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introduction

Taking Fossil Species Seriously
Warren D. Allmon and Margaret M. Yacobucci

In their landmark book, Coyne and Orr (2004, 1) note that “one of  
the most striking developments in evolutionary biology during the last 

20 years has been a resurgence of interest in the origin of species.” This 
resurgence is well- evidenced by the enormous volume of literature, in-
cluding not just hundreds of individual papers but also at least two dozen 
books and journal special issues in the past two decades. The corner of  
taxonomy that addresses the “species problem” now even has its own name:  
eidonomy (Dubois 2011).

What exactly are all these people writing about? A lot of it is new in-
formation, both from ecology and from the continuing tsunami of mo-
lecular sequence data and what it reveals about phylogeny and genetic 
differences associated with speciation. Some is focused on new or newly 
sharpened theoretical paradigms, such as “adaptive” or “ecological” spe-
ciation, or on new mathematical models. A lot of it is controversial— the 
continuation of the protean and seemingly indestructible “species prob-
lem,” or arguments over which “species concept” (among a list now ap-
proaching 30; Wilkins 2006) is best.

Yet largely missing from this flood of new research and rethinking is 
paleontology, so much so that amidst the multitude of species concepts, 
one might be forgiven for proposing yet one more. It might be called the 
“Janus concept” (Allmon 2011), and it would describe how most paleon-
tologists recognize and study species in the fossil record. According to the 
Janus concept, species are both real and imaginary, central and marginal, 
the focal point of macroevolution and incomparable to anything studied 
by neontologists. Formal adoption of this concept would acknowledge 
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2 introduction

the reality of modern paleobiology, which appears to be able to maintain 
these mutually incompatible views of species without much difficulty. Pa-
leontologists talk about and use species but don’t uniformly respect them; 
we constantly discuss the evolution of species, but are simultaneously a bit 
queasy about taking them seriously.

Although you won’t see it stated explicitly very often, something close 
to the Janus concept has long been, and remains, implicit in much of pa-
leobiology. (This might in some ways be similar to the 19th-  and early 
20th- century views on the atom [Knight 1967]. It could be inferred from 
indirect evidence that matter was comprised of atoms, even though the at-
oms themselves could not be directly “seen.” This analogy demonstrates 
that a lot of good science can be done even if direct observation is not  
possible.)

Consider the following. “Species” and “speciation” feature promi-
nently in a large and growing body of paleontological studies of macro-
evolutionary pattern and process, from studies of individual lineages or 
clades (see almost any issue of Journal of Paleontology), to tempo and 
mode (e.g., Eldredge and Gould 1972; Gould and Eldredge 1977; El-
dredge and Cracraft 1980; Cracraft 1981; Barnosky 1987; Prothero 1992; 
Erwin and Anstey 1995; Jackson and Cheetham 1999; Geary 2009; Brett 
2012; Hunt 2012), to wider studies of origination and extinction (e.g., 
Jablonski 1986a,b, 1987, 1997, 2008; Allmon et al. 1993, 1996; Sepkoski 
1998; Lieberman 1999, 2001a,b; Jablonski and Roy 2003; Etienne and 
Apol 2008; Benton 2010). Even more broadly, much of the “paleobiologi-
cal revolution” of the 1970s– 1980s (Sepkoski 2012) was based on thinking 
about what species look like in the fossil record and what we can learn 
about them from studying fossils (e.g., Eldredge and Gould 1972; Stanley 
1979, 1982, 1986; Eldredge 1979, 1985; Gould 2002).

Yet amidst all this discussion of “species,” the paleobiological litera-
ture is also filled with qualifiers and cautions about using species in the 
fossil record, or equating such species with those recognized among living 
organisms. Much of this skepticism has been expressed by neontologists. 
Coyne and Orr, for example, state that recognition of fossil species is nec-
essarily based on no more than “reasonable guesses about the likelihood 
of reproductive isolation from discontinuities between phenotypes” (2004: 
45–  46). Paleontologists themselves, however, have frequently seemed 
scarcely more optimistic (e.g., Schopf 1979; Gingerich 1985; Jablonski  
et al. 1986; Raup and Boyajian 1988; Hoffman 1989; Smith 1994; Levinton 
2001; Pearson and Harcourt- Brown 2001; Forey et al. 2004; Benton 2010, 
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3w. d. allmon and m. m. yacobucci

1479). For example, it is common to defend the use of higher taxa (fami-
lies or genera) in large- scale paleodiversity studies in part because species 
are seen as challenging to recognize or differentiate in the fossil record 
(e.g., Sepkoski 1998; see discussion in Hendricks et al. 2014).

An exception to this pattern of paleontological pessimism about spe-
cies is cladistics/phylogenetic systematics. Several paleontologists were in-
volved in the early years of the “phylogenetic revolution” (e.g., Eldredge 
and Cracraft 1980; Cracraft 1981), and some of these authors did indeed 
discuss the nature of species. More recently, there has been some paleon-
tological debate on the perennial topic of phylogeny vs. classification, with 
paleontologists arguing for (e.g., Brochu and Sumrall 2008) or against (e.g., 
Benton 2000) the PhyloCode, which has touched on the issue of species. 
Yet, other than the substantial consequence that cladistic techniques are 
now standard operating procedure for many paleontologists (e.g., Smith 
1994; Foote and Miller 2006), the impact of these discussions on paleonto-
logical thinking about species seems to have been limited.

The Janus concept raises at least two important issues for evolutionary 
paleontology. The first is simple intellectual consistency and coherence. 
Do paleontologists think that the things they call “species” are in some 
real sense equivalent to what neontologists call “species”? If not, what are 
they saying when they continue to use the term? The second and more 
substantive concern is that much of macroevolutionary theory— at least 
in its current form— is based on and can only be tested with concepts of 
species as presumably real biological units, and that when paleontologists 
say “species” they mean something equivalent enough to what neontolo-
gists mean to allow for common discussion. 

What, however, does it mean for such discussions and fossil- based macro-
evolutionary theories that paleontologists are not entirely sure what we 
mean when we say “species”? Perhaps it doesn’t matter. Perhaps the mor-
phological patterns that are paleontologists’ stock- in- trade are valid, in-
teresting, and important no matter what hierarchical level they represent. 
If so, perhaps paleontologists should be clearer about that, so that the in-
disputable importance of the fossil record for understanding the history 
and evolution of life can be more precisely understood.

This book seeks to address the Janus concept of species in paleontol-
ogy. The chapters focus on fossil animals, because as we were planning 
the volume we quickly found that to include meaningful considerations of 
plants and protists would make the project too large. Within animals, we 
have tried with mixed success to include chapters from across the phyla. 
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Trilobites, however, are unfortunately not covered, and we are regretta-
bly light on vertebrates.

Exploration of the “species problem” in paleontology requires that we 
first understand its origins within the development of the Modern Syn-
thesis and of paleobiology as a discipline. Both Sepkoski (chapter 1) and  
Miller (chapter 2) provide such reviews herein, while highlighting pale-
ontology’s unique contributions. Sepkoski argues that the development 
of quantitative ways of documenting and analyzing variation with fossil 
assemblages allowed paleontologists to integrate paleobiology into the 
Modern Synthesis. Miller points to a growing modern consensus around 
the lineage species concept, noting that only paleontologists can provide 
the temporal perspective that this view of species requires. Allmon (chap-
ter 3) agrees with Miller, and attempts to push this line of thought to its 
logical conclusion, making specific recommendations for how paleontolo-
gists should talk about species. 

Paleontologists who work with different metazoan clades face a variety of 
challenges when attempting to recognize and define species from fossil spec-
imens. Several of the chapters in this volume explore these taxon- specific 
challenges from their authors’ own perspectives (e.g., Budd and Pandolfi 
(chapter 7), Schweitzer and Feldmann (chapter 9), Ausich (chapter 10), Be-
mis (chapter 11)). While identifying a variety of difficulties, from poor pres-
ervation, homoplasy, and cryptic speciation to collecting biases and overen-
thusiastic splitting of taxa for biostratigraphic purposes, these authors also 
conclude that, with careful interpretation and a clear species concept, fossil 
species may be sufficiently robust for meaningful paleobiological analyses.

The fossil record provides evidence of evolutionary change on longer 
timescales, which most paleontologists think is essential for understanding 
both the process and the implications of speciation. The tempo and mode 
of speciation have long been of interest to paleontologists, an emphasis re-
flected in many of this volume’s chapters. Hageman (chapter 5) presents an 
integrated model of quantitative morphological and molecular change set 
in a temporal context in order to determine rates of evolution both within 
and between species. Liow and Ergon (chapter 6) explore the question of 
whether speciation is more likely to occur early or late in a species’ strati-
graphic lifespan, while Hopkins and Lidgard (chapter 13) assess whether 
the choice of traits used for species discrimination affect our ability to dis-
tinguish stasis from directional or random change. Yacobucci (chapter 8) 
tackles the long- standing question of why certain clades, in this case ammo-
noid cephalopods, show much higher rates of speciation than others. All-
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mon and Sampson (chapter 4) formalize a proposal for how paleontologists 
can be more explicit in their hypotheses of causes for speciation, by break-
ing the process into four discrete stages. These theoretical efforts are com-
plemented by the data- driven approaches of Prothero et al. (chapter 14) 
and Stigall (chapter 12), who investigate potential controls on the tempo 
and mode of speciation in terrestrial mammals and marine invertebrates.

We hope that reading this book will prompt paleontologists to reflect 
critically on how they view fossil species. What species concept do they 
envision when they work, and how do they operationalize that concept 
in order to recognize and define species within their own fossil group of 
interest? Do they collect the data necessary to document evolutionary 
rates and to assess the tempo and mode of fossil lineages? What can they 
conclude about the biotic and abiotic processes that may affect speciation 
potential over geologic time?

Paleontologists can contribute tremendously to contemporary evolu-
tionary biology, but only (we think) if we can agree on a biologically mean-
ingful species concept for fossil clades and employ it in our “deep time” per-
spective to explore the speciation process. We also hope that neontologists 
will read this book, and take away not only some sense that paleontologists 
do understand the complexity and challenge of recognizing “species” in the 
fossil record, but also the very real opportunities to study at least some phe-
nomena in that record that approximate species as recognized in living ani-
mals. While agreement cannot be expected on all of the points discussed in 
these chapters, we feel strongly that neontologists and paleontologists can 
agree that the subject of species is central to evolutionary biology, and that 
to understand the origin and significance of species in evolution requires 
insights from both living and fossil organisms.
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chapter one

The “Species Concept” and the  
Beginnings of Paleobiology
David Sepkoski

In the late 1940s, the discipline of paleontology took major steps towards 
becoming more fully integrated into the community of evolutionary bi-

ology. A primary reason for this was the involvement of George Gaylord 
Simpson in the development of the Modern Synthesis. Along with works 
by Theodosius Dobzhansky (Genetics and the Origin of Species), Ernst 
Mayr (Systematics and the Origin of Species), Sewall Wright, and others, 
Simpson’s contributions to the emerging Synthesis between genetics, pop-
ulation biology, and paleontology were extremely important in reorient-
ing the priorities of evolutionary biologists and paleontologists. Simpson’s  
Tempo and Mode in Evolution (1944) and the revised follow- up, Major Fea-
tures of Evolution (1953), were read by generations of paleontologists, and 
in large part defined the scope of paleontological contributions to evolu-
tionary theory between 1950 and the 1970s. (On the growth of evolutionary 
paleontology— or “paleobiology”— see Sepkoski 2009, 2012).

The resulting Synthesis defined evolutionary biology as a study of the 
movement (via inheritance and mutation) of genes within populations. One 
of the most important aspects of the synthetic approach was the develop-
ment of a quantitative understanding of gene flow in populations, which 
allowed biologists to confirm that Darwin’s qualitative assessment of the 
sufficiency of natural selection to produce evolution agreed with the mod-
ern understanding of genetics; some historians, including Provine (1971), 
view this as the major accomplishment of the Synthesis. Herein, however, 
were the seeds of a potentially intractable problem for paleontologists: 
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fossils leave no record of genetic information, and it is notoriously hard to 
reconstruct assemblages of fossils that correspond to living populations. So 
how could paleontologists accommodate the idiosyncratic evidence of the 
fossil record to the increasingly precise resolution expected in the growing 
field of population genetics?

This chapter will address the ‘species question’ in paleontology, or the 
problem paleontologists faced during the 1940s and 1050s in accommo-
dating fossil data to the populational understanding of species promoted 
by geneticists in the Modern Synthesis. One strategy adopted by paleon-
tologists was to redefine the very notion of the “paleontological” species 
as a “historical” concept that did not grant species independent ontologi-
cal existence. Debates carried out in the journals Evolution and Journal  
of Paleontology in the early 1950s, for example, show that considerable 
divergence of opinion existed over whether the term “species” meant the 
same thing in both paleontology and neontology. I will argue, however, 
that the solution to the paleontological species problem ultimately came 
not from arguments about definitions but from a new methodological ap-
proach: a select group of paleontologists, led by the American Museum of 
Natural History (AMNH) invertebrate specialist Norman Newell, began 
to develop statistical, quantitative methods for evaluating and interpret-
ing fossil populations. This approach was important for three reasons:  
(1) it posed a solution to the problem of how to incorporate “populational 
thinking” into paleontology; (2) it introduced greater analytical rigor (of 
the type increasingly expected in mathematical population biology) into 
paleontology; and (3), it introduced new theoretical possibilities for inter-
preting the evolutionary significance of the fossil record, which contributed 
to the further growth of evolutionary paleobiology.

Paleontology in the Modern Synthesis

Historians have emphasized that the synthetic project was, in large part, 
an institutional project. The architects of the Modern Synthesis called for 
dialogue between a variety of evolutionary disciplines, including genetics, 
ecology, systematics, zoology, anatomy, and paleontology, which neces-
sitated the orchestration of what Joe Cain has called “institutionalized 
cooperation.” According to Cain, this allowed the architects to cross “dis-
ciplinary boundaries in pursuit of common problems . . . to ensure inclu-
sion and to elevate the status of fields and practices otherwise deemed 
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mar ginal within biology” (Cain 1993, 2). This is part of the process of “uni-
fication” that Betty Smocovitis describes as involving several discrete steps, 
beginning with Dobzhansky’s successful translation of mathematical popu-
lation genetics into terms comprehensible to the average naturalist, and 
concluding with the establishment of the Society for the Study of Evolution 
and its journal, Evolution (Smocovitis 1996, 99– 127).

Dobzhansky’s Genetics and the Origin of Species (1937) provided the 
wake- up call to biologists, but it was Julian Huxley and Mayr who took 
the lead in advancing the institutional agenda of the Synthesis. Shortly af-
ter the publication of Dobzhansky’s monograph in 1937, Huxley began or-
ganizing a movement in Britain to redefine the field of systematics in light 
of advances in genetics. This activity culminated in the book The New Sys-
tematics (1940), which Huxley edited for the British Systematics Associa-
tion, which intended “to integrate the various studies of divergence and 
isolation and relate them to taxonomic groups and evolutionary mecha-
nisms” (Cain 1993, 4 – 5). Meanwhile, Huxley pursued a similar reform 
project in America, and was able to generate interest among a number of 
important biologists, including Alfred Emerson, Dobzhansky, and Mayr, 
sufficient to launch a working group called the Society for the Study of 
Speciation in 1940 (Cain 1993, 7; Smocovitis 1994, 1– 2). This group was 
short- lived, as the intervention of the war and the arrival of Dobzhansky 
to the faculty at Columbia shifted the center of the Synthesis to New York, 
where the AMNH also played a prominent role. There the Columbia biol-
ogist L. C. Dunn oversaw publication of the Columbia Biological Series of 
monographs, whose titles included Dobzhansky’s Genetics and the Origin 
of Species, Mayr’s Systematics and the Origin of Species (1942), Simpson’s 
Tempo and Mode in Evolution (1944), Bernhard Rensch’s Evolution above  
the Species Level (1959), and other seminal works of evolutionary biology. 
This series was an enormously effective tool for promoting the agenda of 
the Synthesis, and was centered around Dobzhansky’s influential inter-
pretation of population genetics. It also provided a vehicle for members 
of disciplines outside genetics to promote their own theoretical legiti-
macy: as Smocovitis argues, these monographs “were written by individu-
als who, engaging in dialogue with Dobzhansky, in turn legitimated as 
they grounded their disciplines with Dobzhansky’s evolutionary genetics” 
(Smocovitis 1996, 134).

Simpson and other paleontologists firmly believed that paleontologists 
could not become part of the community of evolutionary biology if their 
work was only presented to, and read by, other paleontologists. For this 
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reason, paleontologists who were committed to the project of the Modern 
Synthesis, like Simpson, Norman Newell, Carl Dunbar, Benjamin Burma, 
and others, actively sought to present their ideas in the journal Evolution, 
the newly established organ of the Society for the Study of Evolution, 
rather than in traditional paleontological outlets like Journal of Paleon-
tology. During the early 1950s, this led to the somewhat awkward circum-
stance in which paleontologists actively carried out parallel public debates 
over the species problem in two separate forums— Evolution and Journal 
of Paleontology— that only partially overlapped. However, because I am 
most interested in understanding how paleontologists self- consciously at-
tempted to integrate themselves into the broader evolutionary community, 
I will focus my discussion on a series of arguments that were presented in 
Evolution between 1947 and 1951 and their aftermath.

From one perspective, it was a legitimate triumph for paleontologists 
that their discipline was recognized so prominently in the institutional-
ization of the synthetic theory. Without question, this was largely due to 
Simpson’s efforts, which were undeniably heroic. It would be a mistake, 
however, to conclude that paleontology was, whether in 1940, 1944, 1946, 
or afterwards, a fully equal and respected partner in the community of 
neo- Darwinian evolutionary biology. In fact, considerable pressure was 
exerted by biologists to ensure friendly paleontologists’ “cooperation” in 
adhering to the synthetic party line. In 1944, the Princeton biologist Glenn 
Jepsen stressed to Mayr that “paleontology presents good evidence, as you 
know, that evolution proceeds by microgenetic rather than macrogenetic 
alterations and that this evidence is in harmony with experimental genet-
ics,” and he appealed to Mayr’s colleague, the invertebrate paleontologist 
Kenneth Caster, “I hope you will be willing to make a statement on this 
subject” (quoted in Cain 1993, 12). The concern here was that many pale-
ontologists had in the past been “seduced” by macromutations and salta-
tions as explanatory mechanisms for major evolutionary change. Indeed, 
Mayr recalled many years later that “most paleontologists were either 
saltationists or orthogenesists, while those we believe to have been neo- 
Darwinists failed to write general papers or books” (Mayr 1980, 28). As a 
response, Cain concludes, biologists “effectively controlled the identity of 
biology through the synthesis period,” and “  ‘synthesis,’ from this perspec-
tive, meant the expansion of laboratory work together with the subsump-
tion of descriptive studies by field and museum workers who were ‘brought 
into line’  ” (Cain 1993, 17– 18).

The trend in paleontological statements about evolution, then (as evi-
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denced for example in published annual presidential addresses of the 
Paleontological Society from that period), reflects paleontology’s move 
closer to the mainstream of biological evolutionary theory (and away from 
saltationism and orthogenesis), but also indicates the extent to which the 
“disciplining” efforts of synthetic biologists were successful in engineering 
agreement with neo- Darwinian principles. Paleontologists would certainly 
benefit from greater participation in the evolutionary biology community— 
more secure institutional positions, greater respect for their data, better 
access to mainstream publications and conferences, and a larger stake in 
theoretical discussions all followed over the next few decades. But there 
was a cost as well: as Patricia Princehouse argues, “in large part the Mod-
ern Synthesis served to sideline major research traditions in paleontology” 
(Princehouse 2003, 21). One of those traditions involved approaching mac-
roevolutionary analysis of the fossil record with confidence that paleontol-
ogy had unique access to patterns and processes of evolution undetectable 
by genetics or systematics.

The Species Question

As early as 1940, Huxley situated the species problem at the heart of the 
emerging evolutionary Synthesis. In his introduction to The New System-
atics, Huxley defined the project of the “new systematics” as “detecting 
evolution at work,” and in particular answering the question of “how dis-
continuity in groups is introduced into the biological continuum,” or in 
other words answering whether the divisions imposed by taxonomy cor-
respond in some natural sense to real populations of organisms (Huxley 
1940, 2). Huxley’s answer was fairly unequivocal: in most cases “species 
can be readily delimited, and appear as natural entities, not merely con-
venient fictions of the human intellect,” and he concluded that “species 
are in some sense valid natural groups” (Huxley 1940, 11, 16). The same 
year, Mayr offered his now- famous definition of the “biological species 
concept”: species are groups of actually or potentially interbreeding natu-
ral populations, which are reproductively isolated from other such groups 
(Mayr 1940). This definition was reprinted two years later in Systematics 
and the Origin of Species (Mayr 1942), where it had wide influence in the 
emerging Synthesis.

While Mayr’s discussion of the species concept sidestepped questions 
about the ontological reality of biological species, it is important to note 
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that this definition effectively excluded paleontologists from the discus-
sion. Paleontologists have no way of grouping fossils into interbreeding 
populations or of assessing reproductive isolation, and so are limited to 
estimating degrees of morphological similarity. Unlike Huxley, who had 
rather dismissively claimed that paleontology “can only give us informa-
tion concerning the course of evolution, and not concerning its mecha-
nism,” Mayr did acknowledge the challenge of addressing what he calls 
“allochronic” (temporal) species in an imperfect fossil record. Ultimately, 
however, the best he could offer is that paleontologists and biologists 
mean different things when they discuss species: as he put it, “the ‘species’ 
of the paleontologist is not necessarily always the same as the ‘species’ 
of the student of living faunae,” since paleontologists have no choice but 
to impose arbitrary divisions based on breaks in stratigraphic sequences 
(Mayr 1942, 154).

One of the first responses to this problem from the paleontologists came 
from Norman Newell, who published a paper titled “Infraspecific Catego-
ries in Invertebrate Paleontology” in the third issue of the journal Evolu-
tion. Newell, in 1947, was recently arrived as curator of invertebrate pa-
leontology at the American Museum of Natural History, working under 
G. G. Simpson. It can fairly be said that nobody did more to promote the 
agenda of evolutionary paleontology in the 1950s and ’60s than Newell, and 
his influence, measured directly through his work and indirectly through 
his mentoring of students and younger paleontologists, was profound. 
Newell’s hand touched nearly every major aspect of paleobiology during 
his career, and he can be said to have been directly responsible for, in no 
particular order: the investigation of broad patterns in the fossil record, the 
development of quantitative approaches to fossil databases, the study of 
the evolutionary significance of mass extinctions, and the creation of the 
subdiscipline of paleoecology. Throughout his career, Newell also tirelessly 
promoted the institutional agenda of paleobiology, and he trained many of 
the leaders of the movement’s next generations.

Newell’s 1947 paper was clearly a call to action for both paleontologists 
and biologists. The opening line proclaimed that “evolution as a modern 
philosophy requires the synthesis of paleontology, genetics, and neontol-
ogy,” and Newell proceeded to diagnose just what he thought paleontol-
ogy could and should contribute to that Synthesis (Newell 1947, 163). It is 
noteworthy that Newell favored the term “neontology” here and in later 
publications; he regarded paleontology and biology as sister disciplines, 
and in part his championing this notion influenced important members of 
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both communities. Newell’s target in this essay was the gap between the 
paleontologic and neontologic understandings of “species,” the closure of 
which, he argued, was a crucial step in facilitating greater synthesis. The  
problem involved the common paleontological practice of basing taxa on 
single type specimens, which, in Newell’s mind, failed consider “the vari-
ability of organisms in taxonomy.” In other words, whereas biologists un-
derstood “species” as populations of organisms exhibiting graded variabil-
ity, paleontologists tended to assign specimens that differed only slightly 
from one another to separate taxa.

The solution, according to Newell, was for paleontologists to adopt the 
biological concept of “subspecies” and to develop greater sophistication 
in establishing methods for discerning the true relationships between re-
lated organisms. His definition of subspecies as “entire populations, or 
races, which have become differentiated through some degree of isolation” 
was drawn from Mayr’s 1942 Systematics and the Origin of Species, and 
explicitly conceived of these populations as geographic and populational 
units (Newell 1947, 164). Of course, paleontologists are unable to establish 
genetic relationships between fossil organisms, but Newell argued that pa-
leontology would benefit simply from paying closer attention to the popu-
lational and biogeographical vocabulary of biology. For instance, he urged 
paleontologists to abandon the imprecise concept “variety,” which does not 
necessarily connote a distinct population, in favor of the biological “subspe-
cies,” which usually does.

Newell’s argument was more than simply a semantic one: if paleontolo-
gists were indeed to participate fully in the Modern Synthesis, they must 
accept the principle that “in all probability, evolution invariably has been 
accompanied by gradual morphological change” (Newell 1947, 167). Since 
the time of Darwin paleontologists had been aware of the likelihood of 
missing transitional sequences in the fossil record, but before the Synthe-
sis, paleontologists did not feel particularly constrained by a theoretical 
necessity to extrapolate a continuous gradation of forms between taxa. 
Theories like orthogenesis and saltationism allowed alternatives to per-
fectly graded sequences. However, accepting the synthetic definition of 
evolution meant accepting Mayr’s and Dobzhansky’s populational under-
standing of taxa, in which species are inherently unstable, variable entities 
and divisions between taxonomic groups are often very subtle. So New-
ell’s argument was important not only because it drew attention to the 
asymmetry between paleontological and biological taxonomic definitions, 
but also because it issued a challenge to paleontologists: if they wanted to 
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sit at the table, they would have to find a way to make their data workable 
within the conceptual vocabulary of biology and genetics.

This was no easy task, and paleontologists would spend the next several 
decades attacking and arguing about this problem. Newell’s initial sugges-
tions involved quantitative strategies that looked back towards Simpson’s 
earlier work and forward to the approaching quantitative revolution in nu-
merical taxonomy (on the growth of the quantitative taxonomy movement, 
see Hagen 2003): one strategy required establishing empirical criteria for 
determining a population’s inherent variability, which involved adapting 
the “normal curve” of variation for particular kinds of organisms (fig. 1.1). 
Another approach used stratigraphy to estimate the effects of time and ge-
ography on speciation— in effect treating evolution not just as a vertical 
sequence of forms, but as one that involves significant horizontal branch-
ing due to geography (barriers and migrations) and infraspecific variation 
(Newell 1947, 167– 169).

Newell’s discussion of the paleontological species concept played into 
a larger discussion and debate that began to unfold on the pages of Evo-
lution and carried on throughout the 1950s. It must be remembered that 
the synthetic conceptual approach Newell was promoting was still quite 
new and did not enjoy universal support even among biologists. In taxo-
nomic circles, there was far from complete agreement about even the ba-
sic philosophical integrity of the concept of the “species” itself. In 1949 
paleontologist Benjamin Burma published a contentious opinion piece in 
Evolution in which he argued, from a logical perspective, that given the 
reality of indefinitely grading breeding populations, “when we try to deal 
with larger aggregates of individuals, our categories become more and 
more abstract and empty of any real meaning.” Therefore, he concluded, 
“  ‘species’ have only a subjective existence” (Burma 1949, 370). This posi-
tion drew immediate criticism from Mayr, who pointed out the reality 
of “sharp” discontinuities between populations in every environment on 
earth, arguing that “the arrangement of organic life into well- defined units  
is universal,” hence “there can be no argument as to the objective real-
ity of the gaps between local species in sexually reproducing organisms” 
(Mayr 1949, 371). This attempt at resolution did not end the debate. The 
next year paleontologist Maxim K. Elias published a paper in Evolution 
that drew further attention to the temporal component in species defini-
tion, and concluded that “for the paleontologist both genera and species 
are mere temporal cross- sections of an endless continuity of changes, no 
segment of which . . . can possibly constitute an objective reality” (Elias 
1950, 177).
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When Simpson stepped into the conversation in 1951 with a longer 
meditation on the problem, he advocated a practical solution. He began 
by noting that the “species question” is a central and perennial discus-
sion in evolutionary theory, and that while “its endless discussion is some-
times boring and seemingly fruitless,” it is nonetheless “not wholly futile” 
(Simpson 1951, 285). In addition to the debate that had been running in 
Evolution for two years, a parallel discussion, less concerned with philoso-
phy than with taxonomic practice, had been taking place in the pages of 
Journal of Paleontology at the very same time; the JP debate consisted of 
Weller 1949, Jeletzky 1950, Bell 1950, and Wright 1950. Simpson offered 
to try to navigate these two disputes, though he observed the extreme dif-
ficulty involved in “combin[ing] some of their apparent but not really con-
flicting views into one consistent statement,” especially since he “agree[d] 
with most of what all the authors” had written. A large portion of the dis-
agreement could be attributed to semantics, which he essentially waved 
away by avoiding “such terms as ‘real,’ ‘natural,’ or ‘objective,’  ” and sub-
stituting the terms “arbitrary” or “nonarbitrary” to refer to classification 
procedures that either do or do not group organisms “on the basis of per-
tinent, essential continuity” (Simpson 1951, 286). Then, following Newell 
and others, Simpson endorsed the genetic, populational account used by 
neontologists as an example of the most important, nonarbitrary defini-
tion of species (though he admitted that other definitions are valid), pro-
vided they were modified to properly take notice of the temporal factor.

When Simpson arrived at the practical issues involved in paleonto-
logical taxonomy, however, he acknowledged significant difficulties: pale-
ontology and neontology have different kinds of data, and paleontology  
is more often confronted by “discontinuities” of both “observation” and 
“re cord” in reconstructing ancient populations (Simpson 1951, 290 – 291). 
Granting that paleontologists must deal with “special questions” involv-
ing “succession or sequence,” he elaborated a procedure for paleontologi-
cal classification: (1) compare multiple sample populations and estimate 
“morphological variation in those populations”; (2) if no significant varia-
tion is present, assume “a single population and hence taxonomic group”; 
(3) if differences do apply but overlap in mean variation is present, as-
sume multiple subspecies; (4) if differences apply without overlap, assume 
distinct species (Simpson 1951, 291). This procedure set the quantification 
of mean variability for a population as a central task for paleontological 
taxonomy, and the technique he proposed to model the phyletic relation-
ships between populations involved graphically representing samples as 
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variation curves in temporal and morphological sequence (fig. 1.2). This 
proposal would become the standard general method for presenting in-
fra-  and interspecific relationships in paleontology.

While Simpson had perhaps the final word among paleontologists in 
the initial debate in Evolution, the flurry of interest in the paleontological 
species concept continued over the next several years. In 1954, a special 
meeting of the British Systematics Association was convened to consider 
“The Species Concept in Palaeontology.” This symposium, and the even-
tual published proceedings, were billed as a kind of follow- up to Julian 
Huxley’s 1940 volume The New Systematics, which had also been spon-
sored and published by the Systematics Association. Huxley’s volume 
had, at its publication, been a manifesto of sorts for the emerging Modern 

Figure 1.2 Simpson’s variation curves.
Possible interpretations of data from two related fossil species separated in space and/or 
time. A. The data without interpretation. B. Interpretation as a single phyletic sequence  
(a and c are the same species by genetic definition). C. Interpretation as a branching sequence 
(a and c are different species by genetic or evolutionary definition). From Simpson 1951, 297.
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Synthesis that had attempted to redefine the project of taxonomy as “that 
of detecting evolution at work” (Huxley 1940, 2). “Specifically,” Huxley 
had written in his introduction, “its chief question is how discontinuity 
in groups is introduced into the biological continuum,” or in other words 
whether the divisions imposed by taxonomy correspond in some natural 
sense to real populations of organisms. The general conclusion of the new 
systematics, according to Huxley, was that “species can be readily delim-
ited, and appear as natural entities, not merely convenient fictions of the 
human intellect”; Huxley credited geographic isolation and the “Sewall 
Wright effect” for producing the discontinuity that allowed systematists 
to make sharp distinctions between taxa (Huxley 1940, 11).

While Huxley’s grand vision for systematics earned considerable noto-
riety and is remembered as one of the major texts of the Modern Synthe-
sis, David Hull has concluded that “in retrospect, very little that could be 
counted as ‘new’ actually appeared” in the volume (Hull 1988, 102). The 
collection also had very little to say about paleontology, which as a disci-
pline was represented by only a single paper (out of 21 in the volume), and 
about which Huxley dismissively remarked that “owing to the nature of 
its data, can only give us information concerning the course of evolution, 
and not concerning its mechanism” (Huxley 1940, 3n3). The 1954 meeting 
then was a chance to revisit the issue in light of the more recent debates 
about the species concept between and among paleontologists and biolo-
gists, or as Errol White, who chaired the symposium, reflected in the pub-
lished proceedings, “for the purpose of promoting an exchange of views  
between zoologists and palaeontologists on the application of the more 
recently developed taxonomic methods to palaeontological problems” 
(White 1956, iii). The meeting, like its predecessor, drew a mostly British 
panel of speakers, including both paleontologists and neontologists, with 
the single American contribution coming from Newell, who spoke on fos-
sil populations. This fact seems rather odd given that the majority of pale-
ontological discussion about the species problem was being conducted by 
American scientists, but perhaps the organizers reasoned, as Huxley had 
in 1940, that relying mostly on British contributors would “facilitate the 
co- ordination of the different articles” (Huxley 1940, v).

British paleontologist P. C. Sylvester- Bradley began the volume with 
an introductory essay about “the new palaeontology,” which he defined 
as “more than anything else . . . the comparison of vertical with horizontal 
variation,” or the introduction of the “three- dimensional” species concept 
(Sylvester- Bradley 1956, 4). This theme reappears in many of the essays, 
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variously referred to as “the time factor,” or the “chronospecies,” and is 
enthusiastically applauded by the paleontologists who contributed to the 
volume (Thomas 1956, 17; Rhodes 1956, 38). Many of these papers simply 
revisited the debate carried out in Evolution, although F. H. T. Rhodes’s 
summary offered the constructive proposal that “a combination of the con-
cepts of Dobzhansky and Simpson may provide an acceptable solution” 
(Rhodes 1956, 49). Interestingly, a number of the authors explicitly re-
jected Huxley’s confidence in the reality of biological species, including  
J. B. S. Haldane’s rather scathing two- page contribution, which concluded 
that “in a complete palaeontology all taxonomic distinctions would be as 
arbitrary as the division of a road by milestones” (Haldane 1956, 96).

Indeed, White’s summation of the meeting leaves the distinct impres-
sion that not all participants were convinced that major strides had been 
taken. Noting the “curious lack of emphasis” on problems with the fossil 
record and the “tacit assumption of the gradualness of evolution,” White 
mused,

It is only just to the older palaeontologists to point out that some of the claims 

made for the new taxonomic approach by its more enthusiastic devotees go 

far beyond the facts. Awareness of the difficulties presented by the three- 

dimensional palaeontological species is not a new development engendered by 

the ‘New Systematics’; neither has ‘the synthesis of taxonomic and evolution-

ary ideas’ nor its ‘assimilation into palaeontological thought’ resulted from the 

work of the last fifteen years.

White’s comments were directed squarely at Sylvester- Bradley’s enthu-
siastic essay (from which the quotations were taken), and his conclusion 
made no bones about his implied rebuke: “Fresh breezes are doubtless 
blowing through the musty halls of orthodox palaeontology, but some of 
us may be forgiven for thinking that in places the amount of wind is exces-
sive” (White 1956, iv).

Despite the inconclusive outcome of the symposium, Newell’s contri-
bution made a noteworthy effort at extending some of Simpson’s propos-
als towards practical fruition. Newell wisely sidestepped the difficulties 
involved in identifying species from fossil data by declaring that “the ge-
nus, which, in practice, is the smallest consistently recognizable unit, has 
become the working unit of palaeontology” (Newell 1956, 63). The main 
target of Newell’s analysis was the unique set of  problems paleontology 
faced in applying taxonomic divisions to fossil populations. Here his major  
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concern was preservational bias: while “the fossil record is in fact aston-
ishingly rich and meaningful,” the “time dimension” in paleontology com-
plicates matters, since “the selection of species limits in a vertical series 
might be arbitrary” (Newell 1956, 67). In other words, the added dimen-
sion of time is both a boon and a hindrance to paleontology: within a given 
“horizontal” sample (i.e., a group of organisms taken from the exact same 
stratum or “moment” in geological time) it might certainly be possible to 
distinguish taxa, including species and perhaps even subspecies or varie-
ties. But paleontology also has a vertical dimension, and as the taxa iden-
tified from horizontal samples continue forward in time, it is extremely 
difficult to discern where taxonomic limits or divisions should be placed 
(fig. 1.3). This situation is further complicated by the fact that vertical 
sequences are almost always interrupted, and the paleontologist is not 
guaranteed to fill in these gaps by further collection. Finally, as Newell 

Figure 1.3 Newell’s illustration of population variation over time.
From Newell, 1956, 69.
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noted, horizontal and vertical perspectives must be combined to get an 
accurate picture of the influence of geography on phyletic evolution: “It 
may be doubted . . . that appreciable portions of the evolution of a lineage 
are completed at one place without extensive migration accompanied by 
repeated segregation and reunion of local populations (geographic spe-
ciation)” (Newell 1956, 70). Nonetheless, in the face of such apparently 
insoluble difficulty, Newell remained confident that “properly conceived 
and diagnosed, palaeontological species and subspecies can be consis-
tently recognized and studied by the same methods as those employed in 
neontology” (Newell 1956, 70 – 71).

The answer to this problem, Newell determined, was to apply quantita-
tive analysis to the confusing array of fossil data— to let statistics do what 
the paleontologist is unable to accomplish using traditional descriptive 
techniques. In the past, paleontologists had relied on a typological basis for 
identifying species and higher taxa, but ecological and evolutionary study 
required paleontology to reorient itself to the biological population un-
derstanding; according to Newell the “crude procedure” of typology “does 
not measure up to modern requirements in studies of stratigraphic and 
evolutionary palaeontology” (Newell 1956, 71). This is mainly because the 
typological species concept ignored population variability, which should 
in each instance follow a normal population curve (à la Simpson’s 1951 
discussion). A type specimen is normally chosen (i.e., sampled) arbitrarily, 
and the paleontologist had no guarantee that it “represent[s] the most fre-
quent condition of populations” (i.e., that it would fall in the middle of a 
normal variability curve). Instead, the procedure should be to select, ide-
ally as randomly as possible, a group of examples from a population and 
to estimate, using “biometrical analysis,” the range of variation for that 
population. The trick, according to Newell, “is to summarise in a reason-
ably accurate way the characteristics of a vast assemblage of individuals, 
perhaps numbering billions, by means of data provided by a few speci-
mens” (Newell 1956, 74).

The only way such a drastic extrapolation would be justified would be if 
paleontologists had confidence that the few specimens chosen gave a rea-
sonable indication of the limits of variability in their parent population. 
Surprisingly, Newell argued, most populations can be estimated in such a 
way, and individual samples are in fact reliable indicators of average vari-
ability provided that they are sampled randomly. The mistaken belief that 
only large and well- documented collections could be analyzed this way 
had meant “very little headway has been made toward the establishment 
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of uniform practice in quantitative palaeontology.” What we are seeing 
in Newell’s proposal is the solidification of a major argument that statisti-
cal analysis can correct for the inadequacies of fossil preservation. This 
would be perhaps the single most important future direction in paleobiol-
ogy, but it ultimately depended on a serendipitous convergence of pale-
ontological thinking and technology. As Newell noted a few years later, 
“the recent application of electronic IBM computers in the solution of 
paleontologic problems” is “more than just another statistical technique”; 
rather, as he went on to predict, the advent of inexpensive, readily avail-
able digital computing meant that “in the near future, we may have at our 
disposal the means for more or less routine quantitative solutions of all 
sorts of paleontological problems involving complex interrelationships of 
many variables” (Newell 1959, 490). In other words, evolutionary paleon-
tology was about to become a quantitative discipline.

Conclusion

Overall, what the debates over the paleontological species problem show 
us is that paleontologists, during the period following the Modern Syn-
thesis, took the task of bringing their concepts and methods into line with 
biologists’ very seriously. This does not mean, necessarily, that paleontolo-
gists were accepted as equal partners at the evolutionary “high table” (they 
weren’t), nor that they were able to decisively “solve” the species problem. 
Indeed, despite philosophers’ attempts to step in to mediate the dispute, 
arguments about the proper way to define and identify species continue 
today. One recent discussion in paleontological literature observes, for ex-
ample, that “there is a strong flavor of scientific parochialism in this debate: 
workers in different biological disciplines typically favor their own brand of 
species concept” (Lieberman, Miller, and Eldredge 2007, 34).

