and goodness can be reached through rational 
thought, the belief that science can support humanity, the belief that 
science is objective. Needless to say, postmodernism has been received 
badly by the scientifi c community.

Postmodernism, the school of “thought” that proclaimed “There are no truths, only 

interpretations” has largely played itself out in absurdity, but it has left behind a 

generation of academics in the humanities disabled by their distrust of the very 

idea of truth and their disrespect for evidence, settling for “conversations” in which 

nobody is wrong and nothing can be confi rmed, only asserted with whatever style 

you can muster.33

Many postmodernists strongly reject Malthusian concepts; they see 
them as a manufactured excuse for maintaining certain political and 
socioeconomic power asymmetries. They disagree that Malthus’s fun-
damental assertion is an inescapable truth. Ironically, those in charge of 
the existing power asymmetries who have been attacked by postmod-
ernists also deny the Malthusian reality. For these people, the fact that 
human civilization has not yet collapsed casts doubt that it ever will, so 
they continue business as usual. They ignore the fact that the authors of 
Limits to Growth stated categorically that the collapse their model pre-
dicted might not occur for as much as a century— half of which has 
passed— and, even worse, that whenever it happened it would likely 
occur suddenly and massively, giving us no time to react.

Others believe that Limits to Growth underestimated the impact of 
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globalization on redistributing people and food in ways that are far 
more equitable than in the past, so the absolute number of humans 
that can survive on this planet is higher than anticipated. They also 
believe no one should be dull enough to think that human popula-
tion density is not a problem and that food is going to become equally 
available and abundant to all humans if our population continues to 
grow. The vast majority of scientists, therefore, maintain a strong be-
lief that no matter what technology we throw at the problem, human 
population cannot grow indefi nitely.

The business- as- usual projections in Limits to Growth were remark-
ably close to reality as of 2010.34 Any advantages brought about by 
technological developments not anticipated in Limits to Growth were 
offset by the accelerating pace of climate change. As we have noted 
before, climate change has a history of accelerating rapidly and on a 
global scale, which has often led to abrupt changes in ecosystem struc-
ture and species diversity as the biosphere crosses tipping points that 
were not obvious beforehand.35 There is concern that environmental 
changes may occur far more rapidly than our technological capacities 
can cope with them in the near future. In addition, while birthrates 
are dropping, health technology has decreased infant mortality and 
extended life spans in enough of the world to keep us on a precarious 
route to a global population maximum in 2100, just beyond the cen-
tury mark indicated in Limits to Growth. The 2014 assessment of the 
predictions in Limits to Growth was summarized thusly:

The dotted line shows the Limits to Growth “business as  usual” scenario out to 

2100. Up to 2010, the data is [sic] strikingly similar to the book’s forecasts. . . . Re-

sources are being used up at a rapid rate, pollution is rising, industrial output and 

food per capita is rising. The population is rising quickly.

As pollution mounts and industrial input into agriculture falls, food production 

per capita falls. Health and education services are cut back, and that combines to 

bring about a rise in the death rate from about 2020. Global population begins to 

fall from about 2030, by about half a billion people per decade. Living conditions 

fall to levels similar to the early 1900s.

Global pollution measured by CO2 concentration is most consistent with the 

BAU [business as usual] scenario . . . but this ten year data update indicates that it is 

rising at a somewhat slower rate than that modeled.

Peak oil could be the catalyst for global collapse. Some see new fossil fuel sources 

like shale oil, tar sands and coal seam gas as saviours, but the issue is how fast these 

resources can be extracted, for how long, and at what cost.
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Regardless of what role oil constraints and price increases played in the current 

GFC [global fi nancial crisis in 2008], a fi nal consideration is whether there is scope 

of a successful transition to alternative transport fuel(s) and renewable energy more 

generally. . . . To transition requires introducing a new transport fuel to compensate 

for possible oil production depletion rates of four per cent (or higher) while also sat-

isfying any additional demand associated with economic growth. It is unclear that 

these various conditions required for a transition are possible.

In other words, scientists studying climate change since Arrhenius at 
the end of the nineteenth century have been fundamentally correct. 
The years 1896– 2070 span 174 years, 123 of which have passed.

Mike Stuart, a colleague of ours, teaches students about the emerg-
ing disease crisis using the analogy of the U.S. real estate bubble that 
burst in 2008, nearly destroying the American economy. For him, hu-
mans residing in technologically advanced cities live in a bubble of de-
nial. They have been so wealthy and so proud of their technology that 
they have not considered potential costs. They have bet that technol-
ogy would allow them to have the benefi ts of globalization without 
the risks, especially the risk of emerging disease. They believe they can 
have conservation of nature and unlimited development, including 
travel without the risk of contracting a disease.

We have never had a larger human population, population densi-
ties have never been greater, and we are hyperconnected. Ian Goldin 
has made a convincing argument linking many socioeconomic chal-
lenges in today’s world to the same density and hyperconnectivity that 
have provided so many benefi ts.36 This includes the potential for global 
pandemics. The conceptual framework of the Stockholm Paradigm, 
evidence from the real world of pathogen- host associations, and our 
mathematical modeling all support Goldin’s fundamental assertion. 
Increasing disease risk has been a constant companion of the advance 
of civilization. All the benefi ts of human expansion— agriculture and 
domestication, urbanization and globalization— have been offset by, 
among other things, increased disease risk.

Our global connectivity allows the dissemination of pathogens from 
wildlands to cities in a very short time. In a world of global connectiv-
ity and increasing population density, protection by isolation is no lon-
ger possible. Like climate change and population expansion, globaliza-
tion creates connections among elements of previously disconnected 
fi tness space. This is always an invitation to explore, and we, and our 
associated species, have enthusiastically accepted the invitation; cli-
mate change, population increase, and hyperconnectivity produce a 
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kind of biotic expansion, and they work synergistically, intensifying 
each other’s effects. Enhanced disease risk is an outcome not only of 
the Malthusian trap of overpopulation, but also of the density trap of 
urbanization and the connectivity trap of globalization. This has all 
the makings of a perfect storm for EIDs.

Summary

Disease has always been, and remains, a cost of human civilization.37 
Urbanization and globalization solve some problems associated with 
diseases but create new ones. Climate change increases the risks, not 
only by amplifying EID possibilities but by adding additional threats, 
which are threat multipliers for disease and for which disease is a threat 
multiplier.

If we have been successful to this point, you the reader will have 
passed through what are sometimes called the fi ve stages of grief: de-
nial, anger, bargaining, depression, and acceptance.38 You will have fol-
lowed a path all three of us have trod during our professional careers. 
In the fi rst decade, we did not admit there was a problem. After all, 
everything we needed for our research was readily available and abun-
dant. The second decade made us face the fact that things were chang-
ing, and that made us angry. Not angry enough, however— we knew 
hidden places still largely untouched where we could still fi nd what 
fascinated us so much. But that decade passed quickly, and we found 
ourselves spending the 1990s bargaining with governments, granting 
agencies, nongovernmental organizations, private foundations, and 
the United Nations for money and support to do something about the 
problem. All those initiatives withered, and most of them died. And 
all that happened at just the time we fi nally realized how serious the 
problem was. That led to our decade of depression. We regret that it 
took us such a long time to comprehend fully what was happening just 
in our small— but important— area of implications of global climate 
change and to rouse ourselves into action. That period was marked by 
the emergence of what we call the Cassandra Collective. Many dedicated 
scientists, all of whom had spent most of their careers trying to warn 
the public of the danger even though those warnings were largely ig-
nored, trying to garner enough resources to fully understand the scope 
of the approaching danger, were aging and beginning to lose hope. A 
growing number of them concluded that it was too late to do anything 
effective and decided they wanted to enjoy the fi nal 20– 30  years of 
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quality life left to humanity. And so many of them gave up, beginning 
in the fi rst decade of the new century, quietly. We are among the scien-
tists of our age who have made it through that depression— which we 
felt— into a dogged acceptance. The danger is great, time is short, and 
we are unprepared.39 But we are not dead yet.

We hope you have arrived with us at the fi nal stage. If so, let us all 
accept this: if we make it through this with technological humanity 
intact, we must never make the same mistakes again. What we have 
discovered is sobering indeed. As senior scientists, we do not panic eas-
ily. But we are worried. We live in extraordinary times, so the scientifi c 
community needs to engage in extraordinary research. It is very late in 
the game, but it is never too late to try. Going forward, we must think 
the unthinkable and expect the unexpected. Rather than pretending 
that it won’t affect us, we need to ask, “What will we do when it hap-
pens to us?”

It is a characteristic of wisdom not to do desperate things.40

Let’s be wise before we get desperate. Will we keep postponing the 
day of reckoning until events overwhelm us, or will we begin to ac-
tively prepare to survive in a complex and uncertain future? Return to 
the tennis adage: never change a winning game, always change a los-
ing game. When this is not followed, there are two reasons. Either you 
do not recognize that you are playing a losing game, or you have no 
ability to change. Business as usual is not enough, no matter how much 
money you pour into it. If our belief that time is short, the danger is 
great, and we are largely unprepared is correct, then it would be point-
less to write this book simply in order to say we have a problem. The 
Stockholm Paradigm tells us why we have a problem. Fortunately, it 
also gives us insights into what we might be able to do to help mitigate 
the effects of the problem, and that is the topic of the next chapter. We 
leave you with this:

Be afraid. Be very afraid.

But do not panic.

We have a plan.
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N I N E

Taking Action: 
Evolutionary Triage

Triage: the sorting of and allocation of treatment according to a system of 

priorities designed to maximize the number of survivors.

We attempt to mitigate damage caused by diseases only 
after they have emerged. This is understandable in the so-
cioeconomic stewpot of priorities in which we exist. Re-
active management policies are unsustainable in a world 
of climate change and its threat multipliers. The public 
is not encouraged by such things as a recent call by the 
World Health Organization for people to be concerned 
about “disease X.” Many specialists believe public policies 
amount to no more than rearranging the deck chairs on 
the Titanic.

The Intergovernmental Panel on Climate Change 
(IPCC) is known to the public as the organization that 
develops comprehensive global assessments of the im-
pacts of climate change. The IPCC also hosts meetings 
to consolidate observations and develop options for miti-
gation and adaptation. These are summarized in Assess-
ment Reports, an early one of which reinforced our habit 
of reaction by stating there was insuffi cient evidence of 
adaptive anticipatory processes on Earth.1 There is thus no 
way we can anticipate particular outcomes of impacts of 
climate change, so we explore ways to respond ever more 
rapidly to events, but always after they occur. Fortunately, 
the IPCC assessment is wrong— Darwinian evolution is 
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an adaptive process with considerable anticipatory capacities. We can 
anticipate disease occurrences and mitigate the damage by learning 
the lessons of evolutionary history. Knowing the specifi c and evolu-
tionarily conservative traits associated with pathogen survival, we can 
anticipate the ways in which pathogens may be introduced to a new 
area, how they will be transmitted within that new area, and how they 
might be exported to other areas.

Essence of an Action Plan: “Anticipate to Mitigate”

To be forewarned is to be forearmed.2

We have had limited success coping with the global EID minefi eld. 
Smallpox has been eradicated and polio nearly so. Vaccination cam-
paigns banished rinderpest from Africa and foot and mouth disease 
is now controlled through complex programs involving surveillance, 
quarantine, and eradication of infected stock. Texas cattle fever was 
pushed out of the United States near the end of the nineteenth century 
as a result of widespread control of tick vectors for the protistan para-
site that causes the disease. The tick vectors remain, however, and the 
pathogen continues to exist in wild ungulates such as deer, which share 
range with cattle. Medications have been used effectively to nearly 
eliminate the river blindness and guinea worm infections affl icting 
people in many parts of Africa. The widespread use of such a simple 
device as a bed net has dramatically reduced the scourge of malaria 
throughout Sub- Saharan Africa. These are all good things, but they 
overshadow the truth that pathogen eradication is seldom achieved, 
is often tenuous, temporary, and localized, and is strongly resource de-
pendent. Success depends on a tapestry of infrastructure that is easily 
frayed or tattered by local and regional conditions and confl ict.

Humanity suffers death by a thousand cuts daily from episodes of 
unanticipated disease emergence and ineffective response. This must 
end. The Stockholm Paradigm offers guidelines for adding the neces-
sary proactive component to ongoing efforts to cope with the EID cri-
sis. And we must begin coping. We think the new approach could lead 
to less consternation and human suffering. The alternative is business 
as usual, and that is not a viable option, no matter how much money 
we throw at the problem. Public resources tend to be spent no matter 
how decisions are made to spend them, so if we want to be more effec-
tive, we need to focus on what we do with the money, not on how much 
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we have. When is the best time to repair and upgrade a bridge— during 
a drought, or after fl ooding has destroyed it, killing anyone unlucky 
enough to have been on it when it collapsed?

We need information about pathogens that might but are not cur-
rently causing disease. We could then anticipate at least some of the 
potential disease risk. Increasing the geographic or host range of a 
pathogen may not always cause disease. Some host populations are less 
tolerant than others; there may be some pathogen variants that are in-
herently more pathogenic than others; and there may be some patho-
gen variants that are either more or less pathogenic in different hosts. 
This means there may be a lag between the arrival of a pathogen in a 
host population or a geographic area and disease outbreak.3 If we can 
fi nd them before they fi nd us, we might be able to avert or mitigate 
disease outbreaks. The few cases in which “anticipate to mitigate” has 
been successful have been those based on fundamental biology and 
deep ecological knowledge about conditions of transmission, leading to 
an understanding of how to break the cycles of transmission. But the 
principle has not been applied widely. Presumably this has been be-
cause we have failed to appreciate that the EID crisis is fundamentally 
due to inadequate application of evolutionary principles.

The DAMA Protocol: Finding Them before They Find Us

DAMA (Document— Assess— Monitor— Act) is an integrated proposal 
to build a proactive capacity to understand, anticipate, and respond 
to the emerging disease crisis.4 The acronym is an umbrella term for 
many proposed initiatives, all of which have merit and many of which 
embody elements of the protocol. Both the Food and Agricultural Or-
ganization (FAO) of the United Nations and the Offi ce International 
des  Epizooties (OIE; World Organisation for Animal Health) main-
tain and coordinate broad- scale surveillance of animal pathogens and 
diseases, primarily with a focus on what is known, creating a global 
infrastructure that has often served us well in limiting the impact of 
emergent diseases.5 The USDA’s Plant Pathogens and Quarantine (PPQ) 
program follows a set of risk- based assessment protocols.6 The aim is 
to describe, document, detect, identify, and mitigate plant pests and 
pathogens, either by stopping entry or through identifi cation of po-
tential imports prior to dissemination from source countries. This ap-
proach has achieved considerable success contributing to global food 
security.7
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Among the most ambitious inventory projects under way is  PREDICT, 
a collaboration between the United States Agency for International 
Development (USAID) and an array of international participants and 
partners.8 PREDICT is a project within the Emerging Pandemic Threats 
program, founded in 2009, recognizing that our business- as- usual ap-
proaches are ineffective and that the threat of viral disease is urgent. 
PREDICT identifi ed its fundamental problem thusly:

Despite intensive, high- quality research efforts globally, we are still not able to pre-

dict which viruses will become pathogenic to people; which will cause new epidem-

ics in animals; nor where and under what circumstances disease will emerge.9

The goal of the project is understanding the identity of viral patho-
gens, their host associations, and their potential for host range ex-
pansion from mammalian reservoir hosts to humans. PREDICT has 
focused surveillance efforts concerning zoonotic viruses in hotspots 
across 21 countries in Africa and Asia targeting wild free- ranging mam-
mals, especially rodents, domestic ungulates and primates (including 
humans) that live in natural and managed ecosystems.10

PREDICT is the most comprehensive project for viral discovery yet 
undertaken. And yet, it restricts itself mostly to identifi cation of known 
viral pathogens (such as Ebola virus, Nipah virus, Marburg virus, re-
lated coronarvirus agents of SARS and MERS, and, tangentially, avian 
infl uenza viruses), with peripheral interest in what seem to be previ-
ously unknown “orphan viruses” (viruses without a known host). The 
fi rst fi ve- year plan for PREDICT was from 2009 to 2014. Once global 
hot spots were identifi ed— places where the occurrence of emergent 
disease was predicted to increase over time and where targeted sur-
veillance would be optimal11— 56,000 people, livestock, and wildlife 
animals were sampled yielding more than 250,000 specimens.12 From 
those samples 984 potentially pathogenic viruses were identifi ed, only 
169 of which (21  percent) were previously known. The potential for 
zoonotic spread was assessed according to the phylogenetic relatedness 
of previously unknown viruses to relatives known to cause disease.13 
This represents the fi rst widespread effort to apply principles from phy-
logenetics to the study of viral pathogens, following earlier suggestions 
for eukaryotic and metazoan pathogens.14

These data were used to make initial predictions about the overall 
numbers of zoonotic viruses in mammals.15 Concurrently, insights 
about the abiotic and biotic factors of disease emergence were devel-
oped combining fi eld observations with mathematical modeling. The 
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results were not surprising: landscape change, mobility encompassing 
transportation and trade and climate, with variation in seasonal cycles 
and long- term change, led the list of phenomena associated with dis-
ease emergence. Pathogen diversity was directly related to the richness 
of host species and to climate, and transmission risk was correlated 
with population density, bush meat consumption, and the proximity 
of livestock.16 DAMA is designed for a world in fl ux owing to climate 
change. Fully implemented, it complements other approaches. The pro-
tocol focuses on the high- probability/low- impact pathogens that are 
not the target of larger- scale efforts but are the primary components of 
pathogen pollution. It encompasses all kinds of pathogens, not just tar-
geted groups. Finally, DAMA is envisioned to be a bottom- up approach, 
based on the activities of fi eld scientists working in collaboration with 
citizen scientists and local health and community education person-
nel. This should allow more rapid and focused action than a typical 
top- down “big science” project. Nonetheless, DAMA would use the 
same technology and the same high- level laboratory, analytic, and ar-
chival infrastructure as other projects, emphasizing its fundamentally 
cooperative and integrative nature.

Document

No name, no information, wrong name, wrong information.17

Proper biodiversity assessment begins with, and is dependent on, infor-
mation derived from systematics. Systematics is the branch of biology 
charged with making certain that every biologist who uses a particular 
name is in fact referring to the same thing. Assigning a specifi c epithet 
to a group of organisms is proposing that they are members of a diag-
nosable inclusive and exclusive hereditary information system. When 
we name a species on this planet, we provide a key to valuable informa-
tion about it, about its origins and history, about its location, and about 
how it interacts with its surroundings, including other species. Some 
of that information is embodied in the species itself, but most of it is 
embodied in the species’ histories.