What is particularly interesting about the responses of paleontologists 
during the short period of time I have discussed, however, is the approach 
that was taken to resolve a significant dilemma. On the one hand, pale-
ontologists such as Simpson and Newell were invested in supporting the 
Modern Synthesis and in advocating an expanded role for paleontology 
within evolutionary biology. On the other, they were faced with a diffi-
cult choice: either to reject a central premise of that Synthesis (the bio-
logical species definition) or to recuse themselves from a vital discussion 
in evolutionary systematics. Rather than chose either extreme alternative, 
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Simpson and especially Newell redefined the discussion so that it would  
(a) allow meaningful participation by paleontologists, (b) accommodate 
paleontological data, and (c) adopt at least the language of the increasingly 
quantitative approach to evolutionary theory used by biologists of the  
Synthesis.

This tactic offers a microcosm of the strategy of the broader paleobio-
logical movement, of which Newell was a great champion, that developed 
over the next several decades. A central goal of that movement— which 
culminated in the analytical, theoretical work of Stephen Jay Gould, Steven 
Stanley, David Raup, Jack Sepkoski, and others in the 1970s and ’80s— was 
to appeal for greater disciplinary autonomy for paleontology while simul-
taneously borrowing explicitly from the methodologies of biology, ecology, 
and other disciplines (see Sepkoski 2012). In this way, Simpson and Newell’s 
“solution” to the species problem in the early 1950s mirrored the “adaptive 
strategy” of evolutionary paleontology more broadly: to develop a mean-
ingful way to integrate the new genetic understanding of evolution into 
paleontological discussions while maintaining a distinctly paleontological 
approach to studying evolution. This tactic may have been only partially 
successful in convincing biologists to take paleontology more seriously, but 
it had a transformative effect on paleontology itself.
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chapter two

The Species Problem: Concepts,  
Conflicts, and Patterns Preserved in 
the Fossil Record
William Miller III

It was the best of times, it was the worst of times, it was the age of wisdom, it was the age of 
foolishness, it was the epoch of belief, it was the epoch of incredulity . . . — Charles Dickens, 
A Tale of Two Cities

Introduction

In recent years, the “species problem” has mainly stood for the seem
ingly endless debate over operational species concepts: which concep

tualizations or practical approaches work best in delimitation of species 
of various kinds. But there is more to it than that (Allmon, chapter 3, 
this volume). The species problem also involves making the case that spe
cies correspond to real evolutionary products or entities and visualizing 
what those entities could be— the ontology of species. And these issues 
are con nected to approaches used in the practical business of identifying 
taxa in samples. When it comes to the fossil record, there is the additional 
complication associated with trying to discover or delimit species using 
mostly skeletal residues of organisms.

There is a strong parochial flavor to the debate over species concepts. 
Biologists interested in asexual or uniparental organisms attempt to de
limit or visualize species differently than mammal or bird biologists; and 
the botanists often have another point of view (Wheeler and Meier, 2000). 
And using varied methods to delimit taxa and match them to real evolu
tionary entities— gene markers and sequencing, morphometry, methods 
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of phylogenetic systematics, ecologic and behavioral analysis, etc.— has 
resulted in a proliferation of concepts (Mayden, 1997; Harrison, 1998; Hey,  
2001; Coyne and Orr, 2004; Wilkins, 2009a; Hausdorf, 2011). It might seem  
that the new methods have actually made answering the question “What 
is a species?” more elusive than it has ever been (Allmon, chapter 3, this 
volume). To make the situation more complicated, a split has developed 
between taxonomists who think a resolution of the species problem is in 
sight (by recognizing the difference between operational criteria and an  
ultimate concept, and by realizing that many operational concepts are ac
tually pointing to some version of a lineage concept of species: de Queiroz,  
1998, 1999, 2007; Miller, 2001, 2006) and those who say that species are not  
really discrete entities in nature after all (a reprise of Darwin’s stance on 
the relationship between varieties and species, and the expectation that 
diversity should unfold gradually and continuously: Bachman, 1998; Mal
let, 1995, 2001; Wu, 2001).

Add to this the issues and limitations faced by paleobiologists, who try 
to keep pace with movements in neobiology, but have to face the daunting 
task of discovering species using, in most cases, a few skeletons of once 
living organisms. This has led to our own internal division: some workers 
consider delimitation of species in the fossil record an impossibility (be
cause only parts of phenotypes of organisms are preserved), while others 
continue to emphasize the central role of species in macroevolutionary 
theory (the hierarchical level in evolution where innovation and diversi ty 
are “saved” and positioned in the structure of clades [Gould, 2001]). (The 
chapters by Allmon [chapter 3] and Allmon and Sampson [chapter 4] in 
this volume evaluate this division in more detail.) The former stance can 
be seen in efforts to detect trends in the history of Phanerozoic diversi ty 
(resolution of patterns involving higher taxa seem more tractable and be
lievable than reconstructing species diversity patterns). The latter posi
tion is taken in discussions of punctuated equilibria, species sorting/se
lection, diversity loss and recovery associated with pulses of extinction, 
connections of macroevolutionary patterns to development of large scale 
ecologic systems, and in documentation of eruption, expansion and de
mise of clades (e.g., Eldredge, 1985, 1989, 2003; Vrba, 1985a, b, 1993, 2004; 
contributions in Erwin and Anstey, 1995; Lieberman et al., 1995; Miller,  
2002, 2004; contributions in Vrba and Eldredge, 2005; Lieberman et al. 
2007.)

The purpose of this essay is to explore the “species problem” from a 
paleobiologic point of view. I will do this by reviewing briefly the problem 
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as it stands in neobiology; by arguing that a general concept applicable to 
all kinds of organisms is a possibility; and by showing how we, as paleobi
ologists, now have a central role in the discussion— we are no longer camp  
followers in this controversy, but are positioned to be central players in its 
resolution. When the crucial element of time (provided by the fossil re
cord) is added to the discussion (although speciation can happen in many 
different ways and outcomes can vary) the nature of species as lineages 
becomes much clearer. I have been thinking about this issue for some 
time (Miller, 2001, 2006), and this essay presents a more personal point of 
view than I have previously offered.

Practical Problems, Working Concepts, and On to Theory:  
A Personal View

Every paleobiologist who actually puts their hands on samples and speci
mens has, at some point in their career, faced the practical side of the ques
tion and/or the more theoretical version: What is a species? Sorting through 
a large sample of richly fossiliferous Pliocene sand, disaggregating a huge 
block of Jurassic siltstone loaded with bones, or scanning a big slab of 
Ordovician limestone filled with brachiopods and bryozoans— the exact 
circumstances do not really matter— if we are at all introspective, we have 
to face the same questions. Is it possible to identify these specimens “to 
species” (i.e., comparable to species delineated by neobiologists), to rec
ognize the differences between closely related forms, and do the species 
taxa identified or delimited correspond to real evolutionary entities? Are 
skeletons alone adequate for doing these things? Is every little difference 
in skeletal morphology indicative of a different species, or simply the in
traspecific variation we have learned to expect within a species?

My own experience came early. When I was about 13 years old, I started 
collecting and trying to identify late Cenozoic fossil molluscs from the 
outer Coastal Plain of North Carolina. Looking back, my early attempts 
to identify those bivalves and gastropods were pretty ambitious. Among 
the first sources I tried to use were Julia Gardner’s U.S. Geological Survey 
Professional Papers 199A and B (1944 and 1948, respectively)— covering 
an array of assiduously described and beautifully illustrated Pliocene and 
Miocene shells. My reaction was a mixture of shock (in the sense that for
mations could contain so many different species, delimited in some cases 
on very subtle shell features) and awe (the publications were beautifully 
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produced; but moreover how could anyone ever figure all of this out?). 
Later I would think that Gardner had overdone it for some of the genera 
(fig. 2.1), but more recently I am not so sure. I had the same kind of ex
perience in my undergraduate paleontology class when Ken McKinney 
introduced the concept of morphologically variable species, and then con
fronted me with a series of Cenozoic Ecphora gastropods. Were they all 
different species, based on minor variations in shape and ornamentation, 
or were most of them varieties of only a few species? And later in gradu
ate school, when I encountered the literature on pyramidellid gastropods, 
it was the same experience. Could each coastal embayment or depth zone 
on the shelf really harbor its own set of unique species, or had the experts 
indulged in some mighty immoderate splitting? From attempting to iden
tify the species in a single rock sample all the way up to tracing changes in 
diversity patterns through the Phanerozoic, one eventually confronts some  
aspect of the “species problem.”

My position, until recently, was that the biologic species concept was 
probably the correct picture of species as evolutionary products (at least 
for biparental metazoans); but because I was involved in community pa
leoecology, and had never tried to make connections between ecologic 
patterns and processes and evolutionary theory, I really did not pay close 
attention to the debate over operational species concepts heating up in the 
1970s and ‘80s. Like the majority of my colleagues, assuming that morpho
logic species of fossils corresponded in most cases to biologic species (and 
that biologic species were the real things) was adequate for me. Recently, 
however, I have started to mistrust species delimitation based solely on 
morphologic criteria, and I have been persuaded that the biologic concept 
has some serious problems (for similar thoughts see, e.g., Lambert and 
Spencer, 1995; Wheeler and Meier, 2000). As far as an “ultimate” concept 
is concerned (one applicable to most kinds of organisms, and representing 
the “true” nature of species), I now think G. G. Simpson probably had it 
essentially right half century ago; but when it comes to practical problems 
of telling closely related species apart, any combination of approaches that  
delimits taxa coming close to representing real species lineages might be 
the best we can do (Claridge et al., 1997; Wheeler and Meier, 2000). Now 
I realize that I must pay attention to the various aspects of the “species 
problem,” because I am convinced that one of the next frontiers in evolu
tionary theory involves discovering connections between macroevolution
ary patterns and the origin, development, and collapse of large regional 
ecosystems (Vrba, 1985a, b, 1993, 2005; Ivany and Schopf, 1996; Miller, 
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Figure 2.1 Late Cenozoic species and subspecies of the bivalve Astarte.
From various localities in southeastern Virginia and eastern North Carolina, as recognized by 
Julia Gardner (1944, pl. 12— see p. 51–  61 for evaluation of taxa and locality data). Gardner’s 
identifications in this plate are: 1–  4, A. symmetrica; 5–  8, A. exaltata; 9– 10, A. roanokensis; 
11– 12, A. hertfordensis; 13– 14, A. arata; 15, A. coheni; 16 – 17, A. stephensoni; 18, A. hert
fordensis meherrinensis; 19– 20, A. (Astarotha) rappahannockensis; 21, A. hertfordensis; 22,  
A. (A.) griftonensis; 23– 24, A. berryi; 25, A. (A.) undulata; 26 – 27, A. (A.) undulata vaginulata;  
28, A. (A.) griftonensis; 29– 30, A. (A.) undulata deltoidea; 31, A. (A.) undulata; 32– 34, A. (A.)  
concentrica; 35– 36, A. (A.) undulata deltoidea; 37, A. (A.) concentrica conradi; 38– 39, A. (A.)  
concentrica bella; 40, A. (A.) concentrica; and 41, A. (A.) concentrica conradi. Should these 
forms be regarded as many separate species based on subtle differences in morphology, or 
as only a few species displaying intraspecific geographic variation— a perennial problem in 
paleontology?
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2002, 2004; Eldredge, 2003; Eldredge et al., 2005; Erwin and Anstey, 1995; 
Lieberman et al., 2007), and it is impossible to get very far with that line 
of thinking without knowing what species are and how to discover them 
in collections of fossils.

Three Centuries of Species Concepts

A comprehensive history of the species concept is beyond anything I can 
accomplish here (see Stamos, 2003; Allmon, 2013), so I will use On the Or
i gin of Species as a manageable— and familiar— starting place. Darwin 
(1859) certainly was not the first naturalist to discuss the properties of 
species, but most texts and evolution courses do not push the story back 
much further than him. Mayr (1982) provided a concise summary of pre 
Darwinian evolutionary theory and species concepts; and Wilkins (2009a, 
b) has provided a more extensive history of early concepts. But starting 
with Darwin, we should remember that his ideas grew out of a context of 
late 18th century thinking about species, and that the historians of biol
ogy still have a lot of territory to explore before publication of the Origin 
(Wil kins 2009a, b; Allmon, 2013; Eldredge, 2015). In general, many of the 
major themes and tensions that we recognize today are in play by the time 
Linnaeus is assembling and revising his Systema Naturae: essentialism vs. 
nominalism, the idea of unity owing to common descent as opposed to 
shared features, discontinuities separating true species vs. intergrading 
varieties, kinds of living things fixed since creation vs. varieties and species  
produced through “secondary causes.” Thus, the seeds of the “species prob
lem” were sown long ago (Stamos, 2003; Wilkins, 2009b; Allmon, 2013;  
Eldredge, 2015).

Darwin’s attitudes toward species— at least the convictions he held af
ter recognizing natural selection as the primary mechanism of transmu
tation— are well known from a few passages in the Origin. He claims that 
the true nature of species remains undecided (“No one definition has yet 
satisfied all naturalists,” 1859, p. 44); that delimitation is more a matter of 
seasoned expertise than anything else (“In determining whether a form 
should be ranked as a species or a variety, the opinion of naturalists having 
sound judgment and wide experience seems the only guide to follow,” p. 47);  
and that species are simply varieties that have very gradually matured 
over time (“Varieties have the same general characters as species, for they 
cannot be distinguished from species,” p. 58). There is the possibility that 
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Darwin was keeping an earlier personal view of species in his pocket (the 
notion that species are like individual organisms, with a birth, life history, 
and eventual death), or avoiding the problem in order to get the word out 
about natural selection to as many naturalists—  of all persuasions— as 
possible. (The latter interpretation or something similar has been sug
gested before; but see Mallet [1995] for another opinion.)

In recent essays, Eldredge (2009a, b; Dominici and Eldredge, 2010) 
has discussed the extent to which Darwin was both directly and indirectly 
exposed to the works of earlier naturalists (e. g., Brocchi’s Conchiologia 
Fossile Subapennina published in 1814), some of which visualized species 
as separate creations or genealogic entities with births, separate histories,  
and deaths— a picture rather like the modern evolutionary or lineage 
concept. It may be the case that by the time of the Origin, he did not pro
mote or favor this or any particular view both because he thought natu
ral selection requires varieties to gradually become separate species and 
possibly because he did not want to detract from his main agenda; but he 
does acknowledge what Stamos (1996) calls horizontal species (entities 
that become distinct after sufficient prolonged maturation, but with an
cestors grading imperceptibly into descendants through time). Or in Dar
win’s words, “Varieties, when rendered very distinct from each other, take 
the rank of species” (p. 114).

Some biologists and philosophers of science think the “species prob
lem”— as we usually speak of it— really did not become a crucial aspect of 
evolutionary theory until the Modern Synthesis (Dobzhansky, 1937; Mayr,  
1942, 1993; Huxley, 1943; Simpson, 1944; Eldredge, 1985; Hey, 2006; de 
Queiroz, 2005), with its emphasis on gene pools, population structure, geo
graphic context, variation and polytypic species, and the possibility of  
isolated reproductive communities (starting with Fisher [1930], Dobzhan
sky [1935, 1937], and Mayr [1940, 1942]). At this stage, we can divide most 
taxonomists into two general camps: those who lean toward a phenetic or 
morphologic species concept, and those attempting to apply the biologic 
species concept (“Species are groups of actually or potentially interbreed
ing natural populations which are reproductively isolated from other such 
groups” [Mayr, 1942, 120]). The latter becomes widely accepted by zoolo
gists, although taxonomy in practice— until the introduction of molecular 
genetic techniques of species delimitation, augmented by morphometry 
and ecologic and behavioral studies— is largely carried on using the most 
obvious anatomic features. (This was especially true for paleontologists 
and the museum taxonomists, who concerned themselves with practical 
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problems of delineation using collections of fossil or preserved speci
mens. As Mayr [1982, 276] put it, “Where only preserved material is stud
ied, as is true for many groups of insects and other invertebrates, the pre
vailing species concept is rather typological even today.”) In other words, 
although many neobiologists and some paleontologists claimed to adhere 
to the biologic species concept with the introduction of the synthesis, es
pecially when writing about evolutionary processes (e.g., Imbrie, 1957), in 
practice species were still classified or identified based on a limited number 
of phenotypic properties, a practice going right back to Linneaus (King,  
1993).

By the last half of the 20th century, the debate over delimitation and real
ity of species began to heat up. This wasn’t just about biology; there was also 
some social context. This was a time of departmental splits (“organismal” 
vs. molecular biology), finer division of specialties, proliferation of workers, 
diversification of methods, and the multiplication of specialist journals. In 
paleontology, the divide between traditional specimen based research and 
new analytic approaches opened (Sepkoski, 2012). The best the paleontolo
gists seem to have been able to do when it came to evolutionary theory 
and ecology was to follow the lead of the neobiol ogists. By the end of the 
century, about two dozen species concepts were in circulation, with the de
bate mostly taking place on the neobiology side of the aisle (Mayden, 1997; 
Wheeler and Meier, 2000; Hey, 2001; Wilkins, 2009b; Allmon, chapter 3, this 
volume). Although operational concepts are still proliferating, some neo  
and paleobiologists are beginning to think that many of these apparently 
different concepts can be seen as amounting to different approaches to the 
same unified concept (emphasizing different stages in the speciation process 
or certain contingent properties of species [de Queiroz, 1998; Allmon and 
Sampson, chapter 4, this volume])— a picture of the ultimate nature of spe
cies not unlike Simpson’s evolutionary species concept (1951, 1961; Miller, 
2001, 2006).

A recent development involves a return to ideas Darwin would have 
found appealing, mostly held by molecular geneticists (Mallet, 1995, 2001; 
Wu, 2001). Instead of distinct entities having different phenotypes, effec
tive isolating mechanisms, or at least separate histories as lineages consist
ing of metapopulations extended through time, some writers think that a  
continuous gradation of distinctiveness or adaptations (reminiscent of 
Dar win’s views about varieties, species, and the reliability of delimitation 
based on fertility) is a more accurate picture of the organization of life 
above the level of local populations. Parts of genomes may diverge, possibly  
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producing phenotypic differentiation but not necessarily involving total 
reproductive isolation. In Mallet’s (2001, 888) words, “Speciation is a pro
cess of emerging genealogical distinctiveness, rather than a discontinuity 
affecting all genes simultaneously.” This is obviously a genome centered 
view of species and speciation, but may not be incompatible with a general 
lineage concept (de Queiroz, 2007)— it can be viewed as another practi
cal approach, or a “magnified” view of certain stages in the speciation  
process.

Thus, at the beginning of the 21st century, different operational con
cepts are still used by different practitioners working on different kinds of 
organisms, but attitudes related to an ultimate concept have settled into 
three modes. (1) The biologic species concept is still used, in some cases 
in more sophisticated ways (Lambert and Spencer, 1995), but many neo   
and paleobiologists (especially those interested in macroevolutionary 
theory) are thinking of species more in terms of independent lineages, 
con sisting of populations and comprising clades, having unique proper
ties and histories, that may or may not be strongly differentiated and 
reproductively isolated— essentially the evolutionary species concept 
(Simpson, 1951, 1961; Miller, 2001, 2006; Allmon, chapter 3, this volume). 
(2) The genome centered practitioners are resurrecting Darwin’s views 
and eschewing hierarchical thinking (i.e., not much discussion of different 
properties of populations/species/clades, construed as nested historical 
entities in nature). (3) But some ecologists, biogeographers, and paleon
tologists continue to think that when it comes to practical problems of 
delimitation, whatever works, works; and that determining the ultimate 
nature or ontology of species is not within our grasp, or that one particu
lar concept cannot be used to discover or delimit species of all kinds (see 
the discussion in Hull, 1997)— hence the epigraph at the beginning of my 
essay.

The Paleontologic Perspective

Through all of this, paleontologists probably have been the most pragmatic 
practitioners of all (Sylvester Bradley, 1956; Fox, 1986; and especially the 
review by Allmon, chapter 3, this volume). Identification and classifica
tion of species based on fossils, in some cases the remains of organisms 
having no close living relatives, mostly involves exclusive focus on skel
etal anatomy (traditionally qualitative description of size, form, and kinds  
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of preserved body parts). Other phenotypic properties (physiology, be
havior, certain aspects of development) are considered irretrievable in or
dinary fossil deposits in many cases (fig. 2.2). (But consider the problem of 
detecting cryptic species in the fossil record. If subtle phenotypic features, 
developmental variations detected in growth series of specimens, paleo
environmental context, and paleoecologic patterns are taken into ac count,  
cryptics may in fact be identifiable [fig. 2.3].)

As with tracing the history of modern evolutionary theory, in the his
torical summaries of species concepts in paleontology, we usually do not 
start any earlier than Lyell (1832) and Darwin (1859) (but see Allmon, 
2013, for a new review). (And there really is not a sharp professional dis
tinction between neo  and paleobiologists in the late 1700s–  early 1800s, 
anyway.) Again, these 19th century naturalists or natural historians were 
not the first to try to define species. The tension between Cuvier’s views 
and those of Lamarck— a world of fixed species periodically revamped vs.  
species undergoing an uncoordinated, gradual, continuous transforma
tion— is certainly at play when Lyell and Darwin were on the stage and is 
still being debated today (Rudwick, 1985; Gould, 1977; Wilkins, 2000a, b;  
Eldredge, 2015). Lyell’s (1832) thinking about the nature of species, at 
least in Principles of Geology vol. 2, is close to Cuvier’s: transmutation 
is not supported by evidence, species are separate entities in nature, 
and char acteristic variation is a specific property (not evidence of transi
tions) (see Wilkins, 2009a). In the earliest days of biostratigraphic prac
tice, species were mostly viewed as real things in nature (being distinctive 
and having diagnostic properties), and to be anatomically stable and per
sistent enough over time to be used in the practical business of ordering 
and correlating sedimentary rock formations. Eldredge (2009b, 2015; Do
minici and Eldredge, 2010) has shown that Brocchi (1814) was one of the 
first paleontologists to state this clearly, comparing the life history of spe
cies (having some form of natural births, distinctive roles in nature, and 
eventual deaths) to human lifespans. After Darwin, paleontologists antic
ipating gradual, continuous evolutionary transitions became preoccupied  
with how best to divide continuous lineages into biostratigraphically useful  
segments (e. g., Trueman, 1924; Simpson, 1943, 1961; Sylvester Bradley, 
1951, 1956; Imbrie, 1957; Allmon, this volume).

My impression is that paleontologists working before the synthesis of 
the mid 20th century either were hyper pragmatists unconcerned with a 
grand theory of species and speciation (a tradition that continues today), 
or developed evolutionary theory that did not feature natural selection as  
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Figure 2.2 Phenotypes of living organisms and fossils.
Phenotypes of living organisms (A), including the integrated general properties of anatomy 
(body parts), behavior (reaction to environmental stimuli including other organisms), physi
ology (chemical reactions and pathways within living organisms), and development (patterns 
and processes of growth and development). “Recovered” phenotypes of fossils (B) are mostly 
patterns of skeletal anatomy (structural parts, forms of skeletons and skeletal units, and sizes 
of preserved elements). The other general properties, however, could be inferred from, for 
example, trace fossils (behavior), growth series (development), and environmental distribu
tions (physiology) (see fig. 2.3).
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Figure 2.3 Subtle differences in skeletal morphology, paleoenvironmental context, and pa
leoecologic patterns could be used to delimit cryptic species in the fossil record.
In this hypothetical example, a cryptic species of the articulate brachiopod Platystrophia 
might be detected based on slight differences in morphology (N1 vs. N2), supported by close 
association with facies representing deposition in a low diversity, muddy bottom, oxygen 
deficient environment (right portion of diagram).

the primary mechanism (Gould, 1977; Allmon, 2013). We got on with the  
tasks of naming and classifying newly discovered fossils, or revising previ
ous classification schemes, and doing biostratigraphy to justify our exis
tence, without any coherent, widely accepted species concept. Those (few)  
paleontologists looking for evolutionary patterns in the fossil record  
were concerned mostly with finding crucial “stepping stone” taxa (in
termediate forms) and establishing the origins and relationships among 
higher tax onomic groups (Rudwick, 1985). In practice, fossil species were 
delimit ed based on skeletal features; they were grouped into genera and 
families based on shared anatomical characters, not dramatically different 
from the prac tice of 18th  and early 19th century naturalists. Simpson (1943, 
1944, 1951, 1953, 1961) was the first modern paleontologist to take up the 
“species problem” in a significant and influential way by emphasizing the 
time dimension in speciation theory and species ontology. And we have to 
wait until the introduction of punctuated equilibria (Eldredge and Gould, 
1972; Gould and Eldredge, 1977) before interpretations of patterns in the 
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fossil record begin to significantly bolster the view of species as stable, inde
pendent lineages (consisting of populations and comprising clades).

Dimensions of the “Species Problem”

When most evolutionary theorists, ecologists, and taxonomists discuss the 
“species problem,” they are usually talking about the many competing op
erational concepts employed to delimit species. Although over two dozen 
concepts have been proposed, only a few are actually seriously discussed, 
but all of them can be reduced to three general categories (see below). 
There is in any case more to the problem than approaches to delimitation.  
The “species problem” also involves whether or not species are real things 
in nature, the issue of whether delimited taxa actually correspond to real 
evolutionary entities (a problem that gets mixed up in some instances with 
methods of delimitation), and the idea favored by some theorists that a 
single universal species concept is possible that would include all kinds of 
organisms— prokaryotes and eukaryotes, sexual and asexual, uni  and bi
parentals, fossil and Recent. And it should be remembered that the “spe
cies problem” impacts alpha taxonomy, the practical work of dis covering 
and describing new species, leading on to the basic operation of making 
species inventories for different applications.

Adventures in alpha taxonomy

It is conceivable that one could discover and name new species, and use 
collections and monographic treatments of groups of organisms to iden
tify specimens, without any strong theoretical commitments (indeed, gen
erations of biostratigraphers and naturalists did essentially this). One could 
proceed simply by placing organisms in species based on the most ob
vious or well preserved phenotypic traits without any conscientious adher
ence to a species concept—  operational or ultimate— and without accept
ing any particular version of speciation theory. Many workers, at least  
since Darwin’s time, have accepted that some form of evolution produced  
the patterns of taxonomic relatedness/distinctiveness, that the patterns 
consist of species, but that there is no pressing need for grand generaliza
tions about the nature of species or about evolutionary theory. But even 
nuts and bolts taxonomists and taxonomy consumers who think they are 
theory free really are not (recall “The Cloven Hoofprint of Theory” in El
dredge and Gould, 1972, 84 –  86). They have either developed personal 
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procedures of discovery/identification based on experience and ingrained 
methodology, or were indoctrinated in such a method during their profes
sional training (embodying a concept, stated or not); or they use literature 
produced by others who actually did have theoretical orientations and spe
cies concepts in mind.

Neo  and paleobiologists using (as opposed to producing) published 
classification systems make contact with the “species problem” indirectly 
and the results are obvious. If the author of a monograph on Cretaceous 
bivalves adheres to something close to the Dobzhansky Mayr biologic spe
cies concept, species delimitation is likely to be relatively generalized, with  
similar forms or morphs regarded as examples of intraspecific variation, 
even if they come from different localities or stratigraphic levels. If the au
thor wanted to coin a limited number of names, so the classification would  
not overwhelm the stratigraphers trying to use the fossils to estimate rela
tive ages of formations and working out inter regional correlations, some
thing similar might result. If the author tried to apply some version of 
phylogenetic systematics, it is possible that every variant would have got
ten its own species name, especially if specimens came from different lo
cations or stratigraphic levels. If the literature is from the late 1800s–  early 
1900s, a typologic concept may have been followed, which could produce 
a similar result. And if neontological monographic work involved an ef
fort to disclose cryptic species within a clade suspected of harboring them, 
a lot of specimens that look pretty much the same might be regarded as 
separate species— indicating that the author was hedging her bets for a 
good (environmental, ecologic) reason. The lumper splitter tension is at 
play here, resulting from different motivations, and the people trying to 
identify specimens become the downstream recipients of someone else’s 
convictions about how to discover species and possibly speciation theory. 
At the least, taxonomists discovering and naming new species should 
clearly state the operational (or ultimate) concept they favor. On the con
sumer side, paleoecologists, biostratigraphers, and others using published 
classifications and collections should be aware of the kind of concept that 
guided the taxonomists. But which operational approach works best? Do 
species taxa delimited using any of the methods now in use correspond to 
evolutionary entities?

Operationalism, parochialism, and a few decades of feuding

Since the 1970s, most of the noise generated about the “species prob
lem” has resulted from clashes between different groups of neobiologists  
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favoring different operational methods of species delimitation. An even 
narrower internecine conflict has erupted within the overall debate con
cerning different versions of the phylogenetic concept— a feud within a 
feud (see Hull, 1988; Wheeler and Meier, 2000). At least 26 ostensibly dif
ferent species concepts have been proposed or applied in this interval 
(Mayden, 1997; Harrison, 1998; Brooks and McLennan, 1999; Hey, 2001; 
Wu, 2001; Coyne and Orr, 2004; Wilkins, 2009a; Hausdorf, 2011), although 
as previously noted most of them can be reduced to three general catego
ries based on major criteria (Miller, 2001; Wilkins, 2009b). It is important 
to emphasize here that the brief review that follows is about operational 
approaches— methods of delimitation within clades sometimes contain
ing many superficially similar species.

Category 1: Concepts based on reproductive unity, cohesion, recogni
tion, or intergroup sterility. These concepts emphasize reproductive isola
tion or maintenance of reproductive networks. The most familiar concept 
in this category is the biologic species concept, having an old pedigree 
but formalized as an indispensable element of evolutionary theory in the 
Modern Synthesis (Mayr, 1942; Eldredge, 1985). In this view, species are 
groups of populations that consist of individual organisms capable of in
terbreeding to produce fertile offspring. Prezygotic or postzygotic “isolat
ing mechanisms” prevent or limit successful out crossing with other spe
cies. From the perspective of transspecific evolution, the establishment of  
reproductive isolation is the key step in the origin of a new species. From 
the point of view of delimitation, individual organisms that can mate 
to pro duce fertile offspring belong to the same species; organisms that fail 
this test (or lack the requisite isolating mechanisms) belong to separate 
species (see one of the most recent formulations in Mayr, 2000). Temple
ton’s (1989, 25) cohesion concept is similar, emphasizing that species consist 
of the most inclusive group of individuals “having the potential for genetic 
and/or demographic exchangeability.” The recognition concept of Paterson 
(1993) belongs in the same general category, as the defining characteristic 
of a fully formed species is a common system of fertilization, which in
cludes mate recognition (anatomic compatibility, chemical signals, “hard 
wired” behavior). This is the modernized version of the biologic concept 
(Eldredge, 1995). All of these concepts stress some form of reproduc
tive unity or exclusion as the major criterion; at least some phenotypic 
properties— those associated with isolation and recognition— have to be 
related to reproductive unity, cohesion, or recognition, but other adaptive 
morphologic features may be of secondary importance in delimitation.
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Category 2: Concepts based on shared or exclusive properties of identi
fied lineages. These are the approaches collected under the general cat
egory of the phylogenetic species concept. One version requires “disso lu
tion of the stem species in a speciation event” (the Hennigian concept; Meier 
and Willman, 2000, 31), another specifies that organisms are “grouped into 
species because of evidence of monophyly” (monophyletic concept; Mishler 
and Theriot, 2000, 46 –  47), and a basic version simply requires that species 
taxa should be the “smallest aggregation of (sexual) populations or (asex
ual) lineages diagnosable by a unique combination of character states” 
(diagnosable concept; Wheeler and Platnick, 2000, 58). Beyond these re
quirements, all phylogenetic concepts emphasize the de tection of ancestral 
characteristics (plesiomorphies) as opposed to new phenotypic properties 
(apomorphies) acquired during the process of divergence.

In most versions, species (as targets of delimitation methods) repre
sent minimally separate lineages having initiations (speciation events), 
separate histories, and eventual terminations (usually lineage extinction). 
Some versions require or anticipate reproductive isolation, some do not; 
and only a few subtle features are required to discover separate lineages 
(Cracraft, 1989). The idea is that species can be delimited by (1) identifying 
unique phenotypic properties (diagnosable characters) and (2) determin
ing the order of appearance of these properties during the development of 
a clade (represented by the familiar nodes and branches of cladograms) 
(for a lucid summary, see Futuyma, 1998). The primary goal is to construct 
hypothetical trees consisting of related organisms, the smallest branches 
of which are probable species taxa positioned with respect to each other 
based on phenotypic features, denoting ancestor descendant relationships 
or degree of relatedness.

Category 3: Concepts based on the presence or absence of various proper
ties (characters) of specimens. This is a large collection of operational con
cepts that group organisms into species if those organisms exhibit or con tain 
the same features. These approaches may either be guided by a particular 
speciation theory, or could be free of any reliance on theory; and practition
ers may view the clusters of organisms so delineated as actual genealogic 
entities, as approximations to evolutionary products, or simply as things 
that fit the criteria of a classification scheme having unknown or uncertain 
evolutionary significance (the tension between methodologic precision and 
taxonomic accuracy is lurking here, as it is in the methods of phylogenetic 
systematics; see Wiley and Mayden, 2000). This is the general category that 
includes the morphologic concept (based on the presence and form of key 
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anatomic properties), the closely related phenetic concept (“variation in a 
set of characters is less within a group than between groups” is indicative 
of a separate species; Mayden, 1997, p. 404), and various forms of the ge
netic concept (delimitation based on properties of the genomes of organ
isms that can be detected and compared using the methods of molecular 
genetics). The recent applications of sequencing techniques and especially 
the genotypic cluster concept (Mallet, 1995) fall under this category. Many 
neobiologists involved in microevolutionary studies, taxonomic revisions 
and biodiversity assessments of living organisms employ some version of 
this approach coupled with morphometric analysis, and if feasible obser
vations of ecologic and behavioral properties (for an interesting example, 
see Ishida et al., 2011 and references therein)— sources of information that 
may not be readily available to paleobiologists. Genetic analysis without 
connection to phylogenetic methods is conceptually rather close to a tradi
tional phenetic approach.

Other kinds of operational species concepts.The foregoing is not an ex
haustive survey. In the case of asexual organisms, some form of an agamo
species concept (acknowledging a special status for species of bacteria and 
protists) could be applied. If adaptive phenotypic features are regarded 
as key characters in delimitation, the ecological species concept might be 
favored. As mentioned above, paleontologists have divided what they re
garded as anagenetic lineages into biostratigraphically useful segments 
referred to generally as successional species based on differences in skel
etal features in specimens collected at different stratigraphic levels. For 
a more complete review of operational concepts, evaluations, and the 
important literature, Mayden’s 1997 essay remains the best introduction.

The Potential Role of Paleobiology in the Resolution of the 
“Species Problem”

For at least a century, paleontologists have rehashed the “species prob
lem” from their point of view, but I do not think we have had much of an 
impact in terms of potential resolution (Allmon, chapter 3, this volume)— 
 until fairly recently. In terms of the practical problems associated with 
delimitation of species taxa, neobiologists have provided us with mul
tiple approaches and concepts. And it turns out that the most effective 
approaches have involved combinations of these methods. In my view, 
however, the flow of ideas about the reality of species is starting to run in 
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the opposite direction, as a result of high resolution studies of spatiotem
poral distribution of fossils, application of phylogenetic methods to fossil 
data sets, and new macroevolutionary theories that place species lineages 
at center stage. It is also becoming clear that the outcome of species  
level evolution is varied (fig. 2.4), and that speciation can occur in differ
ent ways (although there may be dominant modes for different kinds of 
organisms or certain environmental situations), involving different geo
graphic contexts and mechanisms (Otte and Endler, 1989) (some impor
tant modes are illustrated in fig. 2.5).

Speciation, species lineages, and the proof of time

Species formation in all kinds of organisms involves (1) appearance and 
spread of new phenotypic traits (ranging from modest modifications [e. g., 
in clams, slight modification in shell ornamentation] to dramatic reorgani
zation of phenotypes [e. g., involving a complex of anatomic, physiologic, 
and behavioral traits, as when developmental restructuring produces a  
progenetic paedomorph); (2) fragmentation of cohesion systems/repro
duc tive communities/habitat clusters; and (3) especially the formation of 
new, independent lineages. Fully formed species lineages are often stable 
over thousands to millions of generations; they are simultaneously parts 

Figure 2.4 Variation among the products of speciation.
(A) Vrba’s (1980, fig. 5) view, accounting for reproductively isolated + differentiated products 
and cryptic species; (B) a more comprehensive conception that includes minimally diagnos
able taxa (having few or subtle traits that differ from parent /sister species, with or without 
reproductive isolation, yet representing a separate lineage— a separate evolutionary entity) 
(Miller, 2001, fig. 2).
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and wholes, consisting of local population systems (demes) and com
prising clades (groups of species lineages sharing a common ancestor) 
(fig. 2.6). And in most cases, the interval of time required for species to 
completely part from an ancestor and achieve (phylogenetic, ecologic) 
autonomy is orders of magnitude shorter than the overall lifespan of the 
species lineage (Gould, 2002). As things stand today in speciation theory, 
these are the only really safe generalizations about the speciation process 
that would apply to nearly all kinds of life forms.

Figure 2.5 Speciation involving different combinations of geographic context, mechanisms, 
and outcomes.
Although four speciation pathways resulting in several different outcomes are depicted, all re
sult in separate lineages having a beginning (speciation), a unique (phylogenetic, ecologic) his
tory, and eventual termination (extinction) (see fig. 2.6). Out of the many possibilities, some 
examples are: (A) geographic separation + natural selection, resulting in either morphologi
cally differentiated + reproductively isolated species or geographic variants; (B) differentiation  
in sympatry, possibly driven by subtle phenotypic differences under sexual selection, resulting 
in a flock of slightly different species; (C) intermittent geographic separation + drift, produc
ing lineages that may or may not feature diagnosable characters but may interbreed when 
reunited; (D) hybridization, producing a morphologically differentiated + reproductively iso
lated species having traits derived from the two parent species. Miller, 2006, fig. 2.
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Figure 2.6 Species consist of population systems extended in time, and comprise clades of 
related species lineages.
(A) Clade consisting of three species; (B) internal structure of a species lineage made of 
demes that branch, fuse, go extinct, or diverge to form one or more possible new species; 
different possible metapopulation structures at one particular instance in the history of an 
established species include (C) broad geographic deployment with few barriers and outliers,  
(D) metapopulation consisting of a large “plasmodial” core with outliers that require re
plenishment /reestablishment after local extinction, and (E) structure consisting of a small 
core (or system of cores) that acts as a source for outliers that function as sinks requiring 
subsidies to avoid local extinction or that undergo repeated recolonization. Model E is the 
classic source sink structure considered to be characteristic of many continental metapopula
tions (Pulliam, 1988); large marine metapopulations may be more like models C or D (see the 
discussions for varied taxa in Kritzer and Sale, 2006).
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Harrison (1998) has discussed the steps in the speciation process, includ
ing appearance of novel characters, separation of populations, disruption 
in gene flow, and attainment of “exclusivity” (distinctive, stable properties).  
It is important to realize that these steps can come in different combinations 
or sequences in different instances of speciation. Not only can the prod
ucts of the speciation process be strikingly different (for metazoans: fully 
reproductively isolated + anatomically differentiated, reproductively iso
lated but minimally differentiated [the usual meaning of cryptic or sibling 
species], and “minimally diagnosable taxa” [truly separate lineages, but 
neither reproductively isolated nor strongly differentiated from ancestors/
closely related species]), but the geographic contexts and mechanisms (se
lection, drift) may occur in different combinations (figs. 2.4, 2.5). I think 
this complex picture of species formation is one of the main sources of the 
conflict over ultimate nature of species. But to set the stage for speciation, 
involving any realistic pathway or order of events, some form of (habitat, 
geographic, reproductive) separation of population systems is required.