We cannot anticipate anything about the chances of disease, or 
about the means of mitigating it, caused by unknown pathogens. We 
live in a veritable sea of pathogens and have been blissfully unaware 
of most of them because they cause no more than transient problems 
for a small minority of hosts, often ones we rarely encounter. We only 
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notice them when their explorations of new fi tness space produce dis-
ease outbreaks. The best estimates are that we have documented less 
than 10 percent of the pathogens on this planet. In the 1990s, generat-
ing a comprehensive inventory of species of pathogens was a daunting 
challenge, incurring tremendous costs in terms of time, money, and 
personnel, and for the most part the challenge was not taken up. This 
is no longer an acceptable excuse. Technological advances made in 
the years since have allowed us to generate, for relatively little money 
and in a short time, large amounts of data about who is present in any 
given site. This has led to a kind of basic fi eld biology on steroids, as 
demonstrated by projects such as PREDICT and the Beringian Coevolu-
tion Project.18

The Taxonomic Impediment

Know your enemy.19

Systematists are the biologists best trained to expect the unexpected.20 
In fact, they are obsessed with fi nding species no one has ever 
seen before. And yet, in 1992 the International Union of Biological 
Sciences/Diversitas recognized a global shortage of professional tax-
onomists. This lack of capacity was termed the taxonomic impediment 
as early as 1996 (leading to the Global Taxonomy Initiative). It has 
been raised repeatedly in the House of Lords Reports— in 1992, 2002 
(including the Darwin Declaration), and 2008. In the United States, 
the dire situation was refl ected in the reports from the President’s 
Council of Advisors on Science and Technology (PCAST) and other 
national discussions about invasive species.21 The authors of this book 
have been involved in numerous conferences, workshops, planning 
sessions, even pilot projects designed to highlight the essential role 
of taxonomic expertise in all areas of biology associated with climate 
change.22

Since then the need for systematics expertise only has increased, 
and the taxonomic impediment has grown annually. University fac-
ulty positions for systematists, government research in systematics, 
and support for natural history museum collections have declined, as 
has public funding for taxonomic research. Today no country is self- 
suffi cient when it comes to taxonomic expertise about the species that 
live within its borders, much less those who arrive from elsewhere.

The signifi cance of good taxonomy was underscored by the recent 
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discovery that Lyme disease in North America is actually caused by 
more than one species of bacteria in the genus Borrelia and is a clus-
ter of pathogens and diseases globally. This previously unrecognized 
taxonomic diversity is likely responsible for the confusion attendant 
upon diagnosing and treating Lyme disease.23 Similarly, great strides in 
developing effective antiretroviral drugs for treating AIDS were acceler-
ated by the taxonomic discovery that HIV in humans was associated 
with two different— and not that closely related— species of the virus, 
HIV- 1 and HIV- 2. This emphasizes the need for the continual develop-
ment of species recognition capacities that can only come from trained 
and observant taxonomists.

Modern systematics is more than just identifying things. We expect 
to see monkeypox virus in Central Africa, but not in pet prairie dogs and 
people in the midwestern states, where it emerged in 2003.24 A natural 
reservoir is unknown, although it can circulate in primates, rodents, 
and rabbits and can have nearly a 10 percent mortality rate in humans. 
Molecular taxonomy led us to understand that imported Gambian 
pouched rats from Central Africa brought this gift to American shores, 
and that knowledge led to breaking an emerging cycle of transmission 
that would have added monkeypox to our growing burden of patho-
gen pollution. A generation before that particular close call, molecular 
taxonomists demonstrated that monkeypox disease in humans resulted 
from ecological fi tting by original strains of monkeypox exploring new 
hosts rather than novel mutations.25 The world long ago decreased its 
vaccination program in recognition of the eradication of smallpox. Sys-
tematists know that monkeypox is related to smallpox, which is the 
reason smallpox vaccinations provide signifi cant protection against 
monkeypox. Recently, however, civil war in Congo has led people to 
undertake deeper incursions into the forests searching for food. Closer 
and more frequent contact with mammalian reservoirs soon produced 
monkeypox infections in people who lack smallpox vaccinations.

Documentation Needs

Personnel

The need is comprehensive. We must have more taxonomists and as-
sociated fi eld and laboratory staff, especially parataxonomists— local 
people with a high degree of knowledge about the biodiversity in their 
neighborhoods.26 Given that no country is self- suffi cient with respect 
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to taxonomic expertise, proper documentation activities, no  matter 
where they occur, will almost always involve people from “other coun-
tries.” Parataxonomists have been shown to be essential support staff 
for professional taxonomists working outside their own countries; an 
inventory of parasites of vertebrates in the Área de Conservación Gua-
nacaste, in Costa Rica, showed the feasibility of training para taxono-
mists and their value as colleagues. This kind of collaboration with 
residents of local communities where inventory projects are being car-
ried out also creates community goodwill and support for scientifi c 
activities.

Despite technological assistance, much of this phase of DAMA in-
volves what is variously called “boots on the ground” or “sweat equity.” 
Commitment to human capacity– building of this scope is rare, owing 
mostly to the expense in time, expertise, and money associated with 
training activities. PREDICT trained nearly 1000 parataxonomists ca-
pable of assisting all fi eld collections and documentation of potential 
viral pathogens.27 Current estimates suggest that at least 320,000 spe-
cies of viruses in nine families circulate among mammals.28 Discover-
ing just these would cost more than $6 billion. Programs implementing 
DAMA require levels of funding comparable to the budgets of scientists 
tracking millions of asteroids that are no threat to fi nd one that could 
be, or military analysts producing contingency plans for wars they 
hope they never have to fi ght. There is considerable potential and rea-
son for optimism if we link fi eld activities to molecular and computer 
laboratories. Identifi cation is a gateway, not an end.29

Infrastructure

Proper documentation requires attention to detail. Signifi cant fore-
thought, as well as signifi cant funding, could produce designs for adapt-
ing existing data- collection equipment to fi nd new pathogens before 
they emerge, rather than looking for a small number of— sometimes 
only one— species already known to be causing problems. Similarly, 
there must be laboratories, natural history collections, and databases to 
receive the reference specimens and data collected in the fi eld.30 Fortu-
nately, an international initiative, called the Global Biodiversity Infor-
mation Facility (GBIF),31 has been established to help provide conduits 
for sharing biodiversity information freely throughout the world. In 
this way, all inventory projects working in all parts of the world with 
all kinds of pathogens can share information readily, increasing the 
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chances that someone will see a problem arising before it blows up in 
our faces, as has been happening too often.

Activities

Many previous taxonomic inventory projects have been driven by a 
desire to learn more about species already known and considered sig-
nifi cant. A smaller number have been the opposite— let’s look at every-
thing and hope that something important will show up. The docu-
mentation phase envisioned by the DAMA protocol falls between those 
extremes; the search for pathogens is certainly focused, but the search 
for unknown pathogens requires fl exibility. The most effective way to 
document pathogens that are waiting to fi nd us is to investigate ecologi-
cal interfaces— the wildlands and the agroscape, the urbanscape and the 
agroscape, the urbanscape and the wildlands. Such interfaces provide 
maximum evolutionary opportunity for pathogens and hosts because 
they are crossover places, in which pathogens may reside in one area 
without making themselves known but then break out into adjacent 
areas where there are hosts that are important to us (including our-
selves) but are not usually infected (and therefore have experienced 
little or no selection for resistance). Climate change and anthropogenic 
activities alter existing habitats and the interfaces between them, so a 
focus on dynamic interfaces rather than static hot spots is essential if 
we are to understand emerging disease in today’s context. Disease hot 
spots are not going to be stationary, and we need to anticipate where 
they will go and how they will change. The host focus of DAMA within 
those interfaces is the reservoirs of pathogens. We want to know where 
pathogens live when they are not infecting us or our crops or livestock. 
DAMA does geographically focused and site- intensive studies capable 
of fi nding rare pathogens or rare variants of pathogens, rather than 
site- extensive sampling associated with global inventory projects such 
as PREDICT. Those hosts most diseased are often not the reservoirs, 
that is, the hosts in which long- term persistence of a pathogen occurs. 
It is essential to focus on the reservoirs if we are to understand disease 
recurrences and the host context of changes in host and geographic 
range for pathogens.32

The speed with which the EID crisis is happening and its global 
context make methods for rapidly sampling large numbers of potential 
hosts a priority. Historically, quests to fi nd pathogens involved labori-
ous and detailed examinations of single hosts. This is changing dra-
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matically as we fuse classical methods with emergent molecular tech-
nologies for identifi cation. This process, which has come to be known 
as genetic barcoding— in other words, having a defi nitive molecular 
marker for the identifi cation of each species— has begun to amplify our 
capacities. Importantly, barcodes always need to be grounded in what 
we call authoritative identifi cation based on an actual specimen (thus 
the critical relevance of museums and taxonomists). Advanced tech-
nology changes the game by creating possibilities for seeking patho-
gens in ways that do not injure or kill the host. For example, if we 
examine feces left by large, mobile animals that were not in the vicin-
ity when we arrived to collect them, preexisting nucleotide- sequence 
databases allow us to identify the host species as well as the pathogens 
and link those data to information about geographic ranges and host 
population structure.33 We can do this with blood, urine, and tissues 
as well, greatly enhancing the possibility of microbial discovery. And 
as we race into the future, we are at the metagenomics frontier, with 
the possibility of near- simultaneous identifi cation of microparasites 
(viruses, bacteria, fungi, and protozoa) and macroparasites (worms and 
arthropods) through this kind of noninvasive sampling.

In short, the more taxonomic inventories humanity can fund, the 
better. They should be highly focused, however, to provide infor-
mation for each potential pathogen species: (1) what the species is, 
(2) what the species infected, (3) where the species occurred geographi-
cally, (4) a link to phylogenetic history, and (5) as much natural history 
and epidemiological information as possible. These efforts must use 
the most advanced technologies, but also require a fusion of modern 
technology with old- fashioned sweat equity– based natural history, tax-
onomy, ecology, and behavior. As a result of technological advances in 
the past 25 years, inventories for documenting diversity have changed 
from clawing a manageable number of data points out of the wildlands 
to being overwhelmed by mountains of data obtained from large- scale 
fi eld collections and data streams from next- generation sequencing. 
Our world in the twenty- fi rst century is exploding with complexity. If 
society supports long- term commitments and programs for document-
ing diversity, we can manage information from streams of data that 
could only be imagined 30 years ago. We are once again talking about 
big science, this time what is called big data, and our capacity for han-
dling large amounts of hyperconnected information.34

Although documenting what is out there is necessary for effective 
response to the EID crisis, the focus of the DAMA protocol is not sim-
ply on accumulating a lot of information. Rather, it is on assessing that 
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information in the context of disease risk and converting such assess-
ments into effective action.

Assess (Triage)

Our inventory efforts will document many species that are not a con-
cern, at least not at present. Given the immediacy and magnitude of 
the EID threat, we cannot to stop and smell the fungi, documenting 
every single species and painstakingly studying each one to determine 
just how it might affect humanity. We must make effective decisions in 
a timely fashion, and that calls for rapid and focused assessments of the 
pathogen information we encounter. When policy recommendations 
about documented biodiversity involve known and potential patho-
gens, assessment becomes risk assessment. When they involve life- and- 
death decisions, risk assessments become triage. The EID crisis warrants 
triage.35 Triage decisions stemming from pathogen inventories should 
be based on the answers to three linked questions: (1) have we encoun-
tered any species that are known pathogens? (2) have we encountered 
any species that are closely related to known pathogens? and (3) for 
pathogens of interest, what are their reservoir hosts and where do they 
live? The emergence of sophisticated methods of molecular taxonomy, 
in conjunction with ever- faster and more powerful computers, allows 
the fi rst question to be answered rather easily, by matching data col-
lected during the inventory with archived data from known patho-
gens. The hope is to fi nd such pathogens in an area where they were 
not known to occur before they produce a disease outbreak, rather than 
waiting for them to announce themselves by making our livestock, 
crops, or children sick. A good example of this kind of initiative is the 
assessment of viral species in mammalian hosts living in biodiversity 
hot spots in Africa and Asia.36

Answering the second question is more time- consuming and re-
quires particular skills on the part of those charged with providing an-
swers. As a result of the phylogenetics revolution, systematics has de-
veloped into a multifaceted science capable of providing a wide range 
of essential biological information in an explicitly evolutionary frame-
work. First and foremost, comparing data for any particular species 
within a phylogenetic framework will tell us who its closest relatives 
are. If a given species is closely related to a known pathogen, historical 
ecology represents a powerful tool for risk assessment (fi g. 9.1).37

Similarly, we can use intraspecifi c phylogenies to determine whether 
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we have documented a variant of a given pathogen that is known to be 
associated with disease or a variant closely related to a pathogen known 
to be associated with disease (see, e.g., fi g.  5.9). In a complementary 
manner, our evidence indicates that critical traits associated with trans-
mission dynamics, host range, and microhabitat preferences (which af-
fect signs and symptoms of disease) are both specifi c and evolutionarily 
conservative. Many of the properties of an unknown species are likely 
to be shared with its closest relatives. Faced with an unknown species 
whose closest relatives are pathogens, making it a high- level threat, we 
can use what we know about the natural history of those closest rela-
tives to make informed inferences about ways in which the new species 
might be transmitted, where it might live in its host, and even a num-
ber of the signs and symptoms of the disease it might provoke.38

The cophylogeny tanglegram for the nematode genus Haemonchus 
(fi g. 9.2) depicts many cases in which the pathogen- host associations 
do not refl ect cospeciation. If we remove H. contortus, the species that 
has been moved around the globe with domestic livestock most ex-
tensively, the total host range for the remaining members of Haemon-

non-pathogenic

pathogenic

unknown

F I G U R E  9.1  Diagrammatic representation of how we use phylogenetic relationships to 
assess the threat that an unknown, newly discovered pathogen might cause disease. In this 
case, we have a group of ciliated microbes of some sort, two of which are “unknowns.” 
The one on the left is closely related to a group of three other species, none of which cause 
disease. The one on the right is also a member of a group of three other species, but in this 
case, all of them are disease- causing pathogens. All other things being equal, we would assess 
the threat level for the unknowns on the left as “low” and for the one on the right as “high.”
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chus covers the known host range for H. contortus. If, as we suggested in 
chapter 4, cophylogeny studies tell us something about fundamental 
fi tness space (which, among other things, means potential host range), 
then the broad host range of H. contortus should be no surprise. Fur-
thermore, we should anticipate that other species in the genus have a 
high potential for host range expansion, given the opportunity (H. bed-
fordi comes immediately to mind). And with global climate change ac-
celerating, that opportunity is approaching rapidly.

The conceptual, modeling, and empirical data supporting the Stock-
holm Paradigm allow us to assert with confi dence that whenever we 
fi nd a pathogen causing signifi cant disease in one host, there is at least 
one other host— the reservoir— likely living in an ecological area adja-

F I G U R E  9. 2  Cophylogeny tanglegram comparing the phylogeny of the barber- pole 
nema todes Haemonchus spp. (left) and a simplifi ed phylogeny of their hosts. Numbers in 
parentheses denote numbers of host genera inhabited by each species. Modifi ed from Hoberg 
et al. (2004); Hoberg and Zarlenga (2016).

 EBSCOhost - printed on 2/13/2023 7:03 AM via . All use subject to https://www.ebsco.com/terms-of-use



C H A P T E R  9

238

cent to the one in which the diseased host resides. For that reason, we 
cannot overemphasize the importance of determining which hosts are 
the reservoirs of pathogens and in which portions of habitat interfaces 
they reside. And in this case, phylogenetic studies provide help. For ex-
ample, there is a concentration of many virus families, with known 
zoonotic members, occurring in a relatively restricted number of chi-
ropteran (bat) families.39 Many people are already aware of the poten-
tial of contracting rabies by coming into close contact with bats. These 
data indicate that the rabies threat is only the tip of the iceberg when it 
comes to the potential for viral infections’ being transmitted from bats 
to humans.40Another example is the hantaviruses, a global group only 
recently discovered in the Western Hemisphere— and at fi rst thought 
to occur only in a few places in the Americas— circulating in rodents 
and capable of infecting humans when offered the opportunity. They 
are now known from a considerably greater number of small mammals 
including Eulipotyphla (shrews), Chiroptera (bats), and an increasing 
number of rodents throughout the Americas and Eurasia.41 Human ex-
posures occur in the interfaces between rural and urban environments, 
and any of the hanta group should be considered as having the poten-
tial to cause respiratory and hemorrhagic diseases in humans. There is 
encouraging evidence of a recent focus on fi nding the reservoirs.42

Assessment Needs

Personnel

We must develop and use our increasingly valuable archival collections 
of hosts and pathogens, along with informatics resources, to describe 
the pathogen- risk portion of the biosphere. Systematists trained in in-
tegrating information on natural history in a phylogenetic context can 
present these discoveries in a manner that allows triage decisions to be 
made. All countries that wish to help mitigate disease threats must al-
locate funds to train and employ more taxonomists and to support mu-
seum infrastructure. In the short term, at least, we cannot assume that 
suffi cient additional resources will be allocated for this purpose. As a 
consequence, it becomes even more imperative that the taxonomic im-
pediment is not linked to a shortage of other biodiversity specialists. 
Effective assessment of what we document requires an array of special-
ists, from scientists who maintain archival collections, to those who 
perform molecular and bioinformatics analyses, to those who place 
documented information in both real- time (e.g., specialists working on 
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population dynamics of hosts and pathogens) and deep- history (phy-
logenetic) contexts, and, fi nally, to those who not only maintain these 
complex information databases but are capable of updating them rap-
idly and providing as close to real- time access as possible.