As I wrote in 2006 (565), “The general product of any speciation path
way, no matter which combination of geographic context and mecha
nism is involved, is the species lineage, a historical entity having a begin
ning (spe ciation), a unique history and internal structure, and an eventual 
termination (extinction).” Viewed in this way, species have a special sta
tus in evolutionary theory. This is the level of biological organization and 
change where innovations are saved and injected into the history of life 
(Futuyma, 1987), where tokogenetic dynamics leave off for the most part, 
and where phylogenetic processes (definitive splitting) take over— the 
great “ratchet click” of species level evolution (Gould, 2001).

Perspectives on speciation and the structure of species lineages in neo  
and paleobiology are understandably different owing to differences in 
spatiotemporal resolution. Operational concepts focusing on reproductive 
unity and phylogenetic patterns appear to resolve stages in the speciation 
process (Harrison, 1998); the fossil record mostly reflects the condensed 
history of species of mainly skeleton bearing organisms— the end products 
of speciation processes. In many cases in the modern biota, it is difficult 
to determine conclusively whether separated demes or demic complexes 
have become full fledged species or are still varieties, subspecies, incipient 
species, etc. If neobiologists could fast forward the history of an incipi
ent species, the actual/eventual status could be confirmed. Although the 
same kind of problems (intergrading morphologies, slight variations in 
allochronic/allopatric specimens, possible cryptics) is encountered in the 
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interpretation of fossil taxa, paleobiologists have the advantage, in a sense, 
of seeing the finished products of speciation. (Think about the main street 
of a small town, lined with bars and restaurants, all very busy on a Saturday 
night. You are strolling past a pub when suddenly a brawl breaks out on 
the sidewalk caused by a dozen or so patrons trying to beat each other to 
a pulp. When did the fight begin: at the uttering of the first insult, when 
the first beer glass was launched, when the first blows were struck, or when 
the police arrived? Every fistfight consists of a unique series of events and 
situated in the middle of a melee you might be able to identify the crucial 
developmental stages of any particular fight, but not the outcome. Now 
view the same brawl captured on video from across the street, but sped up. 
All of the events embedded within the fight are collapsed into a relatively 
short interval of entangled bodies, between much longer bracketing inter
vals of people moving in and out of the pub. The former is rather like the 
perspective of neobiologists; the latter is more like what paleobiologists 
detect in fossil data sets [e.g., fig. 2.7].)

Species lineages as fundamental units of modern  
macroevolutionary theory

The laws of motion and thermodynamics, based on empirical experience  
and expressed mathematically, have broad application in astronomy, chem
istry, geology, engineering, and biology (Silver, 1998). When generaliza
tions about what nature contains and how it functions work this well and in 
varied, distantly related (or derivative) scientific endeavors, we accept the 
reliability (or provisional reality as core concepts) of the generalizations. 
The apparent dominance of allopatry (really any form of habitat, repro
ductive, or geographic separation) and natural or sexual selection as the 
main components of the speciation process (in terms of mode, or relative 
frequency) may deserve similar status in evolutionary biology (Lieberman 
et al. 2007). And I would argue that a lineage concept (Simpson, 1951, 1961;  
de Queiroz, 1998, 1999, 2007; Miller, 2001, 2006; Allmon, chapter 3, this  
volume) might qualify for the same status in macroevolution and macro
ecology. Punctuated speciation and lineage stasis, species selection, turn over 
pulses and persistence of regional ecosystems, “sloshing bucket” dy namics, 
and macroevolutionary consonance (Eldredge and Gould, 1972; Gould 
and Eldredge, 1977; Stanley, 1979; Eldredge, 1985, 1989, 2003; Vrba, 1980, 
1985a, 1993, 2004; Lieberman et al., 1995, 2007; Benton and Pearson, 
2001; Miller, 2002, 2003, 2004, 2005; Eldredge et al. 2005; Jablonski, 2008)  
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are plausible interpretations of recurrent large scale patterns in the his
tory of life only if species are viewed as historical entities or individuals 
(having births, life histories, and eventual deaths) uniquely positioned 
in the genealogic hierarchy (consisting of demic systems and making up 
clades of related lineages). In theories that attempt to connect recurrent 
macroevolutionary patterns to development of large ecologic systems, the 
lineage concept is particularly important, both in terms of description and 
interpretation (fig. 2.7).

Philosophers of science and language will see a lot to pick at here. For 
example, Stamos (2003) thinks that punctuated equilibria (which is a cor
nerstone of all of the theoretical movements mentioned above) is not a 
scientific theory but a metaphysical proposition, because of the impos
sibility of proving that the earliest and last members of a lineage belong 

Figure 2.7 The role of species lineages in establishment, development, and collapse of re
gional ecologic systems: related to turnover pulses and coordinated stasis.
Based on Miller, 2006, fig. 1. (A) Previous dominant species driven to extinction by climate 
change or geologic processes affecting a large region; (B) rare species having the same fate; 
(C) rare species in a previous ecologic regime promoted to dominance in the succeeding 
system; (D) species in the old ecologic regime giving rise to numerous descendants (some 
becoming important players in the new system, some not attaining ecologic prominence [E]) 
in the new regime; (F and G) species invading and abandoning the region (see the recent 
discussion of connections between development of large scale ecologic systems and macro
evolutionary patterns in Lieberman et al., 2007).
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to the same reproductive community. And citing patterns of punctuated 
speciation and subsequent phenotypic stasis as both a reason to accept the 
lineage concept (empirical experience) and a way to build macroevolu
tionary theory (“theoretical ammunition”) may be getting too close to cir
cularity. Punctuated equilibria is firmly established on empirical grounds 
(summarized in Gould, 2002; Eldredge et al., 2005, 2015) and functions 
logically as a working part or precondition of other recent macroevolu
tionary and macroecologic theories (e.g., Eldredge, 2003; Miller, 2004; 
Vrba, 2005; Lieberman and Vrba, 2005; Lieberman et al., 2007; Jablonski, 
2008). If we do not trust theory, we ought to remember the experience 
of the earliest biostratigraphers, who two centuries ago discovered that 
fossils could be used to estimate relative ages of strata and to correlate 
formations from one region to another. The fossils they used had to be 
strat i graphically persistent and distinctive enough to do these things. High 
 resolution zonation and correlation are possible in the locally incom
plete, mostly telescoped stratigraphic record only if the fossils being used  
represent stable, independent lineages with at least a few unique skeletal 
features. And this returns our attention to G. G. Simpson.

All the Way Back to Simpson

Eldredge (1993, 3) began an essay on the “species problem” with this 
not so upbeat comment: “Each generation, evolutionary biologists seem 
doomed to grapple with the species question. . . . The task is often seen as 
Sisyphean, with no final consensus on what really constitutes a ‘species’ 
ever emerging.” I think the first part of this is actually a good thing— that 
we should continue to confront the problem and keep trying to achieve 
resolution. The last part of the quote might be too gloomy, because I think 
we are beginning to see a realistic picture of the true nature of species as 
evolutionary entities. In fact, many popular operational concepts seem to 
be beating separate paths to the same ultimate concept: some version of 
the lineage concept. This is not (yet) a consensus position, however, be
cause some neo  and paleobiologists either don’t believe in ultimate con
cepts or will not admit that taxa correspond to evolutionary units; because 
in the view of some geneticists the Darwinian view of continuous, gradual 
transitions precludes the notion of anything like species as individuals; 
and because some alpha taxonomists and applied biologists are not con
cerned with theory at all.
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Yet recent developments in paleobiology are supporting the lineage 
concept of species in more than one way. One of the dominant modes 
of species level evolution involves some form of separation or fracturing  
of a predecessor or ancestor species, producing buds or fragments that of
ten become phenotypically stable entities featuring little in the way of 
directional change until terminated by extinction (allopatric speciation as 
a component of punctuated equilibria). And punctuated speciation and 
lineage stasis serve as theoretical scaffolding for the interpretation of a 
variety of related, recurrent macroevolutionary patterns. Things begin to 
look “real” when they keep recurring in nature and function well as work
ing parts of theories (Blackburn, 2005). From my point of view, accepting 
that some form of lineage concept is the most accurate picture of species 
of all kinds of organisms does not require a leap of faith, just an acknowl
edgment of the significance of patterns preserved in the fossil record. 
Thus, I think Simpson (1961, 153) had it right all along: “An evolutionary  
species is a lineage (an ancestral descendant sequence of populations) 
evolving separately from others with its own unitary evolutionary role  
and tendencies.”
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chapter three

Studying Species in the Fossil Record: 
A Review and Recommendations  
for a More Unified Approach
Warren D. Allmon

There is no doubt that considerable differences in outlook exist between palaeontologists and 
neontologists, due to a mutual failure to understand each other’s concepts of species.
—Thomas, 1956: 17

Species recognition is at the core of the paleontological enterprise and is an essential compo
nent in building an accurate understanding of evolution.—White, 2003: 1997

Introduction

The theoretical literature on species and speciation has frequently been 
viewed as chaotic, onerous, and unenlightening (e.g., Hull 1997; Mor

rison 2011; Harrison 2012), but it remains unclear the degree to which this 
apparent disorder indicates nature’s complexity or our ignorance, or both. 
For example, “The argument on the appropriate way(s) to define a ‘spe
cies’ is still unsettled” (Gavrilets 2003, 2197); “There is no consensus on 
what exactly a species is” (Barton 2001, 325); and “No binding rules exist 
for the classification of individuals into species, nor is it clear whether spe
cies exist at all” (Kunz 2012, 1). The study of speciation has been called 
the “continuing search for the unknown and unknowable” (Paterson 1981, 
113). Speciation, says Hunt, is “elusive— too slow to observe in the pres
ent day, too rapid to capture in the geological record” (2010, S69). “The 
problem of speciation,” wrote Provine, “exemplifies . . . a sequence in 
which the relative assurance of earlier explanations unravels in the light 

 EBSCOhost - printed on 2/13/2023 7:23 AM via . All use subject to https://www.ebsco.com/terms-of-use



60 chapter three

of greater knowledge, leaving confusion and disunity” (1991, 201). Argu
ments about species and speciation are often heated and philosophical, 
and the response of many evolutionary biologists “has been to ignore (if 
not disparage) these discussions” (Harrison 1998, 19). For many biologists, 
this “lack of interest reflects discomfort with a debate that appears to have 
no end and seems to have become increasingly muddled” (Howard 1998, 
439). Such controversy “seems to suggest that there is no general agree
ment about what species are, and if this is the case, then the possibility 
of understanding how species come into being also seems unlikely” (de 
Queiroz 1998, 57).

The situation in paleontology has frequently seemed, if anything, even 
murkier (Allmon and Yacobucci, introduction, this volume). In their sur
vey of 20 years of paleontological studies of speciation, for example, Erwin 
and Anstey (1995, 12) suggested that the diversity of neontological spe
cies discussions “leads to the seemingly inescapable conclusion that there 
is neither a unified definition of species nor a unified explanation of the 
mechanisms of speciation; nor does either seem likely in the near future.” 
This lack of consensus— combined with the inherent incompleteness of 
the fossil record— seems to have discouraged most modern systematic pa
leontologists from paying much more than perfunctory attention to the 
details of what species are and how they should be recognized.

Despite this seemingly widespread ennui, however, there has recently in 
fact emerged something of a working consensus on a number of important 
aspects of our understanding of what species are and how they arise, both 
in living forms and in the fossil record (e.g., de Queiroz 1998, 2007; Miller 
2001, 2006, chapter 2 of this volume; Harrison 2014). This often unrecog
nized common ground surely does not mean that there remains no unex
plained complexity in nature around these issues. It does, however, appear 
to provide an opportunity for at least some standardization of methods 
for recognizing and discussing species, especially as they are perceived in 
fossils.

This chapter and the one following (Allmon and Sampson, chap ter 4, 
this volume) attempt to lay out what appear to be the commonalities in 
our understanding of the nature of species and speciation, and to put these 
into an analytical framework that can be applied across the fossil record 
(at least of animals) in order to develop generalizations about the causes 
of speciation for evolutionary paleobiology. I have attempted a thorough  
survey of the literature, and included a large number of citations to it,  
be cause discussion of these topics is scattered widely and has not been 
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elsewhere comprehensively reviewed. My treatment is both an exercise 
in methodological simplification and an endorsement of the idea that  
at least some substantive aspects of nature may actually be simpler than 
they might at first appear. As I try to make clear, I am under no illusions 
that all of the questions around species and speciation can be addressed, 
much less solved, by this discussion. My goal is, rather, to advocate for a 
more unified approach that can generate new data and conclusions useful 
for addressing some of the “big questions” that we want answered about 
the history and diversity of life. In both paleontology and neontology, 
there are significant signs that the biological phenomena of species and 
speciation are becoming more rather than less clear. In some important 
respects, however, evolutionary paleobiology cannot expect to be taken 
seriously by neontological evolutionary biology— at least on discussions 
of species— unless it pays explicit attention to these signs.

More particularly, this chapter has two main objectives. First, I argue 
for adoption by paleontologists of a single, “unified” species concept, of 
the sort that is becoming widely accepted among neontologists. I limit my 
discussion to biparental animals, and there is an emphasis on marine in
vertebrates (although I have tried to adequately represent vertebrates as 
well). I recommend that paleontologists formally embrace the general lin
eage concept (GLC) of species as the best description of both what species 
are and how they can be understood in the fossil record.

Second, I provide an overview of the current operational status of spe
cies in studies of fossil animals. Despite the widespread perception that 
recognition and delimitation of species in fossils are arbitrary, futile, and 
biologically meaningless activities, there is in fact something of a working 
consensus on how to carry out these basic and essential tasks. Yet this con
sensus is, at best, irregularly applied in the technical literature. I review  
this consensus and recommend that it be more formally recognized and 
adopted.

The species problem

Since the term was coined by paleontologist E. R. Trueman in 1924, the 
“species problem” has had various neontological characterizations (Mayr 
1957; O’Hara 1993; Ruse 1995; Brooks and McLennan 1999; Isaac and 
Purvis 2004; de Queiroz 2005a; Richards 2010), and the “species prob
lem” in paleontology has seemed even more complex (Allmon 2013). As 
mentioned above, discussion of such issues is seen by many evolutionary 
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biologists and paleontologists as interminable and unproductive. Yet the 
frequently noted magnitude and apparent chaos of the literature on spe
cies concepts and definitions (e.g., Hull 1997; Mayden 1997, 1999; Har
rison 1998, 2010, 2012; Brooks and McLennan 1999; Coyne and Orr 2004; 
Reydon 2004; Mallet 2007; Hausdorf 2011; Kunz 2012) easily obscures the 
two fundamental biological questions that lie at its core: What are species?  
And how can/should we recognize them? Adding fossils adds more ques
tions to this twofold inquiry.

Seen in this way, the species problem in evolutionary paleontology actu
ally consists of at least three separate but closely related issues (Allmon 
2013): I. What are species in living organisms? (the “species nature prob
lem”); II. How are living species recognized or delimited, and to what de
gree can “species” as recognized among living organisms be recognized in  
the fossil record? (the “species recognition problem”); and III. To the de
gree that species can be so recognized, to what degree can fossil species be  
studied as modern species are? That is, what can we learn about the ori
gin and evolution of species from fossils that we could not otherwise learn? 
(the “fossil species study problem”) (see table 3.1). This classification forms 
the framework for this and the following chapter.

The first question, what species are, is among the oldest questions in  
biology (Mayr 1957, 1982; Stamos 2003; Wilkins 2009; Allmon 2013). This 
question has at least two major components (table 3.1). These are, as 
Mayr (1957, 6; 1982, 285) suggested: (IA) Are species real things in na
ture, or only constructs of human thinking/perception? This is “the ques
tion of whether biological nature really is discontinuous. Do species exist 
as discrete, objective entities?” (Coyne and Orr 2004, 9). (IB) If species 
exist, what if any features do they all have in common, and are these com

TABLE 3.1 Decomposition of the challenge of studying species in the fossil record into three com
ponent questions. Based on Allmon (2013).

I. Species nature problem. What are species?
A. Are species real?
B. Are they one thing or more than one thing?
II. Species recognition problem. How can and should species be recognized and delimited?
A. How are living species delimited?
B. To what degree can “species” as recognized in living organisms be recognized in the fossil 
record?
III. Fossil species study problem. What can we learn about species (and speciation) from fossils?
A. To what degree can fossil species be studied as modern species are?
B. What can we learn about species (and speciation) from fossils that we would not otherwise 
know?
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monalities sufficient to refer to all of them by a single term, concept, or  
definition?

Question I— the reality and nature of species— has been repeatedly 
confused with question II— species delimitation, and (as pointed out by 
many others, e.g., Eldredge and Cracraft, 1980, 94; Adams 2001; Ghiselin 
2002; Coyne and Orr 2004; de Queiroz 1998, 2005a, 2007; Hey 2006; Wiens 
2007; Kunz 2012) this conflation has produced much of the persistent and 
frustrating muddlement in the literature. The criteria by which living spe
cies are delimited or recognized (question II) constitutes its own valid and 
extensive topic (e.g., Wiens and Servedio 2000; Sites and Marshall 2003, 
2004; Marshall et al. 2006; de Queiroz 2007; Knowles and Carstens 2007; 
Wiens 2007; Hausdorf and Hennig 2010; Ross et al. 2010; Lim et al. 2011; 
Sauer and Hausdorf 2012), certain aspects of which are paleontologically 
important. They are not, however, germane to the issue of what species 
are— what has come to be called the “ontology” of species (question I; e.g.,  
Eldredge 1985a,c; Mayr 1987; Stamos 2003).

The Species Nature Problem: What Are Species in  
Living Animals?

Although they describe the literature on species concepts as “vast and 
stupefying,” Coyne and Orr (2004, 6) admit that “it seems wise to decide 
what species are before considering how they arise” and that “deriving a 
species concept is important because it frames one’s entire research pro
gram on the origin of species” (2004, 10). As Rosenberg (1985, 193) puts 
it, when we talk about species “we have got to know what we are talk
ing about.” Similarly, discussions of evolution must, writes Kimbel (1991, 
368) “be preceded, both logically and operationally, by delineation of spe
cies, the irreducible units of evolutionary analysis.”

Do species exist? Or are they merely human mental constructs? Some 
authors continue to maintain the latter view (e.g., Bachmann 1998; Hen
dry et al. 2000; Mallet 2005, 2007; Hart 2010; Mishler 1999, 2010). The ma
jority of biologists, however, appear to regard the living world (at least the 
biparental animal part of it) as divided into naturally occurring discon
tinuous clusters of phenotypes and genotypes that are independent of hu
man perception and maintain their separateness. These clusters have con
ventionally been called “species” (e.g., Mayr 1963; Wiley 1978, 1981, 2002; 
Ghiselin 1997; Adams 2001; Stamos 2003, 17; Coyne and Orr 2004, 10ff.; 
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de Queiroz 2007; LaPorte 2007; Wiley and Lieberman 2011; Kunz 2012; 
Marie Curie Speciation Network 2012, 27; Harrison 2014). For example:

The living world is quite obviously not a continuum. Instead, it is somehow 

“packaged” into discrete groups: groups that we clearly have to define before 

we can begin to consider their histories and interactions. This is not simply an 

artifact of human perception. It is self evident fact, and if we cannot agree on 

this, we have no basis whatever for any rational discussion of the hierarchically 

organized living world around us. (Tattersall and Mowbray 2005, 371, 372)

Species . . . are self delimiting and exist independent of our observations. They 

are not merely groups of organisms lumped or split to suit our fancy . . . Species 

are spatiotemporally limited and internally cohesive. They maintain their inde

pendence from other entities over time and space. . . . A species has a unique 

origin and a unique historical fate. The same species does not arise multiple 

times, nor does it share its fate with any other entities . . .” (Adams 2001, 156)

If species really exist, what are they, and are they the same for all taxa 
(table 3.1)? Consensus appears to be less robust on these questions. Con
troversy persists about which among the bewildering array of formally 
proposed “species concepts” (at least 26 by some counts: Mayden 1997; 
Wilkins 2006) is preferable and under what circumstances. It is also not 
clear whether “species” in all groups (again, mainly animals) are the same, 
or whether a single species concept or definition can be applied across 
higher taxa. For example, is a “species” of bivalve the “same” as a “spe
cies” of mammal? Are all bivalve or mammal species “the same”? That 
is, can they be delimited in the same way, and/or are they equivalent in a 
functional or ontological way?

One persistently influential school of thought, sometimes known as “spe
cies pluralism,” argues that the only single generalization possible about 
species is that there isn’t one (e.g., Mishler and Donoghue 1982; Ereshefsky  
1992, 1998; Dupré 1993, 1999; Rosenberg 1994; Stanford 1995; Sluys and 
Haze  voet 1999; Hendry et al. 2000; Brigandt 2003; Mallet 2007; Gourbière 
and Mallet 2009; Mishler 2010). As Coyne and Orr (2004, 26) put it, “Evo
lutionists now appreciate that no single species concept can encompass 
sex ual taxa, asexual taxa, and taxa having mixed modes of reproduction.” 
They quote Kitcher (1984, 309), who writes that “there is no unique rela
tion which is privileged in that the species taxa it generates will answer the 
needs of all biologists and will be applicable to all groups of organisms.”
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The alternative view— which has been called the “monist” position (for 
this terminology, see Hull 1997; Dupré 1999; Ereshefsky 2010)— maintains 
that, despite clear differences among taxa, “species” have more in com
mon than not; that is, there can and should be a single species concept— a 
“unified” (de Queiroz 2005c), “ultimate” (Miller 2001, 2006, chapter 2 of 
this volume), “unit” (Wheeler 2007), or “universal” (Pauers 2010) concept. 
Just such a concept has, in fact, emerged over the past 15 years or so, in the 
idea that “all modern species definitions describe variants of a single gen
eral concept of species”— the general lineage concept (GLC) (de Queiroz 
1998, 57, 60; 1999, 2005a,b,c, 2007).

The general lineage concept of species

In proposing the GLC, de Queiroz (1998) argued that “despite the di
versity of alternative species definitions, there really is only one general 
species concept in modern systematic and evolutionary biology— species 
are segments of population level evolutionary lineages” (1998, 63). Most, 
if not all, of the multitude of species related phenomena emphasized by 
various other species concepts are, de Queiroz suggested, related not to 
what species are, but to the criteria by which we recognize them at various 
stages in the process of speciation (see also Harrison 2014; Allmon and 
Sampson, chapter 4, this volume). The GLC, according to de Queiroz, “is 
not a new species concept but simply the clear separation of the theoreti
cal concept of species (as separately evolving metapopulation lineages) 
from operational criteria (lines of evidence) that are used for its empirical 
application” (2007, 883).

The GLC is in many ways similar to the “evolutionary species,” first ar
ticulated by Simpson (1951), and later elaborated by him and others (Simp
son 1961; Wiley 1978, 1981; Eldredge 1985c, 1989; Frost and Kluge 1994; 
Brooks and McLennan 1999; Wiley and Mayden 2000a,b,c; Wiens 2004a,b; 
de Queiroz 2007, 883; see also Naomi 2010). Simpson’s original defini
tion— ”a phyletic lineage (ancestral descendent sequence of interbreeding 
populations) evolving independently of others, with its own separate and 
unitary evolutionary role and tendencies” (1951, 289– 290)— emphasized 
the status of species as “evolutionary units” which have “been evolving sep
arately, or which will do so, or, as a rule, both.” Genetic difference was both 
a result and evidence of this status, and reproductive isolation, in Simpson’s 
view, “makes the prediction of separate evolutionary roles certain.” Wiley 
modified Simpson’s language by “not implying that species must change 
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(evolve)”, thereby accommodating species in stasis (Wiley also christened 
it the “evolutionary species concept,” or ESC):

A species is a single lineage of ancestral descendant populations of organisms 

which maintains its identity from other such lineages and which has its own 

evolutionary tendencies and historical fate. (Wiley 1978, 18)

The GLC is a generalization and “reformulation of the evolutionary 
species concept”; both are “lineage based concepts” (Hausdorf 2011, 924) 
and “recognize historically distinct evolutionary lineages that are likely to 
remain distinct” (Rissler and Apodaca 2007, 925). Wiley and Lieberman 
(2011, 34) argue that the GLC is simply a new name for the ESC.

In addition to the ESC, the GLC includes important elements of other 
species concepts (see also Miller, chapter 2, this volume), such as the phy
logenetic species concept (PSC; Eldredge and Cracraft 1980; Cracraft 1983, 
1987, 1989), which defines a species as “an irreducible (basal) cluster of 
organisms, diagnosably distinct from other such clusters, and within which 
there is a parental pattern of ancestry and descent” (Cracraft 1989, 34 – 
35). In common with the PSC, the GLC “acknowledges the biological dis
creteness of species and partitions natural variation in a way that equates  
taxonomic species with evolutionary (phylogenetic) units.” It recognizes 
species as “spatiotemporally discrete entities that constitute particular seg
ments of the ‘genealogical nexus’ (Ghiselin 1974; Hull 1976)” and “delin
eates taxa in the fossil record that are perceived to be units of evolution. It 
thus creates equivalence between the taxonomic species and the evolution
ary species, and establishes a framework of consensus on phylogenetic pat
tern” (Kimbel 1991, 361, 366 – 368).

As noted by Bruner (2004, 98), “the ESC and the PSC are . . . particular 
formulations of a more general individualistic thesis, for which species are 
approached as ‘individuals’, with a personal ontogenetic pathway which 
involves birth, growth, ageing, death and, eventually, genealogy.” Bruner 
acknowledges that this idea may be impractical for recognizing species in 
paleontology, but he says “it represents one of the best conceptual and ro
mantic [sic] approaches to the matter, telling exactly what a species is or, 
better, the way we should have to look at it.” In seeing species as “lineage 
segments” (de Queiroz 1998), the GLC is also consistent with the inter
nodal species concept (Kornet 1993; Baum 1998; Polly 1997).

Despite skepticism from some neontologists (e.g., Mallet 2005, 2007; 
Hausdorf 2011) and paleontologists (e.g., Smith 1994; Tattersall and Mow
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bray 2005), the idea that something like the GLC /ESC comes close to a 
universal species concept has become increasingly accepted (e.g., Adams 
2001; Hey 2001, 2006; Miller 2001, 2006, chapter 2 of this volume; Wiens 
2004a,b, 2007; Pauers 2010; Reeves and Richards 2011; Harrison 2014). As 
Wiens (2007, 875) puts it, “There has been real progress made in think
ing about species concepts, which now makes some general agreement 
seem possible.” There seems to be general consensus, he continues, “that 
species are lineages. . . .” Adams (2001, 156) phrases the same idea more 
colorfully (expanding on the description of Baum 1998, 644), calling spe
cies “space time worms.” Speciation, argues Wiens, is “the origin of new 
lineages . . . specifically, the largest lineages that are connected by gene 
flow” (2004a, 915). Species are thus “independent lineages, having unique 
internal characteristics and histories,” and formed via a “transition from 
processes producing patterns of tokogenesis [see below] among popula
tions to those producing phylogenesis (definitive division) within clades” 
(Miller 2006, 557– 558).

The GLC is based on the notion that species “usually consist of multiple 
populations geographically and temporally separated from one another; 
that these subdivisions bud off from other populations, divide, fuse or go ex
tinct; and therefore the structure of species is like the bundle of fibers mak
ing up a hemp rope” (Miller 2001, 2). This image—  of species as a “braided 
stream,” in which “large channels represent lineages; the smaller channels 
represent gene flow between them” (Holliday 2003, 655)— has frequently 
been depicted with a particular style of diagram (fig. 3.1) that suggests both 
the internal complexity and coherence of species.

Within such a plexus, a number of processes may keep the populations 
from diverging from one another. The most frequently cited is gene flow, or 
tokogenesis, a term coined by Hennig (1966, 20) and applied subsequently 
by, e.g., Eldredge (1993); Holliday (2003, 653); Anstey and Pachut (2004); 
Bruner (2004); Fitzhugh (2005, 2009); Schwartz (2009); Wiley and Lieber
man (2011, 29– 34); and Mayden (2013). At least for sexual organisms, toko
genesis means that “organism lineages continually anastomose as a result  
of sexual reproduction to create a higher level lineage whose component 
organism lineages are unified by that very process” (de Queiroz 1998, 60). 
Speciation in this view is a disruption of tokogenetic relationships. This 
conception has much in common with other ideas that species are held to
gether by various factors, and speciation is the result of the breakdown of 
these factors (e.g., the cohesion species concept of  Templeton 1989; and the 
specific mate recognition system, or SMRS, of Paterson 1982, 1985).
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Species might also be held together by factors other than, or in ad
dition to, gene flow, such as stabilizing selection or selective extinction 
of divergent populations (Ehrlich and Raven 1969; Wiley 1981; Beurton 
1995; Wood and Mayden 2002; Eldredge et al. 2005; Barker 2007). For ex
ample, genetic exchange can still occur between more or less independent 
lineages without the remerging of these lineages (Nosil 2008; Feder et al. 
2012). The unity of a species might also be a consequence of lack of survival 
of any potentially separate branches (M. Bell, personal communication,  

Figure 3.1 “Braided” or “plexus” diagrams showing relationships of tokogenesis (interbreed
ing) within species, and their breakdown during speciation.
A. From Hennig (1966). B. From Baum and Shaw (1995). C. From Adams (2001). D. Modi
fied from Miller (2001, 4). i. A species “lineage consisting of a bundle of demes that oscillate 
through the phenotypic/habitat space of an established species but does not fill up the space.” 
ii, iv. Species lineages “in which the demes explore most of the phenotypic/habitat possibili
ties of a species or define those possibilities through time.” iii. A “single, well mixed popula
tion filling essentially the entire phenotypic/habitat space of an established species.” “Small 
crosses are demic or habitat cluster extinctions. Speciation associated with pronounced phe
notypic differentiation . . . is indicated with sm; speciation without this kind of differentiation 
is indicated with s.” E. From Fitzhugh (2005). F. From Baum (2009).
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Figure 3.1 (continued )

January 2014). A species lineage might persist in one environment, oc
casionally giving rise to divergent and rapidly evolving isolates in adja
cent different environments, but these isolates do not persist for long, 
largely because the habitat on which they depend is ephemeral (see also 
discussion of “isolate persistence” in Allmon and Sampson, chapter 4, this  
volume). Williams (1992) called this a “phylogenetic raceme” (see also Bell 
and Foster 1994; Perdices et al. 2000). In such cases, something very like 
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Figure 3.1 (continued )

the GLC could still apply, but the mechanisms for it would go beyond gene 
flow.

In this conception, the GLC is potentially “universal” in at least four 
respects: (1) it purports to apply to all species (or at least all sexually 
reproducing ones) (de Queiroz 2007); (2) it focuses on what species are 
(cf., Eldredge 1993); (3) it offers one (perhaps not the only; see below) 
explanation for why species are what they are; and (4) it is applicable to 
fossils, as discussed below. According to the GLC, whatever else they are 
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and however they arise, species are separate branches of the tree of life 
characterized by a range of more or less discrete phenotypes. If they did 
not exist as such, life would be less of a diversity of recognizable entities 
and more a variably lumpy smear of variation. Species are the means by 
which life not only separates itself into kinds, but also how life maintains 
the extraordinary range of phenotypic diversity by which it survives and 
reproduces (Futuyma 1987, 1989). The GLC is in the monist tradition, but 
it does not require that all species or instances of speciation are the same. 
It says that all species are exemplars of the same basic phenomenon— 
separate evolutionary lineages— but these lineages can vary enormously 
in a variety of ways. This variety, however, “attaches to mechanisms, path
ways and products, not to the topology of independent lineages and to 
their position in the genealogic hierarchy” (Miller 2006, 566).

The Fossil Species Recognition Problem

“Species” have been recognized and named based on fossils since before the 
time of Linnaeus, but views have always been diverse about what such des
ignations really mean. In practice, paleontologists have taken two different 

Figure 3.1 (continued )
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approaches to this question (Cain 1954, 107ff.; Sylvester Bradley 1956b; All
mon 2013). The first— driven mainly by the close connection between inver
tebrate paleontology and biostratigraphy— has been to regard “species” of 
fossils as purely utilitarian tools for geological correlation: a fossil species 
is any morphotype circumscribed so as to make it more recognizable and 
therefore biostratigraphy easier. Arkell and Moy Thomas (1940, 395), for  
example, stated that a species is no more than “a practical and convenient 
unit by which fossils are distinguished.” Such definitions imply a major 
role for subjective personal opinions, and some paleontologists (mostly in 
an older tradition) made this subjectivity an explicit part of their notion of 
species. Gilmore (1940, 469) wrote that a species is “a group of individuals 
which in the sum total of their attributes resemble each other to a degree 
usually accepted as specific, the exact degree being ultimately determined 
by the more or less arbitrary judgment of taxonomists.” Davies (1961, 
263) similarly said that

a species is a collection of individuals so nearly alike that they may conveniently 

be denoted by the same name. This definition leaves the decision to the judg

ment of every palaeontologist, as to whether there is sufficient likeness, and 

judgments will inevitably differ: as such differences constantly occur, this defini

tion recognizes the facts of the case.

In their influential textbook, Raup and Stanley (1978) recalled this tra
dition by paraphrasing Regan (1926):

The fact that species discrimination depends largely on the experience of the 

person making the discrimination has led to an informal definition of the spe

cies that is invoked with surprising frequency: “A species is a species if a com

petent specialist says it is.” (Raup and Stanley 1978, 108; see Trewavas 1973 and 

Allmon 2013 for further discussion of Regan’s original text)

The prioritization of stratigraphic utility also led in many, if not most, 
cases to application of narrow species definitions and thus highly “split” tax
onomies (e.g., Shaw and Lespérance 1994; Hughes and Labandeira 1995;  
Nardin et al. 2005).

With the coming of the Modern Synthesis in the 1940s, many (although 
certainly not all) paleontologists began to adjust their species concepts and 
definitions to reflect the contemporary neontological focus on pop ulat ional 
thinking (e.g., Newell 1947; see Sepkoski 2012, chapter 1 of this volume).  

 EBSCOhost - printed on 2/13/2023 7:23 AM via . All use subject to https://www.ebsco.com/terms-of-use



73w. d. allmon

In another influential textbook, for example, Moore et al. (1953) defined 
species as “assemblages of individuals having identity or near identity of 
form and anatomical features, except for sex differences, and measurable 
distinctness from other assemblages” (1953, 9), and reprinted Newell’s 1947  
figure showing a species as a variable population. Much paleontological 
attention then turned to “the species problem” in fossils (sensu Trueman 
1924)— how to divide up a continuously evolving lineage into separate 
nameable pieces— referred to variously as paleospecies, successional spe
cies, or chronospecies1 (e.g., Sylvester Bradley 1956a; Imbrie 1957; Sep
koski, chapter 1, this volume). For examples in invertebrates, see Stenzel 
(1949) and Rodda and Fisher (1964); for vertebrates see Gingerich (1976, 
1985); Rose and Bown (1986); and Jordana and Köhler (2011). The an
swer to this conundrum was (and remains) that such a decision is com
pletely arbitrary (e.g., Cain 1954; Thomas 1956; Simpson 1961, 165; Mayr 
1963, 24; Mayr and Ashlock 1991, 106).

In practice, however, it was widely suggested that this anagenetic con
tinuity was seldom a serious problem because of the incompleteness of 
the stratigraphic record; indeed, evolutionists frequently expressed what 
seemed like grudging gratitude for gaps in the record, because they served 
as convenient boundaries for naming segments of continuous lineages (e.g., 
Mayr 1942, 153– 154; Simpson 1951, 291; Cain 1954, 107; Clark 1956; George 
1956, 133; Newell 1956; see Eldredge and Cracraft 1980, 116). This ironic, 
even perverse, celebration of the incompleteness of the fossil record at least 
partly justified its characterization of Eldredge and Gould (1972, 92) as “a 
theoretical debate unsurpassed in the annals of paleontology for its ponder
ous emptiness. . . .” This critique, of course, was also based on the conten
tion that anagenesis is rare to nonexistent in the fossil record (Eldredge 
1993; Gould 2002, 775– 776, 784). When anagenesis is detected, however, 
in either biostratigraphic or paleobiologic studies, such discussions cannot 
be avoided (e.g., Newell 1947; Maglio 1971; Sykes and Callomon 1979; Hal
lam 1982; Bell et al. 1985; Rose and Bown 1986; Allmon 1990; Geary 1995; 
Levinton 2001, 314 – 316; Dzik 2005; Waller 2011, 16). The anagenesis vs. 
cladogenesis dichotomy leads to the problem of the relative frequency of 
different tempos and modes of evolution in the fossil record (sensu Gould 

1. The term “chronospecies” was apparently first used by George (1956, 129). For more 
recent usage, see, e.g., Stanley (1979), Wheeler and Meier (2000), Dzik (2005), and White 
(2013). The term “successional species” was apparently first used by Imbrie (1957), and then 
also by, among others, Simpson (1961, 167) and Rose and Bown (1986).
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1991), which, despite decades of debate and study, remains poorly under
stood (Barnosky 1987; Erwin and Anstey 1995; Jackson and Cheetham 
1999; Benton and Pearson 2001; Geary 2009; Hunt 2008, 2010, 2013).

Morphospecies and reproductive isolation

All species recognized solely from fossil material (“paleospecies”)2 are 
“morphospecies,” defined by Cain (1954, 121) as “species which have been 
established solely on morphological evidence” (see also George 1956; 
Cronquist 1978). (This is effectively equivalent to the “phenetic species 
concept” of Sokal and Crovello [1970]; see Smith 1994, 10ff.) This defini
tion was intended to distinguish such forms from species defined by re
production via the biological species concept; such species are sometimes 
termed “biospecies” (e.g., Cain 1954, 121; Gould 2002, 785) or “good spe
cies,” meaning species which are both reproductively isolated and differ in 
morphology (e.g., Cain 1954, 49, 73, 110; Coyne and Orr 2004, 60, 75; Mal
let 2005, 109; Descimon and Mallet 2009; see further discussion below). 
Reproductive isolation is presumed to be in principle demonstrable among 
biospecies, with or without morphological differences (fig. 3.2).

Although the prevailing custom in modern paleobiology is to assume 
(frequently without explicitly acknowledging it) that fossil morphospe
cies are similar enough to living biospecies for most evolutionary purposes 
(Allmon and Yacobucci, introduction, this volume), a number of authors 
have over the years explicitly declared that it is in principle misleading to 
try to equate species based on fossils with those based on living organisms. 
For example, although he is a staunch advocate of species level paleonto
logical studies, Stanley (1979, 8) writes that “there is no question that fos
sil entities recognized as species are not strictly comparable to species in 
the living world.” Other paleontologists have suggested that at least some, 
and perhaps many, fossil morphospecies are more morphologically compa
rable to modern species groups or genera than to individual living species 

2. The term “paleospecies” was apparently first used by Wilmott (1949) to refer to seg
ments of continuously evolving lineages, a usage followed by Cain (1954, 107) and Simpson 
(1961, 155). This is essentially the same meaning as the term “chronospecies,” coined by 
George (1956) (see note 1). See Bonde (1981) for additional synonyms. More recently, “pa
leospecies” has been used to refer to any species based solely on fossils (e.g., Neige et al. 1997; 
Gould 2002, 784ff.; Barnosky et al. 2005; Marco 2007).
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(McCune 1987, 3; Chaline 1990, 7; see also Fox 1986, 81; Levinton 2001; 
Forey et al. 2004; Hills et al. 2012).

In recognition of these potential differences between Recent and fos
sil species, some authors have suggested various ways to formally distin
guish species based on fossils from those based on living material. It has, 
for example, been suggested that fossil organisms be classified separately 
from living taxa (Crowson 1970), or that taxa based on fossils be explicitly 
labeled (Collinson 1986, cited in Forey et al. 2004, 650). It is widespread 
practice among vertebrate systematists to mark extinct taxa with a dagger 
(†) (e.g., Patterson and Rosen 1977; Lauder and Liem 1983; Grande and 
Bemis 1998; Bemis, chapter 11, this volume).

Other designations for fossil species include “stem species” (an extinct 
taxon that is more closely related to its crown group than to any other group, 
but may lack some of the defining apomorphies of the crown group), which 
is increasingly widespread (e.g., Ax 1985; Donoghue 2005; Wiley and Lieber
man 2011, 83, 242). The term “metaspecies” was coined by Donoghue (1985)  
to refer to a diagnosable assemblage of organisms that lacks a unique apo
morphy; for example, an ancestral or stem species of a daughter species that  
retains its defining apomorphy (see Anstey and Pachut 2004, 652–  653; Pachut 

Figure 3.2 The relationship between morphological differentiation and reproductive isola
tion in sister species or populations.
Modified from Vrba (1980, 68). On “good species” see Shaw (1996), Mallet (1996), and Des
cimon and Mallet (2009).
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and Anstey 2009 for its paleontological application). Donoghue (1985) sug
gested that metaspecies be distinguished in print with an asterisk (*).

Morphospecies, however, are by no means restricted to fossils. Many 
modern species in many higher taxa (e.g., mollusks, crustaceans, insects, 
fishes, snakes, frogs) have been, and continue to be, described solely on 
the basis of dead, preserved material (e.g., Claridge et al. 1997; Clarkson 
1998, 8; Benton and Pearson 2001; Forey et al. 2004, 643; Wiley and Lie
berman 2011, 55– 56), although this practice is slowly changing as new ge
netic techniques become more widely available. Indeed, as paleontologists 
frequently point out (e.g., Newell 1956, 70 – 71; Allmon 1990, 8; Kimbel 
1991, 361– 362; Gould 2002, 785; Forey et al. 2004, 643; Saupe and Selden 
2011, 184 – 185), most living species in most major groups of invertebrates 
with fossilizable hard parts are described on the basis of skeletal morphol
ogy, not reproduction, soft anatomy, or genetics. (The situation appears to 
be different for vertebrates, in which nonskeletal characters are also com
monly used for species description and discrimination.) Indeed, very few 
rigorous studies of reproductive isolation in extant species have even been 
done, so while one may infer that an extant species is a “good” biospecies, 
rarely is this actually tested (Benton and Pearson 2001; Sangster 2014).

Whether or not nonskeletal characters are used in defining or describ
ing modern species, skeletal characters may at least sometimes be highly 
reliable in identifying them. In modern echinoderms, for example, “studies 
of recent species confirm the overall usefulness of the skeleton for differen
tiating species as well as higher taxa” (Guensburg 1984, 19– 20). The same 
applies to teeth in distinguishing species of primates (Gingerich 1974a) and 
rodents (Escudé et al. 2008; Vianey Liaud et al. 2011) (but this may not 
always apply to the teeth of other mammals: e.g., Roth 1992; Gould 2001; 
Dayan et al. 2002, 523; Tattersall 2007, 140).

Many, perhaps most, paleospecies are therefore no more poorly charac
terized than many, perhaps most, modern species. (Ultimately, of course, 
this is not a very useful argument for their validity: it is not a good defense 
of paleontology to point out “that ordinary practice with fossils follows the 
worst habits (majoritarian though they may be) of neontological taxonomy” 
[Gould 2002, 785].) What are the implications of this state of affairs?

What is known about the process of speciation based on living species 
clearly indicates that there is no necessary connection between morpho
logical difference and reproductive isolation (Vrba 1980; Eldredge 1989, 
1993; Coyne and Orr 2004). In some taxa, there may be a priori reasons 
for expecting potentially fossilizable morphology to accurately reflect re
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productive isolation, particularly in groups in which vision and/or sexual 
selection play major roles. Perhaps the most well known example is horns 
in African bovid mammals, as explicated by Vrba (1980). Primates may be 
another instance (Albrecht and Miller 1993). Lack of correlation between 
reproductive isolation or genetic difference and morphological difference 
can take two forms (fig. 3.2): populations may be reproductively isolated 
but morphologically similar (sibling or cryptic species), or morphologi
cally differentiated but able to reproduce (intraspecific polymorphism). 
Each of these can pose major challenges for paleontological recognition 
of species.

Mayr (1942, 151) coined the term “sibling species” for reproductively 
isolated populations that were morphologically distinguished by no or 
very few morphological differences (see also Mayr 1963, 31ff.). The term 
“cryptic species” has become a more accepted alternate because it does 
not imply that the species in question are each other’s close relatives 
(Henry 1985; Knowlton 1986). When they mention cryptic species at all, 
paleontologists usually do so only to acknowledge that they can say little 
about them (e.g., Vrba 1980, 68; Chaline 1990, 7; Gould 2002, 785ff.; Hunt 
2013, 720; Prothero 2013, 51). In living animals, cryptic species have been 
reported from almost all higher taxa (e.g., Mayr 1963, 37ff.), and the rate 
of discovery has accelerated dramatically with the increasing use of genetic 
sequencing (Knowlton 1986, 1993, 2000; Knowlton et al. 1992; Knowlton 
and Weigt 1997; Sáez and Lozano 2005; Stuart et al. 2006; Beheregaray and 
Caccone 2007; Bickford et al. 2007; Pfenninger and Schwenk 2007; Caste
lin et al. 2010; Perez Ponce de Leon and Nadler 2010; Lohman et al. 2010; 
Allmon and Smith 2011; Budd et al. 2012; Tepper et al. 2012; Brandão 
2013; Demos et al. 2014; Highton 2014). Given these results, two major 
questions of paleontological importance remain: what proportion of all 
speciation events produce cryptic species? and does this proportion vary 
in any regular way among higher taxa?

Some authors have argued that cryptic speciation is, in principle, highly 
likely, perhaps even more likely than speciation that produces “good spe
cies” (i.e., those that are both reproductively isolated and differ in mor
phology), and that this is a fundamental obstacle to studying species and 
speciation in fossils. Schopf (1982), for example, suggested that cryptic 
species might comprise 10 – 20 % of all species. Levinton (1988, 182) went 
even further, positing that “the vast majority of speciation events probably 
beget no significant [morphological] change” (see also Levinton and Si
mon 1980; Hoffman and Reif 1990; Levinton 2001, 312ff.). Neither of these 
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suggestions, however, seems to have been based on abundant empirical 
evidence.

The traditional paleontological defense of the morphological spe
cies concept is that, when careful studies of genetic versus morphologi
cal differences between living species have been done, the results suggest 
that morphospecies are frequently correlated closely to biospecies (for 
the general argument, see, e.g., Eldredge 1989, 108; Gould 2002, 785; for 
specific examples, see, e.g., Michaux 1987, 1989a,b; Dorit 1990; Jackson 
and Cheetham 1990, 1994; Knowlton et al. 1992; Budd et al. 1994; Chiba 
2007; Pilbrow 2010; Hills et al. 2012; see also Coyne and Orr 2004, 45–  46)  
(fig. 3.3).

The apparently high frequency of cryptic species nevertheless leaves 
unclear what either the frequency or relative proportion of cryptic species 
among different higher taxa actually is. There are at least three potential 
situations, each with a different implication for the application of morpho
species in paleontology:

(1) The proportion of cryptic species may be approximately equal 

Figure 3.3 Comparison of genetic and morphological distances between populations of the 
Recent bryozoan Stylopoma.
Modified from Jackson and Cheetham (1994).
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across higher taxa (e.g., Pfenninger and Schwenk 2007). If this is true, then, 
at least for macroevolutionary comparisons among taxa, cryptic species 
could be essentially ignored (although we still would not know what the 
actual absolute frequency is in a particular taxon).

(2) The proportion of cryptic species may differ— in some regular and 
knowable pattern— among higher taxa (e.g., Mayr 1963, 37; Bickford  
et al. 2007; Trontelj and Fišer 2009; Poulin 2010). If this is true, then it 
might in principle be possible to assess the relative frequency in different 
taxa, and then apply the results to their respective fossil representatives 
using uniformitarian reasoning.

(3) The proportion of cryptic species might vary among taxa or over 
space or time in such a way that it is difficult or impossible to measure 
and/or predict.

Data currently available are not sufficient to determine which of these 
situations applies. It is clear (from the literature cited above and more), 
however, that cryptic species are numerous and occur widely among many 
living higher taxa of paleontological significance. This implies that esti
mates of species numbers and speciation rates based on fossils (e.g., Sep
koski 1998; Lieberman 2001a,b) are minimum estimates. As Tattersall and 
Mowbray (2005, 377– 378) put it:

Where aggregations of comparable fossil specimens can be consistently distin

guished from one another on the basis of morphology (that is to say, if consis

tent morphs are recognizable), we may have reasonable confidence that at least 

two species are present. The error, if any, will be on the conservative side: fewer 

species will tend to be recognized than are actually represented . . . while such 

systematic error will inevitably produce an oversimplified picture, that picture 

will not be actually distorted in its essentials . . . the bias toward simplicity 

involved in equating readily recognizable morphs with species is an acceptable 

one, and preferable to all other possible alternatives when dealing with the 

inevitably limited data of the fossil record.

It is possible that more careful assessment of morphological differences 
among fossils may reveal examples of very subtle patterns of morphologi
cal variation, yielding paleontological recognition of “pseudo cryptic” spe
cies (sensu Knowlton 1993), at least in certain taxa. Several studies have 
reported such patterns (e.g., Gili and Martinell 2000; Herbert and Portell 
2004; Adrain and Westrop 2005, 2006; Westrop and Adrain 2007; Budd 
2010; see also Shaw and Lespérance 1994, 820).
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Intraspecific variation or polymorphism can also be a problem for 
species recognition, in a direction opposite from that of cryptic species. 
The polytypic species concept— which allowed for sometimes wide phe
notypic variability within reproductively connected groups— was a ma
jor component of the population based approach to recognizing species 
in the Modern Synthesis (Mayr 1942, 1963). A number of instances of 
species level morphological differences within genetically undifferenti
ated groups have been documented in diverse taxa (e.g., the famous case 
of the Cuatro Cienegas cichlid fishes [Sage and Selander 1975; Kornfield 
et al. 1982]; see also Wilke and Falniowski [2001] for an example from 
gastropods). As with cryptic species, paleontologists are clearly at a dis
advantage here. Difficulties with recognizing intraspecific polymorphism 
in fossils mean that paleontological species counts may be overestimates, 
while difficulties with recognizing cryptic species in fossils mean that 
counts may be underestimates. It is possible that these two factors will 
cancel each other out, but there does not appear to be any rigorous quan
titative way to test this suggestion.

In sum, the relationship between morphological and reproductive dif
ference— at least in animals— is a two dimensional spectrum, with four 
recognizable end members (fig. 3.2). Most paleontological researchers as
sume, conclude, or hope that most species in their group of interest fall 
into the category of “good species” (upper right oval in fig. 3.2). It is clear, 
however, that this is not always true in living taxa. Both cryptic species 
(upper left oval in fig. 3.2) and polymorphic species (lower right oval) are 
present in many, perhaps most, higher taxa, but we do not know their rela
tive frequency, as a proportion of all species or among taxa.

Does this mean that paleontological analysis of species is impossible or 
completely incommensurable with neontological analysis? No. But it does 
mean that for those taxa containing cryptic species (which may be most 
or all of them), the relationship of morphological and reproductive differ
ence with the phenomenon of “separate and unitary evolutionary role and 
tendencies” described by the ESC /GLC is somewhat different from that 
shown in fig 3.2. As shown in fig. 3.4, a morphospecies that includes mul
tiple cryptic species contains its own cladogenetic structure (and there
fore violates one of the main criteria of the ESC: Wiley [1978]; Anstey 
and Pachut [2004, 652]). Yet such a morphospecies still maintains its own 
“separate and unitary evolutionary role and tendency,” and so at least 
with respect to morphology is consistent with an ESC /GLC conception of  
species.
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Species in paleontological practice

Most contemporary paleontological papers that discuss, describe, and an
alyze “species” of fossil organisms do not explicitly address how exactly 
the authors recognize or delimit their species. For example, examination 
of a sample of early twenty first century literature shows that of 109 pa
pers describing new species, only 8 included explicit discussion of what 
the authors thought a “species” is, other than a list of distinguishing char
acteristics or autapomorphies.3 Some modern paleontological authors do, 

3. I examined all papers published in Palaeontology in 2008, Journal of Paleontology in 
2012 and 2013, and Journal of Vertebrate Paleontology in 2012 and 2013. Relevant papers 
included only those naming new species of animals, excluding new species described in new 
genera. None of the papers describing new species of vertebrates included explicit discussion 
of species concepts; only three included explicit comparison of modern ranges of variation 
(Brochu and Storrs 2012; Lambert and De Muizon 2013; Bates et al. 2014).

Figure 3.4 Diagram of a clade of morphospecies (each outlined with vertical dashed lines), 
each of which includes numerous cryptic species (vertical solid lines).
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however, lay out the conception of species they use. A selection is pre
sented in table 3.2.

Lack of explicit species concepts is not unique to paleontology. Most 
neontological species have long been, and continue to be, described without 
reference to their authors’ operational species concepts (Sangster 2014).  

TABLE 3.2 Examples of explicit species concepts from recent systematic paleontological papers.

Higher taxon Operational species definition Reference

Insects The hypothesis that a new specimen belongs to a known 
species must be rejected for the new specimen to be 
assigned to a new species. . . . Rejection requires a sample 
demonstrating a bi  or multi modal distribution of some 
trait, or data on closely related species demonstrating that 
the observed differences exceed the range of known intra 
specific variability.

Gu et al. 
(2011:311)

Trilobites A group of specimens that are more closely related mor
phol ogically to each other than to any other specimens with 
consistent and persistent diagnostic traits distinguishable 
by “ordinary means” . . . delimit the boundaries of extinct 
species.

Crônier et al. 
(2011:152)

Trilobites The species concept employed in this study is “the smallest 
aggregation of populations . . . diagnosable by a unique 
combination of character states in comparable individuals” 
(Nixon and Wheeler, 1990:218). Such phylogenetic 
species cannot be further subdivided even if they show 
considerable continuous variation within the lineages 
(Wiley, 1978).

Hughes (1994:6)

Trilobites We take species to be consistently distinguishable (usually 
morphologically) biologic entities. Paleontology should 
try to identify such entities, even though much of the 
stratigraphic, geographic, and biologic record is absent.

Shaw and 
Lespérance 
(1994:813)

Trilobites We define a species as the smallest aggregation of 
comparable individuals diagnosable by a unique 
combination of characters.

Hopkins and 
Webster (2009: 
524; see also 
Webster, 2009, 
2011)

Bivalves The specific level taxonomic approach used here is essen
tially a quasi population method in which co varying 
in dividuals from the same bedding plane are considered 
to belong to a single population. In order to recognize and 
define species, an emphasis has been placed on the use 
of discrete character traits that are unique and, in species 
for which there are sufficient numbers of individuals, to 
establish quantitatively morphologic variation within the 
fossil sample.

McRoberts (2011: 
622)

Osteichthyes Taking into account that it is an operational necessity to 
use a morphological species concept . . . and recognizing 
that certain characters will always be lacking, every 
attempt has been made to interpret variation in these 
fossils as one would if they were living fishes . . . I view 
these species descriptions as hypotheses of biological 
species as inferred from the available morphology.

McCune (1987: 3)
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Most neobotanical monographs, for example, are neither explicit nor con
sistent about their species concepts (Luckow 1985; McDade 1995). Neither 
neontological nor paleontological journals typically require authors to do 
otherwise. From 1981 to 2007, however, the journals Bulletins of American 
Paleontology and Palaeontographica Americana, published by the Pale
ontological Research Institution, which include mostly longer systematic 
papers (and which I edited from 1992 to 2007), required or strongly en
couraged its authors to include in their manuscripts a section called “In
troduction to Systematic Paleontology,” which was to include discussion 
of “philosophical considerations.” Here, authors were asked to answer a 
number of questions, including: “What is a fossil species of the group you 
are describing? How does this differ from an equivalentlevel taxonomic 
entity of a related living organism, whatever that may be? What is your per
sonal taxonomic philosophy?” (Instructions to Authors, PRI Publications, 
1999). A sampling of the responses of authors to this request is presented 
in table 3.3.

Although the statements of “species concepts” given in tables 3.2 and 
3.3 vary (e.g., some make more or less explicit reference to trying to 
be equi valent to biospecies), most are actually representative of a rough 
wor king consensus about the proper approach to fossil species that has 
existed in paleontology for many decades (e.g., Simpson 1951, 291; Raup 
and Stanley 1978, 102; Tasch 1980, 7–  8; Nadachowski 1993; Miller 2001, 
2006; Foote and Miller 2006, 79–  80; McGowran 2008, 372ff; Benton and 
Harper 2009, 121).

This consensus approach consists of at least two basic components: (1) 
examination of the closest living relative(s) of the fossil taxon of interest to 
determine typical ranges of variation within versus among species; and (2) 
application of this information via uniformitarian reasoning to the fossils 
by testing for morphological clusters of fossil specimens separated by gaps.

In order to establish a valid species it should be necessary to show characters 

in the available fossil material which purport to be of the same magnitude as 

those which separate related living species. (Simons and Pilbeam 1965; quoted 

in Tattersall 1986, 165)

The usual “rule of thumb” is to include within a species a range of morphologi

cal variation comparable to that in the same features in related living species, 

and to distinguish between species by gaps similar in dimension to those sepa

rating their living relatives; if none are known, comparison can be made to gaps 

between species in living analogues. (Fox 1986, 79)
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The usual inferential procedure is to employ some quantitative measure of 

morphological variation . . . to test the null hypothesis that a fossil sample un

der consideration is analogous to a single, extant biological species. If the fossil 

species is shown to be no more variable than single, extant species, the null 

hypothesis has successfully resisted refutation, whereas if it is revealed to be 

significantly more variable than extant analogs, the null hypothesis has been 

refuted and the inference is drawn that the sample is composed of different 

biological species. (Kimbel 1991, 362)

Based on this logic, I previously proposed (Allmon 1996, 13) a definition  
for a species when working with fossils (modified from Beerbower 1968, 80 – 
 81; Waller 1969, 8; Gould 1969, 459ff.; Raup and Stanley 1978, 108ff.): fos
sil species are groups of morphologically distinct populations within which 
variation is of the magnitude displayed by closely related, or presumably 
analogous, living species and their local populations, and between which the 
differences are of the kind and degree expected to result from reproductive 
isolation of populations in such related or analogous species.

As mentioned above, the great majority of current systematic paleon
tological papers do not make clear, or even mention, what they think a 
species is or how it is to be recognized in the fossil record. Albrecht and 
Miller (1993, 155), however, urged their paleoanthropological colleagues 
to “strengthen their research designs” with respect to fossil species via 
more explicit attention to selecting both the fossil sample to be studied, 
and the appropriate samples of modern relatives to serve as comparative 
analogs. They wrote that

comparative studies of fossils should differ little from experimental science 

in their ideal research design; both require careful controls on the different 

sources of variation involved in the problem . . . this may involve more time, 

more travel, more museums, more measuring, and more attention to locality 

data. The result, however, will be an appropriate foundation for rigorous analy

sis that will be based on larger, more numerous samples that more accurately 

reflect the nature of morphometric variation within and among species of both 

living and fossil primates. (Albrecht and Miller 1993, 156)

Following these recommendations of Albrecht and Miller, each of the 
steps involved in applying this consensus approach to fossil species is dis
cussed further below.

 EBSCOhost - printed on 2/13/2023 7:23 AM via . All use subject to https://www.ebsco.com/terms-of-use



86 chapter three

step 1. comparison with modern relatives or analogs. Comparison 
of fossils with living organisms is at the center of all paleontology. Ac
cordingly, “there is a general consensus,” write Plavcan and Cope (2001, 
204), “that species in the fossil record should be comparable in some way 
to living species, at least as far as morphological variability is concerned.” 
As Foote and Miller note, “the approaches of biologists and paleontolo
gists are often rather similar: One typically starts by determining whether 
the phenotypic difference between two populations is large relative to 
the variation within the population” (2006, 78). Examples of such an ex
plicit uniformitarian approach include Waller (1969), Chaline (1990, 7), 

Figure 3.5 Comparison of Recent and fossil gastropods for purposes of species discrimination.
A, B. Results of factor analysis of specimens of the Recent gastropod species Turritella ter
ebra (inset). C, D. Results of factor analysis of specimens of the fossil turritellid gastropod 
Kapalmerella mortoni sensu lato (inset). A and C show first  and second factor axes, and B 
and D show results for second  and third factor axes. Xs represent specimens from Virginia 
(K. mortoni sensu stricto) (inset). Open squares represent specimens from Alabama, usually 
referred to a separate species, K. postmortoni. The analysis concluded that these should be 
recognized as two geographic subspecies. Modified from Allmon (1996).
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Jackson and Cheetham (1990), Nehm and Geary (1994), Allmon (1996), 
Knowlton and Budd (2001), and Anstey and Pachut (2004) (fig. 3.5).

It is not always clear, however, exactly which living species within a 
group should be compared with which fossil(s). This is a major issue in deal
ing with the relationship between reproductive isolation and morphological 
difference, and has been discussed with particular vigor by paleoanthropol
ogists (e.g., Tattersall 1986, 1992, 2007; Turner 1986; Foley 1991, 2005; Kim
bel 1991; Wood 1992, 1993; Albrecht and Miller 1993; Kelley 1993; Plavcan 
1993; Rose and Bown 1993; Szalay 1993; Howell 1999; Plavcan and Cope 
2001; Holliday 2003; Hunt 2003; White 2003; Bruner 2004; Tattersall and 
Mowbray 2005; Groves 2007; Rightmire 2008; Wood and Lonergan 2008; 
Quintyn 2009; Lordkipanidze et al. 2013). “What is the most appropriate  
choice of [Recent] reference sample to compare to the fossil sample?” ask 
Plavcan and Cope; “Unfortunately, there are no absolute answers . . .” (2001,  
205). As Tattersall notes, “Taxonomic decisions are critically affected by the  

Figure 3.5 (continued )
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choice of which living species—  or pair of related species— is to be taken 
as arbiter of the variability permissible in a fossil assemblage recognized 
as a species” (1986, 166). Comparisons of fossil and living forms, writes 
Kelley (1993, 451),

are intended to facilitate the taxonomic process by providing some guiding opera

tional limits for allowable amounts of variation . . . within species. However [such 

studies assume] . . . a methodology that seemingly precludes a demonstration of 

greater variation . . . in the past, whether or not such are considered possible or 

even likely. . . . Such approaches, while unquestionably bringing more rigour to 

the analysis of variation, also preclude certain kinds of evolutionary novelty.

Kelley therefore reasonably argues that rather than slavishly applying the 
present to the past, alternative taxonomic hypotheses should be “discussed  
in a comparative fashion,” with the strengths and weaknesses of alterna
tives used to rank them according to explicit criteria:

There will not necessarily be agreement about the ranking, but at least the na

ture of the disagreements will be explicit. These criteria, and the premises and 

analyses upon which the taxonomies are based, will always be based one way or 

the other on the present, but hopefully on a present that is recognized as being 

a single evolutionary instant that does not encompass all known evolutionary 

phenomena. (Kelley 1993, 451)

The “closest living relative” may be obvious enough if the fossil and living 
forms are morphologically identical (or almost so) and therefore judged to 
be conspecifics (e.g., Michaux 1995). Even here, however, the possibility of 
invisible anagenetic change cannot be excluded. If the fossil and living form 
are judged to be different species (which is usually the case), then conclu
sions about the fossil taxon will have to be drawn from a separate taxon, with 
congenerics assumed to be more similar than confamilials in different gen
era, and so on up the Linnaean hierarchy. At any of these taxonomic levels, 
the assumption of similarity between fossil and living forms may be in error 
(i.e., taxonomic uniformitarianism may not be valid; e.g., Allmon 2007). A 
phylogenetic analysis might identify the closest living relative in a cladistic 
sense, but such an analysis may not exist.

In discussing fossil hominids, for example, Tattersall (1986, 170) first 
used all mammals and then all primates as a basis for comparison (see 
also Kimbel 1991, 362):
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In any group other than Hominidae the presence of several clearly recogniz

able morphs in the record of the middle to upper Pleistocene would suggest 

(indeed, demonstrate) the involvement of several species. Any mammalian pa

leontologist seeing morphological differences on the order of those separating 

modern humans from their precursors, and the latter from each other, would 

have no difficulty in recognizing a number of separate species . . . [while some 

fossils show similarities with others] they also show differences of a magnitude 

that in any other primate family would be accepted without demur as demar

cating separate species.

For extinct higher taxa (e.g., ammonoids, trilobites, graptolites, archae
ocyathids), it seems widely accepted that the comparison becomes even 
more tenuous, although this is not frequently explicitly stated (e.g., Né
raudeau 2011). In trilobites, for example, some authors have adopted spe
cies concepts that make little or no reference to any living arthropods (see, 
e.g., table 3.2). Similarly, in conodonts, Girard and Renaud argue for a spe
cies definition “that takes into account the variation that might have been  
encompassed into the biological species.” They admit, however, that “what 
ever the definition of species, one should admit that any attempt to define 
a conodont species is doomed to remain hypothetical for such ancient 
fossils devoid of any unambiguous modern relatives” (Girard and Renaud 
2011, 113).

step 2a. recognition of otus. All systematics begins with the attempt to 
sort individual organisms into groups, based on some kind of characteris
tics. For fossils, this means recognizing groups of individuals within which 
there is less variation than among them. These groups have been referred 
to by many terms; I will here call them “operational taxonomic units” 
(OTUs). Although this term has a long and varied history (e.g., Sneath 
and Sokal 1973), I use it here in a theoretically agnostic sense to refer to 
groups of organisms that, based on whatever character is used, are more 
similar within than among. Other similar uses of “OTU” for fossils include 
Michaux (1989a,b) and Parham et al. (2012) (but see Riedel 1978 for a 
narrower usage). In paleontology, such groups have previously been called 
“phena” (Sylvester Bradley 1958; Mayr 1969, 36; Hoffman and Reif 1990), 
“paleo demes” (Howell 1999), and “paleophena” (Dzik 1990).

Recognition of such OTUs may be accomplished (at least initially) by 
eye, or may require morphometric and statistical analyses of varied so
phistication (e.g., McCune 1987, 19; Hageman 1991; Plavcan and Cope 
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2001; Foote and Miller 2006, 75ff.; Hunt 2013). Parsimony analysis of di
nosaur specimens (rather than taxa) has been used to cluster them into 
possible species (e.g. Yates 2003; Upchurch et al. 2004).

step 2b. searching for morphological gaps. In practical terms, the 
correlation between morphology and reproductive isolation assumed in 
the application of morphospecies occurs via a criterion of “morphological 
gaps” (fig. 3.6; see additional examples in Foote and Miller 2006), which 
again is not that different than the usual approach to modern species (see, 
e.g., Zapata and Jiménez 2012). If a phylogeny is available, “gap size” is 
equivalent to the number of autapomorphies shown by a putative species 
compared to its putative sister species. While autapomorphies may be ob
jectively defined, the number that justifies species recognition is arbitrary 
and raises the perennial topic of “splitters” versus “lumpers” in taxonomy 
(Teichert 1949, 29; Simpson 1961, 135; Mayr 1969, 238ff.). This is very 
much an active concern in modern paleontological systematics (e.g., Al
roy 2002; Smith 2007; Benton 2010; Allmon 2011). As noted by Carpen
ter (2010), for example, a number of dinosaur species have been defined 
based on single autapomorphies. Shaw and Lespérance (1994, 808) argue 
that “informed ‘lumping’ will usually tell more about the history of life 
than enthusiastic, typological splitting” (see also Hendricks 2009). On the 
other hand, Tattersall (1986, 168) states that “where distinct morphs can 
readily be identified it would seem most productive to assume that they 
represent species unless there is compelling evidence to believe otherwise. 
To brush morphological diversity under the rug of an all encompassing 
species is simply to blind oneself to the complex realities of phylogeny.”

Whatever the size of the gap, it is preferable that it be quantified rather 
than just eyeballed or estimated qualitatively. Methods range from simple 
bivariate plots and relatively straightforward multivariate approaches (e.g., 
Allmon 1990, 1996; Adrain and Westrop 2006; Grey et al. 2008; Tapanila 
and Pruitt 2013), to more complex and elaborate multivariate techniques 
(e.g., Van Bocxlaer and Schultheiß 2010; Zapata and Jiménez 2012; Hunt 
2013).

step 3. geography. Paleontologists are not limited to morphological in
formation about fossils; they may also have data about geography, some
times equivalent in resolution to that used by neontologists (e.g., Newell 
1947, 1956; Imbrie 1957; Boucot 1981, 27). This will vary widely depend
ing on circumstances; geographic ranges of fossil taxa are, of course, 
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incomplete, but this is not unique to fossils. As Albrecht and Miller (1993, 
127) put it, incomplete information will always

make it difficult to interpret the meaning of geographic differences. Do distinct 

morphs from two fossil sites represent valid species that were sympatric at some 

geographically intermediate, [but] nonfossiliferous locality, or do the morphs 

represent demes of a single species that has undiscovered, geographically inter

mediate populations forming a continuum of morphological variation?

Geographic information has nevertheless long played a role in both spe
cies recognition and phylogenetic reconstruction in paleontology. For ex
ample, if attention is focused only on a single sedimentary basin, and there 
is no evidence of biogeographic dispersal into or out of it, then it is common 
practice to assign ancestral or stem status to the earliest member of a clade 
(e.g., Geary 1990a). Even when the geographic setting is broader than a 
single basin, if some assumptions are made about dispersal, geography has 
been used as a taxonomic character to identify likely ancestor or stem taxa 
(e.g., Allmon 1996, 16 – 19). Geographic distribution may thus be useful for 
judging whether a morphologically distinct form in a fossil assemblage is 
more likely to be a separate species. Subspecies as neontologically defined 
are geographically separate, and so a geographically separate fossil variant 
might be judged to be a distinct subspecies, whereas a co occurring form 
would not (e.g., Newell 1947; McKerrow 1952; Allmon 1990).

step 4. ecophenotypy. Evolution involves only variation that is inherited. 
Nonheritable phenotypic variation that is due to variation in the environ
ment (ecophenotypy or phenotypic plasticity) can be difficult to distinguish 
from heritable or genetically determined variation, even in living taxa. This  
has long been acknowledged to be a challenge for studies of fossils (e.g., 
Bou  cot 1981, 27; 1982; Reif 1985, 279ff.; Foote and Miller 2006, 62; Pro
thero 2013, 38), and has been addressed in in a number of studies (e.g., 
Johnson 1981; Seilacher et al. 1985; Scrutton 1996; Samadi et al. 2000; 
Stewart 2002; Webber and Hunda 2007; Grey et al. 2008; Freiheit and 
Geary 2009; Schneider et al. 2010; Dynowski and Nebelsick 2011; Hage
man et al. 2011; Maillet et al. 2013; Hageman and Todd 2014). As noted by 
Reif (1985, 279), however, “To prove ecophenotypy beyond doubt it is nec
essary to breed the animals with known genetic constitution under differ
ent conditions,” and so there is no general paleontological solution to the  
problem.
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Figure 3.6 Morphological discrimination.
A. Morphological discrimination of species of the Ordovician trilobite genus Millardicurus 
from Utah. From Adrain and Westrop (2006). B. Morphological discrimination of two spe
cies of Jurassic brachiopods of the genus Homoeorhynchia from Yorkshire, England. From  
Ager (1983). C., D. (next page). Morphological discrimination of species of the bivalve genus 
Buchia from the Upper Jurassic– Lower Cretaceous of British Columbia. From Grey et al. 
(2008).
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Figure 3.6 (continued )

Two approaches to ecophenotypy have been discussed by paleontolo
gists. The first is to examine the pattern of morphology and paleoenviron
ment; if similar morphologies occur in different lithologies, a genetic basis 
for the traits is supported (e.g., Grey et al. 2008). Yet the converse (different 
morphology in different environments) does not convincingly demonstrate 
that the variation is heritable, but only that there was local adaptation to 
environment. Other authors have emphasized uniformitarian comparison 
with living relatives or analogues (e.g., Samadi et al. 2000; Maillet et al. 2013;  
Hageman and Todd 2014). For example, since modern oysters are well 
known to show ecophenotypy (Carriker 1996), fossil oysters might be ex
pected to do the same (e.g., Seilacher et al. 1985; Haglund 1998).
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Applying the GLC to Fossils

Even though we might like to understand species and speciation in all 
taxa represented in the fossil record, it is clear that not all fossils are suit
able for recognizing species or studying speciation (i.e., it will not be pos
sible to learn what their patterns/processes of speciation were). Hallam 
(1982, 355) provided a good summary of the requirements for successful 
study of species and speciation in the fossil record:

(1) “The fossils should be abundant and easy to collect and should have 
a high preservation potential so that they will give a fair reflection of the 
original communities.”

(2) “There should be good biostratigraphic control, allowing correla
tion over large areas and a minimizing of the potential complication of 
hiatuses in the stratal sequence.”

(3) “There should be good geographic control so that, in alliance 
with biostratigraphy, one can determine the role and extent of species 
migrations.”

To this might be added (M. Bell, pers. comm., January 2014):
(4) close phylogenetic relationship and phenetic similarity to extant 

analogues, and
(5) fine microstratigraphic resolution.
Assuming that these conditions are present, the task of applying the 

GLC, as described above, to a set of fossils involves two major conceptual 
steps (e.g., Kimbel 1991, 365): perceiving the separate “identity” or “unitary 
evolutionary role” (i.e., distinguishing species), and the “assumption of lin
eage, and hence, reproductive continuity through time” (recognizing and 
tracing the lineage containing the species through time and space). As noted 
by Roopnarine (2001), the second step in many respects is equivalent to the 
approach to phylogenetic analysis known as “stratophenetics” (Gingerich 
1974b, 1979) in its assumption that stratigraphic and geographic proximity 
can be taken as evidence (when combined with morphology) of genetic con
tinuity. There is, of course, “no ‘silver bullet’ that will infallibly tell you that 
you are dealing with an historically individuated entity. And this is why we 
are obliged to look at the preponderance of the evidence” (Tattersall 2007, 
140). Kimbel similarly admits:

Imprecise knowledge of past variation, the vagaries of the fossil record, and, 

not least, descent with modification itself will surely render it impossible to at

tribute unequivocally each and every specimen to a species. (1991, 368)
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As described above, inclusion of the increasingly reasonable assumption 
that cryptic species are common in most if not all higher taxa requires some 
modification of the application of the GLC to the paleontological record 
(fig. 3.4). In this context, textbook diagrams of “speciation” should perhaps 
be viewed in a subtly different light (fig. 3.7): they are not necessarily repre
sentations of species as potentially recognizable to the neontologist, but— 
using the GLC conception of species— they can still be viewed in much the 
same way evolutionarily (as monophyletic lineages of cryptic species).

Conclusions

Although, in principle, many species based on fossils may be similar to 
those based on modern material, in practice many fossil species will un
avoidably differ in important ways from modern species. Given the diffi
culties with recognizing intraspecific variation and ecophenotypy in fossils, 
and especially the increasing recognition of cryptic species in many higher 
taxa of living animals, the assumption that fossil morphospecies are “usu
ally” effectively the same as reproductively isolated biospecies (e.g., Gould 

Figure 3.7 Allopatric speciation through geological time.
These figures show by implication a species concept equivalent to the ESC /GLC discussed 
here. In each case, ancestor descendant continuity is inferred via continuity through time 
and space. A. Division of the parental species (“species A”) by vicariance (aka “dumbbell 
allopatry”), resulting in divergence into two daughter species (“species B” and “species C”). 
B. Formation of small peripheral daughter populations of the parental species (“species A”) 
by vicariance or dispersal, resulting in origin of one daughter species (“species B”) with per
sistence of the parent. Modified from Benton and Harper (2009).
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2002, 785) is, at best, wishful thinking. It is surely valid in many cases, but 
it is just as surely invalid in many others.

Yet this uncertainty does not make paleontologically recognized spe
cies evolutionarily meaningless or completely noncomparable to modern 
species. (It has the same implications for all those Recent morphospecies 
as it does for paleontology: e.g., Knowlton 1993; Sáez and Lozano 2005; 
Bickford et al. 2007). The growing number of and controversy about spe
cies concepts has distracted both neontologists and paleontologists from 
the conclusion articulated by G. G. Simpson half a century ago: species 
are separately evolving lineages (Simpson 1951, 1961; de Queiroz 1998; 
Miller 2001, 2006, chapter 2 in this volume; Harrison 2014). This means 
that when either neontologists or paleontologists talk about species, they 
are in some important respects talking about the same thing.

Morphospecies, whether fossil or living, are more or less spatiotempo
rally discrete packages of morphology that may or may not consist of single 
genetically and evolutionarily separate units. Paleontologists can frequently 
detect morphospecies and their origination. Operationally, however, pale
ontologists in general do a poor job of being clear on what we think the 
“species” we are describing really are (or were). We can and should do much 
better. We can clarify what we think our species are and/or are not, which 
will surely improve the potential for “species level data” from fossils to con
tribute to improved understanding of evolution.

Some modest recommendations:
(1) Paleozoologists should explicitly adopt something like the ESC /

GLC for all species level work, and journal editors should hold them to it 
in their submitted papers. At the very least, authors should explain why 
they think their species do not fit the ESC /GLC concept.

(2) All descriptions of fossil species should make explicit reference to the 
standard by which morphospecies are being recognized, whether it is rela
tively close modern relatives or more distant modern analogs. This practice 
should apply to both quantitative and qualitative species discriminations.

(3) The nature of fossil species— both what they do and do not share 
with modern species— should be made clearer to both producers and con
sumers of paleontological species descriptions. Toward this end, conven
tions for distinguishing modern and fossil species— in print and verbally— 
should be standardized. The current mix of symbols and terms for “fossil,” 
“extinct,” or “stem” species should be reduced to one system, and paleon
tologically defined species should be referred to by a uniform term. For 
the sake of putting forth a proposal for discussion, I suggest that species 
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described solely on the basis of fossil material be called “paleospecies.” 
This will at least allow readers to recognize immediately that species so 
marked are based exclusively on hard part morphology, and to distinguish 
them from species that are based on both modern and fossil data, or solely 
on modern material.
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chapter four

The Stages of Speciation:  
A Stepwise Framework for Analysis 
of Speciation in the Fossil Record
Warren D. Allmon and Scott D. Sampson

Neither neobiologists nor paleobiologists can usually “see” speciation in action; both are left 
to infer what might have happened from a variety of indirect evidence.—Erwin and Anstey 
1995, 11

Introduction

To the degree that “species” as identified among living organisms can 
be recognized in the fossil record (Allmon, chapter 3, this volume), 

other important methodological and substantive questions about species 
and speciation in the fossil record remain. To what degree can fossil spe
cies be studied as modern species are? What, if anything, can we learn 
about species and speciation from the fossil record that we could not learn 
from studying them only in the Recent? These questions can collectively 
be called the “fossil species study problem” (Allmon 2013, chapter 3 of 
this volume). As illustrated by the papers in this volume (as well as many 
others), numerous authors have attempted to address this problem. Yet, as 
also illustrated by these contributions, little in the way of standardization 
of method exists for such studies. Natural history is about both particulars 
and relative frequency (Gould 1991), and a lack of standard methods makes 
relative frequency very difficult to judge. Not all instances of speciation 
will be the same, of course. Yet to the degree that commonalities are pres
ent across at least biparental animals, a common approach or frame  work 
has potential to facilitate comparison and estimation of general patterns.
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Species are evolutionarily distinct lineages (Allmon, chapter 3, this vol
ume; Miller, chapter 2, this volume), and their formation— speciation—  
is the origin of such lineages (Simpson 1951; Turelli et al. 2001; Gavrilets 
2004b; Wiens 2004a; Wiley and Lieberman 2011). Although it can appear 
abrupt on geological timescales, at ecological timescales speciation (by 
which we here mean the multiplication of species, not just their transfor
mation) is usually not an “event,” but rather the outcome of a more or  
less continuous process— a sequence of changes in populations over some 
length of time (e.g., Grant and Grant 2006; Nosil 2008; Butlin et al. 2009; 
Rieppel 2009; Seehausen 2009), from thousands to millions of years (Mc
Cune 1997; Coyne and Orr 2004; Allmon and Smith 2011, 252; Etienne and 
Rosindell 2012; Norris and Hull 2012; Rosenblum et al. 2012). During this 
process, the level of “reproductive isolation can vary from none, to weak,  
to intermediate, to strong, to complete” (Nosil 2008, 27) (fig. 4.1). Spe
ciation is generally “considered complete when reproductive isolation is 
strong or near complete, or when genotypic clusters become largely non
overlapping (i.e., a discontinuity has developed)” (Nosil 2008, 27). A multi
tude of different factors, extrinsic and intrinsic to organisms, can affect this 
process along the way, but all instances of species formation must proceed  

Figure 4.1 Outcomes of contact between previously isolated populations.
“Possible outcomes of contact between populations that were previously isolated by a physi
cal barrier. Broad arrows represent evolutionary lineages (species). Narrow horizontal arrows 
indicate gene flow between otherwise independently evolving lineages. The region between 
diverging lineages depicts the evolution of intrinsic isolating barriers (white, no intrinsic bar
rier; black, weak intrinsic barrier; gray, strong intrinsic barrier). (a) The populations merge 
and evolve as a single species; (b) reinforcement completes the formation of reproductive 
isolation initiated in allopatry; (c) the populations retain genetic identity, but form hybrid 
swarms in zones of contact; (d) the recombination of differentiated genomes results in a new, 
‘hybrid’ species.” (Wood and Rieseberg 2002, 416)
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along a generally similar path, from a single evolutionary entity to mul
tiple ones.