Infrastructure

We need facilities to house all these essential people: molecular tax-
onomy laboratories, phylogenetics laboratories, and natural history 
repositories for specimens, tissues, sequences, and digitized natural 
history information. There is some good news. First of all, many sys-
tematists maintain both molecular taxonomy and phylogenetics labo-
ratory capabilities, and many of them work in natural history muse-
ums or government laboratories. Networks must be developed that link 
fi eld- based collections to deposition and maintenance of specimens, 
tissues, and nucleotide products in archival repositories. The latter are 
the baselines for documenting pathogen and host distribution and pro-
vide the capacity to recognize (often retrospectively) the occurrence 
of novel pathogens or new host and geographic distributions. In ad-
dition, much of the critical infrastructure necessary for documenting 
pathogen diversity also supports activities associated with producing 
information necessary to make informed triage decisions. So, while we 
need signifi cant allocations of funds to undertake these essential ser-
vices, the multiuse nature of much of the infrastructure means con-
siderable economy, especially if there is cooperation among groups. 
That multiuse nature of biological collections forms the backdrop for 
a biological detective story. A disease was lurking among the pinyon 
pines and undulating landscapes of the Four Corners, a magical desert 
landscape linking New Mexico, Arizona, Colorado, and Utah. It wasn’t 
there  every year, it wasn’t known to the disease ecologists in any co-
herent way, but it resided in the extended memories and oral history 
of Navajo and other indigenous peoples. In the spring of 1993 an out-
break of a severe respiratory illness killed 10 people in an eight- week 
period, eventually leading to a 70 percent mortality rate as the disease 
progressed.43 The pathogen turned out to be a new virus in the hanta 
group, pathogens of rodents in many regions of the world that often 
occur as serious zoonoses. The virus was eventually called Sin Nombre 
(Spanish for “without a name,” abbreviated SNV).44 Field collections in 
the Four Corners ensued, and the host involved was identifi ed as the 
ubiquitous Peromyscus maniculatus, the white- footed deer mouse. But 
where had the virus come from? Had it been introduced? Hantavirus 
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was at that time rarely known in the Western Hemisphere, and prior 
to 1993 only the Prospect Hill virus had been documented, all the way 
across the continent in Maryland.

Museum collections of rodent specimens, tissues, and blood, along 
with human specimens from undiagnosed disease outbreaks, dem-
onstrated that the virus had been present for a long time. Since 1993 
more than 25 members of this virus group have been discovered, and 
phylogenetic analysis documents a deep history linking Eurasia, North 
America, and South America. It was literally the stuff of legends, a mys-
terious disease that had persisted in the oral histories of indigenous 
people. Archival frozen tissues revealed the history of the virus and 
were initially the window through which the question of origins could 
be examined. In the absence of these collections, held and databased 
in a museum repository, our current knowledge of hanta in the Ameri-
cas would have been delayed for a considerable period of time.45

Activities

Although complex and sophisticated, activities producing data for tri-
age decisions are straightforward. They involve molecular taxonomy to 
identify known pathogens before they trigger disease outbreaks, phy-
logenetic analysis to identify relatives of known pathogens, and his-
torical ecological comparisons of those close relatives to assess the risk 
potential of the unknown relative. If a particular documented patho-
gen is known to cause disease or is a close relative of a species known 
to cause disease, it is assessed as high priority. This means we want 
to know its full geographic range, what interfaces it lives in, what its 
reservoirs are, and as much about its population genetics as possible, 
including the potential for rare genotypes that can infect species we 
care about (including us) by the stepping- stone dynamic shown in the 
modeling discussed in chapter 5. In a world of climate change, we need 
to track as much of this information as rapidly as possible. And that is 
the rationale for the next phase of the DAMA protocol.

Monitor (Surveillance)

As minuscule as is our knowledge of the microcosmos of pathogens, 
there is an even greater lacuna in our understanding of the biology 
of even those of special concern. We have insuffi cient understanding 
of the geographic distribution and natural history of pathogens dur-
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ing those times when they are not engaging our attention. Nor do we 
always understand the biotic and abiotic factors that catalyze the shift 
from quiescence to disease. Sometimes it results from changes in eco-
logical conditions, as turned out to be the case with Sin Nombre. The 
El Niño Southern Oscillation produces unusually heavy rains that lead 
to an explosion of growth and seed production in pinyon pines. Many 
animals, including white- footed deer mice, take advantage of this 
bounty to convert pinyon pine biomass into rodent offspring, many of 
them carrying Sin Nombre. The expanding rodent population explores 
new areas, including human habitations, and contact between humans 
and hanta is achieved.46

When pathogens are given an invitation to explore, they are relent-
less. The easiest way for them to explore, and create the most havoc, is 
biotic expansion triggered by climate change, which can drive the mass 
movement of many pathogens capable of infecting many hosts. Trophic 
changes within existing communities bring previously unexposed hosts 
into contact with resident pathogens. Pathogens may spread geographi-
cally even without host movements along the margins of two ecosys-
tems, where the parasite might expand geographically because there is 
a related host in the adjacent area. This exploratory ability of pathogens 
explains why the distribution of a pathogen is broader than the distribu-
tion of disease attributable to it.47 Environmental perturbations that cre-
ate new connections in fi tness space are associated with amplifi cation of 
pathogen populations, host range expansion, and disease emergence.48

Each documented species that warrants special attention (i.e., a 
known pathogen or a close relative of a known pathogen) must be 
monitored to more fully document host and geographic ranges, as well 
as to gather exhaustive knowledge of genetic variation. That informa-
tion needs to be incorporated into models of anthropogenic climate 
forcing, indicated by long- term progressive and short- term fl uctuating 
changes in many variables, particularly temperature and precipitation, 
to give us some idea of what might happen next.49 Of special attention 
will be new pathogen- host associations emerging in the interfaces from 
urban landscapes to wildlands.50

Monitoring Needs

Personnel

This aspect of DAMA is perfect for engaging local citizens, neighbors of 
the parataxonomists, and other locally based support personnel who 
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are the focus of efforts to mitigate disease impacts. The same boots 
on the ground that help us document will be needed to monitor the 
pathogens of special interest identifi ed in our assessments. Don’t forget 
that the Texas cattlemen knew ticks were involved with Texas cattle 
fever long before the scientists did.

Monitoring efforts, however, also require additional trained special-
ists. In particular, we will need the expertise of population geneticists, 
population ecologists, and phylogeographers to interpret the real- time 
data collected by the inventory specialists. We need those data to make 
projections about future activities of the pathogens, which will require 
specialists in mathematical modeling. In other words, in addition to 
boots on the ground, we need fi ngers on keyboards. And fi nally, we 
will require specialists in surveillance to use the data and analyses 
to propose ways to implement any necessary changes in documenta-
tion activities. We envision a cooperative system in which necessary 
changes in our activities on the ground can be put into practice at the 
fi rst sign that a pathogen’s distribution or behavior is changing. When 
such changes are the harbingers of a disease outbreak, the DAMA pro-
tocol becomes an early warning system for those who are tasked with 
responding to outbreaks.

Infrastructure

Successful monitoring requires substantial infrastructure. But, again 
there is some good news: the same personnel and infrastructure used 
in basic documentation activities can be used for monitoring. All of the 
data analysis, modeling, and projections, however, will require high 
levels of computer technology for the various specialists to use. We 
will also need to engage the emerging monitoring programs linking 
citizen- scientists with specialists through cell- phone- based apps as an 
aid to their efforts. The ultimate goal is to link monitoring technol-
ogy from a single person with a cell phone to the most comprehensive 
satellite- based global monitoring systems available— from boots on the 
ground to eyes in the sky.

Activities

Monitoring networks can combine geographically extensive and site- 
intensive sampling information across thousands of kilometers into 
series of snapshots of pathogen distribution. Linking those snapshots 
into time sequences (videos) would allow us to observe changes in 
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pathogen distribution and behavior, such as those driven by subtle 
climate shifts, in near real time. The ultimate goals are to recognize 
previously unoccupied fi tness space before the pathogen fi nds it (an-
ticipation) and to recognize in real time when the pathogen enters it 
(mitigation). As mentioned earlier, ecological niche modeling should 
play a critical role in these efforts.51

There is a pressing need to coordinate multiple levels of society. We 
can take advantage of ongoing documentation activities and person-
nel to begin the essential process of getting buy- in from local citizens. 
Sharing local or indigenous insights and observations— what is often 
called traditional ecological knowledge— is critical. For example, in boreal 
hamlets and communities, hunters on the tundra and sea ice hold spe-
cial knowledge and experience and are often among the few who regu-
larly venture across remote regions.52 Tapping this kind of human ca-
pacity, from the poles to the tropics, will produce regular observations 
by people with great sensitivity to changes in their local ecosystems 
that might enhance pathogen transmission.53

Their observations, sent to coordinating data centers using specially 
designed cell- phone apps, can provide the essential information for 
specialists in population genetics, population ecology, and phylogeog-
raphy. Their results will also allow the modelers to produce projections 
for various temporal and spatial scales (how fast is it moving? how far 
is it going?). And those results will go to the surveillance people, who 
will make recommendations to the boots on the ground. The goal is to 
make this fl ow of observation to data to analysis to projection to deci-
sion a loop operating as close to real time as possible, beginning with 
those most at risk.

Act

Never change a winning game, always change a losing game.54

The emerging disease crisis may not be the most important threat from 
climate change, but it is costly, and diseases are threat multipliers for 
all other elements of climate change. Disease may never have the fi rst 
or even the primary cause of previous human catastrophes, but dis-
ease may well have been the fi nal straw. We are playing a losing game 
with respect to climate change and emerging disease, and we must act 
to change that. The DAMA protocol brings a sense of urgency with it, 
even while it brings a sense of hope— we can do something proactive 
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and effective about the emerging disease crisis if, once disease threats 
have been identifi ed, there is prompt and decisive action. Many col-
leagues with whom we have spoken tell us that the most diffi cult tran-
sition in all areas related to the climate- change threat is from assess-
ment to action or from monitoring to action.

Health practitioners follow a simple, straightforward, ancient and 
honorable philosophy known as “do no harm.” This principle is in-
tended to protect not the patient but the doctor. It originated as a re-
sponse by practitioners to an aspect of the Babylonian legal system 
called the Code of Hammurabi. In that code, if a doctor treated some-
one for, let’s say, an eye disease and the person lost the sight of the 
eye, the doctor’s corresponding eye was removed (hence the origin of 
the phrase “an eye for an eye”). Health practitioners have had a bun-
ker mentality ever since. And in a world where nothing changes, once 
you know what the diseases are in your world, you can wait to be cer-
tain what you have, then treat it with little possibility of legal or cor-
poral repercussions. And with advancing health knowledge, we now 
have many proactive approaches that save money and maintain health 
better than waiting for acute disease while not putting the clinician 
at risk. Changing your diet and getting some exercise is far cheaper 
and less traumatic than open- heart surgery following a heart attack not 
only for the patient, but for the clinician.

In a world of climate change and emerging disease, however, “do 
no harm” has become a prescription for waiting until a pandemic oc-
curs and then trying to contain it. A passive complacency emerges as 
each outbreak burns out into the pathogen background, and no com-
prehensive accounting of the socioeconomic impact of the pandemic is 
ever made. As the world becomes increasingly urbanized, the problem 
will worsen. High population density in urban settings makes it less 
likely that you know, much less are related to, your neighbors. And that 
makes it diffi cult to know whom you can count on in an emergency. 
Not knowing whom to cooperate with puts people at risk of not being 
able to mobilize effectively. This problem of a lack of trust is generally 
compensated for by government services, assumed to be neutral and 
objective with respect to all citizens. But even this assumption is regu-
larly doubted, especially in the largest urban centers, where services 
too often fail to be delivered in an evenly distributed manner.

We suggest that “do no harm” be replaced with what biodiversity 
specialists call “the precautionary principle,” which admonishes re-
searchers and policy makers that incomplete knowledge should not 
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stop us from action when faced with a crisis. In the case of the EID cri-
sis, the precautionary principle gives us a mandate to investigate patho-
gens that represent a risk of disease before they become the agents of 
an outbreak. This reverses thousands of years of human fear.

Only wise men rush in where fools fear to tread.

We must track known pathogens and their relatives even when they 
are quiescent. When that information is combined with what is known 
about the likely movements of pathogens from other places as a result 
of climate change, human population changes, and globalization, we 
can anticipate what pathogens may be coming to a particular place and 
what hosts are most at risk. Consequently, DAMA action plans involve 
two things. First, we can understand which pathogens are likely to mi-
grate to a particular area, and we can inform people about measures 
they can take to reduce the chances that a given pathogen will suc-
cessfully take up residence, or at least extend the time period before 
the establishment of that pathogen. Secondly, both for pathogens that 
are in residence but have not yet caused disease and for those potential 
new arrivals, we can inform people about ways to recognize outbreaks 
quickly so that they can be reported and additional measures enacted.

DAMA gives guidelines about what is needed in order to act deci-
sively and effectively. It does not, however, tell any region, country, or 
even municipality how to act, except that action must be cooperative. 
This means that action can be tailored to the needs and capabilities of 
each place.55 Perhaps the most diffi cult obstacle to be overcome is the 
recognition that in many cases your own future safety requires that 
you help your neighbors, even if you don’t like them very much.

Needs

Personnel

Few people know how to act in a decisive manner; such skills, however, 
can be taught. This requires specialists in public activism, public out-
reach, education, and training. It also requires that there be permanent 
jobs for paraprofessionals working in adjunct with specialists to imple-
ment DAMA to the benefi t of everyone. We think this kind of coopera-
tive behavior might result in an extension of Aldo Leopold’s “environ-
mental ethic” to a “biodiversity and health ethic.”56
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Infrastructure

We require two kinds of infrastructure to support effective action. 
One is educational and job- training programs, as described above. The 
other is facilities associated with museums, universities, and govern-
ment laboratories tasked with recommending actions based on docu-
mentation, assessment, and monitoring activities. Linking high- level 
scientifi c and technical infrastructure to the activities of paraprofes-
sionals and citizen- scientists on the local level also serves as an impor-
tant symbol to the public that the scientifi c and academic community 
and the government support these initiatives and appreciate the efforts 
of everyone involved.

Activities: Education and Cooperation Are Essential

Do not aim technology at the problem: educate people, arm them with technol-

ogy, and aim them at the problem.

There are two components of activities associated with the “Act” sec-
tion of DAMA. The fi rst has to do with public outreach and jobs train-
ing. Public health means public education. People need to know what 
to look for: check your kids for ticks, dump the birdbath, empty the 
water from old tires; stay inside at dawn and dusk; wear shoes; main-
tain clean drinking water and unspoiled food. A cost- effective way to 
do this is to work it into the schools’ curricula.

Everyone should be educated to make a contribution, so adult educa-
tion through government- funded outreach programs is also essential. 
Not only will this provide critical information, it will reinforce to the 
average citizen that this is a national security priority. Then there can 
be a partnership in which the average citizen understands that there is a 
crisis, and although government- supported scientists deal with existing 
problems and try to anticipate new threats, actions by the public are 
essential.

The second has to do with responses whenever DAMA activities 
produce an “Act” recommendation. Most such recommendations at 
the local level will involve getting the word out to people about a par-
ticular threat and how to minimize their and their family’s exposure 
to it. This requires input from local residents who can place scientifi c 
data within the appropriate cultural context. The monitoring aspect of 
DAMA is perfect for engaging the help of local citizens, neighbors of 
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the parataxonomists and other locally based support personnel who 
are the focus of efforts to mitigate disease impacts. It is likely they who 
have reported some of the information leading to an “Act” recommen-
dation in any event. So, not only are they in the best position to im-
plement an “Act” recommendation, but being recognized for doing so 
provides public approval that represents positive feedback for the peo-
ple involved, encouraging them to continue and others to participate.57

To this point, we have emphasized grassroots or bottom- up activities. 
The EID crisis is a global concern, however, so “Act” recommendations 
must also be shared with relevant governmental bodies and NGOs that 
can spread an alert as widely as is necessary and take appropriate ac-
tion. In return, those organizations bear the responsibility of support-
ing local DAMA projects. One of the best proof- of- concept studies that 
we know of for DAMA has been done by a Hungarian biologist, Gábor 
Földvári, working at the University of Veterinary Medicine in Budapest. 
Margaret Island sits in the middle of the Danube River, just upstream 
from the Hungarian Parliament. It is a place of history, natural beauty, 
and intensive human recreational use. Among the wildlife species on 
the island are its adorably cute hedgehogs. They, in turn, host an array 
of ticks, some of which may, given the opportunity, attach themselves 
to humans. Földvári and his research group investigated the hedge-
hogs of the island for three consecutive years. In documenting basic 
ecological parameters of the animals, they made several important ob-
servations. First, these hedgehogs, as one of the most successful urban 
adapters, reach several times higher densities in the urban park than 
in nearby rural areas. Secondly, they have an exceptionally high tick 
infestation. The intensive fi eldwork that enabled them to study over 400 
individual hedgehogs was possible only with substantial involvement 
of citizen- scientists. As many as 40 or more enthusiastic volunteers, 
students, family members, and friends of scientists helped to collect, 
transport, and release the hedgehogs during the late- night hours. Most 
of the nearly 10,000 ticks removed and identifi ed were of a single spe-
cies, Ixodes ricinus, the sheep tick, for which the most important host 
seemed to be the hedgehog itself. However, an exotic species, Hyalomma 
marginatum (vector of the Crimean- Congo hemorrhagic fever virus) was 
also identifi ed, highlighting the importance of monitoring these ecto-
parasites even within our closest neighborhood. They also discovered 
that although they had no symptoms, hedgehogs carry an array of bac-
teria, including Borrelia burgdorferi sensu lato, Anaplasma phagocytophi-
lum, Neoehrlichia mikurensis, and Rickettsia species, which are potentially 
pathogenic in humans. They also found that very few humans actu-
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ally found ticks on themselves when they returned from a day at the 
island. And they discovered two additional pieces of information. First, 
no one who spent the day lying on grass that was regularly mowed by 
city personnel ever reported fi nding a tick on themselves: evidently the 
mown grass is too short to maintain high humidity, the limiting envi-
ronmental factor for the ticks. Secondly, a signifi cantly higher density of 
ticks occurred in the shrubberies and “hidden” parts of the island where 
the dense vegetation favored tick survival. As a consequence, all those 
people who reported fi nding ticks on themselves had one thing in com-
mon: fi nding that the island had only two public toilets, which were not 
always open, they had availed themselves of the underbrush beside the 
areas of mowed grass. Because the people using the bushes as latrines are 
at highest risk, a relatively cheap and effective way of signifi cantly re-
ducing disease risk is installing additional public toilets on the island.58

Policy as Lifestyle Change

There is no more neutrality in the world. You either have to be part of the solution, 

or you’re going to be part of the problem.59

We believe climate change poses a great danger to humanity, that there 
is little time to act, and that we are not prepared to cope with it. And 

Document

Assessment Monitor

Action

F I G U R E  9. 3  Summary diagram of DAMA activities. Document what is where, focus on 
interfaces. Assess who the real reservoirs are and the potential for changes in the interfaces, 
leading to changes in host range, possibly to changes in who the reservoirs are, and to the 
arrival of new pathogens. Determine monitoring priorities, make action recommendations, 
request additional documentation; Monitor the critical interfaces and reservoirs in anticipation 
of changes or emergences; Act on changes in interfaces, reservoirs, pathogens in residence, 
ways to limit the arrival of anticipated new pathogens, and early warning signs of pathogens 
anticipated to arrive at some point.
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no one is acting with a suffi cient sense of urgency. The DAMA protocol 
(fi g. 9.3) does not compel anyone to act when confronted with news 
of an impending disease threat. But some things are clearly indicated. 
Let’s update and paraphrase Elton:60

We must make no mistake, we are facing a set of circumstances that could eliminate 

technological humanity from this planet.

The terrible irony is that we know what to do to stave off that pos-
sibility. So, more good news and bad. The good news is that we can 
do this, and it will be economically feasible, because it will reduce the 
need for crisis response, which is unsustainably expensive. On the 
other hand, coping with the EID crisis— or any other aspect of climate 
change— will not be cheap, and things will never be the same. This 
may be the last chance technological humanity has to preserve itself. If 
our civilization emerged during a unique period of climate stability, we 
may not get a second chance to rebuild. And fi nally, always remember 
your children— nearly 65 percent of humans will live in cities by 2030, 
and very few urbanized children can survive in a nontechnological 
world. The bad news is that society doesn’t seem to want to act in its 
own behalf. Everyone thinks that this is someone else’s responsibility 
and that it won’t happen to them. This is especially true for those who 
live in affl uent and technologically advanced societies, like the ones in 
which there are many people who have the fi nances to buy this book 
and the education to understand it. But everyone is at risk.

It is time to implement what biodiversity scientists have called the 
“Jane Austen principle,” replacing Pride and Prejudice with Sense and 
Sensibility. Why should those who feel that there is no true existential 
threat from EIDs, or that, if there is a threat, technological advances 
will save the day, nonetheless support DAMA initiatives? Pathogens are 
more than agents of disease; they are also compact units of informa-
tion about biocomplexity, thanks to their highly specialized and phy-
logenetically conservative transmission dynamics and microhabitat 
preferences. Our focus in the fi rst decade of the twenty- fi rst century 
was on understanding how knowledge about pathogens in their en-
vironments offers cost- effective information essential for coping with 
the biodiversity of the future, including a better understanding of eco-
system services. The benefi ts we identifi ed then still apply.61

If we are wrong, and the accumulation of high- probability/low- 
impact EIDs does not represent an existential threat to technological 
humanity, they nonetheless add to the overall costs of coping with cli-

 EBSCOhost - printed on 2/13/2023 7:03 AM via . All use subject to https://www.ebsco.com/terms-of-use



C H A P T E R  9

250

mate change and take time away from efforts to develop technologi-
cal solutions. Implementing DAMA will thus always buy time and save 
money. At worst, we will fi nd a small number of high- probability/low- 
impact pathogens, and an enormous number of nonpathogenic spe-
cies, some of which may turn out to have commercial uses. In addition, 
DAMA activities will expand our database of the biodiversity— and po-
tential ecosystems services— of pathogens that are not associated with 
disease. If we are correct, however, as we believe the evidence suggests, 
the costs of inaction will be unacceptable. Humanity spends a lot of 
money attempting to anticipate and mitigate asteroid collisions and 
wars. Should we not do the same for emerging diseases that cost the 
world a trillion dollars each year?

There must be a sense of urgency and purpose. But our protocols 
must be evolvable; there is no static solution for problems involving an 
evolving Earth and an evolving biosphere. And we, as fi eld biologists 
with well over a century of combined experience in boreal, temperate 
and tropical regions of the world, are well aware that

No plan of operations extends with any certainty beyond the fi rst contact with the 

main hostile force.62

In this case that hostile force is not so much the pathogens explor-
ing sloppy fi tness space, but ourselves. Perhaps the greatest challenge 
facing any attempt to cope with the EID crisis is our general inability 
to cooperate effectively. On an individual basis, humans are very good 
at recognizing circumstances in which cooperation is the best option, 
and we cooperate quite well. Collectively, we have not been so good 
at it. But history is not destiny, so it is possible that a large number 
of humans can recognize that climate change and the EID crisis, in-
tensifi ed by population growth, urbanization, and globalization, is 
precisely a circumstance in which cooperation on a scale rarely if ever 
seen before is nonetheless the best option. The DAMA protocol will 
certainly fail without cooperation. More signifi cant, if human civiliza-
tion emerged from a unique set of environmental opportunities in the 
past 10,000 years, we may not get a second chance to mold ourselves 
into a technological species.

As veterinary and human medicine entered the late twentieth cen-
tury there was a growing and explicit understanding of the connectiv-
ity between animal and human disease, facilitated by environmental 
opportunities. This led veterinary scientists and clinicians to embrace 
what is called One Health, more recently Planetary Health.63 In the 
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1940s it brought together a coalition of veterinarians, physicians, and 
a broader range of organismal biologists, with foundations in the Cen-
ters for Disease Control and the U.S. Public Health Service. In some 
ways, this was a natural evolution from the vaccine world of the nine-
teenth and twentieth centuries.

One Health originated and grew out of the early discussions of 
Sir William Osler and Rudolf Virchow and was espoused by Charles 
Schwabe in Veterinary Medicine and Human Health in 1984.64 Planetary 
Health is a complementary and more explicit approach that transcends 
pathogens to understand the connection between accelerating cli-
mate change, unprecedented environmental perturbation, and human 
health, with origins in the Rockefeller Foundation– Lancet Commission 
on Planetary Health in 2014.65

What is common to all these approaches is the recognition that 
transboundary and interdisciplinary cooperation is needed, bringing 
ecology, biodiversity, environmental health, and medicine to the fore-
front in addressing increasingly complex challenges for humanity and 
the human landscape.66 In contrast with earlier independent and lim-
ited explorations emphasizing single organisms or regions, our under-
standing that rapidly changing environments from which viral, bacte-
rial, fungal, arthropod, and helminth pathogens emerge demonstrates 
the urgency for new ways to coexist and live with our world.67

We endorse this perspective wholeheartedly. In order to cope with 
the onrushing multiple threats associated with climate change— of 
which EID is only one— we must integrate diverse human activities on 
multiple scales, and everyone must contribute. This calls for truly long- 
term planning— beyond the event horizon of most politicians. We 
have to assume these changes will be permanent. Coping with changes 
of that magnitude requires the cooperation of many people within and 
among countries, and on an unprecedented scale.

In the fi nal chapter we encourage humanity to take individual and 
collective responsibility for the future of civilization and act accord-
ingly. Our focus is on emerging disease, but all threats from climate 
change infl uence disease emergence and disease emergence affects all 
other threats, so we hope our call is broadly applicable.

If you want something you never had, you must do something you have never 

done.68
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T E N

Time to Own It: 
It’s Nobody’s Fault but 
Everyone’s to Blame

Everyone talks about the weather, but no one does anything about it.

—  AT T R I B U T E D  T O  M A R K  T W A I N

The last time our species coped with global climate change, 
we were able only to resent what was happening; we could 
do nothing about it. Now it is happening again. This time, 
however, we are not limited to resenting it; instead, thanks 
to our science and technology, we can do something about 
it. If we wish to. Let’s begin with focusing on what is 
most at risk. Some fear the demise of the biosphere, but 
we do not. Ecological fi tting provides a means of spread-
ing your bets—diversifying your portfolio—when condi-
tions change. Species with minimal capacity to oscillate 
between generalizing and specializing fall victim to the 
Gambler’s Ruin and go extinct. Those that survive have 
indefi nite built- in evolutionary capabilities, so unless hu-
mans decide to blow up the planet, enough of the bio-
sphere will survive to enable new biodiversity to evolve. 
All we know of the history of life on this planet supports 
our optimistic view. That does not mean we advocate ac-
celerating losses, only that we think the persistence of the 
biosphere is not in doubt. But that evidence brings with it 
a sobering insight; the biosphere is beginning to cope with 
climate change without asking our permission and with-
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out waiting to see whether we will participate. Whatever massive evo-
lutionary changes occur, the biosphere will be indifferent to the fate of 
any particular species, no matter how self- important. Some believe cli-
mate change may cause the extinction of Homo sapiens. We believe that 
evolution in general does not favor us in particular, but humans have 
an abundance of the oscillatory capacity that is associated with long- 
term persistence. There are so many of us, living in so many parts of 
the world, occupying such an enormous and varied fi tness space, that 
it is unlikely the entire species can be extinguished. We cannot draw 
too much comfort from that realization, however. There are many ways 
in which evolution could change our future role in the biosphere, pos-
sibly limiting us to a marginal existence. We believe that what is most 
at risk is technological humanity.1 This planet has tolerated the modern 
version of our species for more than 100,000 years, especially in the 
unusually tranquil last 10,000, when we became sedentary agronomists 
and began building our vast technological fi tness space. The history of 
technological humanity, beginning with the emergence of agriculture 
and domestication, which set the stage for urbanization and globaliza-
tion, occupies only the last 10,000 years. That period includes multiple 
cases in which the most technologically advanced societies of the day 
catastrophically dissolved at what seemed to be the height of their pow-
ers, taken down by environmental fl uctuations. Each one of those soci-
eties believed strongly that it could never happen to them and probably 
purged anyone who dared say otherwise. They fell precisely because 
they felt they were invulnerable, and that left them unprepared to cope 
with abrupt changes in their conditions of existence. This is the human 
default we argue against. Milanković’s insights about climate cycling led 
us to expect a 15,000-  to 20,000- year interval of relative stability and 
“benign” environmental conditions typical of many interglacial peri-
ods. We should be only 60 percent of the way through that period of 
climate stability, with a lot of time to understand and prepare for future 
climate change. But we have changed the atmosphere and oceans to 
such an extent that global system scientists now recognize a new pe-
riod in Earth history, the Anthropocene, which began as recently as the 
1750s. Its primary characteristics are the expanding footprints of hu-
man dispersal, burgeoning human population, agriculture, technology, 
and global connectivity. Environmental thresholds and tipping points 
we thought we would face in the distant future are being breached with 
increasing frequency because of accelerating climate warming driven 
by increased levels of atmospheric carbon dioxide of anthropogenic ori-
gin. Anthropocene humanity is living beyond its means.
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The Blind Men and the Elephant: An Abundance 
of Good Intentions

No sense of common purpose has emerged in technological human-
ity. One reason is that we have a complex relationship with climate 
change— the whole is greater than the sum of its parts, and there are 
no simple answers. Like the parable of the blind men and the elephant, 
people focus on a small part of the problem while assuming they 
under stand its entirety. Only when they all realize they must share 
their knowledge do they truly understand what they don’t know. The 
good news is that people are beginning to ask tough questions about 
our future. This has led to a diversity of opinions about what we need 
to do, suggesting that we have begun to see the problem in a more pro-
ductive light. Let’s start by understanding what the groups of people 
representing the various “blind men” in the parable want.

We Want a Guaranteed Future with No Costs 
(Politicians, Government Bureaucrats)

Politicians and the bureaucrats who operate governments are a criti-
cal part of “understanding the elephant.” Biologists can guarantee only 
two things— we will all die eventually, and there is no free lunch. No 
one lives outside those boundaries. So when members of governmental 
agencies publicly demand a guaranteed future with no costs, they do 
not truly expect it. They want to do as much public good as they can 
without jeopardizing their job security. In this regard, they are like the 
majority of humans on this planet. Unlike most people, however, they 
control substantial aspects of the fl ow of economic power and have the 
ability to infl uence enormous amounts of public opinion; they have 
the power to say yes.

We Want It Simple and Easy to Understand (Policy Makers)

If there were a simple answer, we would have solved the problem by 
now. As the philosopher of biology David Hull once said, “All the prob-
lems that could be solved by common sense have been solved.”2 This 
is a particularly thorny problem when trying to explain complex sys-
tems, the behaviors of which are not smooth and predictable. Scientists 
cannot make a complex situation simple; they can, however, explain 
the complexity as clearly as possible.
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Policy makers form an essential link between the scientifi c commu-
nity and the politicians and bureaucrats. The best policy makers are 
exceptionally bright people who often combine training in some area 
of science with expertise in translating science into public action. It is 
reasonable for policy makers to ask scientists to make their positions 
understandable to them, so they can explain the scientifi c fi ndings 
to people who lack technical training but control the material means 
to implement actions based on scientifi c fi ndings. The risk for policy 
makers is the desire to please their listeners’ desire for simplicity.

We Want It the Way We Want to Believe It Used to Be 
(Ecologists and Conservationists)

Conservationists understand connections and consequences. Com-
manding detailed information about local ecosystems, they know a lot 
about the immediate consequences of environmental perturbations. 
More important, they understand them as complex systems, and that 
means they have an appreciation for thresholds and tipping points. As 
a result, they may see the signs of an impending tipping point before it 
occurs. They also understand that the outcomes of some tipping points 
may be more signifi cant than those of others.3 And if they share that 
knowledge with people who can act promptly, we may be able to miti-
gate the outcomes of those tipping points.

Despite those advantages, conservationists too often fall into the 
trap of believing in a mythical past state of the planet that was bet-
ter for human existence than today. They believe it is possible to get 
to that past by reversing climate change. And they believe we actu-
ally can reverse climate change. They are wrong on all counts. The past 
100,000 years was not such a nice place for human existence. Return-
ing contemporaneous biodiversity to a previous set of environmental 
conditions will not cause evolution to rewind. And we cannot reverse 
climate change even if we thought it would help.

We Want It the Way We Want It (Engineers)

A broad coalition of humans acts as if the biosphere should be static 
and change needs to be resisted by all the technological capabilities 
we can muster. Engineers and preservationists (environmentalists who 
believe  we should freeze existing biodiversity into an unchanging 
state) often think they are fundamentally in disagreement. Engineers 
have been quite willing to say, “Tell us what you want, and we will 
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make it that way.” Without realizing it, preservationists have an analo-
gous perspective: “Tell us what we need to do to stop further changes, 
and we will do it.” Neither group has been able to engineer sustainable 
stasis, because the context within which humanity resides is not static. 
Our species is an evolving system within a larger evolutionary system. 
Efforts by preservationists and engineers may alter the evolutionary 
timeline and trajectory but do not stop change from occurring.

Burgeoning technology has helped us ask more questions leading to 
better answers. But new problems now surface faster than we can fi nd 
technological fi xes for them. We must consider whether there are bet-
ter ways to use the tools we have. Recently, preservationists have begun 
to understand that we should be trying to conserve not given areas or 
species, but rather the evolutionary process: the only way to cope with 
change is to allow change to occur.4 This is a good beginning.

We Want to Survive (Evolutionists)

Evolution is intimate, yet impersonal. The conditions of life are com-
pletely indifferent to our pain, our suffering, our aspirations, and our 
hopes. But life includes a built- in drive to survive by oscillating between 
exploration and exploitation. The biosphere is not a collection of vari-
able yet static entities; it is an evolutionary system with an indefi nite 
ability to survive even massive environmental insult through a sort of 
rope- a- dope. Life lurches along, always slightly out of synch with the 
surroundings, but imbued with that relentless drive to survive. Each 
mass extinction triggered by global climate change has been a mass 
evolutionary reset. The biosphere has lost a lot of species, but those 
that remained have been capable of sustaining a transitional biosphere 
and evolving a new one. A fundamental principle of life is that no mat-
ter what happens, there are consequences. This fl ows directly from the 
realization that everything in life costs something, and everything is 
connected. Sometimes it seems wonderful— two species that originally 
competed for the same resource are able to coexist because one or both 
of them were fl exible enough to switch to different resources. Other 
times it is not so nice. When the fi rst photosynthetic microbe emerged, 
it catalyzed a global change in biodiversity that saw an explosion of 
species made possible by the large quantities of oxygen being released 
into the oceans and atmosphere. This literally life- changing— for the 
world as it exists now, life- giving— event was accompanied by a global 
mass extinction, the deaths of virtually all species for which oxygen 
was a deadly toxin.
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Confl ict resolution by trade- offs is a hallmark of evolution. And the 
most fundamental source of confl ict is growth. Humanity embarked 
on a fl ight of fancy about unlimited growth when it decided to ignore 
the warnings of the Reverend Malthus and then of Charles Darwin. 
This needs to end. We must have the wisdom to understand that our 
prosperity will not protect us. And technology is taking us to popu-
lation levels that are increasingly unsustainable. Limits to Growth pre-
dicted that technological humanity could fail quickly if we do not be-
gin paying close attention and taking action. If the second half century 
of predictions in Limits to Growth are correct,5 then Arrhenius gave us 
175 years of advance warning, 125 of which we have largely wasted. 
Only recently have discussions of humanity’s future seriously consid-
ered the possibility of the collapse of civilization. We may not have 
much time, so we need to keep our eyes on the prize, which is the 
survival of technological civilization. The evolutionary viewpoint is 
fundamental in that quest: (1) it gives us a reason to believe in the con-
tinuation of life on this planet, including humans in some form, no 
matter what climate changes occur; (2) it explains the dangers of the 
growth delusion and warns us about the consequences of ignoring it; 
and (3) it unifi es the useful insights we have briefl y categorized above, 
so we have the opportunity to make maximum use of all suggestions 
by people of good will.

What Prevents Our Taking Action?

Nothing is so much to be feared as fear.6

Our biological roots are part of the reason humanity is not doing a 
better job of coping with climate change and emerging disease. Any-
one who has observed wild primates knows that when faced with 
uncertainty— such as a leopard walking through the undergrowth be-
neath the trees where they have been feeding— primates freeze. They 
assess the situation, and if they think there is a real threat, they scatter 
as fast as they can, each one hoping someone else is slower. In the great 
debate about “fi ght or fl ight,” we inherited a decided bias toward fl ight.

When people are afraid, there is almost always a reason. We are 
descended from prey animals, primates, but ones whose cleverness, 
coupled with caution and suspicion, allowed us to survive myriad fear-
some predators long enough to begin making the weapons evolution 
neglected to provide. We began styling ourselves Man the Hunter after 
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we successfully used those weapons on species that once were fellow 
prey. Being curious and clever, we have invented additional ways of 
attempting to cope with our fears, from tool making, to fi re, to domes-
tication and agriculture, to urbanization, to the Internet.

The physical fragility of early hominids placed a premium on ac-
curately perceiving and generalizing the complexity of their surround-
ings. Underestimate it and you are lunch, overestimate it and you 
starve. This is a case in which evolution clearly worked to our advan-
tage. We, the survivors of multiple evolutionary experiments with hu-
man beings, have an excellent ability to perceive complex patterns in 
nature. Our ability to accurately assess complexity in our surroundings 
allowed us to generalize many things in our existence.7 Such successful 
generalizing gave us a sense of security, so we trusted it; generalizing 
gave us a sense of control over our lives. And yet, there were many 
features of the world in which our ancestors lived that could not be 
generalized; many aspects of life are unpredictable. These basic con-
tingencies of life, the complexities that cannot be generalized, frighten 
us because that’s where the saber- toothed cats, cave bears, and boogey-
men live. We came to associate “good” with the sense of security that 
came with successful generalizing and “evil” with the sense of danger 
that came with complexity.