Speciation is usually recognizable only in retrospect, or by comparing 
different species or populations that appear to be at different points in the  
process. Identification of equivalent points, or stages, however, is challeng
ing. Because the processes of speciation are continuous, carving specia
tion up into separate phases or stages will always be somewhat arbitrary. 
Anyone seeking to do so faces additional difficulty from the fact that we 
are almost never able to observe the process of speciation from start to 
finish. Further complications result from speciation varying in different 
taxa and different environmental conditions.

Speciation can be studied at a variety of temporal scales, from small 
changes over a few generations to major changes over millions of years. At 
the smallest scale (ca. 101– 103 years), many studies of speciation in living  
organisms focus on the acquisition of differences that function as “repro
ductive barriers” or “reproductive isolating mechanisms” between popu
lations (e.g., Coyne and Orr 2004), or on the role of selection or adapta
tion (e.g., Schluter 2000; Nosil 2012). At slightly larger scales (ca. 103– 105 
years), other studies focus on the geography of speciation (e.g., allopatry 
vs. sympatry). Most neontological studies of speciation are at these tem
poral levels. At larger scales (ca. >105 years), investigations typically focus 
on a small number of individual species level lineages or speciation events 
over thousands to millions of years, and attempt to determine specifics 
surrounding the pattern and process of speciation. Many paleontological 
studies of speciation (table 4.1) occur at these scales. At still larger scales, 
speciation (often called, agnostically, “origination”) is examined via pat
terns of taxonomic diversity over millions to tens of millions of years (e.g., 
Sepkoski 1998; Lieberman 2001a,b). Much recent paleontological atten
tion has been devoted to this largest scale, perhaps (as suggested by Alroy 
2009, 301) at the expense of species level studies.

A major challenge for evolutionary biologists at all of these scales is to 
determine which of many possible factors have had the greatest impact on 
speciation within a given clade, and whether or not general principles ap
ply to the origin of species across taxa. Although investigators commonly 
invoke one or two specific causal mechanisms as the key factor influencing 
speciation in any particular case, much more rarely is it made explicit ex
actly how this influence has occurred, or how other factors might have been 
involved. More generally, theoretical insights into the nature of speciation  
have been obscured by the frequent failure to correlate a given mechanism  
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with a particular component of the speciation process. For example, to 
what degree does environmental change lead to speciation because of al
teration of patterns of gene flow or because of new selection regimes (e.g., 
Thorp et al. 2008; Surget Groba et al. 2012)? This problem is especially 
important in paleontology, where actual events and processes cannot be 
directly observed. If we are to identify and analyze speciation on both 
ecological (microevolutionary) and geological (macroevolutionary) time
scales, it may be helpful to divide speciation into its components so that 
we can try to identify exactly where and when different changes occur.

In short, one thing that seems to be missing from the speciation discus
sion is a consistent theoretical framework that would enable us to dis
sect the process— to compare what happens within and between clades, 
and thus construct and pursue a research agenda that would elucidate the 
causes of speciation, especially over deep timescales that only the fossil 
record can reveal.

TABLE 4.1 Some examples of lineage- level studies of speciation in various taxonomic groups of 
animals in the fossil record.

Taxon Reference

Corals Budd (2010); Budd and Pandolfi (chapter 7, this 
volume)

Bivalves Waller (1969); Hallam (1982); Stanley (1986); Stanley 
and Yang (1987); Johnson (1993) Roopnarine (1995); 
Crampton and Gale (2005)

Gastropods (terrestrial and freshwater) Gould (1969); Williamson (1981); Reif (1983b); 
Chiba (2007); Glaubrecht (2011)

Gastropods (marine) Fisher et al. (1964); Rodda and Fisher (1964); 
Schindel (1982); Michaux (1987); McKinney and 
Allmon (1995); Geary (1990a,b, 1995); Nehm and 
Geary (1994); Allmon and Smith (2011)

Ammonoids Yacobucci (1999, chapter 8 of this volume)
Brachiopods Ager (1983); Johnson (1975)
Bryozoans Jackson and Cheetham (1990, 1994); Anstey and 

Pachut (2004)
Trilobites Eldredge (1971, 1974); Abe and Lieberman (2009, 

2012); Adrain and Westrop (2005, 2006); Hopkins 
and Webster (2009)

Crustaceans (other than ostracodes) Tasch (1979); Yamaguchi (1980); Rode and 
Lieberman (2005)

Ostracodes Cronin (1985, 1987); Kamiya (1992)
Echinoids Smith (1984); McNamara (1987)
Conodonts Dzik (1999)
Fishes McCune (1996, 1997, 2004); Smith (1987); Bell and 

Haglund (1982)
Birds Stewart (2002)
Mammals Martin (1993); Flynn et al. (1995); Gingerich (1976); 

Masters (1993); Vrba (1987); Wilson (1969)
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Stages of Speciation

A four- stage framework

Although the processes of speciation among animals vary, at least four ele
ments appear to be common to all (figs. 4.2, 4.3): (1) isolated populations  
(sometimes called “daughter” populations or “incipient species”) must 
form, becoming separate from parent populations; (2) these populations 
must persist in isolation, neither going extinct nor merging with the pa
rental population by interbreeding should the opportunity arise; (3) these 
populations must diverge (become differentiated) genetically from the pa 
rent such that they will maintain their separate evolutionary status and not 
merge with the parent; and (4) these new species must stabilize or expand 
their population sufficiently to survive long enough to play a separate evo
lutionary role. Speciation requires all four of these elements or stages; it 
cannot be said to occur if any one of them fails. Notwithstanding difficulties 

Figure 4.2 “Stages of speciation.”
From Mayr (1942, 160).
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in identification, these stages are not entirely arbitrary or merely heuris
tic. They are biologically distinct phenomena, even though they may fre
quently involve common mechanisms and/or overlap in time.

In this chapter, we expand upon earlier studies (Allmon 1992, 1994, 
2001, 2003, 2009; McKinney and Allmon 1995; Allmon et al. 1998; Sampson 
1999; Allmon and Ross 2001; Allmon and Smith 2011; Allmon and Mar  tin 
2014) to more formally propose the stages of speciation” (SOS) frame
work for studying speciation in fossil animals. We use the word framework 
(sensu Ravitch and Riggan 2012) because we regard the approach advo
cated here as a theoretical scaffold upon which to reconstruct and compare 
species originations, both pattern and process. We argue that this four 
stage framework permits greater resolution of the impact of the causal fac
tors involved, and so can serve as a standard method for studying specia
tion, especially in the fossil record, offering a useful tool for identifying the 
effects of extrinsic and intrinsic factors acting at various times during the  
speciation process.

Figure 4.3 The Stages of Speciation (SOS) framework.
Rectangles represent the status of populations, from parental species to extinction of a 
descendant (daughter) species. Numbered ovals indicate the four stages of the speciation 
process. Downward pointing arrows represent the relative timing of each of the four stages. 
Stages 2 (isolate persistence) and 3 (isolate differentiation) can occur simultaneously; per
sistence, however, is required for differentiation to proceed, whereas the reverse is not true.
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Definitions

When referring to living species, we use the biological species concept: 
species are groups of actually or potentially interbreeding natural popula
tions that are reproductively isolated from other such groups (Mayr 1963; 
Coyne and Orr 2004). For fossil species, we use a modification of the gen
eral lineage concept (which is approximately equivalent to the evolution
ary species concept), as discussed in Allmon (chapter 3, this volume): fossil 
species are separately evolving lineages recognized as groups of morpho-
logically distinct populations within which variation is of the magnitude dis-
played by closely related, or presumably analogous, living species and their 
local populations, and between which the differences are of the kind and  
degree expected to result from reproductive isolation of populations in such 
related or analogous species.

In this paper, isolate and isolated population refer to a population or 
group of populations prevented from free gene exchange with other such 
populations of the same species, and having the potential to become a new 
species (cf. Mayr 1963, 366; Stanley 1979, 195; Taylor 1990, 429); this usage 
is equivalent to “demes” of Damuth (1985). A metapopulation is an en
semble of such populations connected by occasionally dispersing individu
als (Hanski and Gilpin 1991). Both populations and metapopulations have 
finite lifetimes, that is, expected times to extinction (Hanski and Gilpin 
1991). The processes of population formation, persistence, and differentia
tion occur on what Hanski and Gilpin call the “metapopulation scale . . . 
at which individuals infrequently move from one place (population) to an
other, typically across habitat types which are not suitable for their feeding 
and breeding activities, and often with substantial risk of failing to locate 
another suitable habitat patch in which to settle” (1991, 7).

All isolates are incipient species; that is, populations that have the po
tential to become established species (Dobzhansky 1940; Mayr 1942). 
We refer to newly formed species (i.e., those incipient species that have 
achieved effective reproductive isolation) as neospecies (Carson 1976). The  
point at which a population should be called a neospecies is arbitrary; 
there is “a sliding scale” for assigning species status (fig. 4.1). “As repro
ductive barriers become stronger, taxa become more ‘species like’, and 
when reproductive isolation is complete we consider taxa to be ‘good spe
cies’ ” (Coyne and Orr 2004, 31, 34; the term “good species” can also refer 
to reproductively isolated species that are also morphologically distinct; 
see Allmon, chapter 3, this volume).
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A persistent neospecies is referred to here as an established species. Al
though designating a species as “established” is somewhat arbitrary, this 
distinction is an important and very real one because it indicates that a 
species has expanded sufficiently in population size and geographic range 
to have a reasonable probability of entering the fossil record (see below).

Stage 1: Isolate formation

For a population to have the potential to become a distinct evolutionary lin
eage, it must somehow separate from other populations; that is, gene flow 
must cease. The exact nature of this separation varies. Mayr (1942, 1963) 
maintained that, at least among sexually reproducing organisms, cessation 
of gene flow is almost always associated with geographic separation (see 
discussion in Coyne 1994; Nosil 2008), and geographic isolation came to be 
widely accepted as the most common mode of speciation in animals (Coyne 
1994; Coyne and Orr 2004; Mallet 2008a; Nosil 2008). Considerable evi
dence, however, has since accumulated detailing exceptions to this descrip
tion; that is, genetic isolation apparently can, under certain circumstances, 
occur without large scale significant geographic isolation (i.e., “sympatric 
speciation”; Via 2001; Bolnick and Fitzpatrick 2007; Fitzpatrick et al. 2009; 
Bird et al. 2012), and significant divergence is possible in the presence of 
gene flow (e.g., Turelli et al. 2001; Nosil 2008, 2012; Feder et al. 2012). Even 
without geographic isolation, however, gene flow still must cease (or be dra
matically reduced) for populations to have a chance of becoming separate 
species. The SOS framework therefore applies equally to all of the various 
“models” of speciation (table 4.2).

Geographic isolation can occur in many ways (e.g., Mayr 1942, 1963; 
Wiley 1981; Futuyma 2002; Wiley and Lieberman 2011). However it oc
curs, it has long been thought that many more daughter populations form 
than go on to become established descendant species. Mayr (1963, 367), 
for example, admitted that “we know, as yet, little about the frequency of 
genuine isolates in various groups of animals.” Yet he claimed that “most 
species bud off peripheral isolates at regular intervals . . . [and] nearly all 
of them either reestablish contact with the parental species or else die out” 
(Mayr 1963, 554), and he estimated that “peripheral isolates are produced 
50 or 100 or 500 times as frequently as new species” (1963, 513). He noted 
that four families of birds for which he tabulated data have many more 
isolates than subspecies, and many more weakly than strongly differenti
ated isolates. Comparing the list of species that seem to have originated 
in a single postulated Pleistocene forest refuge in Amazonia with the list 
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TABLE 4.2 Classification of models of speciation.

ecological speciation nonecological speciation

 
geographic mode

by  
product

 
competitive

ecological 
persistence

 
drift, etc.

sexual 
selection

continuum
 →

Allopatric –   
Vicariance 1  
(parent ≅ daughter; 
bifurcation, dumbbell 
allopatry)

Allopatric –   
Vicariance 2  
(parent >> daughter; = 
peripatry)

Allopatric –  Dispersal  
(parent >> daughter; = 
peripatry)

Parapatric

Sympatric

of species that could potentially have been isolated in that refuge, Mayr 
(1969, 16) found the number of new, derived species to be relatively small, 
which he explained in part by the extinction of a large proportion of the 
isolated incipient species. Stanley (1979, 175) similarly stated that “some 
unknown percentage of the myriads of isolates issuing from any species  
must technically attain the status of a distinct species without actually be
ing recognized as such because they are snuffed out before expanding to be
come fully established.” Stanley (1978) labeled these ephemeral isolates 
“aborted species.”

Direct field studies of the fates of populations in the context of spe
ciation are few. Such studies are more numerous, however, in the conser
vation and population biology literature (e.g., Berger 1990; Anstett et al.  
1997; Morris and Doak 2002), and, to a lesser extent, in ecology. For exam
ple, some ecological studies of marine gastropods suggest that species are 
broken into many small short lived local populations that are repeatedly 
reestablished by recolonization (Spight 1974; Quinn et al. 1989). Similarly, 
Cain and Cook (1989) followed 8 replicate populations of the land snail 
Cepaea in enclosures over almost 20 years; 7 of the populations became 
extinct and the 8th almost did. Studies of the fates of local populations 
within metapopulations also suggest high rates of population extinction 
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(e.g., Ebenhard 1991; Harrison 1991, and references therein). All of these 
studies, as well as modeling (e.g., Ludwig 1996; Middleton and Nisbet 
1997; Frank and Wissel 2002; Morris and Doak 2002), suggest that the 
great majority of populations have relatively short durations (compared to 
the species as a whole). This implies that frequently only a small number 
of populations persist long enough to become neospecies.

If we examine the processes by which these populations are produced, 
it is clear that a variety of causal factors may be involved (table 4.3), in
cluding: extrinsic processes that divide parental populations by vicariance 
events (such as habitat disturbance); availability of habitat patches beyond 
the geographic range of the parental species; and intrinsic features of organ
isms and populations that increase the likelihood of geographic isolation 
(e.g. dispersal ability, population structure, and resource specialization).

Extrinsic factors potentially increasing the rate of isolate formation, 
such as environmental disturbance or shifts in predation intensity, can of
ten be identified based on geological or paleontological evidence (e.g., 
Cracraft 1985; Stanley 1986; Cronin 1985, 1987; Cronin and Ikeya 1990; 
Allmon and Smith 2011). For example, Abe and Lieberman (2012) ar
gued that an evolutionary radiation of Devonian trilobites was driven 
more by geographic isolation (largely the result of sea level rise and fall) 
rather than competition. Allmon et al. (1998) proposed an intermediate 
disturbance hypothesis that suggested maximal speciation would occur at 
moderate levels of environmental perturbation; too little would produce 
few isolates, whereas too much would cause too many isolates to become 

TABLE 4.3 Examples of factors that may influence speciation at each of the stages of the SOS 
framework, sorted by whether they are studyable in living or fossil species.

 
Stage

Mechanism/evidence—  
neontological

Mechanism/evidence— 
 paleontological

Isolate formation • Environmental disturbance
• Dispersal ability

• Environmental disturbance
• Dispersal ability

Isolate persistence • Permissive environment
• Adaptation

• Permissive environment
• Adaptation

Isolate differentiation • Environment
• Selection
• Genetics
• Behavior

• Environment

Persistence of species • Environment
• Abundance
• Competition

• Environment
• Abundance
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extinct. Intrinsic factors affecting isolate formation, such as dispersal abil
ity, may also be recognizable in fossils (e.g., Hansen 1978, 1982; Jablonski 
and Lutz 1983; Taylor 1989).

Stage 2: Isolate persistence

If, as discussed above, many more isolated populations form than go on 
to become neospecies, then the “supply” of isolates is not a limiting factor 
in controlling the occurrence of speciation. It is then to the other stages of 
the speciation process that we must look.

Once formed, isolated populations face four possible fates (fig. 4.2; ta
ble 4.3; Mayr 1969, 13): (1) disappearance by merging with the parent pop
ulation or other daughter populations; (2) extinction by the death of all of 
their component individuals; (3) persistence in isolation without achieving 
reproductive isolation; or (4) persistence and differentiation to become 
neospecies. Different factors have different effects on the probabilities of 
each of these outcomes.

Isolate persistence involves at least two aspects: persistence of the pop
ulation and persistence of isolation. Isolation can be maintained by geog
raphy (distance or barriers) and/or by ecological and environmental differ
ences, such as limited or biased dispersal or selection against migrants due 
to local adaptation (see Bradburd et al. 2013). The persistence of the con
dition of isolation may be gradational with the events or processes that led 
originally to the formation of the isolated population, or may involve new 
conditions. Persistence of isolates may be more common, for example, in 
“novel environments” that lack predators or competitors (Schluter 2000, 
79). This has been called the ecological persistence model of speciation,  
in contrast to ecological speciation (Schluter 2000, 189); see below.

To the extent that isolated populations are vulnerable to extinction by 
the death of all of their constituent individuals, factors conducive to the 
survival of those individuals will lead to higher probability of isolate per
sistence (cf. Stanley 1979; Glazier 1987; Allmon 1992). Such factors might 
include those intrinsic to organisms, such as adaptation, as well as extrin
sic factors such as the nature of the environment. Higher abundance and 
larger geographic ranges (Blackburn and Gaston 1997; Gaston and Black
burn 2000; Gaston 2003) are widely thought to reduce the probability of 
extinction of neospecies (Hutchinson 1959; MacArthur and Wilson 1967; 
Jackson 1974; Leigh 1981; Diamond 1984; Stanley 1986; Lande 1998; Car
dillo et al. 2005; Payne and Finnegan 2007; see “Stage 4,” below), and this 
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likely pertains as well to isolated populations that are not yet reproduc
tively isolated (Allmon 1992). Isolated populations that are— for either 
extrinsic or intrinsic reasons— able to expand rapidly to a larger size, and 
concomitantly larger ranges, will have a greater chance of persistence than 
populations that lack this capacity (e.g., Ebenhard 1991).

Survival of individuals can be influenced by the “rigor” (Hutchinson 
1959) or “permissiveness” (Vermeij 2002; Hardie and Hutchings 2010) of 
the environment— that is, how metabolically expensive or otherwise dif
ficult is it for the average individual organism to survive and reproduce. All 
other factors being equal, isolates that occur in less rigorous, more permis
sive environments will show higher rates of persistence than isolates in more 
challenging environments (Stanley 1979; Allmon 1992; Vermeij 2012).

Populations of individuals that possess morphological, behavioral, or 
biochemical characteristics that enhance their relative fitness in their local 
environments (“aptations” sensu Gould and Vrba 1982) should be able to 
persist longer than populations of individuals that lack such features. Sev
eral authors (e.g., Stanley 1979; Glazier 1987) have stressed that, to the 
degree that daughter populations from the same parent differ in charac
teristics that render them differentially susceptible to extinction, sorting 
will take place at the level of the isolate. If so, any characteristic “which 
would increase survivorship is expected to be preferentially represented 
in species newly formed from those isolates” (Glazier 1987, 325). The re
sult of such a process, Stanley (1979, 197) suggests, will be bias in the di
rection of speciation, since descendant species will have been drawn from 
only a subset of ancestral variation (see also Lloyd 1988, on “avatar selec
tion”). Importantly, morphological novelties recognizable in fossils may 
be identified as adaptive, or at least as functional (e.g. Hickman 1988), 
with possible impacts on the rate of isolate persistence (e.g., Vermeij  
1987).

Stage 3: Isolate differentiation

In the context of speciation, differentiation of isolated populations mani  fests 
in two ways: development of reproductive isolation between populations, 
and production of phenotypic differences between populations. These are 
not necessarily correlated, as indicated by the frequent occurrence of poly
morphism and cryptic species (Allmon, chapter 3, this volume) (fig. 4.4).

The first of these, acquisition of reproductive isolation, involves some 
kind of reorganization and redefinition of the fertilization system rela
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tive to that of the parent population. Reproductive isolation is generally 
thought to arise as a by product or side consequence of divergence in 
other traits (Mayr 1942, 1963; Dobzhansky 1951; Simpson 1953; Schluter 
2000, 70 – 71, 189ff.; Coyne and Orr 2004, 37), usually during isolation of 
populations. It may also, however, occur during secondary contact be
tween populations, incipient species, or neospecies, via reinforcement and 
character displacement (Pfennig and Pfennig 2012). A variety of genes 
appear to be involved in directly contributing to the evolution of repro
ductive isolation (“speciation genes”; see Coyne and Orr 2004; Nosil and  
Schluter 2011).

The achievement of reproductive isolation as a by product of diver
gent selection due to ecological differences between isolated populations 
has been labeled ecological speciation (Schluter 2000, 2001, 2009; Rundle 
and Nosil 2005; Jiggins 2008; Nosil 2012), adaptive speciation (Dieckmann  
et al. 2004), competitive speciation (Rosenzweig 1978; Polechová and Bar
ton 2005), and gradient speciation (Moritz et al. 2000), and has become 
the focus of intensive neontological research (e.g., Baker 2005; Funk 2009; 
Sobel et al. 2009; Doebeli 2011; Weissing et al. 2011; Nosil 2012). Diver
gent selection also may be due to nonecological factors, such as sexual  

Figure 4.4 “Schematic illustration of the continuous nature of divergence during speciation.”
From Nosil 2012, 4.
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selection (Ritchie 2007). (Speciation that occurs by mechanisms other 
than selection related to ecological differences has been called noneco
logical or nonadaptive speciation [Schluter 2000, 2009; Rundell and Price 
2009; Hoso 2012; Svensson 2012; see also Kopp 2010].)

Divergence depends not only on extrinsic factors but on the genome 
itself and on the supply of available and appropriate genetic variation. In
trinsic biases in the direction of variation, such as variation “along genetic 
lines of least resistance” (Schluter 2000, 215ff.) or related to developmental 
“constraints” such as heterochrony or homology of varying depth (Klin
genberg 1998; Smith 2003; McCune and Schimenti 2012), may strongly 
affect the direction, amount, and timing of population differentiation.

Finally, if differentiation or divergence does not proceed far enough, 
it may be reduced by speciation reversal (Wolfe 2003; Seehausen et al. 
2008) or speciation collapse (Taylor et al. 2006). In other words, popula
tion differentiation, potentially even to a degree recognizable in the fossil 
record, can be reversed if a daughter population is subsumed into a parent 
population (or another daughter).

Stage 4: Neospecies persistence

The fourth stage of the speciation process is the persistence of newly 
formed species as independent evolutionary units in geological time. This 
stage is frequently marked by an increase in population size together with 
a concomitant expansion in geographic range, sometimes into sympatry 
with the parental species (Mayr 1942, 1963; Phillimore and Price 2009) 
(figs. 4.1, 4.2). This process may also involve further divergence beyond 
that present at the onset of reproductive isolation (e.g., by competitive dis
placement or reinforcement) (Pfennig and Pfennig 2012).

Just as most geographic isolates do not persist for long enough to 
achieve reproductive isolation, it is likely that only a small percentage of 
neospecies persist to become established species (Mayr 1963; Stanley 1979; 
Rosenblum et al. 2012). Thus, causal factors affecting the persistence of 
neospecies clearly grade into factors affecting persistence (or extinction) 
of established species (Maynard Smith 1989; Raup 1991). In practice, it 
may therefore be difficult or impossible to make a distinction between the 
persistence of population isolates and established neospecies. When we 
examine the history of any clade, particularly in the fossil record, we are 
usually observing only established neospecies (Eldredge and Gould 1972; 
Eldredge 1995; Kimbel 1991, 362– 363; Liow and Stenseth 2007). Indeed, it  
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is speciation that typically generates the kinds of morphological changes 
necessary for a species to persist and be recognized in the fossil record 
(Futuyma 1987, 1989; Kimbel 1991, 362).

In light of this continuity (isolate → neospecies → established species), 
it might be objected that this fourth stage should not be regarded as part 
of the speciation process, given that it occurs following the establishment 
of reproductive isolation. Yet a similar argument might be applied to 
stages 1 and 2. After all, it is likely that the most population isolates do 
not become distinct species. Another possible objection to the necessity 
or utility of stage 4 is that neospecies persistence should not be regarded 
as a step in the speciation process because there is no definitive end point 
other than extinction. As discussed above, however, prior to becoming 
“established,” the vast majority of newly formed species must first pass 
through a neospecies phase in which they expand population size and 
geographic range. In general, there is some minimum population size be
low which the probability of extinction becomes so great as to jeopardize 
the long term survival of the species (e.g., Belovsky 1987; Calder 2000). 
As Phillimore and Price (2009, 240) note, analysis of the speciation pro
cess would not be complete without consideration of this stage, because 
without range expansions, “newly produced species would remain geo
graphical replacements of one another, limiting both sympatric diversity 
and the total number of species that could be produced from a common  
ancestor.”

This expansion phase, encompassed in stage 4, may be accompanied by 
an accumulation of adaptations, and these may increase the probability of 
survival in a new niche. As Darwin emphasized in his principle of diver
gence (1859), neospecies that do not diverge from their sister neospecies, 
or from the parental species, are unlikely to persist over geologic time 
spans because of resource competition. Some of these adaptations may 
be accumulated prior to reproductive isolation, others may occur after
ward, while the neospecies exists in isolation. Still others may result post
contact, through such processes as competitive displacement.

The central point here is that, for the majority of animal species, any 
population (or subset of populations) must go through all four stages in 
order to form and survive over geologic timescales. All four stages are 
necessary for an animal species to appear in the fossil record, and all 
four stages probably usually encompass a relatively brief time span (103–  
106 years) relative to the typical duration of a fossil species. In this sense, 
speciation begins with the isolation of populations (though the bulk of 
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isolates do not form distinct species) and ends with the transition from 
neospecies to established species (fig. 4.1).

Discussion

Previous proposals of speciation “stages”

Discussions of stages of speciation have been presented previously, with 
various degrees of explicitness (e.g., Allmon 1992; Lowry 2012; fig. 4.2). 
Several of these discussions have been in the context of a “continuum” of 
pro cess instead of, or in addition to, consideration of discrete stages (e.g., 
Hendry et al. 2009; Merrill et al. 2011; fig. 4.4).

For example, Lowry (2012, 1) states that “while most biologists would 
agree that speciation occurs across a continuum over time . . . biologists 
must study speciation at various points along the continuum of the pro
cess. Repeatedly, those who have taken up this challenge have found that di
viding speciation into stages is a useful framework for better understand
ing the entire process.”

Wiens (2004a, 920) has proposed that a “new research program in al
lopatric speciation . . . should minimally address three general questions”: 
(1) “what are the extrinsic ecological factors that cause geographic range 
splitting?”; (2) “what intrinsic organismal traits underlie these ecologi
cal factors?”; and (3) “what microevolutionary factors impede adaptive 
evolution in these limiting organismal traits [and thereby keep them from 
evolving/adapting] during the time frame of speciation?” To answer these 
three questions, Wiens proposes four investigations: (1) “identify a single 
vicariance event based on the co occurrence of multiple sister species in 
the same area sharing similar habitat preferences and a similar geographic 
disjunction”; (2) “identify the nature and timing of the environmental 
change that created this disjunction of habitats based on concordance be
tween geological evidence and levels of molecular divergence between sis
ter species”; (3) “focus on a particular pair of sister species and identify the 
specific ecological factors that underlie the inability to cross the geographic 
barrier; (4) “determine what population genetic factors may limit adapta
tion in these traits to ecological conditions at the geo graphic barrier.”

Similarly, Butlin et al. (2009, 7) suggest that “it would be helpful to 
understand the contributions of different mechanisms to speciation rates 
and their variation. Unfortunately, as Coyne and Orr (2004) have empha
sized in their thorough review of the literature, this is a question about 
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which we know rather little.” Nosil and Harmon (2009, 128) note that, 
while divergence of populations during speciation is continuous, differ
ent degrees of divergence can be thought of “as arbitrary ‘stages’ of the 
continuous process of speciation . . . , with greater divergence equating to 
greater progress toward the completion of speciation.” Rundle and Nosil 
(2005, 337) explicitly divide ecological speciation into “three necessary 
components: an ecological source of divergent selection, a form of repro
ductive isolation, and a genetic mechanism to link them.”

Phillimore and Price (2009, 240 – 241) propose “three steps that limit 
the rate at which new species form”: (1) “gene flow between populations 
must be restricted” (i.e., “populations become geographically isolated”); 
(2) “populations diverge in various traits that generate reproductive isola
tion”; and (3) “populations must expand ranges.” Miller (2001, 7) simi
larly writes that “the establishment of a new species probably involves 
something like the following chain of events . . . 1) appearance of a new 
innovation . . . 2) isolation or separation to conserve or protect the innova
tion . . . 3) significant morphologic differentiation . . . When the sequence 
includes these steps, most paleobiologists would agree that a new species 
lineage has been established.”

In discussing ecological speciation, Foote (2012) refers to “a three stage 
process that encompasses and links ecological divergence, phenotypic di
vergence, and reproductive isolation: [1] ecological contrast or an ecologi
cal gradient promotes divergent natural selection; [2] this causes adaptive 
divergence of phenotypic traits between individuals in the different eco
logical contexts; [3] when one or several of these adaptations are also as
sociated with reproductive compatibility, divergence in these traits results 
in reproductive isolation either through assortative mating or low hybrid 
fitness” (2012, 447–  448). Other recent discussions of stages in the spe
ciation process include Streelman and Danley (2003), Tautz (2004), Wolf  
et al. (2008), and Liow (2010).

A number of other neontological studies have used or otherwise ac
knowledged the utility of previous versions of the SOS framework pre
sented here (Allmon 1992; e.g., Chown 1997; Barraclough et al. 1998; Funk 
1998; Dynesius and Jansson, 2000; Gavrilets et al. 2000; Schluter 2000, 79; 
Barraclough and Savolainen 2001; Jansson and Dynesius 2002; Gavrilets 
2004a,b; Levin 2005; Ricklefs and Bermingham 2007; Rabosky 2015). 
Dynesius and Jansson (2014) explicitly “restructured and generalized” the 
framework of Allmon (1992), “distinguishing three controls of speciation  
rate: splitting, persistence and duration.” Their splitting control “resembles 

 EBSCOhost - printed on 2/13/2023 7:23 AM via . All use subject to https://www.ebsco.com/terms-of-use



138 chapter four

Allmon’s ‘isolate formation,’ but indicates the rate at which within species 
lineages are initiated by whatever means, also when the differentiation 
process is the initiator (e.g. ecological speciation).” Their persistence con-
trol “includes the level of persistence of the population(s) constituting a 
lineage, as well as of the processes and states that keep them apart.” Their 
duration control “is the time period needed for speciation to be completed” 
which determines which lineages are what Dynesius and Jan sson call “full 
fledged species” (referred to herein as “established species” and which 
are “within species lineages” (“incipient species” herein) (Dynesius and 
Jansson 2014, 923). It therefore combines what we refer to here as stages  
2 and 4.

The preceding summary suggests that an approach similar to the SOS 
framework discussed here has broad utility in studies of speciation. The 
particular approach we describe here, however, is likely to be more effec
tive as a tool for investigating species originations than previous proposals 
because it is both more explicit and more encompassing. It is more explicit 
in that it links specific processes with specific stages, enabling especially 
paleobiologists to explore where exactly in the speciation process a given 
factor has been most impactful. The SOS framework is more encompass
ing in the way it recognizes and focuses attention not solely on the fate 
of incipient species, but also on that of neospecies, including the factors 
that constrain or accentuate the probability of formation and persistence 
of these neospecies.

General applications of the SOS framework

The SOS framework does not require that all four stages be temporally 
or causally disjunct. Indeed, the stages may be concurrent and/or closely 
connected (figs. 4.3, 4.5; table 4.2). For example, isolate formation, per
sistence, and differentiation can all be affected by natural selection (see 
be low), and stages 2 and 3 (persistence of geographic isolates and acquisi
tion of reproductive isolation, respectively) will inevitably overlap at least 
partly in time. The key point is that the stages represent distinct biologi
cal phenomena that generate distinct evolutionary results. All are neces
sary for the formation of new established species, and the likelihood of 
each can vary independently in any particular instance. A given process or 
phenomenon (e.g., environmental perturbation) may affect the formation 
and persistence of isolated populations, but unless those populations per
sist, differentiate sufficiently, and subsequently endure as newly formed 
species, they will have no impact on macroevolutionary patterns.
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Butlin et al. (2009, 2– 3) argue that “many speciation mechanisms have 
been shown to be plausible, but there remains considerable uncertainty 
over which of these scenarios are responsible for most of the species on 
Earth.” The four stage SOS framework presented here is a useful tool 
for addressing this uncertainty insofar as it compels us to focus on one 
stage or process of speciation at a time, and to ask how a given factor af
fects each particular aspect of the overall process. Using the framework, 
speciation analysis begins with assessment of the causal mechanisms that 
may have affected each stage. This information can then be applied in a 
comparative phylogenetic context.

The framework should be especially useful when judging which fac
tors may have been most important in either limiting or promoting species 
formation (table 4.3). For example, although intrinsic or extrinsic factors 
may result in production of numerous isolated populations (stage 1), the 
probability of speciation may remain unaltered if factors conspire to limit 
the persistence of isolates (stage 2; e.g., Jablonski and Flessa 1986; Allmon 
1992) and/or reproductive isolation (stage 3; e.g., Coyne and Orr 2004). 
Alternatively, various causal factors (environmental change, sexual selec
tion) may result in increased probabilities of populations successfully com
pleting stages 1 to 3, whereas other factors (e.g., natural selection) might 
restrict the likelihood of neospecies persistence (Phillimore and Price 
2009). This issue has occasionally been phrased as whether speciation is 
inherently “easy” or “hard” (e.g., Gavrilets 2005; Mallet 2008b). In other 
words, is speciation the default, occurring almost invariably in the absence 
of suppression? Or does speciation more frequently require promotion or 
driving by unusual circumstances?

For example, it has been suggested that rate of diversification can be 
reduced by effects of density dependence (e.g., McPeek 2008; Price 2008; 

Figure 4.5 “Notions of speciation.”
From Dieckmann et al. 2004, 8.
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Rabosky and Lovette 2008; Weir and Mursleen 2012); that is, by a decrease 
in isolate persistence. Similar patterns, however, could also result from de
crease in rate of isolate formation, due for example to abiotic environmen
tal change (e.g., Esselstyn et al. 2009; Abe and Lieberman 2012), which 
could be largely stochastic (e.g., Phillimore and Price 2008; Etienne and 
Haegeman 2011). Similarly, instances of increased diversification (radia
tion) have been attributed to a number of factors, including key innova
tions (Heard and Hauser 1995; Schluter 2000, 181), creation or invasion of 
empty or otherwise permissive environments (e.g., Grant and Grant 1995; 
Vermeij 2002), changes in dispersal ability (Hansen 1978, 1980; Palumbi 
1994), and occurrence of abundant instances of vicariance caused by en
vironmental disturbance or fragmentation (e.g., Cracraft 1985, 1992; Li
eberman 2012) (see next section). The macroevolutionary implications are 
dramatically different for each of these scenarios (Stanley 1986; Allmon 
1992, 1994; Johnson et al. 1995). Being more explicit about links between 
causal factors and stages are likely to result in more explicit hypotheses 
about the process of speciation.

Each of the 4 stages, then, can be regarded as a “portal of probabil
ity.” Metaphorically, the chances of speciation occurring during a given 
interval are directly related to the size of each portal, which is in turn con
trolled by various causal forces. Populations may pass through one portal 
in great numbers only to be denied passage through the next. The “larger” 
the portal, the more daughter populations or neospecies pass through to 
the next stage, and the greater the probability that species diversity will in
crease. For example, the probability of speciation may increase if environ
mental perturbations partition a given habitat, affecting formation and/
or persistence of isolates (stages 1 and 2). Conversely, the probability of 
isolated populations forming and persisting may remain relatively stable 
over an interval of time, but the evolution of a particular character— 
con nected to reproduction (for example, secondary sexual characteristics 
modified under the influence of sexual selection) or to ecology— may in
crease the likelihood of reproductive isolation (stage 3).

The SOS framework also may offer a way to assess the overall role of 
natural selection in speciation, a topic that has been important and con
troversial within evolutionary biology since 1859 (e.g., Darwin 1859; Mayr 
1963; Gould 1990, 2002; Via 2001; Allmon 2013). With the recent rise 
in popularity of theories of ecological speciation, natural selection has 
moved closer to the center of much discussion of processes of speciation 
(e.g., Butlin et al. 2009 and references above). Indeed, Sobel et al. (2009, 
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295) have argued that the term “ecological speciation” is unnecessary, 
since “natural selection is a ubiquitous part of speciation.” Yet (as oth
ers have argued: e.g., Haegeman and Etienne 2009; Kopp 2010; Etienne 
and Haegeman 2011), this is not necessarily true. Application of the SOS 
framework may contribute to addressing this issue by sharpening focus on 
the role of selection at different points in the speciation process. Most re
cent attention has focused on stage 3, during which advocates of ecologi
cal speciation argue that ecological differences create divergent selection 
pressures on populations.

Yet selection can also play a major role at each of the other three 
stages (Schluter 2000; Butlin et al. 2009). Selection may contribute to ei
ther or both of the first two stages (formation and persistence of isolates) 
by eliminating individual organisms, for example by predation or abiotic 
environmental change (e.g., Stanley 1986; Allmon 2001). Disruptive selec
tion or intraspecific character displacement can also contribute to isolate 
formation via polymorphisms that lead to physical or ecological separa
tion (Pfennig and Pfennig 2012). Population persistence can be enhanced 
by adaptation. Stage 4, persistence of neospecies, depends strongly on the 
ability to individuals and populations to survive, often alongside and in 
competition with closely related, perhaps “ecologically redundant” spe
cies (Rosenzweig 1995; Pfennig and Pfennig 2012). Thus, once reproduc
tive isolation has been acquired, morphological divergence via natural se
lection may well determine whether a species will persist (Schluter 1994, 
2000; Phillimore and Price 2009).

Evolutionary radiations

The SOS framework has potential to elucidate the processes behind evo
lutionary (or adaptive) radiations, which remains an area of intensive re
search (Erwin 1992; Heard and Hauser 1995; Hunter 1998; Schluter 2000; 
Seehausen 2006; Rabosky and Lovette 2008; Gavrilets and Losos 2009; 
Hodges and Derieg 2009; Yoder et al. 2010) Frequently it is unclear how 
a proposed key innovation has resulted in elevated rates of speciation 
(Lauder and Liem 1989; Hunter 1998). The 4 stage perspective can help 
by encouraging investigators to be explicit as to how a particular feature 
may have affected speciation rates. Key innovations may have a variety 
of effects depending on which stage(s) of speciation they act upon (All
mon 1992). For example, the syrinx of passerine birds may have facilitated 
the acquisition of reproductive isolation (stage 3) by permitting a greater 
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potential range of vocalizations, thereby contributing to the high diver
sity of this clade (Raikow 1986). Conversely, evolutionary radiations are 
sometimes characterized by substantial morphological innovation without 
associated increases in species diversity (novelty events of Erwin 1992). 
Such radiations might conceivably be due largely to one or more adapta
tions acting on stages 2 or 4. That is, causal factors driving divergence could 
elevate the rate of population or neospecies persistence without associated 
changes at the other stages.