Classical Greek philosophers also recognized this dual nature of life. 
Parmenides thought that the fundamental nature of the world was sta-
sis. Any appearance of change is illusion or accident, an indication that 
something has gone wrong. Thus, the world is fundamentally “good,” 
and we can hope to eliminate contingencies that plague us. Heraclitus 
thought the fundamental nature of the world was change. Any appear-
ance of stasis is illusion or accident, based on our limited attention, ca-
reer, and life spans, a perspective that tends to trap us in small slices of 
time. Thus, we can never hope to eliminate contingencies that plague 
us, so the world appears fundamentally “evil.” Aristotle refi ned the Par-
menidean view into the principle of simplicity upon which all Western 
science became predicated: “nature operates in the shortest way pos-
sible.” As it was in our nature to fi nd comfort in simplicity and to dis-
trust complexity, we wanted to believe Aristotle’s message. And we did.

Centuries later, the Newtonian Revolution (named for the 
seventeenth- century natural philosopher Isaac Newton) codifi ed Aris-
totle’s message into what we call Western science. In a universe struc-
tured by a few simple but powerful laws, science is the search for those 
laws, and the promulgation of explanations about the world based on 
them. The Newtonian Revolution suggests that the universe ought to 
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be simple, and therefore it is simple. Any appearance of complexity is 
our fault— the result of incomplete information, something that sci-
ence is tasked with correcting.

Immanuel Kant saw that the Newtonian Revolution had not solved 
the ancient conundrum. Our reason tells us the world ought to be 
simple. However, our experience tells us the world is complex, and the 
more we learn about it, the more complex it becomes. When reason 
and experience confl ict, when what ought to be is not what is, which 
do we choose? There is no easy answer, and that leads to what scien-
tists now recognize as the tension between theory and data. When 
that tension stimulates us to cooperative efforts, good things happen, 
because humans evolved in a world of patterned complexity, and we 
have an excellent ability to accurately assess the complexity of our sur-
roundings, to generalize and to particularize. But we still tend to couch 
generalizations as good and particularities as bad or even evil.8 Even 
today, most scientists conduct their research according to the principle 
that nature is simple, placing more credence in simple than in complex 
theories.

Humans are thus naturally wary of change and an unknown future 
and a bit afraid of the complexity they recognize so easily. No matter 
what we wish the nature of the world to be, no matter how much we 
think the world ought to be a certain way, the world will be what it is. 
And that seems to be both complex and changing in ways our species 
has not experienced since the last ice age. Humanity thinks it ought 
to be able to withstand those changes better now, thanks to advanced 
technology, and yet we seem to be losing the battle. Something is not 
quite right with our traditional view of how the world ought to be. Life 
is dynamic and complex, the past infl uencing the present, the present 
infl uencing the future. The present is a mixture of good and evil; the 
future is uncertain and fearful. Our evolutionary legacy allows us to 
function quite well in complex situations if we can overcome our fear 
of them.

Living with Fear

Our ability to accurately assess the complexities of our surroundings 
seems to have been coupled with an ability to plan for future contin-
gencies, including all the natural evils of the world. But we are afraid of 
much that confronts us in the world today. And in a twist of evolution-
ary irony, our reasoning ability has been coupled with a pronounced 
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capacity for psychological denial. It is in our nature to freeze while as-
sessing a particular potential danger, then scatter in the face of it. And 
that is followed by denying that the danger was as bad as we thought 
at the time, or that it will ever happen again. Many people wish to 
avoid the implication that they should be doing something. This cre-
ates what we call the denial spectrum syndrome: (1) there is no climate 
change, there is no EID crisis, everything is fi ne (this is often tied to 
an accusation that scientists are just trying to scare us so they can get 
more grant money); (2) we can stop and even reverse climate change, 
so when it gets bad enough, we’ll take care of it, and it will be fi ne (this 
is often followed by the statement that technology has always saved us 
in the past, so it will again); (3) we are better off than 100 years ago, so 
it’s all fi ne; (4) it’s not as bad as we thought it would be (or as it could 
have been), so it’s all fi ne; (5) if we admit the truth publicly, it will 
create panic and things will be worse (in these cases, “worse” usually 
means that the public will make increasing demands on their leaders 
and policy makers to do something), so saying and doing nothing is 
fi ne; (6) it’s not our fault, someone else needs to take care of it, and they 
will, so it’s all fi ne; and our favorite, (7) I’ll be dead, but my children 
will fi gure it out, and they’ll be fi ne. These are all examples of psycho-
logical and emotional denial, of running away. They are understand-
able responses, but they are not helpful in promoting any unifi ed plan 
of action. In fact, they give rise to some decidedly unhelpful attitudes.

Stance No. 1: Pretending Nothing Is Happening

The evidence for climate change and anthropogenic infl uence on it is 
not only objective and overwhelming, it is terrifying.9 The basic argu-
ment for adopting this form of denial is that if our technology created 
the problem, how can our technology solve it? And if it cannot solve it, 
then we are doomed or reduced to praying for divine intervention, so 
we might as well pretend nothing is happening.

Climate change won’t let us pretend much longer. The consequences 
of anthropogenic forcing clearly separate our current time from prior 
episodes of climate oscillations— no regions of the world are free of the 
human footprint.10 Roads bisect the planet, a high percentage of land-
scapes have been transformed, and agricultural land and fi sheries in-
fl uence most corners of the globe.11 We are in a world of encroachment 
and perturbation, leading to new contact points for pathogen exchange 
and transmission.12 We alter entire biotas and then walk across those 
transformed landscapes. Pathogens enthusiastically explore newly con-
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nected fi tness space, including more than 1400 pathogens in humans 
alone.

No wonder that many religious people, faced with such fears, veer 
away from such concepts as free will and self- determination, or stew-
ardship of all creation, into nihilism and despair. The space they tra-
ditionally occupied (“It is God’s will”) is now crowded with nonreli-
gious people who hope that “Mother Nature” will save us. We do not 
know about divine intervention, but evolutionary biology tells us that 
Mother Nature is short on compassion.

Pretending that climate change is not happening is a recipe for di-
saster. Keep installing solar panels on your house, recycling your waste, 
buying electric cars (and demanding national networks of charging 
stations), and vaccinating your children. These actions will not solve 
the problem, but they may help us buy enough time to fi nd solutions.

Stance No. 2: Hiding Inside the Castle

The concept of progress acts as a protective mechanism to shield us from the ter-

rors of the future.13

This is the twenty- fi rst century’s version of The Masque of the Red 
Death.14 Let’s hide inside our big, technologically advanced cities and 
everything will be fi ne. The basic argument is that cities are centers of 
technology, with the best health technology, the best public health, 
the best food and water security. Emerging diseases lurk in the trop-
ics and in the wildlands, not in the cities. The reality is that cities are 
shockingly vulnerable to emerging disease. Many large cities, espe-
cially port cities, which supply inland ones, sit on the shores of oceans 
and are especially vulnerable to sea level rises and other natural catas-
trophes. The globalized hyperconnectivity of cities makes them vul-
nerable to security issues concerning energy, food, and water. Cities 
have special concerns with respect to building and housing security 
and delivering basic services such as water, electricity, and the Internet. 
And all these security issues for cities are threat multipliers for disease. 
The crisis of emerging disease is only one part of a complex, connected 
whole that portends great danger for urbanized and hyperconnected 
humanity.15 Disease is a great leveler— no matter how it begins, once a 
disease enters the castle, no one’s wealth will protect them. In  today’s 
world, the wealthier you are, the more people you depend on for your 
existence. For this reason, many major public fi gures are worried about 
our unpreparedness for global pandemics, as the May  4, 2017, issue 
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of Time indicated. They would be those “black elephants,” rare cata-
strophic events we knew about and should have prepared for but ig-
nored. As bad as such pandemics will be, we are even more worried 
about the long- term socioeconomic impact of pathogen pollution in 
cities— what we have called the death- by- a- thousand- cuts disease sce-
nario. Pathogen pollution represents a greater existential threat than 
one- off pandemics, because once they arrive, they never leave. Most 
major urban centers of the world experience seasonal viral pandemics 
that temporarily incapacitate large numbers of people— colds, diarrhea, 
“fl ulike symptoms.” No one dies, and each episode is fi nished before 
severe economic harm is done, so they are not reported as pandemics; 
but that is what they are.

Stance No. 3: Running Away from Home

Since the Enlightenment, science has been our primary means of deal-
ing with the world. It is sometimes called “the magic that works.” For 
the past 300  years the chief magicians have been physicists. Physics 
has certainly delivered— we have immense technological capabili-
ties thanks to that discipline. Of course, we also have atomic weapons 
thanks to physics, but no one is perfect. The development of nuclear 
weapons stripped physicists of their status as impartial observers, ab-
solved from responsibility for the social applications of their research. 
Although physics delivers smaller, faster, more powerful, and cheaper 
electronic gadgets almost daily, it has abdicated its responsibility for 
humanity. It is offering us a vision that this planet has failed us and 
therefore we need to colonize another one that will do a better job of 
providing for us.

Talk of abandoning this planet and all but a handful of the 7.7 bil-
lion inhabitants is really a way for physicists to say, “we have no an-
swers.” There is no way 7.7 billion people will agree to spend money 
to build a spaceship for 5000 colonists rather than spending it on se-
curity issues for themselves and their children right here on Earth. 
It is unlikely that any single country could do it. And even if it were 
built, we would never agree on which 5000 people would be included. 
We personally believe that the physicists are wrong if they think the 
spaceship would be fi lled with them. More likely it would be fi lled with 
farmers and ranchers and hunters and warriors— pioneers, explorers. 
They may carry information about physics, but that will be for distant 
future generations of colonists to rediscover. This proposal is silly. Let’s 
get over that childish fi t of pique and talk to the adults in the room.
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The abdication by the physics community leaves it to biologists 
to be the adults in the room. Climate change and its attendant im-
pacts on biodiversity (at least half of which are pathogens) has likewise 
stripped biologists of their status as impartial observers, absolved from 
responsibility for the social applications of their research. Whether we 
like it or not, contemporary biologists are either part of the solution or 
they are part of the problem. The technological agenda for coping with 
climate change must be driven by the recognition that human needs 
are biological needs. Biology has been delivering the goods for human-
ity in the twenty- fi rst century. But we can to do better.

There is no escaping the reality of climate change— and the in-
creased risk of emerging disease that goes along with it— and our role 
in amplifying and accelerating climate change. There are no places on 
the planet that are guaranteed to be safe from emerging disease, espe-
cially not our big, wealthy cities. And fi nally, there is no other place we 
can feasibly go; there is no Planet B for us. We must face the world as it 
is and master our fearful biological legacy.

I must not fear. Fear is the mind- killer. Fear is the little- death that brings total oblit-

eration. I will face my fear. I will permit it to pass over me and through me. And 

when it has gone past I will turn the inner eye to see its path. Where the fear has 

gone there will be nothing. Only I will remain.16

Plan B

There may not be a Planet B, but we promised you a plan B for cop-
ing with the emerging disease crisis, and it fl ows from the Stockholm 
Paradigm. Evolution is not the fi rst thing the public thinks about when 
someone mentions an outbreak of cholera. We hope this book has con-
tributed to changing that perception. In the previous chapter, we pre-
sented DAMA as a policy recommendation stemming from the Stock-
holm Paradigm. In reality, it is a policy imperative.

A world of climate change is a world of changing opportunity space 
for the biosphere. Evolutionary biology tells us that while many spe-
cies are at risk— and many go extinct— during periods of intense cli-
mate change, these are also the times when the power of evolvable 
life emerges most strikingly. The simple truth is that climate change 
 increases opportunities for all life by increasing connectivity in previ-
ously disconnected fi tness space. This means climate change will pro-
duce increased opportunity space for pathogens. What is the patho-
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gen opportunity space? Any place on the planet where life exists that 
is home to pathogens. That includes pathogens known to cause, or to 
be potentially capable of causing, diseases in humans and species of 
socioeconomic importance. In other words, the threat space for EIDs is 
exactly the same as the opportunity space for pathogens. Every part of this 
planet houses some level of EID threat, as well as some combination of 
threat multipliers. There is no place to run away to. The castle will not 
protect you, and abandoning the castle is not a solution, either. The en-
tire planet is a minefi eld of evolutionary accidents waiting to happen.17 
Given the state of the planet and our infl uence on that state, there will 
be a continuing parade of pathogens, diseases, and unanticipated ef-
fects from those diseases for as long as climate change continues. And 
that will be our reality for the foreseeable future.

It is time for some hard reckoning. Climate change, population 
expansion, urbanization, and globalization are threat multipliers for 
emerging disease. Emerging disease, in turn, exacerbates poverty, fam-
ine, drought, confl ict, and migration and is therefore a threat multiplier 
for those phenomena. What technological humanity is doing, both in 
ignoring and in trying to cope with emerging disease, is not sustain-
able. For evolutionary biologists like ourselves, this means that our spe-
cies is going to experience a population correction. If we were talking 
about a population of introduced ants, no one would worry when we 
said the population would crash. Extending that thinking to humans, 
however, sends up the warning fl ags. Any rapid and widespread loss 
of human life in one place will affect the technological infrastructure 
of that place, as well as those places with which it is connected. The 
hyperconnected world of today does not allow any single country to 
maintain its way of life without multiple inputs from elsewhere. Few, 
if indeed any, countries in the world are self- suffi cient for food and 
water, and none is independent when it comes to technological goods 
and services. Beyond that, in every country the heavily urbanized areas 
with the highest concentrations of advanced technology are the most 
dependent on support from outside.

We worry that humanity may choose, out of shortsightedness, to 
allow the future to play out as it will, changing nothing about how it 
approaches climate change, population expansion, urbanization, glob-
al iza tion, and disease. This is analogous to the business- as- usual sce-
narios in Limits to Growth and would not be, to put it mildly, a good 
idea. Business as usual will lead to pandemics. Those pandemics may 
be regional or global. They may involve pathogens infecting humans 
or those infecting crops or livestock. They may begin in urban areas 
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or in rural areas. No matter the details, they will have some features in 
common. Pandemics infecting crops and livestock may leave enough 
food for farmers but will reduce food supplies to urban centers. This 
will tend to increase migration from those urban centers in search of 
food, either to rural areas or to other urban centers. In either case, the 
migrants may create or exacerbate food shortages in the areas to which 
they move. People remaining in cities will spend increasing amounts 
of time obtaining food. The combination of technically trained people 
preoccupied with fi nding food and those leaving the city will adversely 
affect the urban technological infrastructure. And any adverse impact 
on the technological infrastructure of any city will have adverse im-
pacts on other cities and on rural areas connected to the city.

Pandemics infecting humans will likewise be associated with socio-
economic disruption. If the pandemic begins in a rural area, the fi rst 
thing that will happen is that food production will be disrupted, be-
cause fewer people will be able to work. The reduction in food produc-
tion will impact urban centers in the same way as would a pandemic 
caused by a pathogen infecting crops or livestock; food supplies will 
diminish. In addition, such a pandemic would catalyze migration to 
other places, both urban and other rural. Migrants displaced from rural 
areas will increase demands on food, water, and social services wher-
ever they go. Some pose a health risk wherever they go. This will cre-
ate socioeconomic disruptions that will increase the chances of confl ict 
between residents and migrants. Those who bring the pathogen into an 
urban area will risk creating an urban pandemic that would disrupt the 
technological infrastructure and stimulate an exodus of people from 
the city. Pandemics caused by pathogens infecting humans that begin 
in urban centers will have the same net outcomes as those beginning 
in rural areas, except that the fi rst impact will be disruption of techno-
logical infrastructure. Migration from the city would follow, leading 
to increased demand for food and services in the rural areas and the 
potential of spreading the pathogen to those involved in food produc-
tion. Confl icts due to infrastructure disruption and migration will not 
remain local, however. Human populations living outside a pandemic 
zone will wish to quarantine potentially infected people (or crops or 
livestock) out of health concerns. They will wish to exclude migrants 
because of fear they might create unsustainable demands on infra-
structure (especially food and water). Some outside the pandemic zone 
might view the crippled infrastructure of their neighbors as a target of 
opportunity. Business as usual will not end well. No matter where the 
pandemic begins, and no matter whether we are talking about patho-
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gens infecting humans or crops or livestock, the human population 
correction will be especially acute in urban centers with high popula-
tion densities. All pandemics will include at least some major socioeco-
nomic disruption through loss of technological infrastructure and con-
fl ict. The hyperconnectivity of today’s society means that pandemics 
will fray the tapestry of global technology. They may destroy it.

Time to Own It

The public and its decision- makers throughout the world are fearful 
and largely demoralized. Can we energize them, and you, to take ac-
tion with respect to all climate- change threats, including emerging 
diseases? We think so, if we capitalize on the same human nature that 
has led us fi rst to try to run away. Remember that we said that humans 
will always tend to run away from danger. When escape is not possible, 
however, humans can be ferocious especially in defense of family and 
home. We need to harness some of that capacity.

Putting Human Nature to Work

We must be masters of our own fate or we will be overmastered by 
events. Individual responsibility and collective action must be under-
taken with a sense of urgency. We must fi nd a middle ground between 
fatalism and nihilism, between “there is no problem” and “it’s too late 
to do anything about it.” We think there is a way. And ironically, that 
way involves harnessing the power of the same psychological denial 
that has led us to the brink of disaster. Denial indicates that there is 
still hope. All climate- change denialists hope the future will turn out 
okay. Those who do not deny the reality of climate change have the 
same hopes. In the Greek myth, Hope was left at the bottom of Pan-
dora’s box, trampled by all the evils of the world in their haste to es-
cape. Hope is the form of denial that allows us to continue when our 
optimism fades. If nowhere else, we always think there is hope in the 
members of the next generation— with them come the opportunities 
for innovations to emerge. Think of it as a lottery for fi nding people to 
solve the problems we face and allow technological humanity to sur-
vive, tapping into human resources that transcend traditional politi-
cal, religious, and socioeconomic boundaries. We cannot predict where 
they will come from, what they will look like, or how fast and how 
often they will emerge. But we can be certain that if we buy them time, 
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they will fi nd new opportunities to create new capacities. Therefore, 
along with the increased threat of emerging disease comes increased 
hope of fi nding people who will discover workable solutions.

Think of emerging diseases— and all other climate- change threats —
as emanating from a Pandora’s box that has been kept closed by cli-
mate stability. Now that climate change has opened the box, let’s not 
keep Hope imprisoned inside.18

Hope Breeds Science

At some point early in human evolution, one or more of our  ancestors 
noticed something. Every so often, when members of their group went 
to get water, a leopard ate one of them. When this fi rst happened, 
the group avoided the watering hole. But that lasted about two days. 
Cautiously approaching the watering hole, the group encountered 
no leopard. Most members of the group decided this meant the leop-
ard had moved on and the watering hole was safe. And it was, for a 
while. Then one day, the leopard attacked again. Great consternation 
seized our ancestors. Except for one or a few of them. They had been 
watching and counting. And they had discovered something. The leop-
ard only showed up once every seven days. And they told the rest of 
the group that the watering hole was now safe for six days. Some be-
lieved this; most likely many did not. But the problem began to cor-
rect itself— those who believed survived, while the rest continued to 
be eaten, one every week. At some point, the nonbelievers got tired 
of seeing their friends being eaten and joined the believers. By this 
time, though, the believers had progressed in their own thinking. On 
the day when the leopard attacks, it must already be at the watering 
hole, hidden, when people arrive. What would happen if we arrived 
earlier than the leopard, waited for it to arrive, and then used our sharp 
pointy sticks to kill it? Of course, it could not have happened in such a 
direct fashion— after all, there is more than one leopard in the world, 
and leopards do not necessarily keep to a rigid schedule. Often we 
were wrong, but sometimes we would be right. When we were wrong, 
we hoped we could fi gure it out. And often we could— at least often 
enough to keep us believing in reason. Eventually our ancestors were 
able to understand enough leopard behavior to anticipate potential 
danger and avoid it much more often than before. No one was awarded 
a Nobel Prize, but we had become observers of our world and science 
had been born nonetheless.
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Putting Hope to Work: Linking Science and Cooperation

We are not the only biologists who fear technological society will die. 
Some, including Jared Diamond, believe we have arrived at the kind of 
tipping point at which previous human societies have always collapsed 
catastrophically. Others, like Eörs Szathmáry, take a more galactic view, 
believing that failures of wisdom and insight similar to our own ex-
plain why we have no evidence of intelligent life in the universe: other 
intelligent species reached tipping points similar to the ones facing us 
and failed as we may also fail. It’s a grim outlook, but we have been 
warned for more than a century. Nonetheless, in the ponderings of sci-
entists like Diamond and Szathmáry, we fi nd hope. Those who write 
about the possibility that humanity will self- destruct hope they are 
wrong, or they would not bother to discuss the issue. They have lost 
optimism, not hope.

Even if I knew that tomorrow the world would go to pieces, I would still plant my 

apple tree.19

We are going to ask you to face one last demon: the fear of co-
operating. This is about the risks of inaction and the diffi culties of co-
operating. Let’s begin with science and scientists. Individual scientists 
are as closed, parochial, and selfi sh as any other humans. And yet the 
scientifi c community is open, international, and cooperative, a stance 
that has produced innumerable contributions to humanity. That is the 
power of combining objective knowledge and cooperation. Humans 
have always cooperated when they face a common threat and when 
they have hope. The threat is evident, and we believe science provides 
the hope. Science cannot save humanity, but it can give humanity the 
means by which it can choose to save itself.

Even the small step of adding a proactive component to coping with 
diseases is going to require more cooperation than most people think 
is possible. There is a widespread belief that humans do not cooperate 
very much, and that this is an essential part of our evolutionary legacy; 
not only are we inherently selfi sh, our very DNA is selfi sh. Our fearful 
nature may have made us unusually susceptible to this neo- Darwinian 
emphasis on evolution as never- ending confl ict: we recognize the 
potential for confl ict readily. In reality, humans cooperate a lot, and 
they often engage in acts of altruism, cooperating outside their kin-
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ship groups. The Darwinian perspective, embodied in a contemporary 
evolutionary framework, recognizes that evolutionary diversifi cation 
means confl ict resolution, and confl ict resolution often involves coop-
erative behavior.20

In the long history of humankind (and animal kind, too) those who learned to col-

laborate and improvise most effectively have prevailed.21

The challenges of climate change in general, and emerging disease 
in particular, are so great that we cannot hope to survive without help-
ing each other. Hope thrives under conditions in which cooperation 
is affordable. Right now, the cost of not cooperating is far greater than 
the possible costs of cooperating. The Stockholm Paradigm conceptual 
framework and the DAMA protocol that emerges from it give hope to 
the new research voices that have emerged in the past decade. You are 
not alone, and your efforts matter.

Hope is not a plan, hope is a reason to have a plan.

Global Security and Global Survival

Technological humanity faces an existential crisis. All parties inter-
ested in the well- being of humanity— environmentalists, industrialists, 
politicians, religious leaders— must come to the same negotiating table. 
Hope that we will manage to survive should be our starting point for 
cooperation. Every petroleum executive and every member of Green-
peace uses laptop computers and the Internet. If technological human-
ity is at risk, then everyone has a vested interest in being at the same 
table solving that problem.

We must agree that technological humanity should survive. Why? 
The most fundamental reason is that many of our children could not 
survive outside the largely technological fi tness space we have made. 
Humans born in the last two generations could represent a major tran-
sition for humanity, and we need to give them the chance. Who knows 
what kinds of creative solutions they might fi nd if we only give them 
that chance? Our children are always our hope for the future, but in 
this case, it is a mutual interaction. We have to protect them from slid-
ing back into a world with which they cannot cope by preserving as 
much as possible of the infrastructure of current human civilization 
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that makes our lives better than those of our ancestors. If the emerging 
disease crisis is a national security issue for every country, then it’s a 
global security issue, and the survival of humanity should supersede 
national ambitions, at least long enough to ensure that our civiliza-
tion survives. The very idea of a collaboration between environmental-
ism and the military on issues of climate- change threats may initially 
strike many as completely wrongheaded. But that is the little voice of 
fear in your heads. What better use of combined military programs like 
the United Nations peacekeepers than defending global security issues 
that can provoke confl ict anywhere, anytime, to the detriment of ev-
eryone? No one has to be friends to engage in this mutual lifesaving 
activity, they simply have to understand that everyone faces a com-
mon adversary that is completely indifferent to the existence, much 
less the aspirations, of any particular group of humans. We don’t have 
to agree with one another on everything, but we should at least agree 
to cooperate long enough to save technological humanity so we can 
continue our other disagreements. And maybe, just maybe, at the other 
end of that exercise, we may realize that resolving disagreements is bet-
ter than perpetuating them.22

Recognizing the magnitude of these threats, the world’s militaries 
spend enormous amounts each year on information related to climate 
change and the potential for emerging diseases. They understand that 
the emerging disease crisis is a national security issue. Military leaders 
understand that big crises begin as small confl icts and they all take 
place in a cultural and socioeconomic context. In consequence, they 
overprepare for wars they hope they never have to fi ght. Likewise, or-
ganizations such as NASA and the European Space Agency overprepare 
for asteroids we hope will never strike the planet. The chances of any 
given asteroid’s hitting this planet are infi nitesimal. The odds of an 
asteroid’s hitting this planet during the time between elections for any 
politician are infi nitesimal. And yet, scientists understand that there 
is a 100 percent chance of an asteroid hitting this planet with globally 
devastating effects at some point in the future. The potential for global 
devastation is suffi cient for governments to allocate funds to try to an-
ticipate and mitigate such rare events.

So, why do we not overprepare in the same way for emerging dis-
eases? If disease is a national security risk, we ought to overprepare for 
it. That is what makes the DAMA protocol a policy imperative (fi g. 10.1).
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Summary

We like the idea of humanity’s continuing to exist and evolve in ways 
that allow us to explore the universe and our own potential. We would 
like to imagine a world of less poverty and hunger, more tolerance of 
diverse opinions, fewer illnesses, and confl icts resolved without vio-
lence. Humanity must grow up and take individual responsibility and 
collective action for its future together. We must be masters of our own 
fate, or else we will be overmastered by long- term damage to civiliza-
tion. We do not know how much time we have, so we must act each 
day as if what we do will make a difference, acting with a sense of ur-
gency but not of fatalism.

Some facts of life must be acknowledged. Technological humanity 

National Security

Climate change

War

Existential threat

Disease

Migration

Actions

Reactive

Proactive

Enabling

Budget reallocation

Capacity building

Cooperation

Scientific

Document

Assessment Monitor

Action

F I G U R E  1 0 .1  Diagrammatic depiction of the linkages among various elements of the 
basis for the DAMA protocol. We identify four existential threats: war, migration, disease, 
and climate change (which includes such things are famine, drought, and sea level rises). 
These combine to form the world of national security issues for every country on the planet. 
Arrows indicate the direction of major impact. Our concern is disease, in this case, the need 
for action. We can be reactive or proactive. The traditional approach is reactive. The DAMA 
protocol includes the four elements of scientifi c proactive action, which feed back into the 
societal enabling actions. This begins with budget allocations from whatever agencies— 
national, nonnational, international, extranational— are concerned. Funding is used to build 
human and technological infrastructure capacity. All of these activities are ultimately driven by 
cooperation. At the moment, everything connected to the “proactive” box is underfunded.
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is in imminent peril. Crisis response is not cost- effective, and efforts 
to turn back the clock are doomed to fail; we have to lower the cost 
of doing business and buy time by being proactive— we have to begin 
fi nding them before they fi nd us. Coping with change requires coop-
eration and evolutionary thinking. We will continue to advocate poli-
cies and activities predicated on the notion that we can cope with what 
is threatening to overwhelm us. Failure could result in a permanent 
dismantling of technological humanity. Inaction is unacceptable.23

Climate change is literally beyond belief. There are no human belief 
systems— political, economic, social, religious, national, extranational, 
international, or transnational— that suffer unduly or receive undue re-
spite from the effects of climate change. Climate change thus unites 
our species like nothing else ever has. And that can be a strength. Let’s 
move forward with humility and determination, rather than recrimi-
nations. We are not the fi ttest; we have never really gotten beyond ad-
equate, and now that’s in doubt. But we have a long history of survival 
based on cleverness.

Let’s not dither till we die; let’s get to work and do something effective.

We did not write this book simply to leave a record for alien exo-
biologists confi rming that we achieved some level of civilization before 
we did ourselves in, and that at least some humans saw the calamity 
approaching. We want our descendants to be there to meet those exo-
biologists and discuss how we overcame our crisis and compare notes 
about how they overcame theirs.

Do the right thing. It will gratify some people and astonish the rest.24

 EBSCOhost - printed on 2/13/2023 7:03 AM via . All use subject to https://www.ebsco.com/terms-of-use



273

Notes

CHAPTER ONE

1. Compare Morse (1995), Garnett and Holmes (1996), and 
Sala et al. (2000) with Jones et al. (2008), Hansen et al. 
(2016), USGRCP (2017), and World Economic Forum (2018).

2. Arrhenius (1896).
3. Elton (1958). Goodell (2018) recently summarized the loom-

ing impact of climate change on human movements.
4. IPCC (2013); Trtanj et al. (2016). Water is an ephemeral 

resource— and availability is determined by different 
mechanisms relative to geography and history. Water sus-
tainability is a challenge worldwide, for reasons that are not 
always obvious.

5. McMichael (2015); Hsiang and Sobel (2016).
6. Salkeld and Stapp (2008); Wilder et al. (2008); Salkeld et al. 

(2010); Brinkerhoff et al. (2010); Cully et al. (2010); Jones 
and Britten (2010); St. Romain et al. (2013); Makundi et al. 
(2015); Li et al. (2016); Mize and Britten (2016); Richgels 
et al. (2016); Mize et al. (2017). See also assessments of 
global plague diversity: Morelli et al. (2010); Dentovskaya 
et al. (2016); Respicio- Kingry et al. (2016); and the ori-
gins and persistence of plague: Bos et al. (2016); Andrades 
Valtueña et al. (2016, 2017); Yue et al. (2016).

7. de Kruif (1926); Zinsser (1935).
8. de Kruif (1926); Zinsser (1935).
9. Garrett (1994, 2001); Diamond (1997).
10. Editorial, New Scientist, January 30, 2016.
11. Morse (1995); Wolfe et al. (2007); Jones et al. (2008); Wool-

house (2008); Brook and Fordham (2015).

 EBSCOhost - printed on 2/13/2023 7:03 AM via . All use subject to https://www.ebsco.com/terms-of-use



274

N O T E S  T O  P A G E S  4 – 10

12. Shi et al. (2005); Pfennig et al. (2010); Rolland et al. (2012); Llambí et al. 
(2013); Roossinck (2013, 2015a, 2015b); Giribet (2015); Mueller et al. 
(2015); Roche et al. (2015); Roossinck and García- Arenal (2015); Roossinck 
et al. (2015); Skórka et al. (2015); Springer et al. (2015); Whitmee et al. 
(2015); Bajracharya et al. (2016); Baneth et al. (2016); El Sawaf et al. (2016); 
McCoy et al. (2016); Schade et al. (2016); Wu et al. (2016); Zhang et al. 
(2017); Feldman et al. (2017); Giannelli et al. (2017); Smout et al. (2017); 
Watts et al. (2017a, 2017b).

13. Scheffers et al. (2016); Pecl et al. (2017).
14. Aguirre- Liguori et al. (2016).
15. Trenberth et al. (2007); Masson- Delmotte et al. (2013); IPCC (2013, 2014a, 

2014b, 2014c); Hoberg et al. (2017).
16. Mann et al. (1999); USGCRP (2017).
17. Juarrero (1999) is the defi nitive source for understanding the signifi cance 

of “context” in complex systems.
18. Amel et al. (2017); Crist et al. (2017); DeFries and Nagendra (2017); Hall-

mann et al. (2017); Johnson et al. (2017); Rothman (2017); Vignieri and 
Fahrenkamp- Uppenbrink (2017).

19. Whitmee et al. (2015); Stephens et al. (2016); USGCRP (2017); Watts et al. 
(2017a, 2017b); Williams and Jackson (2007); Buse et al. (2018); Prairie 
Climate Center (2018); Smith (2018).

20. Henry David Thoreau, journal entry for September 7, 1851 (see Thoreau, 
2009).

21. Wiklund (1973); Wanntorp (1983); Brooks (1985); Coddington (1988); 
Wanntorp et al. (1990); Brooks and McLennan (1991, 1993, 2002); Nylin 
et al. (2018). By the mid- 1980s different research groups held knowledge 
essential to understanding incompleteness in the others’ efforts to explain 
pathogen- host systems. Who was going to take the lead in cooperating? 
The answer was Stockholm University. Among the earliest advocates of 
phylogenetics were two Swedish botanists at Stockholm University, Kåre 
Bremer and Hans- Erik Wanntorp. Wanntorp provided the foundation 
for phylogenetic studies of adaptation and functional diversifi cation that 
other researchers quickly recognized. That time saw the emergence of a 
tremendously productive and innovative research program, founded by 
Christer Wiklund, combining fi eld and experimental studies of phy-
tophagous insects and their plants, aimed at understanding arms races 
and resource tracking models of coevolution, that is now approaching a 
half century and a fi fth academic generation. This period also featured a 
number of collaborative efforts involving scientists at Stockholm Univer-
sity and colleagues from other countries. In a rare instance of cooperation 
at the time, phylogeneticists, evolutionists, and ecologists talked to each 
other. A graduate short course sponsored by the Nordic Council of Ecol-
ogy, held at the Stockholm University Research Station in Tovetorp in Feb-
ruary 1988, produced an article informally called the Tovetorp Manifesto. 

 EBSCOhost - printed on 2/13/2023 7:03 AM via . All use subject to https://www.ebsco.com/terms-of-use



275

N O T E S  T O  P A G E S  10 – 14

One of the authors of this book (Brooks) was an instructor in that course, 
and his experience catalyzed a 1991 book on the subject. The following 
year, Brooks and Deborah McLennan began teaching in an undergradu-
ate evolution course at Stockholm University and attending the annual 
autumn research conference, called the Blod Bad, at Tovetorp. Those 
annual visits informed two more books, one about parasite evolution and 
an updated and expanded version of the 1991 book. The annual teach-
ing visits ended after 2000, but the collaborations continued. A major 
element of that was career development of those who had been students 
attending the workshop in 1988, and now their students and students’ 
students, along with an extensive international network of collabora-
tors. Given this history, it should be no surprise that the fi rst professional 
conference bringing together parasite people and insect- plant people to 
compare theories and observations was organized by Sören Nylin, who 
had been a Ph.D. student of Christer Wiklund’s at the 1988 conference, 
and Niklas Janz, one of his former students, who had assisted in the 
course that Brooks and McLennan taught. The Stockholm paradigm is an 
apt name.

22. Stout (1947).
23. Benjamin Franklin, on the occasion of the signing of the Declaration of 

Independence of the United States of America in 1776.
24. For example, Anthony et al. (2013); Hornok et al. (2015); Brookes et al. 

(2014); Rizzoli et al. (2014); Canhos et al. (2015); Mazet et al. (2015); Föld-
vári et al. (2016); Jacobsen et al. (2016); Joly et al. (2016); Ottersen et al. 
(2016); Silaghi et al. (2015); Stephens et al. (2016); Szekeres et al. (2016); 
Young and Olival (2016); Clark et al. (2017); Cohen (2017); Doty et al. 
(2017); Kilpatrick et al. (2017); Millins et al. (2017); Olivero et al. (2017); 
Snow et al. (2017); Stone et al. (2017); Young et al. (2017); Vandermark 
et al. (2018).

25. Herbert (1984).
26. Collier (2017).
27. Maynard Smith and Szathmáry (1995).
28. Hull (1988).
29. Watts (2006).
30. Meltzer et al. (1999); Perry and Randolph (1999); Checkley et al. (2000); 

Githeko et al. (2000); Patz et al. (2000, 2003, 2007, 2008); Epstein (2001, 
2005); Rosenzweig et al. (2001); Tong and Hu (2001); Curriero et al. 
(2002); Sachs and Malaney (2002); Guzman and Kouri (2003); Anderson 
et al. (2004); Lopman et al. (2004); McMichael (2004, 2013); Frenzen et al. 
(2005); Pauly et al. (2005); Budke et al. (2006); McMichael et al. (2006); 
Patz and Olson (2006); Confalonieri et al (2007); Gilbert et al. (2008); Ma-
valankar et al. (2008); Mas- Coma et al. (2009); Badjeck et al. (2010); Bentz 
et al. (2010); Brander (2010); Egbendewe- Mondzozo et al. (2011); Kedmi 
et al. (2010); Shepard (2010); Weaver et al. (2010); Shepard et al. (2011, 

 EBSCOhost - printed on 2/13/2023 7:03 AM via . All use subject to https://www.ebsco.com/terms-of-use



276

N O T E S  T O  P A G E S  14 – 2 8

2016); Barnosky et al. (2012, 2017); Adelman et al. (2012); Semenza et al. 
(2012); Knight- Jones and Rushton (2013); Lee et al. (2013); Singh et al. 
(2013); Barnett (2014); Adenowo et al. (2015); Grisi et al. (2014); Shinn 
et al. (2014); Staples et al. (2014); Stevens et al. (2015); Wappes (2015); 
Whitmee et al. (2015); Beard et al. (2016); Gubler (2012); Ibisch et al. 
(2016); Lam et al. (2016); Panzer et al. (2016); Samy and Peterson (2016); 
Lee et al. (2017); Trtanj et al. (2016); Richter et al. (2017); Jansen et al. 
(2018); Krech et al. (2018).