Evolutionary radiations are typically thought to involve elevated rates 
of species formation (Stanley 1979; Schluter 2000; Rundell and Price 2009; 
Lieberman 2012). Whereas such radiations may entail increased likeli
hoods at only one stage of speciation, or at one more than another, the 
SOS framework also suggests an additional hypothesis. Assuming a rela
tively constant rate of extinction for successful species, evolutionary radia
tions may frequently result from elevated likelihoods at not one but two or 
more stages. In effect, multiple causal factors may open “portals of prob
ability” at several stages, with the resulting wave of isolated populations 
and neospecies culminating in accelerated or cascading rates of established 
species formation. This cascade hypothesis resembles the multistep key 
innovation concept proposed by Heard and Hauser (1995).

Various examples from the literature can be cited as potential support 
for such a hypothesis. One of the most remarkable and debated evolu
tionary radiation is that of haplochromine cichlid fishes in the East Af
rican Great Lakes (see, e.g., Dorit 1990; Kocher 2004; Seehausen 2006). 
Both extrinsic factors (e.g., changing lake levels) and intrinsic factors (e.g., 
mouthbrooding; jaw flexibility) have been cited as increasing the likeli
hood of population isolate formation and persistence (stages 1 and 2). 
Sexual selection may also have accelerated the divergence and genetic 
isolation of populations (Dominey 1984), largely through modifications of 
species specific coloration (stage 3). The derived pharyngeal jaw apparatus 
may have permitted a large degree of ecological flexibility in the face of 
competition from other cichlid species (Liem 1974), as well as the diversity 
of head morphologies related to exploiting food resources, both possibly 
resulting in higher levels of neospecies persistence (stage 4). Seehausen 
(2006) posits an alternative stage 4 hypothesis, arguing that the speciation 
rate in African cichlids declined as niche space filled up. Specifically, early 
phases of local radiations were characterized by higher rates of speciation 
than were later phases. None of the above hypotheses is mutually exclu
sive, and it may that the radiation of Great Lakes cichlids resulted from 
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increased “success” at all four stages. It would be useful to test the cascade 
hypothesis against other evolutionary radiations.

Application to the fossil record

Hunt and Rabosky (2014, 435) posed the provocative conundrum of “a 
near perfect paleontological demonstration of speciational trait change in 
a single lineage, in which we are able to unambiguously rule out immigra
tion and other potential biases as the cause of the pattern.” Such a pattern, 
they argue, could result from peripatric speciation (sensu Mayr 1982 and 
Eldredge and Gould 1972), but it could also be produced by “speciation 
attributable to divergent natural selection” (i.e., ecological speciation), or 
by “postspeciation character displacement in ecological or reproductive 
traits.” Given the limitations of the fossil record, determining which of 
these causal scenarios is more likely is difficult or impossible. The only 
way forward is to attack speciation in the fossil record with a general causal 
taxonomy that allows available evidence to be grouped into categories. 
The SOS framework provides such a framework.

The SOS framework may be useful for studying speciation in the fos
sil record within two broad arenas. First, at the level of individual clades, 
it focuses our attention on searching for particular patterns. For example, 
how did a given suite of species pass through each of the 4 stages? Is there 
evidence for critical influence at one or more stages? How complete, or 
incomplete, is the record, and what other factors may have played a part in 
generating the observed patterns? Second, the SOS framework may help to 
broaden our understanding of the speciation process from a more general 
cross taxon perspective. For example, compiling cases from the literature 
into formal categories (i.e., which stage or stages were most important) 
might allow us to estimate relative frequency of different causes, and to 
generate hypotheses of causes through time. Do we find the same general 
patterns, say, among vertebrates in marine and terrestrial realms? Or in 
Paleozoic versus Mesozoic gastropods? Tackling such large scale questions 
could result in considerable advances to macroevolutionary theory as it ap
plies to species originations.

Paleontology has access to time, space, morphology, and environment. 
Fossils can therefore, at least sometimes, allow analysis of the likelihood  
of different stages in the SOS framework (table 4.3). Examples might in
clude isolate formation by extrinsic versus intrinsic factors (e.g., vagility of 
adults, larval dispersal ability), or isolate persistence in response to varying 
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environmental rigor, adaptation, geographic range, and abundance. Al
though it is unlikely that the fossil record will contain abundant records 
of incipient species, due to their usually small size and short temporal du
ration (Eldredge and Gould 1972), inferences can be drawn based on a 
variety of observations at larger temporal and spatial scales. For example, 
we can examine episodes of environmental disturbance (e.g., Allmon et al.  
1998; Allmon 2001, 2003) and hypothesize whether it is more likely that di
versification was a result of vicariance, establishment of isolates by dispersal,  
or maintenance of isolates in refugial conditions. Changes in sea level on  
shallow shelves is a frequent source of environmental disturbance and 
cause of potential isolate formation (stage 1) that can be studied (Allmon 
and Smith 2011; Lieberman 2012). Sea level change is also of course a sig
nificant source of sedimentary hiatuses, but this juxtaposition of potential 
evolutionary cause and stratigraphic incompleteness (dubbed the common 
cause hypothesis: e.g., Peters and Foote 2002; Peters 2006; Allmon and 
Smith 2011; Butler et al. 2011; Patzkowski and Holland 2012) has recently 
become a focus of research in its own right, and the subject may not be as 
intractable as previously thought.

Changes in climate are frequently accessible in the geologic record, 
and also frequently proposed as causes or triggers for speciation, even if 
the exact mechanism is left unclear. In the context of the SOS framework, 
such suggestions likely focus on formation of isolates (e.g., Clarke et al. 
1992; Clarke and Gaston 2006; Hua and Wiens 2013). The possible isola
tion of populations in refugia as a result of frequent climate changes in 
the Quaternary is a particular case of such causation that has attracted 
considerable attention (e.g., Coope 2004; Hewitt 2000, 2004; Lister 2004; 
Zink et al. 2004; Barnosky 2005), although not yet a consensus on what 
factors may have been most important when and why.

Depth gradients in marine environments are also tractable in the geo
logical record and have been highlighted as potential causes for speciation 
(e.g., Cisne et al. 1982; White 1988; Carlon and Budd 2002; Crame 2002; 
Ingram 2011). Most of these suggestions have focused on the divergence 
of populations (stage 3), in either allopatry or parapatry, due to differ
ential selection associated with differing environmental conditions along 
such gradients.

Numerous paleontological studies have discussed processes, phenom
ena, or conditions— both intrinsic and extrinsic to organisms— that may 
have led to increased speciation due to increased formation of isolates 
(stage 1), even if the mechanism(s) have not usually been made explicit 
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(Fleming 1962; Johnson 1975; Vrba 1980, 1985; Hallam 1982, 1988; Ager 
1983; Valentine and Jablonski 1983; Cronin 1985, 1987; Stanley 1986, 1990; 
Cronin and Ikeya 1990; McCune 2004; Abe and Lieberman 2012).

Fossilizable morphology sometimes suggests aspects of ecology and life 
history that may have important effects on speciation. The most frequently 
cited example is dispersal capability in marine invertebrates, which can 
affect the likelihood of isolate formation (stage 1: e.g., Hansen 1978, 1980; 
Jablonski 1986; Palumbi 1994; Wani 2011). In addition, isolate differen
tiation (stage 3) via a niche shift can sometimes be detected in the fossil 
record. Nehm and Geary (1994), for example, documented a change in ap
parent ecological niche in Neogene marginellid gastropods that they sug
gested led ultimately to speciation. Schluter (2000, 38), however, cautions 
that this approach is probably not frequently applicable because the niche 
of a fossil species cannot be reconstructed for all ancestors, which is an 
overarching challenge for all such fossil studies.

Morphology also occasionally provides insight into sexual dimorphism 
and thus also to potential sources of sexual selection and/or changes in 
mate recognition systems. The most cited case is the evolution of African 
antelopes, which provides an example of an evolutionary radiation that 
may have been driven by multiple causal factors operating at several of 
the stages discussed here. Vrba (1980, 1983) employed comparisons of the  
more diverse and specialized Alcelaphinae (wildebeest and kin; about  
27 fossil and extant species) with the less diverse, less specialized Aepyc
erotinae (impala; 1– 3 fossil and extant species) to formulate the resource 
use hypothesis. She postulated that alcelaphines have been more likely to 
fragment into isolated populations during periods of environmental per
turbations due to associated changes in the distribution of key resources. 
Therefore, environmental perturbations are thought to have acted in con
cert with resource specialization to increase the rate of formation (and 
perhaps the persistence) of geographical isolates (stages 1 and 2). Sister 
taxa among African antelopes are, however, typically distinguished not on 
the basis of viability related characters, but rather on reproductive char
acters, namely horns. Therefore, the differentiation of horn morphologies 
(stage 3) has likely been important in reproductive isolation of species, and 
the processes involved (e.g., sexual selection, mate recognition selection) 
may well have contributed to the elevated rates of speciation in alcelaph
ines (Sampson 1999).

The SOS framework also allows for analysis of the connections be
tween trophic resources, abundance, and speciation in the fossil record, 
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via a model dubbed the speciation cycle (Allmon 2009; Allmon and Mar
tin 2014; fig. 4.6). This model, which is an expansion of the taxon cycle of 
Wilson (1961) and the speciation cycle of Grant and Grant (1997, 2008), 
predicts the most likely population sizes during different stages of the spe
ciation process. According to this model, cyclic series of changes are most 
likely (but see Pigot et al. 2012). Initially, a relatively abundant parental 
population gives rise to one or more smaller daughter populations— either 
by vicariance or dispersal. The daughter population(s) either persist(s) in 
isolation, merge(s) with the parental population, or become(s) extinct.  
If an isolated population persists long enough, it will become sufficiently 
differentiated that reproductive isolation is maintained if /when contact 
with the parent occurs. Differentiation may be more rapid when popula
tion size is small (e.g., Reiss 2013), but population size may increase fol
lowing differentiation, during longer intervals of persistence. Once it be
comes an established species, expanding its range and population size, it 
may give rise to its own daughter populations, and the cycle begins anew.

The speciation cycle integrates the sometimes conflicting relationships 
between trophic resources and species diversity noted in the literature (see 
Allmon and Martin 2014). Widespread (and therefore usually abundant)  
parental species are more likely to form a larger number of isolated daughter 

Figure 4.6 The “speciation cycle” and expected population sizes at each different points in 
the cycle.
From Allmon and Martin (2014).
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populations (usually at their margins), and so should give rise to more daugh
ter species. These more narrowly distributed (and usually less abundant) 
populations and species may change more quickly, perhaps under the influ
ence of genetic drift, but are more susceptible to extinction. For an initially 
small population, probability of speciation should therefore increase with 
increasing abundance, but only up to a point, after which it declines rapidly. 
An intermediate rate of isolate formation, not too low or too high, may thus 
confer the greatest probability of neospecies persistence (stage 4: Lawton 
1993; Chown 1997; Allmon 2009). Testing the speciation cycle in the fos
sil record is difficult because of the challenges of estimating absolute abun
dance of individuals in fossils. Although some approaches may nevertheless 
be possible, at present it seems that their preliminary application produces 
ambiguous results (see discussion in Allmon and Martin 2014).

Conclusions

This chapter argues that the analysis of animal speciation in the fossil 
record would benefit from an explicit 4 stage framework, here termed the 
stages of speciation (SOS) framework. The stages consist of: (1) formation 
of population isolates; (2) persistence of population isolates; (3) differen
tiation of isolates; and (4) persistence of neospecies. Allopatric speciation 
in biparental animals involves all 4 stages. Although they may overlap 
temporally, and the onset and completion of each may be arbitrarily de
fined, all 4 stages pertain to real biological events, the rates of which can 
be accelerated or constrained by distinct suites of causal factors.

The SOS framework is more than a mere refinement of previous meth
ods for analyzing speciation. Although the various components of this 
perspective are familiar to all evolutionary biologists, a coherent agenda 
incorporating them into analyses of speciation has been lacking, with sig
nificant consequences for our understanding of evolutionary processes. 
The SOS framework encourages investigators to examine the influence of 
multiple causal forces acting at distinct phases of the speciation process, 
leading to more specific questions about species origins. Is speciation in 
a given clade the result of elevated rates at one stage or multiple stages? 
Which causal factors have restricted the rate of speciation in a given clade 
relative to more species rich sister taxa? Does one stage generally domi
nate others in controlling rates of speciation across taxa? How do causal 
factors interact in a given ecological context at each stage?
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One corollary of the SOS framework that pertains most directly to 
evolutionary radiations is that each stage may constitute a “portal of 
probability,” enhancing or inhibiting the odds of populations/neospecies 
passing through to the subsequent stage. This insight, in turn, leads to 
the cascade hypothesis, which postulates that evolutionary radiations may 
frequently result from the opening of multiple portals that collectively ac
celerate the rate of species originations.

In sum, application of the SOS framework will likely result in novel in
sights about the process of speciation, from specific origination events to 
large scale radiations. Once key parameters are more clearly defined, it 
may be possible to produce mathematical models relating various causal 
factors and stages to the production of diversity (see McKinney and All
mon, 1995, for some early attempts). Given that all 4 speciation stages may 
be directly associated with ecological factors, and occur on ecological time
scales, adoption of this methodology has potential to facilitate the integra
tion of ecology and macroevolution. Finally, the SOS framework provides 
an explicit framework for paleontologists to use to compare equivalent 
parts of the speciation process, and may thereby foster greater synthesis of 
paleontological insights on the causes and effects of speciation.
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chapter five

Morphology and Molecules: An  
Integrated Comparison of Phenotypic 
and Genetic Rates of Evolution
Steven J. Hageman

Introduction

The ability to successfully apply species and species concepts to real  
world problems such as biostratigraphy and conservation biology 

makes a strong argument for the existence of species (i.e., a level of organi
zation that exists in the phenotype and genotype), whether or not we fully 
understand the processes involved in their origin. What we do know about 
the origin of biological species is drawn from four general perspectives:  
(1) Biological: variation within and among the broader phenotypes of  
closely related living organisms (including behavior, skeletal and nonskel
etal morphology, physiology, and biochemistry, all generally limited to  
ecological timescales) and cross breeding hybridization experiments;  
(2) Mo le cular: genetic data consisting of coded nucleotide sequences (DNA) 
ranging from short spans of a few dozen base pairs of uncertain place
ment or function to well documented genes to entire genomes; (3) Pale
ontological: documentation of patterns and rates of morphologic change 
in closely related lineages through geologic time (primarily skeletal phe
notypes); and (4) Theoretical considerations: some informed by the other 
three areas and others pure and independent.

In the past 150 years, an enormous amount of data has been generated  
from these four perspectives toward understanding the processes and mech 
anisms of speciation. These include: (1) hundreds of empirical studies of 
rates of morphologic change (e.g., Cheetham, 1986; Lazarus, 1986; Stanley  
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and Yang, 1987; Geary, 1990; Budd and Klaus, 2008; Groves and Reisdorph, 
2009; Pachut and Anstey 2009; Geary et al., 2010; Miller, chapter 2, this vol
ume); (2) thousands of empirical studies of speciation in modern organisms 
based on variation of the phenotype (e.g., Belk, 1989; McPeek et al., 2010; 
Oros et al., 2010; Arkhipkina et al., 2012); and (3) mo  lecular (genetic) data, 
requiring the organized efforts of federal governments and their consortia 
to house and store our current data set (e.g., National Center for Biotech
nology Information, US National Institutes of Health). Finally, numerous 
theoretical ideas (e.g., Allmon and Ross, 1990; Levinton, 2001; Roopnarine, 
2003; Coyne and Orr, 2004; Estes and Arnolod, 2007; Gingerich, 1983, 2009; 
Hunt, 2010; Allmon, chapter 3, this volume; Miller, chapter 2, this volume) 
have been proposed to interpret and explain these data.

Because of these efforts we do understand a great deal about how evolu
tion works and the resulting diversity of life. However, I would argue that in 
the grand scheme, a gaping hole still exists in the middle ground between  
these perspectives that is Darwin’s original curiosity: “The origin of spe 
cies.” How do the genes, combined with the whole phenotype and its envi
ronment, shift within populations to generate a new species, which in many 
cases can be identified by a portion of its phenotype (e.g., skeleton) and  
act in ways that appear to be disconnected across different scales of time?

Attempts at integrating phenotypic data with genetic data have largely 
concentrated on using data sets that combine molecular and morphologic 
data in a single cladistics analysis (e.g., Mishler, 1994; Giribet et al., 2000) 
or superimposing the results of independent molecular phylogenies with 
stratophenetic character states (e.g., Lydeard et al., 1995; Wahlberg and 
Nylin, 2003; Decellea et al., 2012; Jagadeeshan and O’Dea, 2012). Typically, 
these studies and have concentrated on rates of cladogenesis rather than  
documenting change within clades (Nee, 2004; Quental and Marshall, 
2010).

The goal of this project is to integrate morphologic (skeletal pheno
type) and molecular (genetic) data into a single analysis and to provide 
a model that can eventually be extended to methods that estimate rates 
of genotypic change within and among species level clades based on cali
brated rates of change through fossil phenotypes.

General Properties of an Integrated Model

A key to moving forward with our understanding of the process of specia
tion will be to study extant taxa that have an excellent fossil record, that is, 

 EBSCOhost - printed on 2/13/2023 7:23 AM via . All use subject to https://www.ebsco.com/terms-of-use



170 chapter five

to simultaneously perform molecular and morphologic studies on a single 
suite of modern individuals and then trace their lineage through geologic 
time using both molecular phylogenies and stratophenetics.

Two simple models for morphologic change (fig. 5.1.1) and molecular 
change (fig. 5.1.2) through geologic time can be scaled and integrated into a 
single model (figs. 5.1.3 and 5.2.2). Figure 5.1.1 depicts a hypothetical situa
tion of complete morphologic stasis for two closely related species A and B. 
The y axis represents geologic time, a numerical chronology be  ginning with 
the present at the top (0.0 years), developed from all available and relevant 
sources (e.g., biostratigraphy, radiometric dating, chemostratigraphy). The 
x axis represents any morphologic feature that can be adequately preserved 
in the fossil record so as to be quantified and compared among specimens. 
In this model, morphology could represent a simple linear measurement 
such as “length of nose,” or a value derived from the ordination of a multi
variate suite of characteristics such as a principal component score for ob
servations from dozens of features for a specimen (e.g., Budd and Pandolfi, 
chapter 7, this volume), or any of the metrics resulting from morphometric 
methods that represent relationships among landmarks or describe shapes 
of organisms or their parts.

Figure 5.1.2 is a model of molecular change for a gene segment used in 
phylogenetic analysis, e.g., COI or 16s mRNA) versus time based on an 
empirical mutation rate (Freeland, 2006) for two extant sister species. The 
molecular distance (thick line A0B0) represents the percentage of nucleo
tide base pairs in common for the gene.

The molecular distance (genetic difference) between any two organ
isms, whether of the same population or even different phyla, will reflect 
the relative amount of time since the two had a common ancestor (Free
land, 2006; Beebee and Rowe, 2008). Beginning at the time that these two 
taxa shared a common ancestor (X in fig. 5.1.2), they will accumulate ran
dom mutations at a relatively constant rate; thus, the amount accumulated 
by either one is one half the total distance (AY and BY, fig. 5.1.2). The 
mutation rate can be calibrated, especially for more closely related groups, 
using well constrained divergence times based on fossils (Donoghue and 
Benton, 2007). Virtually any sequence or combination of partial sequences 
can be used to define the molecular distance between taxa, so long as the 
sequence is directly comparable among the taxa involved (Freeland, 2006; 
Beebee and Rowe, 2008).
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Figure 5.1 (1) Morphologic variation (phenotypic) versus geologic time, showing complete 
morphologic stasis of two sister species.
The morphologic distance (thick line A0B0) is constant through time and the first appearance 
datum for species A is 10.0 Ma (specimen A1) and 6.0 Ma for species B (specimen B1). Speci
men A0 is same species as A1, the subscripts indicate position in time. (2) Molecular change 
(genetic) versus time as a function of mutation rate, showing gradual divergence at a con
stant rate for two sister species A and B. The molecular distance (thick line A0B0) increases 
through time (0 at inferred time of last shared ancestor “X” 12.0 Ma. Specimens A0 and B0 are 
the same individuals as those characterized morphologically in 5.1.1. (3) Mathematical spaces 
1 and 2 overlap when specimens A0 and B0 are scaled to the same metric (maximum distance 
= 1.0), i.e., same two specimens for species A and B in each mathematical space.
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Derivation of an Integrated Model

Comparing figures 5.1.1 and 5.1.2, we can see that distance A0B0 for mor
phology and distance A0B0 for molecules are intimately related in that they 
are calculated on the exact same two specimens representing two different 
species. Thus scaled values for morphology and molecules A0B0 can be su
perimposed as an intersection of the two mathematical spaces (fig. 5.1.3). 
Values for morphologic A0B0 and molecular A0B0 can be represented 

Figure 5.2 Model for an integrated analysis of morphology and molecules.
(1) Model for an integrated analysis of morphology and molecules. Each axis is scaled to 
the maximum value observed in the study (or another defined standard). A new, combined 
axis can be generated by rotating observations through the angle theta, where θ = arcsine of  
(Δ molecules/Δ morphology). These axes can be scaled because the line A0B0 for morphol
ogy is measured on the same specimens as the line A0B0 for molecules, thus the line between 
Â0 and 0B̂  is derived from the same specimens for both axes. (2) Because the combined axis 
for Â0 and 0B̂  represents both morphology and molecules (scaled), the geologic time axis of 
fig. 5.1.1 can be equilibrated with the molecular clock time axis of fig. 5.1.2. The result is an 
integrated model of morphology, molecules, and time (morpho molecular temporal space).
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for the two specimens on a scatter plot (fig. 5.2.1). These two dimensions 
(morphology and molecules) can be scaled to unity, such that morphologic 
A0B0 = 1.0, molecular A0B0 = 1.0, and the integrated distance 0Â  and 0B̂  
can be calculated.

When only two specimens are used in the analysis the distance 0Â  to 0B̂  
will equal √2 and the angle theta (θ) will equal 45° (x and y each scaled to 
1.0). However, when multiple specimens are employed in an analysis, if x 
is scaled to 1.0 = maximum morphologic distance and y is scaled to 1.0 = 
maximum molecular distance (not required to be from the same specimen 
pair), then all other pairwise comparisons of integrated data for speci
mens 0Â  to 0B̂  can be compared to this standardized distance based on 
maximum A0B0 for morphology and molecules of the group of specimens 
under consideration. In practice, A0B0 of morphology and molecules can 
be scaled to any defined standard.

Once a new combined axis is created for morphology and molecules 
scaled to unity, the third dimension (time) can be projected behind the 
plane (fig. 5.2.2), which represents both morphology vs. geologic time  
(fig. 5.1.1) and molecules vs. calibrated molecular clock time (fig. 5.1.2). 
Because points 0Â  and 0B̂  are identical (i.e., exact same specimens), we 
have a reference point on which all planes can be tied (5.1.3) allowing for 
the integrated model of figure 5.2.2, which can viewed from any perspec
tive of the three dimensions (morpho molecular temporal space).

A limiting requirement of the methodology proposed here is that direct 
comparisons of taxa can only be made within a unique set of morphologic 
and molecular variables, i.e., modification of the list of characters, either 
morphologic or molecular, results in a new mathematical space that is not 
directly comparable to others. Therefore, selection of morphologic fea
tures (Ciampaglio et al., 2001) and molecular data (Freeland, 2006; Bee
bee and Rowe, 2008) should be given careful consideration at the outset, 
so as to maximize the utility of a given study.

Interpretation of Integrated Data

On the plane of scaled morphology and molecules (fig. 5.3), the maximum 
(100%) is defined by the maximum value of the absolute difference in the 
suite of specimens under study. For example, in figure 5.3, if the maximum 
difference between any pairwise comparison of taxa for the character “nose 
length” was 2.0 cm, the morphologic axis would range from 0% = 0.0 cm  
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to 100% = 2.0 cm. The units of the scaled molecular distance will be based 
on the method used and number of nucleotide base pairs involved. This 
value (index of shared molecular code) can, however, be converted to a 
time interval using a calibrated molecular clock. Thus, for a study where 
the maximum difference in number of shared nucleotide base pairs at cor
responding sites results in a maximum calculated molecular clock age of 
5.0 Ma, the scaled molecular axis would range from 0% = 0.0 years (pres
ent day) to 100% = 5.0 Ma.

Scaling is a function of the angle theta (θ) through which each axis must 
be rotated in order to create a new combined axis through the two points 
(equation in fig. 5.2.1). Theta (θ) = arctangent of (Molecular A0B0 ÷ Mor
phologic A0B0). On plots of morphology vs. molecules, the angle theta  

Figure 5.3 Model showing the relationship of angle theta (fig. 5.2.1) to relative rates of 
change in morphology and molecules in a system scaled by the maximum observed value on 
each axis.
Molecular distance of 0 = no divergence time between specimens = same population. Mor
phologic distance of 0 = no phenotypic variation between specimens, based only on the char
acteristics used in the analysis.
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(θ from the rotational angle in fig. 5.2.1) will be 45° if there is a 1:1 relation
ship (fig. 5.3). All distances between pairwise specimen comparisons are 
scaled to this standard, the maximum observed morphologic and molecu
lar distances (potentially from two different specimen pairs). The ratio of 
morphologic change to molecular change will be greater than, less than, or 
equal to the standard of maximum observed ( 0Â  to 0B̂  = 1.0 and θ = 45°).

Theta will decrease as the magnitude of molecular variation decreases 
relative to morphologic variation to the point where θ = 0° with no differ
ence in molecules (all morphologic variation is environmentally controlled 
= ecophenotypic (i.e., no time for any accumulated molecular differenti
ation = same population, fig. 5.3). Theta will increase as the magnitude 
of molecular variation increases relative to morphologic variation to the 
point where θ = 90° with no difference in morphology (morphologically 
cryptic species, fig. 5.3).

Comparing differential rates of change using integrated data

Several hypothetical scenarios are presented in figure 5.4 in order to 
demonstrate how patterns can be interpreted. The mathematical space 
is defined on ten hypothetical species (A, B, C, D, F, G, H, X, Y, Z) and 
data are scaled to 100% morphologic change = 2.0 cm (A– G) and 100% 
molecular change = 5.0 Ma (A– Z). All distances in are plotted relative 
to species A (fig. 5.4), though each pairwise distance could be plotted in 
this space.

In figure 5.4.1, species F, G, and H have diverged from species A at 
rates where morphologic change exceeds molecular change (for variables 
that define this space). Species F and G have evolved for the same amount 
of time from species A (scaled molecular distance = 25% = 1.25 Ma for 
both), but species G has shown a greater amount of morphologic change. 
In comparison, species F and H show the same degree of morphologic 
change relative to species A (scaled morphologic distance = 75% = 1.50 cm  
of net change), but species H has diverged from A for twice as much time 
as F has from A (25% vs. 50% = 1.25 Ma vs. 2.50 Ma).

Figure 5.4.2 provides a scenario where four species (A, B, C, D) belong 
to one putative genus (lightly shaded circles) and three species (X, Y, Z) 
belong to a second putative genus (darkly shaded circles). This example 
shows that species B, C, and D have evolved at the same rate (θ < 45°, 
morphologic change faster than molecular change) and that their times 
since divergence from species A can be ordered (B, D, C). Species X, 
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Y, and Z show faster relative molecular change (θ > 45°). Species X and 
Y diverged from species A twice as long ago as did species B from A 
(50% = 2.50 Ma vs. 25% = 1.25 Ma). Species Z diverged from species A 
over three times as long ago as species B and its morphology has changed 
more rapidly than X and Y relative to the degree of its molecular change  
(fig. 5.4.2).

Evaluating hypothetical timing of first occurrence and common ancestors

By plotting expected molecular distance through geologic time using a 
calibrated molecular clock, scaled to the best chronologic data available 
for stratophenetics, one of three results could be expected (fig. 5.5).

If one species is a true sister taxon of the other (e.g., species B is a direct 
descendant of species A, fig. 5.5.1), the molecular estimate of the closest 
common ancestor X should be coincident with the first appearance of the 

Figure 5.4 Hypothetical examples of different rates of morphologic and molecular evolu
tion, relative to the standardized distance (maximum Δ morphology = AC = 1.0; maximum Δ 
molecules = AZ = 1.0).
(1) Three species (F, G, H), each compared to species A. Species F and G diverged from 
species A at the same time (25% of 5.0 Ma = 1.25 Ma), but species G had a greater amount 
of morphologic change than species F (100% vs. 75% of 2.0 = 2.0 cm and 1.5m cm change). 
In comparison, species H and F had equal morphologic change from species A (75% of 2.0 =  
1.5 cm), but species H diverged from species A twice as long ago as species F did from A (50% 
vs. 25% of 5.0 Ma, 2.5 Ma and 1.25 Ma). (2. Three species of the same genus (B, C, D) show
ing successive divergence times from species A, but all at the same rate (morphology more 
rapid than molecules as compared to the standard). Two species of a different genus, species 
X and Y, diverged from species A at about the same time, with comparable rates of change 
(molecules changing faster than morphology relative to standard). Species Z is an outlier,  
inviting further investigation of its relationships to both species X and Y and it relative posi
tion to species A. 
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descendant species. The reason that these dates might not align exactly, 
even when the phylogenetic assumption is correct, include inaccuracies/im
precision in molecular clock calibration and or in chronostratigraphic reso
lution. Also, lack of alignment can occur when the first appearance datum 
does not adequately reflect the true origin of the species due to preserva
tion or sampling bias. Statistical methods related to maximum likelihoods 
(i.e., error bars) can most likely be developed in order to determine the 
degree to which disagreement of molecular clock and chronostratigraphic 
dates are acceptable.

If the two taxa are not true sister species, but are part of a relatively close 
clade originating from other species not included in the plot, the calibrated 
molecular date will be older than the stratophenetic date of either. That 
is, figure 5.5.2 shows that based on molecular distance, species B shared a 
common ancestor with species A much earlier than the first occurrence of 
species B. Again, methods to determine whether this can be accounted for 
by an incomplete fossil record of species B, or inaccuracies of dating with 
molecular clock/chronostratigraphy, will have to be developed. But plots 
such as this can direct those inquiries.

Figure 5.5 Models for three possible outcomes of comparing predicted times of youn
gest common ancestor for species pairs (assuming valid calibrated molecular clock and 
chronostratigraphy).
(1) Predicted time from molecules matches observed first appearance (or predicted time of 
origin), i.e., one could likely be the direct descendent of the other. (2) Predicted time from 
molecules significantly exceeds the observed first appearance (or predicted time of origin), 
which would indicate that either the observed stratigraphic ranges do not adequately rep
resent the true ranges of the taxa, or both taxa share third, unidentified, common ancestor. 
(3) Predicted time from molecules is significantly less than the observed first appearance (or 
predicted time of origin), which suggests that error exists in identification of some specimens 
within the study.
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In a similar scenario, if the timing of a closest common ancestor is sig
nificantly younger than the first occurrence of either taxa (fig. 5.5.3), this 
should raise questions about the validity of the assumption that these are 
true sister species (again accounting for acceptable variation due to mo
lecular and chronostratigraphic dating).

Selection of Molecules, Morphology, and Distance Metrics

Molecular characters

Very few genes have been tied directly to morphologic variation in the phe
notype (Gompel et al., 2005). Genes and partial gene sequences are used 
in most phylogenetic applications, e.g., COI cytochrome oxidase is mito
chondrial and codes for proteins with physiological functions (Freeland, 
2006; Beebee and Rowe, 2008); 12s rRNA and 16s rRNA are also mito
chondrial (plus prokaryotes) and code for parts of the ribosome. Com
monly used nuclear genes (18S, 28S) also code for ribosomes (Freeland, 
2006; Beebee and Rowe, 2008). In fact, many phylogenetic applications use 
noncoding parts of the genome such as internal transcribed spacer (ITS) 
between regions that code for ribosomes (Freeland, 2006; Beebee and 
Rowe, 2008). These random, nonfunctioning mutations collect in the ITS  
regions.

Thus, the molecules used in this and in most studies of evolution serve as 
accumulated mutations (molecular clocks originally proposed by Zucker
kandl and Pauling [1962, 1965]) or proxies for relative amount of time since 
two taxa shared a common ancestor. Molecular clocks can be calibrated us
ing geochronologically established divergence times from the fossil record 
(Omland, 1997; Donoghue and Benton, 2007). Because rates of molecular 
change are not fixed absolutely even within clades (Ayala, 1997; Drum
mond et al., 2006), molecular clocks can be modeled as relaxed or vari
able across branches (Drummond et al., 2012; Jagadeeshan and O’Dea,  
2012).

In addition to options for selecting a molecular distance metric, there 
are also several strategies for calibrating molecular clocks (Sanderson, 
2002; Kumar, 2005; Dornburg et al., 2011), but similar to complexities 
with morphologic change through time (fig. 5.6), any of these could be 
incorporated into a more complex model than the one proposed here.

In a most simple calculation of molecular distance, two taxa may be 
compared based on how many nucleotide base pairs (bp) they share, e.g., 
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two taxa sharing 95% of 650 bp would be much closer in molecular space 
than two taxa sharing 87% of the same sequence.

The method typically used to calculate uncorrected nucleotide distance 
between any two taxa (p- distance) (Nei and Kumar, 2000; Yang, 2006) is 
expressed as

p = n /n, wheredˆ

nd = number of bp sites with different nucleotides between the two se
quences, and

Figure 5.6 A hypothetical model of morphologic variation (phenotype) versus geologic time.
This model, which is more complex and realistic than fig. 5.1.1, shows both anagenesis in 
mean morphology for species B and reversals (zigzags) of mean phenotypes for species A. 
The amount of variation within samples (horizontal lines) is great for species A, but nearly 
constant for species B. The morphologic distance (thick line A0B0) is variable through time. 
The actual time and morphology at the origin of each species is approximated within the 
dashed borders.
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n = total number of nucleotide bp sites examined.
The variance of p̂ (Nei and Kumar 2000; Yang, 2006) is

V(p) = p(1 p)/n.−ˆ

P- distance is usually an adequate index for closely related taxonomic 
comparisons, but it does not account for backwards or parallel substitu
tions (Yang, 2006) nor complexities that arise because of different pro
cesses of mutation (Nei and Kumar, 2000), i.e., substitution (exchange at 
one site), deletion (everything shifts), or inversion (two ends pivot around 
middle third) (Nei and Kumar, 2000). In addition, some of these processes 
operate with different likelihoods depending on the nucleotides involved, 
e.g., (T or C) vs. (A or G) (Nei and Kumar, 2000).

For large p (molecular distances), more complex models are required 
based on probabilities of nucleotide pairs, e.g., Kimura’s Two Parameter 
Method or Tamura and Nei’s Method (Nei and Kumar, 2000). For this 
study, the Kimura 2 parameter model (K2P of Kimura, 1980) with a dis
crete approximation of the Γ distribution (K2P + Γ) was used to calcu
late molecular distance (data from Dick et al., 2003). This results in a  
p distance expressed in units of percent difference (Nei and Kumar, 2000).

Morphologic characters

Virtually any kind of morphologic data can be used so long as they can be 
defined, collected, and treated uniformly across all specimens for study. 
Although the morphologic portion of the space will have greatest rele
vance when constructed as part of a hypothesis based in paleobiological 
theory, the methodology does not require this.

A suite of closely related specimens should be incorporated into a 
model (not just a single pair). Subsets of the total can be plotted individu
ally, but once the space is defined by a set of specimens, morphologic char
acters and molecular description of a new model must be generated if any 
specimens are added.

Figure 5.6 represents some of the complexities of morphologic change 
and properties of empirically collected data. These complexities are inten
tionally omitted from the development of a model that integrates mor
phology and molecules; however, many of these issues have been studied 
in detail and in many cases practical solutions have been proposed that can 
be included directly into a more comprehensive integrated model. Com
plexities present in figure 5.6 include:
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1. Patterns of change within species through time from stasis to anagen
esis, random walk, or a combination (Bookstein, 1987; Gingerich, 1983,  
2009; Cheetham and Jackson, 1995; Roopnarine et al., 1999; Hunt, 2010, 
2012).

2. Variation within samples (range, confidence intervals, relative analy
sis of average only) (e.g., Hageman, 1994; Renaud et al., 2007; Pachut and 
Anstey, 2009), and changes in variance among samples through time, i.e., 
variable width of sample error bars (e.g., Hageman, 1994; Ricklefs, 2006).

3. Temporal resolution and correlation of samples (e.g., Sadler, 1981, 
2004; Kidwell and Bosence, 1991; Kowalewski and Bambach, 2008).

4. Uncertainty of first occurrence vs. evolutionary origin of a taxon (Mar
shall, 1990, 1997; Weiss and Marshall, 1999; Hayek and Bura, 2001).

5. Amount of morphologic variation that is due to environmental ef
fects rather than genetic control, i.e., estimating the partitioning of the 
amount of the total variance that is caused by heritable genetic factors 
vs. environmental/other factors (Falconer, 1981; Jackson and Cheetham, 
1990; Cheetham et al., 1993, 1994; Hunter and Hughes, 1994; Riisgård and 
Goldson, 1997; Hageman et al., 1999, 2009, 2011).

Case Study of Integrated Molecular and Morphologic Data

In a series of three papers (Dick et al., 2003; Herrera Cubilla et al., 2006, 
2008), a research group analyzed molecular and morphologic data for the 
same suite of specimens assigned to nine species in two genera (Cupuladria 
and Discoporella) from a single family (Cupuladridae) of modern bryozo
ans. These data are well suited to demonstrating the integrated method
ology proposed here. Jagadeeshan and O’Dea (2012) recently published 
a study using the same kinds of morphologic and molecular data, which 
refine some of the species level taxonomy for Panamanian Cupuladridae. 
The nomenclature of Dick et al. (2003) and Herrera Cubilla et al. (2006 
and 2008) is used here because it applies to the particular specimens em
ployed in this study. The data set and methods of Jagadeeshan and O’Dea 
(2012) are also very well suited to the methodology proposed here.

Although change associated with a single morphological character may 
be interpreted more intuitively, Cheetham (1987) cautioned against inter
preting patterns of evolution based on single morphologic features. Suites 
of related characters can carry more paleobiological significance. Regard
less of how many characters are incorporated into a single analysis, the se
lection of characters to represent the morphologic phenotype should be 
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hypothesis driven. In order to identify a subset of characters with discrimi
natory power among cupuladriid species, data for over 25 characters avail
able from Herrera Cubilla et al. (2006, 2008) were analyzed using principal 
component analysis (PCA). A subset of six was chosen based on loading 
coefficients (fig. 5.7.1, table 5.1). These include the length and width of 
zooecia, opesia, and apertures (Zl, Zw, Ol, Ow, Al, Aw). These features are 
related to the shape and size of autozooecia (primary modules) in the bryo
zoan family Cupuladridae (characters defined and illustrated in Herrera 
Cubilla et al., 2006, fig. 1.6, table 1).

Scores from PCA, nine species and six characters, were derived using 
PAST v. 2.15, with raw morphologic data (mm) transformed as log10 (1+ x)  
prior to PCA analysis. For these data (table 5.1, fig. 5.7), the variables Ol 
and Ow (opesia length and width) dominate the loading coefficients of 
PCA 1 (fig. 5.7.1), whereas PCA 2 and PCA 3 are dominated by zooecia 
(Zl, Zw) and aperture (Al, Aw) size. To demonstrate the methodology, I 
use the score for each species on PCA 1 (fig. 5.7.2). From a plot of PCA 
scores (fig. 5.3), we can expect PCA 1 to differentiate species between the 
two genera, whereas PCA 2 and PCA 3 differentiate species within gen
era. These insights may also guide the selection of characters used to de
fine the morphospace for study.

Figure 5.7 Principal component analysis of cupuladriid bryozoans (nine species, six characters).
(1) Loading coefficients from principal components analysis of data from table 5.1, trans
formed (log10 (x+1)), with largest loadings in boldface. (2) PCA scores for each species on 
the first three axes. (3) Scatter plot of PCA scores. The loading coefficients for PCA 1 are 
dominated by opesia size, which differentiates between genera (spheres = Cupuladria, cubes =  
Discoporella). PCA 2 represents zooecia size and PCA 3 represents aperture size, both of 
which differentiate species within genera on the scatter plot. The first three axes account for 
99.5% of total variance.
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The following is an outline of the protocol that can be used to produce 
the integrated model for the example case. Begin with a matrix of morpho
logic distances between every taxonomic pair (upper right of table 5.2.1)  
calculated as the absolute value of (xi − xn) from morphologic data (here,  
PCA 1 scores, fig. 5.7.2). Then calculate each pairwise difference as a per 
centage of the maximum observed morphologic difference (upper right of 
table 5.2.2), e.g., 0.036 / 0.125 * 100 = 28.8% (C. biporosa vs. C. surinamensis).