31. Editorial, New Scientist, January 30, 2016; “This Week” editorial, Nature, 
April 7, 2016; Ottersen et al. (2016).

32. We were introduced to this term by Peter Ho in his presentation open-
ing the conference “Disrupted Balance— Society at Risk,” organized by 
Nanyang Technological University of Singapore, December 5–  7, 2016. A 
good example is the recent report by the World Health Organization’s ex-
pert committee charged with identifying the most threatening infectious 
diseases of the upcoming year; it warned of “Disease X,” a blanket term 
suggesting that some emerging disease will create problems in the coming 
year but there is no indication what that might be (Shaikh, 2018).

33. Cunningham et al. (2003).
34. World Economic Forum (2018); Sutherland et al. (2018).
35. Wu et al. (2016).
36. Brooks and Ferrao (2005).
37. Franklin D. Roosevelt, inaugural address, March 4, 1933.

CHAPTER T WO

1. See Cameron (1964).
2. Darwin (1872).
3. Darwin (1872).
4. Robert Koch (1843– 1910) was a German microbiologist who helped de-

velop the germ theory proposed by Louis Pasteur. Koch received a Nobel 
Prize in 1905 for his research on tuberculosis and is best known for what 
are now called Koch’s postulates, four criteria designed to establish a causal 
relationship between a particular pathogen and a disease. Koch (1876) 
began formulating the postulates on the basis of earlier concepts by Jakob 
Henle, and applied the postulates to describe the etiology of cholera and 
tuberculosis, but they have been generalized to other diseases. Koch’s pos-
tulates are: (1) the microorganism must be found in abundance in all or-
ganisms suffering from the disease but should not be found in healthy or-
ganisms; (2) the microorganism must be isolated from a diseased organism 
and grown in pure culture; (3) the cultured microorganism should cause 
disease when introduced into a healthy organism; and (4) the microorgan-
ism must be reisolated from the inoculated, diseased experimental host 
and identifi ed as being identical to the original specifi c causative agent. 

 EBSCOhost - printed on 2/13/2023 7:03 AM via . All use subject to https://www.ebsco.com/terms-of-use



277

N O T E S  T O  P A G E S  2 8 – 3 1

Koch himself falsifi ed his fi rst postulate when he discovered asymptomatic 
carriers of cholera and, later, of typhoid fever. It is now widely under-
stood that hosts may be infected with a pathogen without being diseased 
(“carriers”)— this is a common fi nding for viruses such as polio, herpes 
simplex, HIV, and hepatitis C, and all tick- borne pathogens. The second 
postulate fails for pathogens that cannot (at the present time) be grown 
in pure culture, such as prions, suspected of causing Creutzfeldt- Jakob 
disease. In addition, all viruses require host cells to grow and reproduce 
and therefore cannot be grown in pure cultures. Koch also falsifi ed his 
own third postulate by fi nding cases involving tuberculosis and cholera in 
which not all organisms exposed to an infectious agent became infected. 
Noninfection may be due to such factors as general health and proper 
immune functioning; acquired immunity from previous exposure or vac-
cination; or genetic immunity, as with the resistance to malaria conferred 
by possessing at least one sickle cell allele. There are other exceptions to 
Koch’s postulates. A single pathogen can cause several disease conditions, 
while multiple pathogens may cause similar symptoms. Some pathogens 
cause disease in certain hosts and not others. Koch’s postulates were devel-
oped in the nineteenth century as general guidelines to identify patho-
gens that could be isolated with the techniques of the day. Even in Koch’s 
time, it was recognized that some infectious agents were responsible for 
disease even though they did not fulfi ll all of the postulates. Attempts to 
rigidly apply Koch’s postulates to the diagnosis of viral diseases in the late 
nineteenth century, at a time when viruses could not be seen or isolated in 
culture, may have impeded the early development of virology. Koch’s pos-
tulates have been recognized as largely obsolete by epidemiologists since 
the 1950s. Therefore, while Koch’s postulates retain historical importance 
and continue to inform the approach to microbiologic diagnosis, they are 
not routinely used to demonstrate a causal connection between a pathogen 
and a disease, having largely been supplanted by criteria such as the Brad-
ford Hill criteria for infectious disease causality in modern public health.

5. Such knowledge predates our origins; when chimpanzees and some other 
of our relatives are full of intestinal worms, they selectively eat plants they 
normally avoid, and those plants contain compounds that act as emet-
ics and vermifuges (Huffman, 1997, 2001, 2016; Huffman and Vitazkova, 
2007; Huffman et al., 2013; Shurkin, 2014).

6. Complex life cycles are the rule among rust fungi (Roelfs, 1989; Hov-
møller et al., 2011).

7. Darwin (1872).
8. What we now call speciation with gene fl ow (sympatric and parapatric spe-

ciation); this also includes, along with some forms of peripheral isolates 
speciation, the newer term ecological speciation (Brooks and McLennan, 
2002).

9. Wagner (1868).
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10. von Ihering (1891).
11. von Ihering (1902). Von Ihering argued that such simultaneous speciation 

could only be explained by geographic isolation, because one could not 
envision selective pressures operating equally on such distantly related 
and ecologically distinct species as hosts and parasites. Further complicat-
ing his own ideas, he recognized two categories of hosts: autochthonous 
hosts were assumed to have evolved in the place where they lived at the 
time when geographic isolation occurred— their parasites were unique to 
them and found nowhere else. By contrast, allochthonous hosts evolved in 
one area then dispersed, taking their parasites within them into another 
area— their parasites might thus be found in other hosts in other areas. 
Only parasites of autochthonous hosts were reliable indicators of lin-
eage age, which was needed to help identify the episodes of geographic 
isolation that led to the emergence of new species. Von Ihering therefore 
focused his attention on groups in which each species was associated with 
only a single host in a single area.

12. Bowler (1983).
13. Although the term orthogenesis only appeared in 1893 in a publication by 

the German biologist Wilhelm Haacke, Albert von Kölliker’s theory of het-
erogenesis proposed 30 years earlier had all the elements of orthogenetic 
thinking (Wright, 1984; Vucinich, 1988). It was based on three general 
ideas, all thought to be contrary to Darwin’s views: the multiple origin of 
living forms, the internal causes of particular variants, and “sudden leaps” 
(heterogenesis) in the evolutionary process.

14. von Nägeli (1884).
15. Eimer (1897, 1898).
16. Spencer (1898– 99).
17. Kellogg (1907); see also Brooks (2010) and Brooks and Agosta (2012).
18. For an overview of wheat rust diversity, see Roelfs (1989); Hovmøller et al. 

(2011); Ali et al. (2014).
19. Houck (1924); Ewing (2016).
20. For an account of Arrhenius, see Baum (2016).
21. By the fi nal year of the nineteenth century, Kellogg had teamed with 

his fellow Stanford University professor David Starr Jordan to promote 
these ideas in a more general manner. In 1907 he published Darwinism 
Today, helping set the tone for twentieth- century evolutionary biology. He 
described Darwinism as a reigning monarch, sitting back complacently 
as contenders for the throne squabbled, not realizing that one of those 
contenders would surely replace him. Kellogg wrote that Darwinism was 
of critical historical importance but little actual scientifi c value in light 
of the ultramodernism of the early twentieth century. According to Kel-
logg, Darwin had two ideas, the tree of life and natural selection, and 
the former was not original with Darwin while the ability of the latter in 
producing species remained controversial and might be overrated. Having 
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quickly dismissed Darwinism, Kellogg discussed a number of aspirants to 
the soon- to- be- vacated crown, summarizing the different perspectives, 
rarely taking sides overtly, always careful to alert the reader when he was 
injecting his personal perspective. He suggested that each of the perspec-
tives he discussed had some merit, though some, he felt, had more merit 
than others. He did not offer a grand new vision of evolutionary biology, 
choosing instead to focus on the common unanswered questions that 
served as fl ashpoints among the various contenders to replace Darwin-
ism. Like other progressive thinkers of his day, Kellogg anticipated that 
mathematical and statistical studies of variation and experimental studies 
of inheritance would eventually produce enough information to resolve 
ambiguities in inferences drawn from developmental biology, taxonomy 
(including what he considered affi liated areas of fi eld biology, such as 
biogeography and ecology), and paleontology. Mendel’s work had recently 
been rediscovered, and Thomas Hunt Morgan was beginning his journey 
that would lead to a Nobel Prize for his pioneering work in experimental 
genetics. In other words, when enough data accumulated, the awaited 
grand synthesis would emerge.

22. Kellogg (1907, 1913a, 1913b, 1914); Kellogg and Kuwana (1902); and col-
laborations with the ichthyologist David Starr Jordan, e.g., Jordan and 
Kellogg (1900, 1908) and Jordan et al. (1909).

23. Kellogg (1913a, 1913b).
24. Kellogg (1896).
25. Kellogg (1896).
26. Von Ihering returned to Germany from South America in 1920 and died 

a decade later. Kellogg left Stanford in 1915– 16 and again from 1921 to 
1933 to participate in programs of social justice, having become a strong 
opponent of Social Darwinist ideas espoused by the German high mili-
tary command just before World War I. He became the head of the U.S. 
National Research Council and a trustee of what became the Society for 
Science and the Public. He died in 1937.

27. It was imperative for them to distinguish between cases in which the 
same species of parasite inhabited two or more host species, one type of 
which would indicate phylogenetic relationships among hosts while the 
other, in which the parasite had straggled from its original to a distantly 
related host, would not. At that time there was no method for recon-
structing phylogeny, so the appropriate comparisons of host and parasite 
phylogenies with each other and with geographic distributions could not 
be made. Von Ihering was vehemently antiselectionism, while Kellogg 
accepted the infl uence of selection in some aspects of biology. Finally 
Kellogg accepted the Darwinian notion that commonness of associa-
tion between hosts and parasites was due to phylogenetic history, but 
he rejected the equally Darwinian notion of phylogenetic conservatism 
in the evolution of adaptations. Thus, the only means by which these 
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ideas could be assessed were appeals to logical plausibility directing the 
interpretation of data, rather than the reverse. This would seem to be an 
unsatisfactory state of affairs, but other scientists nonetheless found the 
ideas plausible. These included the Australian parasitologists S. J. Johnston 
(1912, 1913, 1914a, 1914b, 1916) and Launcelot Harrison (1914, 1915a, 
1915b, 1916, 1922, 1924, 1926). Harrison was an early advocate of Alfred 
Wegener’s (1912) theory of continental drift as the geological mechanism 
underlying geographical isolation. These scientists, like von Ihering and 
Kellogg, assumed that the phylogeny of host- specifi c parasite species must 
parallel the phylogeny of their hosts owing solely to shared geographic 
history. Like Kellogg, they assumed that the host provided a uniform and 
stable environment that buffered the parasites from the effects of selec-
tion. They and others (e.g., Zschokke 1904, 1933; Ewing 1924, 1928; Kirby 
1937; Hopkins 1942) established the circular notion that restricted host 
range was both the reason for, and a by- product of, common episodes of 
geographic speciation.

28. Metcalf (1920, 1922, 1923a, 1923b, 1926, 1928a, 1928b, 1929, 1934, 1940); 
see also Dunn (1925).

29. Metcalf (1923a, 1923b, 1929).
30. Fahrenholz (1909, 1913).
31. Eichler (1940, 1941, 1942, 1948a, 1948b, 1966, 1973, 1982); Baer (1948); 

Dougherty (1949); Stammer (1955, 1957).
32. von Kéler (1938, 1939).
33. Eichler (1942); Osche (1958, 1960, 1963).
34. Levit and Olsson (2006); Ulett (2014). In North America, major advocates 

included Coulter (1915), Jordan (1920), Lipman (1922), and Crawley 
(1923). Even Charles Otis Whitman, an ardent Darwinian in 1899, became 
a convert to orthogenetic views and wrote a book about orthogenetic evo-
lution in pigeons, which was published in 1919, nine years after his death. 
Many tried to shine a light on themselves by rebranding orthogenesis. In 
1930 the American zoologist Austin Hobart Clark called his version zoo-
genesis. The paleontologist Henry Fairfi eld Osborn (1934), who had been 
castigated by the ever combative von Ihering for not paying attention to 
work about geographical isolation in evolution (Choudhury and Pérez- 
Ponce de León, 2005), called his view aristogensis. In Italy, Daniele Rosa 
(1918) called it hologenesis. To the north and east, Lev Berg (1922, 1926) 
added a Russian version called nomogenesis. Germany was not forgotten in 
this explosion of names. Edwin Hennig (1922, 1927, 1932) was a German 
 paleontologist with views similar to Osborn’s. Not content with using 
Osborn’s term, Hennig’s onetime assistant, Karl Beurlen (1932, 1937), 
invented the term palingenesis. Finally, in the 1950s the German paleon-
tologist Otto Schindewolf developed a theory of orthogenesis known as 
typostrophism.

35. Eichler (1948a, 1948b).
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36. Verschaffelt (1910).
37. Brues (1920, 1924).
38. A child of immigrants (Belgian father, Irish mother), Dethier fi nished his 

Ph.D. in 1939, becoming a biology instructor at John Carroll University 
in Cleveland, Ohio. When the United States entered World War II in 1941 
he joined the Army Air Corps, serving part of his time in Africa and the 
Middle East. He worked in the Army Chemical Corps as a research physi-
ologist at the Edgewood Arsenal in Maryland (now the Aberdeen Proving 
Ground) in a long series of experiments analyzing the effects of chemicals 
on the chemosensors of fl ies, which was groundbreaking work on biologi-
cal control. He ended his long and distinguished career as a professor of 
zoology at the University of Massachusetts, Amherst, where he was the 
founding director of its neuroscience and behavior program and chaired 
the Chancellor’s Commission on Civility (he published A University in 
Search of Civility in 1984). Dethier also wrote books on natural history for 
nonspecialists, short stories, essays, and children’s books. He reportedly 
wrote the manuscript for Chemical Insect Attractants and Repellents in the 
bomb bay of a B-25 bomber using an Italian typewriter he characterized 
as having been “liberated.”

39. Dethier (1941, 1953).
40. Dethier (1953).
41. Topley and Wilson (1923); for recent reviews, see Fine et al. (2011) and 

Anderson (2016).
42. Ono and Hennen (1983) summarized information about the relationships 

and directionality of host colonization.
43. Bernhard Lauritz Fredrik Bang (1848– 1932) was a Danish veterinarian. 

In 1897, he discovered Brucella abortus, the bacterium that causes brucel-
losis, which can cause abortions in pregnant cattle and undulant fever 
in humans. He became an adviser to the Danish government concerning 
issues of the control and eradication of disease in livestock. His advice 
to slaughter tuberculous cattle rather than engage in mass vaccinations 
became known as Bang’s method. We do not know whether he was related 
to Peter Bang, who cofounded Bang and Olufsen.

44. Haldane (1949).
45. Dynesius and Jansson (2000); Jansson and Dynesius (2002); Harris (2005); 

Jansen et al. (2007).
46. deMenocal and Stringer (2016).
47. Ganopolski et al. (2016).
48. Steffen et al. (2011); Barnosky et al. (2012); Brooks and Hoberg (2013); 

Ruddiman (2013); Capinha et al. (2015); Bell and Tylianakis (2016); Waters 
et al. (2016); McMichael et al. (2017); Pecl et al. (2017). The Quaternary 
is a geological bracketing the Pleistocene and Holocene. The Holocene, 
the current interglacial, began with the termination of the last glacial 
advances. We anticipated an interval of relative stability and “benign” 
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environmental conditions typical of many interglacial periods and 
consistent with climate cycling in the Quaternary; at present we should 
be about halfway through that. Our infl uence on the atmosphere and 
oceans, however, has become so substantial that global system scientists 
now recognize these disruptions with a specifi c name in Earth history: the 
Anthropocene. Having emerged perhaps as recently as the mid- eighteenth 
century, the Anthropocene is characterized by expanding footprints of 
human dispersal, burgeoning population and population density, agricul-
ture, technology, and global connectivity. Environmental- state changes to 
the planet, called thresholds and tipping points, are rapidly being breached 
owing to accelerating climate warming, environmental perturbation, and 
inter connected crises for biodiversity, species invasions, and emerging 
infectious diseases.

49. Kaufman et al. (2009).

CHAPTER THREE

1. Mode (1958).
2. Manter (1966) summarized his views in three rules; see Brooks and 

McLennan (1993, 2002).
3. Mayr (1957).
4. Ehrlich and Raven (1964).
5. For a summary of what was known at that time, see Dethier (1975).
6. Harper (1958); Hubble (1958); “The Triumvirate of Heredity” (1958); 

“ Descent of Man” (1959); Comfort (1960).
7. “A Century of Evolution” (1959); Spector (1959).
8. Mode (1961, 1962, 1964).
9. Ono and Hennen (1983).
10. Bergersen and Anderson (1997); Bartholomew and Reno (2002); Gilbert 

and Granath (2003).
11. Elton (1958); Carson (1962).
12. Wiley (1981).
13. Woese (2000).
14. Mitchell (1901, 1905, 1910); reviewed in Brooks et al. (2007).
15. Hennig (1950).
16. Brooks and McLennan (2002).
17. Brooks (1979).
18. The “California Model,” or allopatric cospeciation of Brooks and McLen-

nan (1991); an homage to Kellogg, who was a faculty member at Stanford 
University.

19. Page (2003).
20. Representative cophylogeny studies. Diverse insect- plant, invertebrate- 

parasite, and vertebrate-parasite systems are reviewed in part by de Vienne 
et al. (2013); other selected investigations of macro-  and microparasites: 
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Hafner and Nadler (1988); Perkins (2001); Johnson et al. (2002); Verneau 
et al. (2002); Wickström et al. (2003, 2005); Nieberding et al. (2004); 
Huyse and Volckaert (2005); Criscione and Blouin (2007); Gómez- Díaz 
et al. (2007); Whiteman et al. (2007); Bruyndonckx et al. (2009); Mizu-
koshi et al. (2012); Bochkov et al. (2011); Nadler et al. (2013); Bellec and 
Desdevises (2015); Hu et al. (2016); Lauron et al. (2014); Escudero (2015); 
Lima et al. (2015); Fraija- Fernández et al. (2015); Haukisalmi et al. (2016); 
Hoyal Cuthill (2016); Doña et al. (2017); Matthews et al. (2018).