In a similar manner, use a pairwise matrix of molecular distances be
tween every taxonomic pair (lower left of table 5.2.1), here as absolute 
value (K2P + Γ) differences (from Dick et al., 2003, lower part of their table 
3). Then calculate each pairwise difference as a percentage of the maxi
mum observed molecular difference (lower left of table 5.2.2), e.g., 17.27 / 
25.8 * 100 = 66.9% (C. biporosa vs. C. surinamensis).

Then, create a new table where x = % morphologic distance (upper 
right of table 5.2.2) and y = % molecular distance (lower left of table 5.2.2).  
Resulting scatter plots (fig. 5.8) will have x axis values from 0% = 0.000  
to 100% = 0.125 scores on PCA 1, dominated by the size of the opesia.  
The resulting y axis has values from 0% = 0.00 to 100% = 25.8 (K2P +  
Γ distance), which can be converted to 14.03 Ma using an estimated 

TABLE 5.1. Raw data for six morphologic characters from nine species of cupuladriid bryozoans, 
from Herrera- Cubilla et al. (2006, table 1) and Herrera- Cubilla et al. (2008, table 5), Z = zooecia,  
O = opesia, A = aperture, l = length and w = width, all measurements in mm.

Species abbreviation Zl Zw Ol Ow Al Aw

Cupuladria 4
(Cupuladria biporosa)

Cbipor 0.447 0.317 0.321 0.180 0.214 0.161

Cupuladria 5
(Cupuladria exfragminis)

Cexfr 0.423 0.294 0.330 0.181 0.218 0.173

Cupuladria 6
(Cupuladria surinamensis)

Csuri 0.547 0.371 0.406 0.219 0.235 0.165

Discoporella 2
(Discoporella 
bocasdeltoroensis)

Dboca 0.440 0.290 0.120 0.120 0.170 0.140

Discoporella 8
(Discoporella terminata)

Dterm 0.390 0.270 0.100 0.120 0.150 0.140

Discoporella 7
(Discoporella scutella)

Dscut 0.500 0.370 0.120 0.160 0.210 0.180

Discoporella 3A
(Discoporella cookae)

Dcook 0.480 0.340 0.130 0.150 0.220 0.170

Discoporella 3B
(Discoporella marcusorum)

DmarB 0.450 0.320 0.120 0.140 0.200 0.150

Discoporella 3C
(Discoporella marcusorum)

DmarC 0.450 0.320 0.120 0.140 0.200 0.150
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molecular clock for these specimens (25.8% bp difference maximum) ÷ 
(1.84% bp difference per million years mutation rate) based on the clos
ing of the Isthmus of Panama (Dick et al., 2003).

A molecular phylogeny (16s) for the nine species from Dick et al. (2003, 
fig. 4) is summarized in fig. 5.8.4. Figure 5.8.1 shows the morphologic vs. 
molecular distance for the three species of the genus Cupuladria (scaled 
to maximum distances among all nine species). Results can be interpreted 
as follows. (1) Species pair C. bipora and C. exfragmis are nearly identi
cal based on scores for PCA 1 (predominately opesia length and width) 
but have diverged in the 16s molecular composition over approximately  
3.1 my (22.1% of 14.03 my). (2) Species C. bipora and C. exfragmis diverged 

Figure 5.8 Single, scaled morpho molecular space for nine cupuladriid species, with subsets 
of data plotted separately.
(1) Distances between paired species of the genus Cupuladria plotted in all combinations.  
C. bipora and C. exfragmis are the most closely related (diverged 22.1% of 14.03 Ma) and 
show very little morphologic change (1.3% of maximum PCA 1 difference for all nine spe
cies). C. bipora and C. exfragmis show about the same amount of morphologic divergence 
from C. surinamensis, but C. exfragmis apparently diverged earlier (78.4% of 14.03 Ma).  
(2) Distances between five species of the genus Discoporella each compared to D. terminata. 
See text for discussion. (3) Comparisons across genera. All Discoporella compared to C. suri-
namensis (maximum morphologic difference for PCA 1 scores) and C. exfragmis (maximum 
molecular difference). Species of Discoporella group in both comparisons, with the exception 
of D. terminata. (4) Phylogeny for the species represented, after Dick et al. (2003, fig. 4).
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from C. surinamensis at 9.39 Ma and 11.00 Ma (66.9% and 78.4%) re
spectively, but the amount of morphologic divergence is about the same 
(28.5% and 27.4% of the total for PCA 1).

Figure 5.8.2 shows the scaled morphologic vs. molecular distance for 
five species of the genus Discoporella all from a sixth species, D. termi-
nata (other pairwise species combinations are not illustrated). Results can 
be interpreted as follows. 1) All five species diverged from D. terminata 
during a relatively short interval (6.01–  8.59 Ma), and species D. bocadel-
torensis and D. marcusorum b, diverged from D. terminata within 7.40 – 
7.41 Ma (Fig. 5.8.2). This close timing of divergence does not necessar
ily mean that these species are sister taxa, only that molecularly they are 
equidistant from D. terminata. These species have had comparable rates 
of morphologic change (13.4% to 19.9% of the total variation on PCA 1) 
(Fig. 5.8.2).

Figure 5.8.3 shows the scaled morphologic vs. molecular distance for 
each species of the genus Discoporella to the cupuladriid species with max
imum morphologic difference (C. surinamensis) distances plotted with  
circles (fig. 5.8.3) and the species with greatest molecular difference (C. ex-
fragmis) distances plotted with diamonds (fig. 5.8.3). Because these are not  
the same species in this case, no species plots 100% simultaneously  
for both axes. Results can be interpreted as follows. (1) In both cases, 
five of the Discoporella species plot in a cluster (ovals in fig. 5.8.3). The 
molecular distance values near 100% for C. exfragmis and most Disco-
porella species suggest a divergence time for these genera at 14.03 Ma. 
The suggested time of divergence based on C. surinamensis and most Dis-
coporella species of about 10.6 Ma (75.4% of 14.03 Ma) is comparable to 
the estimated divergence time of these two cupuladriid species C. exfrag-
mis and C. surinamensis 11.0 Ma (78% of 14.03 Ma). (2) In both sets of 
comparisons, D. terminata is an odd specimen out (fig. 5.8.3). It is unclear 
why it plots separate from other Discoporella species, but one of the roles 
of this methodology is to screen for outliers and investigate potential  
explanations.

Results for relative rates of morphologic and molecular change in 
these nine cupuladriid species (fig. 5.8) demonstrate the viability of the 
methodology and interpretation of empirical results. Clearly, the scale of 
the morpho molecular space one defines will affect the relative distances 
among taxa. In this case, for instance, defining the space based only on 
Discoporella specimens (as compared to one defined by Discoporella and 
Cupuladria combined) may provide different insights.
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Discussion: The Disconnect between Morphology  
and Molecules

When the model for complete morphologic stasis of species is integrated 
with the model for a molecular clock (fig. 5.9), the concerns expressed 
about processes to explain punctuated equilibrium (Eldredge and Gould, 
1972; Gould and Eldredge, 1993; Ruse, 2000) are evident in the inescap
able expectation that as molecular difference is traced back in time (diag
onal lines in fig. 5.9), the distance between two related taxa by definition 
must be shorter and shorter.

This disconnect between rates of morphologic evolution and molecular 
evolution results in all forms of confounding observations including dif
fering amounts of molecular distance between taxa through time that oth
erwise show constant morphologic distance (cf. fig. 5.9, species A and B 
at times T2, T1, and T0). In cases where two species are not distinguishable 
based on the morphologic characters analyzed (or potentially any mor
phologic character), the morphologic lines of the species in a comparable 
figure 5.9 would be centered and indistinguishable, while the morphologic 
distance would inevitably diverge, resulting in cryptic species (Knowlton, 
1993; Bickford et al., 2006).

The simple answer to this apparent paradox is that molecules used in 
molecular phylogenies are not the molecules that code for morphology 
(Pagel et al., 2006; Zeh et al., 2009; Rebollo et al., 2010). An entire field of 
biology— evo devo, evolution and development— has developed in the past 
few decades that addresses questions about development and the specific 
genes that control the phenotype (Hageman, 2003; Carroll, 2005, 2007, 2009; 
Prud’homme, 2006, 2007).

In theory, relatively small mutations in a short region of DNA (regula
tory elements) act on a conserved region of DNA (e.g., homeotic regula
tory genes) that codes for body plans and morphology (Stone and Wray, 
2001; Hoekstra and Coyne, 2007). Thus, the notion of “hopeful monsters,” 
i.e., large shifts in morphology in single generation/mutation, is not that far 
fetched (Theissen, 2006; Rieseberg and Blackman, 2010). Theories from  
the field of evo devo are intuitive and elegant in explaining observed pale
ontological patterns of macroevolution such as arthropod segment differen
tiation and specialization of appendages (Carroll et al., 2004; Carroll 2008, 
2009) and the evolution of tetrapod limbs (Shubin, 2008). However, the ge
netic pathways through homeotic regulatory genes to specific phenotypes 
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can be identified only in model organisms thus far (Gompel et al., 2005; 
Davidson, 2010; Frankel et al., 2011; Wittkopp and Kalay, 2012).

Consider the model in figure 5.9. The diagonal lines represent the slow 
accumulation of mutations (all benign or entirely noncoding) in the genes 
typically used for phylogenetic analysis (e.g., COI or 16s). These accumulate 
at a relatively constant rate, as a predictable molecular clock (background 
stopwatch in fig. 5.9). The regulatory elements that are essential for coding 
morphology are represented by the thick gray lines in figure 5.9. Little is 

Figure 5.9 Integrated model of morphologic and molecular change through time.
Line A0B0 represents scaled morphologic distance and molecular distance based on the 
maximum observed values in the suite of specimens being analyzed. Vertical axis represents 
geologic time calibrated to a molecular clock and chronostratigraphy. Straight vertical lines 
represent morphology of a species through time (complete stasis in this example). Diagonal 
lines represent molecular change (typical phylogenetic molecule), with the % base pair dif
ference converging on zero at the time of the most recent common ancestor. Stepped thick 
lines represent base pair differences in regulatory elements that control the morphology in 
question. Accumulation of mutations in the molecules (thin diagonal lines) is steady and al
lows for a background clock. Accumulation of mutations in the regulatory elements (stepped 
thick lines) is irregular and can result in large, instant shifts in morphology.
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known about the actual mutation rate of these and other genes related to 
morphogenesis. They could mutate at exactly the same rate as those genes 
used for phylogenetic analysis or they could be faster or slower, but there 
is no reason to expect them to not mutate at some average rate. The differ
ence, however, is that mutation of a regulatory element or other key gene 
involved in morphogenesis has a greater likelihood of being lethal to the 
individual. It would only be the rare event of a nonlethal mutation that is 
favorably selected for, is fixed, and eventually enters the broader gene pool 
that will appear in the fossil record as a novel morphology. Depending on 
the magnitude of the morphologic change, this could appear as a punctu
ated event or a small directional shift (fig. 5.9). The thick gray lines in fig. 5.9  
depict successful shifts (fixation) of a hypothetical regulatory element or 
gene essential to morphogenesis. All of the other random mutations in 
these genes would be culled under negative selection, i.e., regulatory ele
ments do not accumulate benign or noncoding sequences as do most genes 
applied in phylogenetics. Through time, the accumulated genetic distance 
based on regulatory elements would be minor (fig. 5.9, thick gray lines) 
and would probably not accumulate at a constant rate (though they may 
be mutating at a predictable rate in the background). We do not yet have 
data to document the specific regulatory elements (genetic code) that could 
provide a mechanism for these shifts.

Even if a “regulatory element” explanation for morphologic microevo
lution and speciation proves misdirected, this should not inhibit paleontol
ogists from documenting the patterns of morpho molecular change within 
and among closely related species in anticipation of the inevitable recogni
tion of the systems that do control morphogenesis and its evolution (Car
roll, 2009; Davidson, 2010). As paleontologists, we can begin to document 
the connections and disconnections between molecules (phylogenetic) 
and morphology and use them to identify/predict potential mutation and 
fixation of whichever molecules are responsible for morphogenesis. This 
knowledge can provide constraints on a framework for interpreting pat
terns of microevolution throughout geologic time.
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chapter six

Fitting Ancestral Age- Dependent 
Speciation Models to Fossil Data
Lee Hsiang Liow and Torbjørn Ergon

Introduction

Speciation and its counterpart, extinction, are processes that create and 
remove species diversity globally. Both speciation and extinction rates 

have varied through time and across different clades, contributing to the 
differential diversity in varied habitats among communities and clades that  
we observe today, as well as in the fossil record. Extinction is a topic that is 
widely studied by paleontologists, not least because the fossil record gives 
us relatively direct information on the temporal distribution of extinct or-
ganisms. Speciation, on the other hand, is a lesser topic among paleontolo-
gists, in part because microevolutionary mechanisms of speciation are not 
readily studied using phenotypic information from fossils. Microevolution-
ary processes, such as isolating mechanisms, introgression, and genetic dif-
ferentiation unlinked to morphological change, are more readily explored 
among incipient or newly formed species using molecular tools. Such 
young species are usually highly challenging to differentiate in the fossil 
record (Hunt 2010) since they are often rare and/or phenotypically similar 
to their ancestors (Liow et al. 2010). Whereas there is a fair amount of 
information on how (genus) extinction and origination rates vary through 
time (Alroy 2008; Foote 2000, 2003, 2005), much less is known about how 
speciation rates vary through time, in part because of the taxonomic reso-
lution of the fossil record (Sepkoski 1998). On the other hand, biologists 
using phylogenetic trees of extant organisms have found support for dif-
ferent models of net diversification (i.e., the net result of speciation and 

 EBSCOhost - printed on 2/13/2023 7:23 AM via . All use subject to https://www.ebsco.com/terms-of-use



199l. h. liow and t. ergon

extinction), ranging from diversity- dependence to niche- space filling pro-
cesses (Purvis et al. 2011; Rabosky and Glor 2010; Ricklefs 2006). However, 
the extinction part of the diversification process is notoriously difficult to 
estimate with phylogenetic information based only on extant organisms 
(Quental and Marshall 2010) and is highly model dependent, not least 
for phylogenies that have deeper nodes. Similarly, while phylogenies of 
extant organisms give indications as to divergence times of species that 
have survived to the present, times of speciation are hard to estimate from 
only extant organisms. Additionally, as we will explain later, it is essential 
to account for extinctions of ancestral species when estimating rates of  
speciation.

Changing physical environments are commonly inferred to be drivers 
of diversification patterns in the fossil record (Benton 2009; Mayhew et al. 
2008). However, intrinsic properties of a taxon, such as body size and life 
history, may also play a part in both survival and speciation/origination 
probabilities (Alroy 1998; Harnik 2011). In addition, the age of a taxon has 
been inferred as being a factor in survival (Doran et al. 2006; Finnegan et al.  
2008), although age- independent extinction has also been inferred from 
empirical data (Van Valen 1973). While there is a long history of research 
on age- dependent extinction/survival using paleontological data (see refer-
ences cited in Liow et al. 2011), age- dependent speciation is a newer top ic 
(Agapow and Purvis 2002; Ezard et al. 2011a; Losos and Adler 1995; Purvis 
et al. 2011; Venditti et al. 2009). Correspondingly, there have only been a 
few mathematical treatments of age- dependent branching models (Crump 
and Mode 1968, 1969; Jones 2011a,b; Steel and McKenzie 2001).

Age- Dependent Speciation as a Theoretically Plausible Process

Speciation might be age- independent with respect to the age of the direct 
ancestor or parent species (in the rest of this chapter, we use the term  
“parent species” since “ancestral species” might refer to both direct and 
indirect ancestors, except when quoting previous literature where “ances-
tral species” is used). This may be the case when conditions under which 
speciation might likely occur are uniformly randomly distributed with re-
spect to the age of the parent species. These conditions include the gen-
eration and maintenance of isolating bar riers, for instance, in the form of  
sexual selection, vicariance events, or dispersal and subsequent geographic  
isolation (Coyne and Orr 2004). An analysis using more than a hundred 
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molecular phylogenies of plants, animals, and fungi found support for age- 
independent branching events (Venditti et al. 2009).

However, one might also imagine scenarios under which speciation 
might be more likely earlier in the life of the parent species. Speciation 
may occur rapidly and repeatedly in the same lineage due to ecological op-
portunities arising because of the colonization of a previously un- invaded  
area or the evolution of key innovations in adaptive radiations (Schluter 
2000). However, as ecological space is filled by newly evolved species, spe-
ciation rates are balanced by extinction rates, resulting in a temporally 
constant species richness, hence the classic pattern of diversity- dependent  
diversification (Phillimore and Price 2008; Rabosky and Glor 2010; Rick-
lefs et al. 2007). One way in which diversity- dependent diversification can  
result is from an “ease of speciation” at early ages of ancestral species 
ear lier in clade history. This early ease of speciation might be due to the 
rel ative lack of interspecific competition as proposed in adaptive radia-
tions, or the exposure of hidden genetic variation in a new environment 
followed by adaptation (Le Rouzic and Carlborg 2007; Pigliucci et al.  
2006) and isolation among populations/individuals with different traits, 
or rapid geological processes such as repeated glaciations that fragment 
landscapes and isolate incipient species (Jones 2011b). While many au-
thors have shown that diversity- dependent or early burst diversification 
can be used to describe their clades of interest (Phillimore and Price 2008; 
Rabosky and Glor 2010), the reference to “early” is early in the life of 
the clade and not in the life of the parent species. Note also that although 
the study by Venditti and colleagues (2009) argued for a constant rate of 
speciation, their data allow them only to explore sister taxa relationships, 
which include but are not exclusively parent- descendant relationships, the 
focus of the discussion here.

On the other hand, older, more “established” species might have a greater 
propensity to give rise to new species. For instance, Losos and Adler (1995) 
proposed a refractory period where genetic restructuring and stabilization 
occur in a new species during which this species is unlikely to give rise to yet 
another new species. Populations belonging to older species that have had 
time to both expand their geographic ranges (Losos and Adler 1995) and 
experience local extirpations (causing “holes” in their geographic range) 
may be more likely to be geographically isolated. Some of these populations 
might eventually become new species as a result of adaptation to the new 
local environment and isolation from their parent species.

Last but not least, we suggest here that the early and late speciation 
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scenarios may combine within a given group to give rise to a “bathtub”- 
shaped speciation process (i.e., high both early and late in the life of the 
parent species). In this case, it may be “easier” to speciate earlier in life 
due to new opportunities as mentioned above, and also later in life due to 
the geographic isolation of far- dispersed populations. In the next section, 
we present an approach for describing age- dependent speciation, using 
hazard rate functions, clarifying similar ideas that had been presented in 
earlier studies (Ezard et al. 2011a; Jones 2011b), while also laying down 
assumptions underlying this approach.

Modeling age- dependent speciation

Instantaneous age- dependent speciation rates may be described by a 
continuous hazard function h(x) (e.g., Kalbfleisch and Prentice 1980). In 
this model, species may give rise to any number of new species (including 
none) within its lifetime, and the number of speciation events from age a 
to age b, given that the parent species is extant at age b, is Poisson distrib-
uted with expectation

(6.1) λ a,b a
b= h(x)dx.∫

The speciation hazard function h(x) here describes the underlying  
(latent) per species speciation rates that we want to make inferences about 
and is independent of the extinction process. The underlying speciation 
rates cannot be inferred from the distribution of parental ages of specia-
tion events alone because this age distribution reflects both speciation 
and extinction processes. Specifically, older parents will be underrepre-
sented due to extinctions. The probability that the parent species is extant 
at age x can be described by a survival function S(x). We can then write 
the expected number of realized speciation events (i.e., all descendants) 
from a single parent species between age a and age b as

(6.2) Λa,b a
b= S(x)h(x)dx.∫

This expectation may be interpreted as the expectation at “birth” of the 
parent species as it is not conditional on parental survival. The difference 
between these expectations representing the underlying (eq. 6.1) and re-
alized (eq. 6.2) speciation processes is illustrated in fig. 6.1. It is important 
to note that, even if extinction rates are constant, speciation events that 
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Figure 6.1 Underlying and realized age- dependent speciation processes.
Left panels represent the underlying speciation process and show the expected number of 
descendants per 1 MY age- bins conditional on survival of the parent species (eq. 1). Right 
panels show the expected number of realized speciation events per 1 MY age- bins when the 
mortality rate of the parent species is constant (eq. 6.2). In the first three rows, the shape 
parameter of the Weibull hazard function, k, are set at 0.5, 1.0 or 1.5 to show scenarios where 
speciation is early, uniform and late with respect to the age of the parent species. The scale pa-
rameter in these plots is 4. The last row shows a “bathtub” speciation process using a “double 
Weibull” hazard function constructed as the sum of two Weibull components with parameters 
{k1=0.5, θ1=4} and {k2=3.5, θ2=24} respectively. We used a constant mortality rate of 10−1 MY 
(i.e., species duration or “life- expectancy” is exponentially distributed with mean 10 MY).
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occur late in the life of the parent species will always be underrepresented 
among the realized speciation events because fewer parent species will 
reach old age (i.e., S(x) is necessarily a declining function). It is therefore 
not possible to make inferences about underlying age- dependent specia-
tion rates without simultaneously accounting for extinctions of the parent 
species. For example, the underlying speciation processes are very differ-
ent in the top and bottom rows of fig. 6.1, but the realized distributions of 
parental age at speciation events are virtually identical. Nevertheless, if 
one has information about the extinction events or extinction rates of the 
parent species, it is possible to estimate the underlying speciation rates.

In the next section (Methods), we describe the data we analyzed and 
devise a way to estimate underlying age- dependent speciation rates using 
available empirical datasets.

Methods

Data

We searched the literature from 1986 to 2012 quite exhaustively for original 
larger paleontological datasets (at least 15 species) of clades in which di-
rect ancestor- descendent relationships were proposed at the species level,  
where stratigraphic ranges of the same species were available, and where 
estimated times of branching of descendent species were reported. To date 
we found only 5 such datasets (table 6.1, appendix B) and fit parameters 
of speciation hazard functions as described in the next section. The data to 
be analyzed are thus the times of speciation and extinction of each species 
and the time of branching of all species in the dataset where known, except  
the earliest member of the group. In all but the macroperforate Forami-
nifera dataset for which numerical stratigraphic data were provided, we had  
to extract species duration and age- at- speciation- event data from the time- 
trees as given in the publications. In some cases, authors have inferred 
range extensions. We used the extended speciation and extinction time 
points as data to be fit in such cases. Note that we otherwise used reported 
ages at speciation events and extinctions as given (i.e., we do not attempt 
to account for any uncertainty in these values). Analyses that present only 
cladograms are excluded as these only present sister- taxa relationships, not 
inferred parent- descendant relationships. We excluded pure sister- taxa re-
lationships (and did not include them as data) as it is unknown which of the 
sister taxa is ancestral, even if they did represent direct parent- descendent 
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relationships. This could cause bias in our inference if early or late specia-
tion events in these excluded data are overly represented within a dataset, 
but we have no reason to believe such biases exist.

Models considered

We consider several different age- dependent speciation hazard functions, 
described below: constant, two forms of monotonically increasing/decreas-
ing hazard functions (Weibull and Gompertz- Makeham models), and sev-
eral forms of bathtub hazard functions. Note that speciation rate in our 
treatment depends only on parental age and not absolute time.

constant speciation rates. The most commonly used speciation model 
in evolutionary literature is Yule’s pure birth model (Nee 2006; Yule 1924), 
which assumes that speciation occurs with a common constant hazard rate 
for all species, i.e.,

(6.3) h(x; ) = .1θ θ

This model implies that parental age, x, at first speciation event, as well 
as time between subsequent speciation events (of the same parent), are 
exponentially distributed with expectation θ.

weibull speciation rates. A model that is more general than Yule’s 
pure birth model is the Weibull hazard function,

(6.4) h(x;k, ) = k x k 1θ θ θ
−( )

TABLE 6.1 Overview of the five datasets from the paleontological literature analyzed in this 
chapter. The number of known parent- descendent relationships is compared with the total number 
of taxa described in the publications. The next best model against which the asterisked models are 
compared is more than 2 AIC unit (p. 206; see also figs. 6.3– 6.7).

Publication
No. taxa (known parent- 
descendant relationships) Best model Taxa

Aze et al. 2011 339(338) Early Weibull* Macroperforate 
Foraminifera

Cheetham 1986 18(17) Late 
Gompertz- Makeham*

Metrarabdotos 
(Bryozoa)

Hulbert 1993 60(24) Constant Equinae
Wang 1994 27(12) Constant Hesperocyoninae
Wang et al. 1999 66(19) Late Weibull Borophaginae
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where x is the species age, k > 0 is the shape parameter, and θ > 0 is the 
scale parameter (see also Ezard et al. 2011a, b; Venditti et al. 2009). If  
k > 1, the speciation hazard rate will increase as a power law with species 
age (the second derivative is positive if k > 2 and negative if 1 < k < 2, and 
the hazard rate increases proportionally with age if k = 2). If 0 < k < 1,  
the speciation hazard rate will decrease and approach 0 as the species in 
question ages. If k = 1, the speciation hazard rate will be constant and 
speciation will be a homogeneous point- process with intensity θ –1, as in 
the Yule model. This model implies that the age of the ancestor at its first 
speciation event is Weibull distributed but age at later speciation events 
are not Weibull distributed (see Tuerlinckx 2004). It also implies that the 
expected number of speciation events from a single parent species be-
tween age a and b given survival (eq. 6.1), is

(6.5) λ θ − 

θa,b
(b a )

a
b= h(x;k, )dx =

k k

k∫ .

Thus, a single species is expected to produce (b/θ)k new species before 
age b given that it does not go extinct before this age (see fig. 6.1, right 
panel). That is, if we double θ the species has to survive twice as long to 
produce the same expected number of new species.

gompertz- makeham speciation rates. The Gompertz- Makeham haz-
ard function is the sum of a constant age- independent (λ) component and 
an age- dependent component (αe  β x),

(6.6) h(x; , , ) = + e .xλ α β λ α β

The age- dependent component is here an exponential function, mean-
ing that a certain increment in age will lead to a certain relative change in 
speciation rate, irrespective of initial age (i.e., an increase in age, x, by one 
unit will lead to an increase in the age- dependent component by a factor 
e β  ). In contrast, in the Weibull model, a relative change in age will lead to 
a relative change in speciation rate (i.e., an increase in age, x, by a factor c 
will lead to an increase in speciation rate by a factor c k 1c

θ
−( ) ; see eq. 6.4).

bathtub speciation rates. Speciation rates described by the Weibull and 
Gompertz- Makeham models are monotonically increasing or decreasing.  
But speciation rates may also first decline at early age and then increase 
again at higher age, or vice versa. We investigated how several poten-
tially bathtub- shaped hazard functions fit the available data (see section 
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on Data); a sum of two Weibull- components (see eq. 6.4), the increase- 
decrease- bathtub (IDB) hazard function of Hjorth (1980) and the two- 
parameter bathtub function of Chen (2000) as well as a modified version of 
Chen’s function with a scaling parameter. However, none of these models 
was selected by the Akaike Information Criterion (AIC) (Burnham and 
Anderson 2002) for the best model for any of the datasets, and the fits of 
these more flexible models were never distinctively different from the fit of 
the best models (see Results and Discussion). We also experienced nu-
merical problems (convergence failure, strong sensitivity to starting values, 
or failure to estimate the variance- covariance matrix of the parameter esti-
mates) for several of the model- and- data- set combinations. The fits of these 
bathtub- shaped hazard functions are therefore not reported in the results.

Fitting speciation hazard functions to empirical data

It may be tempting to fit the age of the parent species at speciation directly 
to distributions that describe these ages, without considering extinctions 
of such parents. Such an exercise will cause bias in our inference because 
species are not immortal and do not have the same lifespans, as previously 
explained and illustrated in fig. 6.1. In other words, it is important to ac-
count for the extinction times of each parent species in order to properly 
fit speciation hazard functions to data. This is also discussed as accounting 
for termination (or censoring) in the statistics of recurrent events (Cook 
and Lawless 2007).

Our statistical model is a recurrent event model (Cook and Lawless 
2007) in which a single parent species may give rise to none, one, or more 
new species, and where speciation hazard rates change with the age of 
the parent species according to the alternative hazard functions described 
above. This model can be formulated with an explicit likelihood function 
for continuous- time data (Cook and Lawless 2007), and fitted with the 
powerful ‘survreg’ function in the ‘survival’ package (Therneau 2015) of 
R (R Core Team 2014). We were not aware of this package at the time of 
writing this chapter and devised an approach based on discretization. We 
retain this discretization approach here, as we think it is instructive and 
easier to understand than the continuous- time formulation, which should 
yield very similar results.

Our approach is to first discretize parental age in short intervals, as-
suming that this species can go extinct only at interval borders. We then 
fit a Poisson maximum likelihood model to the number of observed spe-
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ciation events in these short age intervals, where the Poisson expectations 
are the products of number of species extant at the beginning of the in-
tervals and the per- species age- dependent expectations given by eq. 6.1. 
Thus, we condition the likelihood function on species that are extant in 
each of the short age intervals, thereby obtaining unbiased estimates of 
speciation rates in the presence of termination through extinctions (Cook 
and Lawless 2007). This model assumes that there are no other sources 
of variation in the speciation rates than the age- dependent relationship 
given by the speciation hazard function.

We assumed here that the times of extinction and speciation are known 
without error. We note, however, that if the assumed extinction of the par-
ent species occurs before the true extinction time (fig. 6.2), we will have no 
bias in our model fit. However, if the inferred extinction time is after true 
extinction time, there will be a bias because we assume that descendent 
species can branch off the parent species when the latter is already truly 
extinct. If the speciation time of the parent species is erroneous, we will 
also get a bias in the model fit because the ages at speciation events are  
erroneous.

Figure 6.2 Biases due to deviations from the time of true speciation and extinction.
The vertical lines show the true times and the dots assumed times of speciation and extinc-
tion of the parent species in question. We show only scenarios for which at least one endpoint 
(speciation or extinction) is correctly known. In (A), the age of the parent species is correct 
and even though its early censoring or termination causes lower precision, the hazard rate 
estimated is not biased using our approach. In (B), the parent species is assumed to be able 
to give rise to offspring when it was in fact already extinct, causing bias in hazard rate estima-
tion. In both (C) and (D) hazard rate estimation will be biased because the age of the parent 
species is erroneous.
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We compare models based on the different speciation hazard functions 
described above, using the AIC. We provide R code for fitting speciation 
hazard functions to data of species first and last appearances and specia-
tion times in appendix A.

Results and Discussion

An early- speciation Weibull model best fits the macroperforate Foraminif-
era data (fig. 6.3), corroborating results from Ezard et al. (2011a), even 
though a different set of models are fit here. The Gompertz- Makeham 
model gives very similar results to the Weibull model for foraminiferans 
(fig. 6.3) and has a slightly higher AIC value because it is penalized for 
one extra parameter. A late- speciation Gompertz- Makeham model, in 
which speciation rate increases sharply when the parent species reaches 
5–  6 MY, best fits the Metrarabdotos bryozoans (fig. 6.4). We note, how-
ever, that from the ages of about 1 to 5 MY, the speciation hazard rate for 
the bryozoans is quite flat, not unlike a constant rates model. Hence, if 
only a part of these data is available, such that speciation events of older 
ancestors are not observed in the fossil record, late speciation may not be 
inferred. Note also that the confidence intervals are relatively wider at both 
early ages and late ages for the bryozoans (fig. 6.4), and wide compared 
with the rather small confidence intervals for foraminiferans (fig. 6.3), sim-
ply due to the different number of species in the datasets.

The remaining three datasets do not show very conclusive results with 
regards to age- dependent speciation. We cannot reject the null hypoth-
esis of constant speciation in Equinae (fig. 6.5) but both the Weibull and 
Gompertz- Makeham models, showing higher speciation rates at greater 
parental ages (albeit with different forms), are less than 2 AIC units higher. 
The situation is similar for Hesperocyoninae (fig. 6.6), where the constant 
rates model and the late speciation Weibull model are only 0.2 AIC apart, 
and where the Gompertz- Makeham is very similar in form to the Weibull. 
Likewise for Borophaginae (fig. 6.7), even though the late speciation 
Weibull model is ranked top, the constant rates model is less than 2 AIC 
units higher.

Based on these few datasets, it is difficult to draw general conclusions on  
age- dependent speciation. The study by Ezard and colleagues (Ezard et al.  
2011a) is the only one we are aware of that has fit an age- dependent spe-
ciation hazard model to paleontological data where ancestral- descendent 
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Figure 6.3 Speciation models for macroperforate foraminifera (Aze et al. 2011).
Plots show fitted predictions from three alternative speciation models. Numbers in paren-
theses are ΔAIC values for each of the named models. Zero indicates the best fitting model. 
Grey ticks (bottom) are data for ages at extinction (i.e., species durations) and black ticks 
(top) are for ages of the parents at the time of speciation events, to which models are fit. 
Dotted lines show approximate 95% confidence intervals assuming a log- normal distribution 
of the fitted predictions (± 2 standard errors on the log- scale calculated by the delta- method 
(Morgan 2008)).

Figure 6.4 Speciation models for Metrarabdotos (Cheetham 1986).
Conventions as in fig. 6.3. Note that the y- axes are on a different scale from figs. 6.3, 6.5–  6.7.

relationships are known. That another high- quality dataset (Metrarabdo-
tos) shows a completely different speciation hazard rate hints that inter-
esting variation exists in speciation processes among clades, since patterns 
reflect process. Each of the age- dependent scenarios (constant, early, and 
late) that have been discussed in the literature best fit at least one of the 
five datasets, although in three of the cases (table 6.1, rows 3– 5), these 
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Figure 6.5 Speciation models for North American Equinae (Hulbert 1993).
Conventions as in fig. 6.3.

Figure 6.6 Speciation models for Hesperocyoninae (Wang 1994).
Conventions as in fig. 6.3.

Figure 6.7 Speciation models for Borophaginae (Wang et al. 1999).
Conventions as in fig. 6.3.
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age- dependent models are not significantly different from a constant rates 
model. In these cases, several to many parent species that are part of the 
dataset may not have known descendants, even though these species may 
be present in the data (table 6.1). It is likely that if some of these relation-
ships are resolved, we will be able to better distinguish among the models. 
We also note that we used speciation and extinction times as reported in 
the datasets, although there is surely nonnegligible uncertainty around the 
times of speciation and extinction in empirical datasets. Such uncertainty 
can be incorporated in the modeling by treating the uncertain times of 
speciation and extinction as unobserved variables with certain probability 
distributions (most easily fitted with Bayesian Markov- chain- Monte- Carlo 
procedures).

The evolution of macroperforate Foraminifera could have been driven 
by the classic forces of diversity dependence, causing their speciation haz-
ard to drop with both age and absolute time (Ezard et al. 2011a). Al-
though Me trarabdotos bryozoa show a late speciation hazard, local ex-
tirpations in older and more widespread species (see Losos and Adler 
1995) does not seem like a good working hypothesis as the main cause 
for a higher speciation hazard for older Metrarabdotos species. This is be-
cause Metrarabdotos species in Cheetham’s dataset are geographically re-
stricted to the Caribbean. Part of this variation might alternatively reflect 
different taxonomic practices among systematists specializing on different 
groups of organisms. We note also that even though the form of the spe-
ciation ha zard can be quite different among different groups, the average 
speciation rates hover around the same order of magnitude (about 0.05 to 
0.25, except when it shoots up at older ages for the bryozoans and possibly 
younger ages for foraminiferans).

Origination, speciation, and extinction rates are commonly modeled as 
varying with respect to absolute time (e.g., Alroy 2008; Foote 2000). With 
sufficient data, effects of absolute time could easily be incorporated in our 
modeling approach. It would also be particularly interesting to incorpo-
rate species- and- time- varying covariates, such as measures of abundance 
or geographic spread, in the analysis. Species tend to achieve their great-
est global abundance or geographic spread around the midpoint of their 
temporal duration (Foote et al. 2007; Liow et al. 2010; Liow and Stens-
eth 2007) and hence may encounter geographic and ecological situations 
where speciation may occur most frequently. However, to fit a model that 
incorporates such an effect, we would need data on species abundance or 
geographic spread, which are not readily available.
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Previous work, using constant birth- death models and an assumption 
of temporally homogeneous preservation, has shown that the probabil-
ity of sampling ancestor- descendant pairs each at least once in the fossil 
record is far from negligible (Foote 1996). Although it is not improbable 
to sample both ancestor and descendants in the fossil record, the ques-
tion remains, what is the probability of sampling both direct ancestor and 
descendant during the process of speciation, given different models of 
lifetime- varying preservation rates? To answer this question, we need to 
know how long the speciation process lasts and what patterns lifetime- 
varying preservation rates might show. First, the duration of morphologi-
cal divergence leading to stable morphospecies is purported to range from 
the order of 0.05 to several million years (Allmon and Smith 2011; Norris 
and Hull 2012), while speciation (in the sense of reproductive isolation) 
lasts from 103 years (Hendry et al. 2007), beyond the normal temporal res-
olution of the fossil record, to millions of years (Rundell and Price 2009).  
The duration of species depends likely on the clade in question and the 
manner in which we delimit the process of speciation. Second, preserva-
tion rates may depend on absolute time (Kidwell and Holland 2002) but 
may also depend on the age of the species. Specifically, the “hat” model 
of fossil occurrence trajectory (Liow et al. 2010) is a canonical temporal 
pattern of an average fossil taxon where there are fewer observed occur-
rences at the start of the taxon’s existence as well as closer to the end of 
its existence. The bulk of observed occurrences are in the middle of the 
lifetime of the taxon such that a histogram of temporal fossil finds of the 
taxon would look Gaussian if there are enough samples. The “hat” model 
implies that sampling probability decreases towards the beginning of a 
species’ lifetime. This means that it may be difficult to obtain substantial  
samples of individuals of a given descendant species during the time when 
it is diverging from its ancestor. If most speciation events also occur early 
in the life of the ancestors, as in the Macroperforate Foraminifera data, it 
may be similarly difficult to sample ancestors around the time of branch-
ing of their descendants. If species conform to a hat model of fossil oc-
currence and if they fit an early speciation or bathtub- shaped speciation 
model, it would be quite difficult to find direct ancestor- descendant pairs 
that would have a rich enough fossil record during the morphological di-
vergence period.

Although age per se may not determine speciation rate (Purvis et al. 
2011), age is likely to reflect geographical and other macroecological 
properties that change with species age. Age- dependent speciation mod-
els appear plausible and we have shown here that several such models best  
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fit some available datasets. While assembling fossil datasets with ancestor- 
descendant relationships and temporal data is nontrivial, such datasets 
will be crucial in instructing us on what types of speciation processes pre-
vail in nature. Only by assembling more high- quality datasets can we be-
gin to resolve the question of the generality of different speciation models.

Appendixes

Appendix A (R code for fitting speciation hazard functions to data of 
species first and last appearances and speciation times) and Appendix B 
(five datasets used in this study; see table 6.1) are available at: [url for ap-
pendices here].
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chapter seven

Contrasting Patterns of Speciation  
in Reef Corals and Their Relationship 
to Population Connectivity
Ann F. Budd and John M. Pandolfi

Introduction

The “species problem” has long compromised the study of long- term 
evolutionary patterns in scleractinian reef corals. Because of the dif-

ficulties in recognizing species, very little research has been done tracing 
species distributions through geologic time, reconstructing their phylog-
enies using the fossil record, and interpreting speciation and extinction 
patterns in response to long- term climate change. A number of factors 
have contributed to these difficulties, including high ecophenotypic plas-
ticity (reviewed by Todd 2008), simple morphologies that often overlap 
among species, and patchy distributions in space and time. Recently, mo-
lecular techniques, coupled with lab and field experiments on coral re-
production, have provided a wealth of new independent data, which have 
improved understanding of the nature of species boundaries in corals.  
These new research avenues have revealed the presence of cryptic spe-
cies (Knowlton 1993, 2000; Fukami et al. 2004a; Souter 2010; Ladner & 
Palumbi 2012) as well as differences in patterns of larval connectivity and 
population differentiation among species (Baums et al. 2005, 2006; Foster 
et al. 2012; Palumbi et al. 2012). They have also shown the potential for 
hybridization as a mechanism for both decreasing (homogenizing) and 
increasing morphological diversity; however, the degree to which the lat-
ter actually occurs in nature is still debated (Vollmer & Palumbi 2002, 
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2007; Willis et al. 2006; Ladner & Palumbi 2012). Increased complexity 
is the result of introgressive hybridization, in which a hybrid repeatedly 
backcrosses with one of its parent species.