21. See chap. 6.
22. Schoonhoven (1996).
23. This terminology arose in Mitter and Brooks (1983; also Brooks and 

 Mitter, 1984).
24. Jermy (1976, 1984).
25. Taber and Pease (1990); Becerra (1997); Köpf et al. (1998); Berenbaum and 

Passoa (1999).
26. Kethley and Johnston (1975).
27. Crespi and Sandoval (2000).
28. Wiklund and Åhrberg (1978); Sperling and Feeny (1995); Armbruster 

(1997); Arimura et al. (2000); Halloy (2001); Wahlberg (2001); Gentry 
and Dyer (2002); Strauss et al. (2002); Nylin et al. (2005); Peñuelas et al. 
(2006); Whiteman and Pierce (2008); Dyer (2011); Whiteman and Mooney 
(2012); Gloss et al. (2014); Agrawal and Weber (2015); Cacho et al. (2015); 
Fowles et al. (2015); Marinosci et al. (2015); Rahfeld et al. (2015); Richards 
et al. (2015); Schäpers et al. (2015); Speed et al. (2015); Stark et al. (2015); 
Stevens et al. (2015); Suinyuy et al. (2015); Syed (2015); Vihakas et al. 
(2015); Volf et al. (2015a, 2015b); Wiens et al. (2015); Arias et al. (2016); 
Cripps et al. (2016); Glassmire et al. (2016); Harrison et al. (2016); Juma 
et al. (2016); Lai et al. (2016); Líznarová and Pekár (2016); Moreira et al. 
(2016); Orsucci et al. (2016); Smilanich et al. (2016); Warburton et al. 
(2016); Züst and Agrawal (2016); Singer (2017).

29. Janzen (1980).
30. Janzen (1985).
31. Janzen and Martin (1982).
32. Maynard Smith and Szathmáry (1995); Szathmáry (2015).
33. Wanntorp (1983); Brooks (1985); Coddington (1988); Wanntorp et al. 

(1990); Brooks and McLennan (1991, 1993, 2002); recent updates by Lams-
dell et al. (2017) and Cornwell and Nakagawa (2017).

34. Brooks and McLennan (1991, 1993, 2002).
35. Thompson (1988, 1994, 1997, 1999a, 1999b, 1999c, 2005).
36. Ono and Hennen (1983) reviewed historical thoughts about rust fungi 

associations with plants, noting that some researchers had previously 
suggested that host colonization could proceed from younger hosts to 
older hosts (Jackson 1931); Leppik 1953, 1955, 1959, 1967, 1972). Mitter 
and Brooks (1983) were the fi rst to note “back- colonization” patterns in 
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 explicit phylogenetic comparisons of phytophagous insects and their 
plant hosts.

37. Niels Bohr, quoted in Moore (1966).
38. Agosta et al. (2010).
39. In 1893 Henry Baldwin Ward, an American who had studied with 

Leuckart in Germany, arrived at the University of Nebraska. In 1895 he 
established the fi rst undergraduate parasitology course in North America. 
By 1899 he had become professor and chair of zoology, and in 1902 dean 
of the medical school as well. Ward was a strong advocate of integrating 
basic biology and clinical biology in the study of parasites and parasitic 
disease. In 1909 Ward left the University of Nebraska for the University 
of Illinois, and in 1924 he founded the American Society of Parasitolo-
gists, in direct competition with the Society for Tropical Medicine and 
Hygiene. What happened? It seems that soon after Ward became dean of 
the medical school there was an academic squabble within medical school 
faculties across the United States, which resulted in the requirement that 
all deans of medical schools have MDs. The formation of the American 
Society of Tropical Medicine and Hygiene more than twenty years before 
Ward founded the American Society of Parasitologists was an early indica-
tion of this professional confl ict and splintering of research programs. It 
is conceivable that if Ward had stayed at Nebraska and remained dean of 
medicine as well as chair of zoology, we would have been better prepared 
for climate change and emerging diseases. Instead, research programs in 
basic biological studies of parasites and studies of parasitic disease lost 
contact. This was intensifi ed by the emergence of professional specializa-
tion in general: scientists no longer called themselves zoologists, they 
called themselves “entomologists” and “parasitologists,” or “systematists” 
and “ecologists.” Each compartmentalization severed contact with other 
research groups. For example, parasite systematists and insect- plant ecolo-
gists diverged so rapidly that there was little contact until recently (Nylin 
et al., 2018).

40. Historical ecology (Brooks, 1985; Brooks and McLennan, 1991, 1993, 
2002); ecological fi tting and sloppy fi tness space (Agosta, 2006; Agosta and 
Klemens, 2008); the geographic mosaic theory of coevolution (Thompson, 
2005); the oscillation hypothesis (Janz et al., 2006; Janz and Nylin, 2008; 
Janz, 2011); and the taxon pulse hypothesis (Erwin, 1979, 1981). Early ef-
forts to articulate the Stockholm Paradigm as a synthesis of these research 
programs included Hoberg and Brooks (2008, 2015).

41. Ono and Hennen (1983).
42. James et al. (2009); Vercruysse et al. (2011); Shalaby (2013); Campbell 

(2016).
43. Labro (2012); WHO (2005). Although the estimated incidence of malaria 

globally has been reduced by 17 percent and malaria- specifi c mortality 
rates by 26 percent since 2000, approximately 3.3 billion people were 
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at risk of malaria in 2010, with an estimated 216 million episodes and 
655,000 deaths. The public health impact of leishmaniasis has been 
grossly underestimated, as a substantial number of cases were never 
recorded. Approximately 1.5– 2 million new cases are estimated to occur 
annually, but only 600,000 are offi cially declared. Among other parasitic 
diseases of concern, amebiasis is prevalent throughout the developing 
nations of the tropics, at times reaching a prevalence of 50 percent of the 
general population and is estimated to cause more than 100,000 deaths 
per year. Neglected tropical diseases, a group of infections strongly as-
sociated with poverty, impair the lives of an estimated one billion people. 
Most of the diseases in this group are parasitic diseases, caused by a variety 
of protozoan and helminth parasites. Schistosomiasis infects more than 
200 million people and ranks second only to malaria as the most common 
parasitic disease, with 20,000 deaths from the consequences of infection 
(bladder cancer or renal failure [Schistosoma haematobium]) or from liver 
fi brosis and portal hypertension (S. mansoni). Trypanosomiasis threat-
ens millions of people in sub- Saharan Africa. As for the soil- transmitted 
helminths (STHs), more than 807 million people worldwide are infected 
with ascariasis, resulting in more than 60,000 deaths per year. Hookworm 
infections affl ict an estimated 740 million people worldwide. Among 
vector- borne helminths, lymphatic fi lariasis affects more than 120 mil-
lion people, and trichuriasis affects approximately 604 million people 
worldwide. Onchocerciasis infects 37 million people living near rivers and 
is the world’s fourth- leading cause of preventable blindness. Additional 
great concern is the fact that polyparasitism is often present where most 
neglected tropical diseases occur— for instance, there is widespread overlap 
between HIV- AIDS and schistosomiasis, TB and intestinal helminth infec-
tions, and a high rate of hookworm and malaria coinfections.

44. Proposed by Van Valen (1973), the Red Queen hypothesis embodies a 
Darwinian duality: on one hand, it suggests that the faster environments 
change, the faster evolution will occur, while on the other hand it notes 
that because changes in inheritance systems are more conservative than 
changes in environments, evolution will always lag behind. Natural selec-
tion, as Darwin put it, is a perfecting mechanism, but perfection is never 
achieved. For discussion of the relationship between coevolutionary arms 
races and the Red Queen, see Råberg et al. (2014).

45. James et al. (2009); Shalaby (2013); Höglund et al. (2015); Vittecoq et al. 
(2016); Pichler et al. (2018).

46. See discussion in Brooks and McLennan (2002).
47. Maldonado et al. (2017).
48. Domestic ruminants: annually, $1 billion in Australia and tens of billions 

of dollars globally (Roeber et al., 2013); $14 billion in Brazil (Grisi et al., 
2014). Fishes in aquaculture: Minimally hundreds of millions to more 
than fi ve billion dollars (Shinn et al., 2014).
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49. Kappagoda et al. (2011).
50. E.g., Pardi et al. (2018).
51. Meadows et al. (1972).
52. Hoberg (1997); Brooks (1998, 2000); Brooks and Hoberg (2000, 2001).

CHAPTER FOUR

1. Kellogg (1907).
2. Also called the new synthesis, the modern synthesis, and the extended 

synthesis.
3. Darwin (1872).
4. Brooks and Hoberg (2007).
5. Darwin (1872).
6. Darwin (1872).
7. Darwin (1872).
8. Darwin (1872).
9. Darwin (1872).
10. Darwin (1872); Maynard Smith and Szathmáry (1995, 1999); Szathmáry 

(2015).
11. Kellogg (1907).
12. Cope (1887).
13. Page (2011).
14. Janzen (1985).
15. Agosta et al. (2010).
16. See the comprehensive and readable analysis by McLennan (2008).
17. Cuénot (1911, 1925, 1941, 1951).
18. Dobzhansky (1955).
19. Goldschmidt (1940).
20. Simpson (1944).
21. Simpson (1953).
22. Gould and Vrba (1982).
23. Arnold (1994); Armbruster (1996, 1997); Kardon (1998).
24. Eggleton and Belshaw (1993).
25. Armbruster (1997).
26. Wanntorp (1983).
27. Trouvé et al. (1998); Solà et al. (2015).
28. Ross (1972a).
29. Brooks and McLennan (2002); Boucot (1982, 1983, 1990).
30. The neo- Darwinian framework assumes that all traits “cost” something, 

and selection will eliminate those that do not provide “benefi ts” as great 
as, or greater than, their costs. This sounds reasonable at fi rst, but there 
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construction hypothesis.

20. Lewontin (1983). In other words, if the “niche” is real in an evolution-
ary sense, it must be inherited. If that is true, it must be a property of 

 EBSCOhost - printed on 2/13/2023 7:03 AM via . All use subject to https://www.ebsco.com/terms-of-use



297

N O T E S  T O  P A G E S  175 – 17 9

the nature  of the organism, not of the environment. For us, “niche” is 
synonymous with “fi tness space.”

21. Brooks and McLennan (2002).
22. Givnish (2015); Simões et al. (2016).
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36. Soberón and Arroyo- Peña (2017).
37. Simpson (1944). This same partial understanding was echoed more than 

20 years later by Grant (1977): “When a species succeeds in establishing 
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dominant mode of evolution in adaptive radiation. The fi rst generation of 
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et al. (2015); Hoberg et al. (2015); Watts et al. (2017a, 2017b).
67. Dobson (2005); Gebreyes et al. (2014); Young et al. (2017).
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68. This quotation seems to have appeared in print fi rst in Calderón and 
Beltrán (2004), who wrote: “It has also been said, ‘If you want something 
you’re never had, you must be willing to do something you’ve never 
done.’” By 2012 the saying was being widely attributed to Thomas Jeffer-
son, but this seems to be incorrect.

CHAPTER TEN

1. Recent perspectives providing a link between general threats posed by 
climate change and emerging diseases in particular include WHO (2015); 
Ottersen et al. (2016); MacIntyre et al. (2017); Rothman (2017); Scheffers 
et al. (2016); Beddington (2010); Goodell (2018); Prairie Climate Centre 
(2018).

2. Hull (1988).
3. “The thing the ecologically illiterate don’t realize about an ecosystem is 

that it’s a system. A system! A system maintains a certain fl uid stability 
that can be destroyed by a misstep in just one niche. A system has order, a 
fl owing from point to point. If something dams the fl ow, order collapses. 
The untrained miss the collapse until too late. That’s why the highest 
function of ecology is the understanding of consequences” (Herbert, 
1965).

4. Beginning as early as Brooks and McLennan (2002).
5. Meadows et al. (1972).
6. Henry David Thoreau, journal entry for September 7, 1851 (see Thoreau, 

2009).
7. Mark et al. (2010).
8. Neiman (2002).
9. Trenberth et al. (2007); Kaufman et al. (2009); Denton et al. (2010); Barker 

et al. (2011); IPCC (2013); Stocker et al. (2013); Ganopolski et al. (2016); 
Hansen et al. (2016); Henry et al. (2016); Oppenheimer and Alley (2016); 
Stott (2016); Figueres et al. (2017); Hand (2017); Hofer et al. (2017); Hoff-
man et al. (2017); Kintisch (2017); Pecl et al. (2017); Steffen et al. (2018). 
Milanković carved out a comfort zone for humanity a century ago. 
Summer insolation, the all- important value that determines stability and 
warming, should gradually increase for the next 25,000 years, possibly 
offset to some degree by orbital processes. Climate would continue in 
relative stability for an extended period; the next glacial cycle was not 
anticipated for another 50,000 years. Scientists did not include potential 
accelerating climate warming in those initial calculations. Yet, human 
activities (anthropogenic forcing) catalyzed accelerating increase in 
global atmospheric, oceanic, and terrestrial surface temperatures dur-
ing the past 250 years. Annual to decadal oscillations, primarily in 
ocean- atmosphere connections or extreme volcanism, may amplify or 
dampen long- term trends in global warming, but they will not alter the 
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trajectory. Temperature and precipitation extremes will occur but will 
be diffi cult to predict. Accelerating change has been especially evident 
at high latitudes of the Northern Hemisphere since the 1970s, where 
CO2 and greenhouse gas emissions have reversed the cooling trend of 
the past 2000 years. Most sea level variation during the Pleistocene has 
been linked to ice dynamics, and to the expansion and termination of 
continental glaciers of the Northern Hemisphere, with less contribution 
from processes in Antarctica. The Pleistocene was a preamble to what will 
come and in its fi nal stages reveals just how quickly climate can abruptly 
shift across extremes. Comparisons with the last interglacial optimum 
about 114,000– 131,000 years ago highlight the climate- driven changes on 
our horizon. Levels of global atmospheric CO2 we see now (400 parts per 
million) strongly contrast with those of the last interglacial period (about 
280 ppm). Carbon dioxide concentrations have been higher in the past 
and have always been associated with a warmer world (e.g., the middle 
Pliocene). And while the absolute values (400 vs. 280 ppm) may seem 
trivial to nonscientists, the difference is enough to cause the warming 
trend that we are now experiencing, one that was not predicted in models 
created a century ago. The level of 400 ppm, only recently attained for the 
fi rst time in modern human existence, refl ects the accumulated change of 
the past 250 years and most particularly during the last several decades; 
furthermore, those levels are expected to rise rapidly during the next half 
century unless they are controlled and limited, a possibility that now ap-
pears out of reach. Rising temperatures associated with elevated atmo-
spheric CO2 are melting major portions of the planet that have been ice- 
covered or permafrost- entombed since the end of the last Ice Age. And all 
the water released by that melting must go somewhere. The measurements 
of atmospheric carbon critical for projecting our future come from an es-
pecially remote climate station perched on the appropriately named Cape 
Grim, at the edge of the Tasman Sea. Recently revised estimates for sea 
level increases during the coming century predict a two- meter rise, which 
would pose a serious challenge to coastal land use and occupation. These 
current projections as extremely conservative, based on assumptions of 
steady- state loss of ice volume over time; they do not account for tipping 
points or thresholds, amplifying feedbacks, changing ocean circulation, 
or CO2 inertia leading to accelerated melting, especially in Antarctica. Sea 
surface temperatures during the previous interglacial period were similar 
to those we see today, although the sea level was six to nine meters higher. 
This suggests that there may be lag times between maximum atmospheric 
and sea surface temperatures and rising sea levels; even more troubling, 
it suggests the possibility, also predicted in Limits to Growth, that sea level 
changes could be abrupt. Unanticipated cascades in the physical environ-
ment may be exemplifi ed by the Greenland ice cap, which is experiencing 
massive and accelerating disintegration. The equivalent of seven meters 
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of sea level rise remains locked in the Greenland ice cap, and perhaps at 
short centennial scales another three meters or more in Antarctica (com-
plete loss of the Antarctic ice sheet is equivalent to over 60 meters). Cur-
rent summer conditions in Greenland are being described as completely 
unpredicted and may indicate an incipient tipping point and a state 
change with respect to the rate of melting. The current situation leading 
to predictions of a two- meter rise in sea levels in the coming century may 
be the calm before the real— and imminent— storm. Not only do more 
than 50 percent of humans now live in cities, but an increasing number 
of them live within 150 kilometers of the ocean. Aside from changes in 
land- bound ice, increasing ocean volume is directly infl uenced by sea sur-
face temperatures, atmospheric pressure, prevailing winds, and extreme 
weather events. There is no global infrastructure for preparing effectively 
for this eventuality, and the effects are already being felt. In the next two 
generations habitats where humans live and grow food will increasingly 
be underwater, drought- stricken, and eroding into the sea in a cascade of 
extreme precipitation fl uctuations. In all cases, there will be increased risk 
of emerging disease. The scale of human displacement will be as Elton 
warned us in 1958.

10. Patz et al. (2005); Jones et al. (2008); Steffen et al. (2011); Barnosky et al. 
(2012); Ruddiman (2013); Capinha et al. (2015); Whitmee et al. (2015); 
Scheffers et al. (2016); Waters et al. (2016); Pecl et al. (2017).

11. Barnosky et al. (2012); Ibisch et al. (2016); Bell and Tylianakis (2016).
12. Jones et al. (2008); Barnosky et al. (2017); Vellend et al. (2017).
13. Soranno et al. (2014).
14. Poe (1842). Many ancient Egyptians prominent enough to have been 

mummifi ed were infected with schistosomes (Miller et al., 1992, 1994; 
Kloos and David, 2002; Barakat, 2013; Othman and Soliman, 2015).

15. See Vasbinder (2019).
16. Herbert (1965); for an excellent overview of the ecology of fear in which 

prey items exist, see Brown et al. (1999); Laundré et al. (2014); Bleicher 
(2017).

17. Brooks and Ferrao (2005).
18. For an extended discussion of the benefi ts of hope in this context, see 

Buzzell (2012).
19. Attributed to Martin Luther.
20. Maynard Smith and Szathmáry (1995); Szathmáry (2015).
21. Darwin (1872).
22. Soranno et al. (2014).
23. Byerly (2013).
24. Attributed to Mark Twain.
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