Comparisons between morphological and molecular data from the same 
samples have yielded mixed results, despite refinement in the definition 
of morphological characters. In addition to our work (described below),  
some studies have found agreement between the two data types, whereas 
others have found disagreement. Examples of congruence are found in 
many unrelated genera including: Pocillopora (Flot et al. 2008a), Porites 
(Forsman et al. 2009), Montipora (Forsman et al. 2010) in Hawaii, and 
Psammocora across the Indo- Pacific (Stefani et al. 2008). Incongruence 
has been found in many other genera including: Platygyra (Miller & Ben-
zie 1997; Miller & Babcock 1997), Seriatopora (Flot et al. 2008b), Sty
lophora (Flot et al. 2011), and Western Indian Ocean and Eastern Pacific 
Pocillopora (Souter 2010; Pinzon & LaJeunesse 2011). Mixed results have 
been found in “Favia” from Thailand (Kongjandtre et al. 2012). The dis-
crepancies have been attributed to ecophenotypic plasticity, morphologi-
cal stasis, and morphological convergence as well as to hybridization and 
complex metapopulation structure.

Equally germane for tracing distributions are recent studies of popula-
tion connectivity based on population genetics (measures of gene flow or 
genetic differentiation) combined with oceanographic models, which show 
that connectivity patterns are responsible for a large proportion of the 
large- scale genetic structure and divergence among populations (Baums  
et al. 2005; Palumbi et al. 2012; Foster et al. 2012). Nevertheless, meta-
population structures are often found to be complex, with levels of ge-
netic variation among populations within species sometimes being equal 
to those among species (e.g., Pocillopora; see Pinzon & LaJeunesse 2011).

In this chapter we examine how recent advances involving cryptic spe-
cies and population connectivity in modern reef corals contribute to un-
derstanding species in the fossil record. To address this question, we review 
three examples from our own work, which represent different scleractin-
ian families. Our results reveal significant differences in patterns of mor-
phological variation among species within these taxa, which may be related 
to patterns of population differentiation. We conclude not only that the 
diagnostic morphological characters of species differ among families, but 
also that patterns of morphological variation within species and overlap 
among species differ among families. The causes of differences are complex,  
but appear to be related to reproductive biology and larval dispersal. Better 
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knowledge and understanding of the diversity of morphological patterns in 
modern corals are crucial to deciphering species in the fossil record.

Cryptic Species in the Orbicella annularis Complex

The Orbicella annularis complex (formerly the Montastraea annularis 
complex; see Knowlton et al. 1992; Weil & Knowlton 1994; Lopez et al. 
1999; Fukami et al. 2004a) of reef corals represents a case in which cryptic 
species are clearly supported using molecular, morphological, and repro-
ductive data, and the evolutionary history of these cryptic species can be 
traced through geologic time. The genus name of the species complex was 
formally changed from “Montastraea” to “Orbicella” in Budd et al. (2012a).  
This complex forms large massive colonies, often >1m in diameter, and 
has been ecologically dominant on Caribbean reefs for >2 million years, 
with a depth range extending from intertidal to >80 m (Budd & Klaus 
2001, 2008; Klaus & Budd 2003; Budd 2010). The geographic distribution 
of the complex extends across the Caribbean, Gulf of Mexico, and west-
ern Atlantic (Florida, the Bahamas, and Bermuda) and has not changed 
throughout its history. The complex was long thought to be one highly var-
iable species, an “archetypal generalist” (Goreau & Wells 1967; Graus &  
Macintyre 1976, 1982) with seemingly limitless ability for ecopheno-
typic plasticity, because all of its living members have three septal cycles  
(24 septa) and corallite diameters of 2– 3.5 mm, two features that are be-
lieved to be less plastic and therefore have been traditionally used to dis -
tinguish species in massive reef corals. However, over the past two de-
cades, molecular work (AFLP nuclear markers, microsatellites) has shown 
that this one species is actually a species complex (Knowlton et al. 1992;  
Weil & Knowlton 1994; Lopez et al. 1999; Fukami et al. 2004a), which con -
sists of at least three species that differ in overall colony shape: (1) O. an
nularis s.s., which forms regular- shaped smooth columns, (2) O. faveo
lata, which forms mounds and heads with keels and skirt- like edges, and  
(3) O. franksi, which forms bumpy, irregular mounds and plates. O. faveo
lata has almost no shared genotypes with O. franksi and O. annularis s.s., 
and O. franksi and O annularis s.s. differ in frequencies of the genotypes  
AAA and AA* (Fukami et al. 2004a). Moreover, lab experiments indi-
cate gam ete incompatibility between O. faveolata and the other two spe-
cies, which themselves differ from one another in spawning time (Levitan  
et al. 2004).
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Prompted by the molecular results, we have discovered several nontra-
ditional morphological features (e.g., the overall shape of the calice and 
structure of the costae and corallite wall) that agree with the molecular 
data (fig. 7.1; Knowlton & Budd 2001; Budd & Klaus 2001): (1) O. faveo
lata has high calical relief, and thin, exsert septa and costae; (2) O. franksi 
has low calical relief, and thicker, better developed costae; (3) O. annularis 
s.s. is intermediate but closer to O. franksi, with moderately thick sep ta  
and costae. Moreover, our examination of transverse thin sections shows 
that O. faveolata has a parathecal corallite wall (a wall formed by dissepi-
ments), O. annularis has a septothecal wall (a wall formed by coalescing 
septa), and, although predominantly septothecal, O. franksi has a combi-
nation of the two wall types. The adaptive significance of these features is 
unclear, but appears to be related to the interplay between upward linear 

Figure 7.1 Cluster analysis of 3- D landmark data on calices of the three Recent species of the 
Orbicella annularis complex from Panama.
Each branch of the dendrogram represents one genetically characterized colony. Colony 
numbers are indicated for each colony; A’s indicate colonies of O. annularis s.s., K’s indicate 
colonies of O. franksi; and F’s indicate colonies of O. faveolata. The dendrogram clearly shows 
the three species in the complex to be distinct, with O. annularis s.s. and O. franksi being most 
similar. The most important variables in discriminating species consist of non- traditional mor-
phological characters related to the elevation and development of the costae, the shape of the 
septal margin, and the length of the tertiary septa. After Budd & Klaus (2001).
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extension and skeletal thickening associated with accretionary growth. 
Lower rates of upward extension appear to be correlated in general with 
increased skeletal thickening (Knowlton & Budd 2001).

Further study of the ecological distributions of the three species in the 
complex shows that they are sympatric, but with niche differentiation (Pan-
dolfi & Budd 2008). Although the depth ranges of species overlap, their 
abundances vary along depth gradients, with each of the three species dom-
inating a different depth zone. In addition, we have found differences in 
the morphological features that vary within and among species. The three 
species differ in wall thickness, whereas ecophenotypes of O. faveolata dif-
fer in development of dissepiments, and ecophenotypes of O. faveolata and 
O. annularis s.s. differ in corallite diameter. On the other hand, Klaus et al. 
(2007) found that certain morphological features that differ among species, 
e.g., calice relief and corallite wall thickness, decrease with water depth in 
O. annularis s.s. in Curaçao. Nevertheless, the magnitude of within- species 
variation is less than that of among- species variation. This correspondence 
between environmental variation within species and interspecies variation 
suggests that morphological differences among populations may be caused 
by natural selection and therefore adaptive.

Molecular analyses show that the nature of species boundaries within 
the complex varies geographically, with O. annularis s.s. and O. franksi 
being distinct in Panama but not in the Bahamas (Fukami et al. 2004a). 
Their lack of distinction in the Bahamas has been confirmed using the 
new morphological characters (fig. 7.2) and interpreted to be the result of 
an ancestral polymorphism caused by hybridization in the past (Fukami 
et al. 2004a). Laboratory experiments show that the three modern species 
can be crossed, confirming the potential for hybridization (Fukami et al. 
2004a). Furthermore, our analyses of fossil samples from the late Pleisto-
cene (~125 Ka) of the Bahamas (fig. 7.3A) reveal overlap in corallite mor-
phology among colonies with different colony shapes, suggesting intro-
gressive hybridization in the fossil record (Budd & Pandolfi 2004, 2010). 
Additional analyses of late Pleistocene and modern samples from across 
the Caribbean (fig. 7.3; Budd & Pandolfi 2010) show that two and often 
three of the modern species in the complex can be recognized in the late 
Pleistocene, in addition to the fossil organ- pipe species O. nancyi (Pan-
dolfi 2007), and that these species are clearly distinct in central Carib bean 
locations (Dominican Republic, Caymans, Florida).

In contrast, analyses of samples from the late Pleistocene terraces of  Bar-
bados (>500 Ka, ~300 Ka, ~125 Ka) reveal as many as six new short- lived  
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fossil species, in addition to O. nancyi, suggesting that speciation was higher 
along the southeastern margin of the geographic distribution of the com -
plex (fig. 7.3; Budd & Pandolfi 2010). Although columns, mounds, and plates  
all occur in the terraces, analyses of corallite morphology show that only 
one of the three modern species in the complex (O. faveolata) is present.  
Interestingly, only after the extinction of the organ- pipe dominant O. nan
cyi (Pandolfi et al. 2001) do we see the proliferation of thin- columned  
O. annularis s.s. in Barbados in shallow- water habitats, suggesting char-
acter release and a morphological shift to columnar forms following the 
relaxation of competition caused by the extinction of O. nancyi (Pandolfi 
et al. 2002).

Taken together, the results for the Bahamas and Barbados indicate that 
lineage splitting (Barbados) and fusion (Bahamas) were concentrated at 
edge zones at the extreme eastern margins of the Caribbean basin having 
limited population connectivity and lower gene flow (fig 7.3; Budd & Pan-

Figure 7.2 Canonical discriminant analysis of 3- D landmark data of the three Recent species 
of the Orbicella “annularis” complex from Panama (grey & black) and from the Bahamas 
(uncolored).
Each point on the plot represents one genetically characterized colony. Solid borders enclose 
species from Panama; dotted borders enclose species from the Bahamas. Relative develop-
ment of major versus minor costae and septum height are strongly correlated with function 
one; costa length, minor septum length, and wall thickness are inversely correlated with func-
tion three. Scale bars are 1 mm. After Fukami et al. (2004a).
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Figure 7.3 Locations of sampling relative to major oceanographic currents.
(Upper left) Map showing geographic locations of sampling relative to major oceanographic 
currents (dotted): Bah, Bahamas; ‘Barb’, Barbados; ‘Bel’, Belize; ‘Cay’, Cayman Islands; 
‘DR’, Dominican Republic; ‘Fl’, Florida; ‘Pan’, Panama. The Bahamas and Barbados are lo-
cated at the easternmost margins of the distribution of the Orbicella “annularis” complex in 
contrast with the other five locations. (A– D) Plots of scores on canonical variates comparing 
the three Recent species the Orbicella “annularis” complex from Panama (solid) with Pleis-
tocene morphospecies (dashed) in the Bahamas and Barbados. (A) ~125 Ka in the Bahamas, 
(B) ~125 Ka in Barbados, (C) ~300 Ka in Barbados, and (D) >500 Ka in Barbados. Canonical 
variates were selected, which had the maximum Mahalanobis distances among Recent Pan-
ama species (x axis) and among Pleistocene morphospecies (y axis). Each point represents 
one colony; borders enclose the maximum variation within species or morphospecies. P, plate; 
M, massive; C, column; OP, organ- pipe; P/M, an additional massive species found only in the 
>500 Ka Barbados assemblages. After Budd & Pandolfi (2010).

dolfi 2010). These evolutionary patterns contrast with well- connected cen-
tral locations (Dominican Republic, Cayman Islands, Florida), which con-
tain exactly the same species in the Pleistocene as those today in Panama 
and Belize. The observed difference in evolutionary patterns between the 
margins and center of the distribution of the complex corresponds with the 
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genetic discontinuities reported today not only in the O. annularis complex, 
specifically O. annularis s.s. (Foster et al. 2012), but also in acroporid corals 
(Baums et al. 2005, 2006; Vollmer & Palumbi 2007) and in reef fish (Taylor &  
Hellberg 2006). In these discontinuities, eastern and western Caribbean 
populations are clearly separated by barriers to gene flow and the Bahamas 
are weakly isolated. Baums et al. (2006) found differences in population 
structure of Acropora palmata between the eastern and western Caribbean, 
which they attribute to differences in reproductive modes between the two 
regions, such that sexual recruitment is more prevalent in the east and asex-
ual recruitment in the west. Furthermore, the wider geographic distribu-
tion that we observe during the Pleistocene in O. faveolata compared to  
O. annularis s.s. conforms with population genetic divergence estimates 
made using 10 nuclear DNA loci (7 microsatellites + 3 RFLP), which show 
higher gene flow and greater population connectivity in O. faveolata (Sev-
erance & Karl 2006). Clearly, in the case of the O. annularis complex, pat-
terns in morphological and molecular data agree at the metapopulation  
level.

Given the agreement between morphological and genetic data, the evo-
lutionary history of the O. annularis complex can also be reconstructed 
over millions of years of geologic time (fig. 7.4). The results indicate not 
only deep divergence but also that the three modern species are not sis-
ter lineages. Morphometric analyses of fossils collected from the Plio- 
Pleistocene of Costa Rica and Panama (~3.5– 1.5 million years ago; Budd &  
Klaus 2001) reveal a total of ten morphospecies in the complex, which can 
be subdivided into three clades based on phylogenetic analysis (fig. 7.4).  
Modern O. franksi clearly belongs to a lineage in one clade (clade 1), and 
modern O. faveolata to a lineage in a second clade (clade 3). The third 
clade (clade 2) is extinct. O. annularis s.s. is ambiguous, and does not ap-
pear to have diverged until the late Pleistocene. Further analyses of fos-
sils collected from the Mio- Pliocene of the Dominican Republic (~6.5– 3.4 
million years ago; Klaus & Budd 2003; Budd & Klaus 2008) result in eight 
morphospecies, one of which belongs to the clade containing O. franksi 
(clade 1) and three of which belong to the clade containing O. faveolata 
(clade 3; Budd 2010). These results indicate that the complex has a long 
evolutionary history, dating back at least 6.5 million years ago. Since its 
origination, the complex has consisted of 3– 5 species living together at 
the same time, but the overall range of variation in the morphology of 
the complex has not changed through time. Maximum diversity occurred 
within the complex during the Plio- Pleistocene in association with faunal 

 EBSCOhost - printed on 2/13/2023 7:23 AM via . All use subject to https://www.ebsco.com/terms-of-use



225a. f. budd and j. m. pandolfi

turnover on Caribbean reefs (Budd and Johnson 1999; Johnson et al. 
2008). O. franksi and O. faveolata belong to long- lived lineages that sur-
vived turnover.

Polymorphism in Montastraea cavernosa

Quite different patterns have been found in the reef coral Montastraea 
cavernosa, which also forms large massive colonies, and in which morpho-
logical and molecular data disagree. M. cavernosa was long thought to be 
closely related to the Orbicella annularis complex, because of its plocoid 
colony form, but these two taxa have recently been found to belong to 
different families (Fukami et al. 2004b, 2008). Traditionally M. cavernosa 
is distinguished by having 4 – 5 septal cycles (48–  60 septa) and corallite  

Figure 7.4 Morphospecies in the Orbicella annularis complex over the past 7 million years.
Morphometric analyses reveal 10 morphospecies in the Plio- Pleistocene of Costa Rica and 
Panama (‘CP’; Budd & Klaus 2001), and 8 morphospecies in the Mio- Pliocene of the Domini-
can Republic (‘DR’; Klaus & Budd 2003; Budd & Klaus 2008). The three modern species are 
indicated as ‘FRA’, O. franksi; ‘ANN’, O. annularis s.s.; ‘FAV’, O. faveolata. Relative posi-
tions of morphospecies along the x- axis are based on a phylogenetic analysis (Budd 2010), 
which shows three clades with bootstrap values >40% (clade 1 with ‘x’, clade 2 in grey, clade 3 
with no fill). Species that do not group with a clade are indicated in black. O. franski belongs 
to clade 1, O. faveolata belongs to clade 3, and clade 2 is extinct. O. annularis s.s. arose during 
the middle to late Pleistocene and is more closely related to O. franksi than to O. faveolata.
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diameters of 4 –  8 mm. It occurs across a depth range similar to the O. an
nularis complex, but has relatively lower abundances and a broader spa-
tial distribution extending beyond that of the O. annularis complex to  
West Africa and Brazil. Recently it too has been hypothesized to con-
sist of a species complex, because two morphologically distinct feeding 
morphs co- occur (Lasker 1976, 1979, 1980, 1981): (1) a diurnal morph 
with smaller polyps [=M2 in our analysis below] and (2) a nocturnal 
morph with large polyps [=M1 in our analysis below]. In Puerto Rico, the 
diurnal morph has been found to be more abundant in shallow reef en-
vironments, whereas the nocturnal morph is more abundant in deep reef 
environments (Ruiz 2004). Our morphometric analyses of samples col-
lected from across the Caribbean and as far east as West Africa (Belize, 
Panama, Puerto Rico, São Tomé) confirm the existence of two distinct 
morphs; M1 = large cor allites, M2 = small corallites (fig. 7.5; Budd et al. 

Figure 7.5 Analyses of Montastraea cavernosa.
(A) Cluster analysis using morphological data based on Mahalanobis distances among col-
onies. Each branch represents one colony. Cross- validated classification results show that 
the split between clusters formed using the highest rescaled distance (M1 vs M2) is 91.3% 
correctly classified; whereas the split between clusters formed using the second highest re-
scaled distance is 58.8% correctly classified. (B) Parsimony haplotype network for ß- tubulin 1  
and ß- tubulin 2. The size of each circle reflects the frequency that a haplotype is observed. 
Notches symbolize the number of mutations between haplotypes. Haplotypes observed in 
morph M1 are black, and in M2 are grey. After Budd et al. (2012b).
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2012b). The most important features distinguishing the two morphs are 
corallite size, wall thickness, and the development of the tertiary septa. In 
our samples, no differences in morphology were detected overall among 
geographic locations, or among water depths in Belize, so although polyp 
size may be related to feeding behavior, the observed morphological poly-
morphism does not appear to be caused by geographic or environmental 
variation (Budd et al. 2012b).

Haplotype networks derived from DNA sequence data collected on 
the same samples reveal two distinct clades within each of two loci (i.e., 
two copies of the β- tubulin gene referred to as β- tubulin 1 and β- tubulin 2);  
however, each of the molecular clades is composed of a mixture of the 
two morphs (fig. 7.5; Budd et al. 2012b). Genotype frequencies and two- 
locus genotype assignments indicate genetic exchange across clades, and 
øst values (which use allele frequencies to measure differentiation among 
populations) show no genetic differentiation between morphs at different 
locations. Unlike the O. annularis complex, both morphs share nearly all 
of the same genotypes. Differences in frequency of one of these geno-
types (AADD) have been detected between morphs in association with 
São Tomé, but they may have been caused by sampling bias. Taken to-
gether, our morphological and genetic results do not provide evidence for 
cryptic species in M. cavernosa, but indicate instead that this species has 
an unusually high degree of polymorphism over a wide geographic area, 
and that gene flow is high among populations (Budd at al. 2012). Further-
more, again unlike the O. annularis complex (described above), Nunes  
et al. (2009) found lower levels of genetic diversity in peripheral popula-
tions of M. cavernosa in Brazil and West Africa than in central popula-
tions in the Caribbean.

Morphometric analyses of fossil colonies of M. cavernosa– like corals 
from the Plio- Pleistocene of Costa Rica and Panama (~3.5– 1.5 million 
years ago) reveal four distinct fossil morphotypes, with morphometric dif-
ferences (i.e., Mahalanobis distances) among the three well- sampled fos sil 
morphotypes roughly equivalent to those between the two modern morphs  
(fig. 7.6; Budd et al. 2012b). These results suggest that the three fossil 
morphotypes are also polymorphs of M. cavernosa. Similarly, analyses of 
M. cavernosa– like corals from the Mio- Pliocene of the Dominican Re-
public (~6.5– 3.4 million years ago) also reveal four fossil morphotypes 
(Budd 1991), and Johnson (2007) reported three fossil morphotypes from 
the late Oligocene of Antigua (~25– 26 million years ago). Study of mor-
phological differences between the two modern morphs and these fossil 
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morphotypes indicates that M. cavernosa has a long duration dating back 
>25 million years, and that it has been polymorphic throughout its dura-
tion (Budd et al. 2012b).

Speciation in Favia fragum

The third example involves speciation in the reef coral Favia fragum (Car-
lon and Budd 2002; Carlon et al. 2011), a hermaphroditic brooder, which  
is unrelated to either the Orbicella annularis complex or Montastraea cav
ernosa (Fukami et al. 2004b). Hermaphrodites have male and female re-
productive cells, sometimes resulting in self- fertilization. Brooders release 

Figure 7.6 Plots of scores on canonical variates (CV) comparing the six Montastraea caver
nosa morphotypes (2 Recent: M1, M2; 4 Plio- Pleistocene: F1– F4).
Each point on the plot represents one colony; areas enclosed in dots include each fossil mor-
photype (photos), and those enclosed in solid curves include each modern morphotype. All 
photos at the same scale; scale bar in F4 is 2 mm. After Budd et al. (2012b).

 EBSCOhost - printed on 2/13/2023 7:23 AM via . All use subject to https://www.ebsco.com/terms-of-use



229a. f. budd and j. m. pandolfi

sperm into the external water column, but they retain their eggs and have 
internal fertilization, which may limit dispersal. Unlike the other two ex-
amples, Favia fragum forms small colonies (usually <6.5 cm in diameter), 
and occurs only in intertidal and shallow subtidal (generally <5 m depth) 
environments. Its geographic distribution, however, is comparable to that 

Figure 7.7 Phenotypic variation in natural populations of Favia fragum plotted as scores 
along three major canonical variates (CVs).
(A) Perspective emphasizing variation in CV 1. (B) Perspective emphasizing variation in 
CVs 1 and 3. Grey circles = short ecomorph, reef habitat, lagoon; circles with x = short 
ecomorph, seagrass habitat, lagoon; unfilled circles = short ecomorph, exposed reef; black 
circles = tall ecomorph, seagrass, lagoon. CV1 explained 69.4% of the variation and is 
strongly correlated with costa height. CV2 explained 26.3% of the variation and is strongly 
correlated with septal length. CV 3 explained 4.3% of the variation and is strongly corre-
lated with overall size. Scale bars are 2 mm. After Carlon et al. (2011).
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of the O. annularis complex. Two genetically distinct ecomorphs occur in 
the Bocas del Toro region of Panama with only a narrow zone of overlap 
(in other words, a narrow contact zone): a “tall” morph that is restricted 
to seagrass habitats, and a “short” morph that is more abundant on coral 
reefs. Study of allele frequencies in five allozyme loci shows that the two 
morphs are in the process of speciating, but are only partially isolated, 
with a limited amount of gene flow still occurring between the two morphs 
(Carlon and Budd 2002). This pattern of ecological overlap has been in-
terpreted as an example of parapatric speciation (Carlon and Budd 2002; 
Carlon et al. 2011), in which the ranges of two speciating populations do 
not significantly overlap but are immediately adjacent to one another. The 
results suggest divergence with gene flow (recently reviewed by Pinho & 
Hey 2010). In the present case, population isolation appears to be a con-
sequence of a high degree of self- fertilization and inbreeding within eco-
morphs, combined with limited outcrossing (mixed mating; Carlon and 
Lippé 2011).

Morphometric analyses show that the two ecomorphs have distinct 
and nonoverlapping morphologies, the most important features being re-
lated to calical elevation and development of costae (fig. 7.7; Carlon et al. 
2011). Calices are more elevated (tall and thin costae) in more disturbed 
environments, which would “lift” polyps off of the main colony surface 
and away from any accumulating sediment. Estimates of additive genetic 
variation obtained using a marker- based approach and common garden 
experiments reveal significant narrow- sense heritability in these features 
and relatively small genotype- environment (G × E) interactions, indicat-
ing that the morphological differences are under genetic control (Carlon 
et al. 2011). Better understanding of the growth and functional significance 
of these features will help further to determine whether the divergence 
between the two morphs can be explained by divergent natural selection 
between morphs (with the tall morph being better adapted to seagrass 
habitats), or alternatively by the neutral forces of genetic drift.

Conclusion

Clearly, coral species differ in patterns of morphological variation and 
distinctiveness, and are structured differently in these three examples. In 
the Orbicella annularis complex (family Merulinidae sensu Budd et al. 
2012a), modern species are deeply diverged and are not sister lineages. 

 EBSCOhost - printed on 2/13/2023 7:23 AM via . All use subject to https://www.ebsco.com/terms-of-use



231a. f. budd and j. m. pandolfi

They overlap in both morphology and spatial/temporal distribution. Mor-
phological overlap may be attributed in part to evolutionary convergence 
(independent evolution of similar features that have the same function), as 
well as to introgressive hybridization. Evolutionary convergence is particu-
larly problematic at all taxonomic levels in reef corals due to constraints 
imposed by their simple morphology (Budd et al. 2010). In Montastraea 
cavernosa (family Montastraeidae sensu Budd et al. 2012a), one highly 
variable species forms numerous morphological polymorphs, which are 
sympatric and ge netically indistinct. This one polymorphic species has an 
unusually wide spatial/temporal distribution. In Favia fragum (family Mus-
sidae sensu Budd et al. 2012a), speciation is currently in progress with no 
morphological overlap between species, and only a narrow zone of ecologi-
cal overlap between species.

Taken together, these results indicate that making general predictions 
that could be applied to the fossil record is a complex undertaking because 
of all of the factors that need to be considered. Nevertheless, despite ex-
tensive ecophenotypic plasticity and morphological overlap among closely 
related species, we have found that morphological differences among spe-
cies do tend to be statistically significant, and that in many cases, genetic 
and morphological data agree. These results argue in favor of a multivari-
ate statistical approach comparing populations at both the intra-  and inter-
specific level sampled in the same environment as well as along an environ-
mental gradient. Several nontraditional corallite- level morphological traits 
need to be analyzed simultaneously, and adequate sampling of populations 
is essential (with numbers of corallites per colony and numbers of colonies 
per population being determined quantitatively, for example using cumula-
tive sampling curves). Moreover, environmental data associated with each  
population are needed for evaluating trends along environmental gradi-
ents. By using such an approach (multivariate, population based, with en-
vironmental correlates), morphospecies can be recognized that agree with 
molecular data. Comparisons between such morphospecies can then be 
used to determine sets of qualitative characters that can be used in subse-
quent paleoecological investigations.

One factor that may be partially responsible for the differences among 
the three systems treated herein is reproductive biology. The O. annularis 
complex consists of hermaphroditic broadcast spawners, M. cavernosa con -
sists of gonochoric broadcast spawners, and as noted above, F. fragum is  
a hermaphroditic brooder (Kerr et al. 2011). In contrast to brooders (de-
fined above), broadcaster spawners release both sperm and eggs into the 
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external water column, and tend to disperse more widely than brooders. 
In contrast to hermaphrodites (defined above), gonochores have only one 
kind of reproductive cell, either male or female. Although these repro-
ductive traits are not preserved in fossils, molecular phylogenetic analyses 
of modern corals (i.e., mapping reproductive traits onto molecular trees) 
suggest that gonochorism is an ancestral trait in the Anthozoa, with her-
maphrodites arising in three large, distantly related lineages of scleractin-
ian reef corals, such that two- thirds of all reef corals today are hermaph-
roditic broadcast spawners (Kerr et al. 2011). The patterns we observe in 
the O. annularis complex, which include concordance between molecular 
and morphological data at the metapopulation level, appear to be related 
to the dispersal and population connectivity characteristic of hermaphro-
ditic broadcast spawners, which dominate reefs today and through much 
of the Cenozoic. In contrast, due to inbreeding and limited dispersal, the 
brooder F. fragum is composed of locally adapted demes and highly struc-
tured populations, which have low amounts of genetic and morphological 
variation (Carlon and Lippé 2011). Given the association with brooding, 
this pattern is less common today and may have also been in the geologic 
past. Finally, the broad distribution and highly polymorphic nature of 
both molecular and morphological variation in the gonochore Montas
traea cavernosa remains an enigma, but appears to be associated with the 
extreme longevity of this lineage (>25 million years) and the fact that mo-
lecular phylogenetic analyses indicate it to be ancestral to many modern 
scleractinians (Fukami et al. 2004b). Such polymorphism may have been 
more common in the geologic past than today (especially the Mesozoic), 
and requires further study in order to better interpret patterns in the fos-
sil record.

Rates of evolutionary change and population connectivity are impor-
tant species attributes, not just for the appreciation of the evolution of 
past life, but also for the future of present- day coral reef ecosystems. Re-
cent work is showing the important role that species life history traits play 
in their susceptibility to extinction in both ancient and modern seas (van 
Woesik et al. 2012), and our understanding of susceptibility to extinction 
is strengthened when evolutionary history and phylogenetic information 
is added (Huang 2012). The important role of past and present evolution 
in the continued future maintenance of biodiversity is increasingly be-
ing appreciated (e.g., Fukami et al. 2004b; Budd & Pandolfi 2010; Huang 
2012), making taxonomic and evolutionary studies important components 
of modern approaches to marine management.

 EBSCOhost - printed on 2/13/2023 7:23 AM via . All use subject to https://www.ebsco.com/terms-of-use



233a. f. budd and j. m. pandolfi

Acknowledgments

We thank Warren Allmon, Bob Elias, and Jon Hendricks for reviewing the 
manuscript. This research was supported by NSF grants EAR97– 25273 
and DEB- 0343208 to A.F.B. and by Smithsonian Institution Marine Sci-
ence Network and Biodiversity grants, a Smithsonian Tropical Research 
Institute Tupper Fellowship, and an Australian Research Council Centre 
of Excellence grant to J.M.P. and others.

References
Baums IB, Miller MW, Hellberg ME (2005). Regionally isolated populations of 

an imperiled Caribbean coral, Acropora palmata. Molecular Ecology 14: 1377–  
1390.

Baums, IB, Miller MW, Hellberg ME. (2006). Geographic variation in clonal struc-
ture in a reef building Caribbean coral, Acropora palmata. Ecological Mono-
graphs 76: 503– 519.

Budd AF (1991). Neogene Paleontology in the Northern Dominican Republic. 11. 
The Family Faviidae (Anthozoa: Scleractinia). Part I. Bulletins of American 
Paleontology 101 (338): 5–  83, pls. 1– 29.

Budd AF (2010). Tracing the long- term evolution of a species complex and its 
relationship to environmental change: Examples from the Montastraea “an
nularis” complex. Palaeoworld 19: 348– 356.

Budd AF, Johnson KG (1999). Origination preceding extinction during Late Ce-
nozoic turnover of Caribbean reefs. Paleobiology 25: 188– 200.

Budd AF, Klaus JS (2001). The origin and early evolution of the Montastraea “an
nularis” species complex (Anthozoa: Scleractinia). Journal of Paleontology 75: 
527– 545.

Budd AF, Klaus JS (2008). Early evolution of the Montastraea “annularis” species 
complex (Anthozoa: Scleractinia): Evidence from the Mio- Pliocene of the Do-
minican Republic. In: RH Nehm, and AF Budd (editors), 2008. Evolutionary 
Stasis and Change in the Dominican Republic Neogene, Springer, New York, 
85– 124.

Budd AF, Pandolfi JM (2004). Overlapping species boundaries and hybridization 
within the Montastraea “annularis” reef coral complex in the Pleistocene of the 
Bahama Islands. Paleobiology 30: 396 –  425.

Budd AF, Pandolfi JM (2010). Evolutionary novelty is concentrated at the edge of 
species distributions. Science 328: 1558– 1561.

Budd AF, Romano SL, Smith ND, Barbeitos MS (2010). Rethinking the phylog-
eny of scleractinian corals: A review of morphologic and molecular data. Inte-
grative and Comparative Biology 50: 411–  427

 EBSCOhost - printed on 2/13/2023 7:23 AM via . All use subject to https://www.ebsco.com/terms-of-use



234 chapter seven

Budd AF, Fukami H, Smith ND, Knowlton N (2012a). Taxonomic classification of 
the reef coral family Mussidae (Cnidaria: Anthozoa: Scleractinia). Zoological 
Journal of the Linnean Society 166: 465– 529.

Budd AF, Nunes FLD, Weil E, Pandolfi JM (2012b). Polymorphism in a common 
Atlantic reef coral (Montastraea cavernosa) and its long- term evolutionary im-
plications. Evolutionary Ecology 26: 265– 290.

Carlon DB, Budd AF (2002). Incipient speciation across a depth gradient in a 
scleractinian coral? Evolution 56: 2227– 2242.

Carlon DB, Budd AF, Lippé C, Andrew RL (2011). The quantitative genetics of 
incipient speciation: Heritability and genetic correlations of skeletal traits in 
populations of diverging Favia fragum ecomorphs. Evolution 65: 3428– 3447.

Carlon DB, Lippé C (2011). Estimation of mating systems in Short and Tall eco-
morphs of the coral Favia fragum. Molecular Ecology 20: 812–  828.

Flot J- F, Magalon H, Cruaud C, Couloux A, Tillier S (2008a). Patterns of genetic 
structure among Hawaiian corals of the genus Pocillopora yield clusters of indi-
viduals that are compatible with morphology. Comptes Rendus Biologies 331: 
239– 247.

Flot J- F, Licuanan W, Nakano Y, Payri C, Cruaud C, Tillier S (2008b). Mitochon-
drial sequences of Seriatopora corals show little agreement with morphology 
and reveal the duplication of a tRNA gene near the control region. Coral Reefs 
27: 789– 794.

Flot J- F, Blanchot J, Charpy L, Cruaud C, Licuanan W, Nakano Y, Payri C, Tillier 
S (2011). Incongruence between morphotypes and genetically delimited species 
in the coral genus Stylophora: Phenotypic plasticity, morphological convergence, 
morphological stasis, or interspecific hybridization? BMC Ecology 11: 22.

Forsman ZH, Concepcion GT, Haverkort RD, Shaw RD, Maragos JE, Toonen 
RJ (2010). Ecomorph or endangered coral? DNA and microstructure reveal 
Hawaiian species complexes: Montipora dilatata/flabellata/turgescens and  
M. patula/verrilli. PLoS One 5(12): e15021(1– 10).

Forsman ZH, Barshis DJ, Hunter CL, Toonen RJ (2009) Shape- shifting corals: 
Molecular markers show morphology is evolutionarily plastic in Porites. BMC 
Evolutionary Biology 9: 45.

Foster NL, Paris CB, Kool JT, Baums IB, Stevens JR, Sanchez JA, Bastildas C, 
Agudelo C, Bush P, Day O, Ferrari R, Gonzalez P, Gore S, Guppy R, McCartney 
MA, McCoy C, Mendes J, Srinivasan A, Steiner S, Vermeij MJA, Weil E, Mumby 
PJ (2012). Connectivity of Caribbean coral populations: Complementary insights 
from empirical and modelled gene flow. Molecular Ecology 21: 1143– 1157.

Fukami H, Budd AF, Levitan DR, Jara J, Kersanach R, Knowlton N (2004a). Geo-
graphic differences in species boundaries among members of the Montastraea 
annularis complex based on molecular and morphological markers. Evolution 
58: 324 – 337.

Fukami H, Budd AF, Paulay G, Solé- Cava A, Chen CA, Iwao K, Knowlton N 

 EBSCOhost - printed on 2/13/2023 7:23 AM via . All use subject to https://www.ebsco.com/terms-of-use



235a. f. budd and j. m. pandolfi

(2004b). Conventional taxonomy obscures deep divergence between Pacific and  
Atlantic Corals. Nature 427: 832–  835.

Fukami H, Chen CA, Budd AF, Collins A, Wallace C, Chuang Y- Y, Chen C, Dai 
C- F, Iwao K, Sheppard C, Knowlton N (2008). Mitochondrial and nuclear genes  
suggest that stony corals are monophyletic but most families of stony corals  
are not (Order Scleractinia, Class Anthozoa, Phylum Cnidaria). PLoS One 
3(9): e3222(1– 9).

Goreau TF, Wells JW (1967). The shallow- water Scleractinia of Jamaica: Revised 
list of species and their vertical distribution range. Bulletin of Marine Science 
17:442–  453.

Graus RR, Macintyre IG (1976). Control of growth form in colonial corals: Com-
puter simulation. Science 193:895–  897.

Graus RR, Macintyre IG (1982). Variations in the growth forms of the reef coral 
Montastraea annularis (Ellis and Solander): A quantitative evaluation of growth  
response to light distribution using computer simulation. In: Rützler K, Mac-
intyre IG (eds.). The Atlantic barrier reef ecosystem at Carrie Bow Cay, Be -
lize. 1. Structure and communities. Smithsonian Contributions to Marine Sci-
ences 12:441–  464.

Huang D (2012). Threatened reef corals of the world. PLoS One 7(3): e34459.
Johnson KG (2007). Reef- coral diversity in the Late Oligocene Antigua Forma-

tion and temporal variation of local diversity on Caribbean Cenozoic reefs. In: 
Hubmann B, Piller WE (eds.), Fossil Corals and Sponges. Proceedings of the 
9th International Symposium on Fossil Cnidaria and Porifera. Österr. Akad. 
Wiss., Schriftenr. Erdwiss. Komm. 17: 471–  491. Wien.

Johnson KG, Jackson JBC, Budd AF (2008). Caribbean reef development was in-
dependent of coral diversity over 28 million years. Science 319(5869): 1521– 1523.

Kerr AM, Baird AH, Hughes TP (2011). Correlated evolution of sex and repro-
ductive mode in corals (Anthozoa: Scleractinia). Proceedings of the Royal So-
ciety B 278: 75–  81.

Klaus JS, Budd AF (2003). Comparison of Caribbean coral reef communities be-
fore and after Plio- Pleistocene faunal turnover: Analyses of two Dominican 
Republic reef sequences. Palaios 18:3– 21.

Klaus JS, Budd AF, Heikoop JM, Fouke BW (2007). Environmental controls on 
corallite morphology in the reef coral Montastraea annularis. Bulletin of Ma-
rine Science 80: 233– 260.

Knowlton N (1993). Sibling species in the sea. Annual Review of Ecology and 
Systematics 24: 189– 216.

Knowlton N (2000). Molecular genetic analyses of species boundaries. Hydrobio-
logica 420: 73– 90.

Knowlton N, Budd AF (2001). Recognizing coral species past and present. In: Jack-
son JBC, Lidgard S, McKinney FK (eds.), Evolutionary Patterns: Growth, Form, 
and Tempo in the Fossil Record. University of Chicago Press, Chicago, 97– 119.

 EBSCOhost - printed on 2/13/2023 7:23 AM via . All use subject to https://www.ebsco.com/terms-of-use



236 chapter seven

Knowlton N, Weil E, Weigt LA, Guzmán HM (1992). Sibling species in Montastraea 
annularis, coral bleaching, and the coral climate record. Science 255: 330 – 333.

Kongjandtre N, Ridgeway T, Cook LG, Huelsken T, Budd AF, Hoegh- Guldberg O  
(2012). Taxonomy and species boundaries in the coral genus Favia Milne Ed-
wards and Haime, 1857 (Cnidaria: Scleractinia) from Thailand revealed by 
morphological and genetic data. Coral Reefs 31: 581–  601.

Ladner JT, Palumbi SR (2012). Extensive sympatry, cryptic diversity, and intro-
gression throughout the geographic distribution of two species complexes. Mo-
lecular Ecology 21: 2224 – 2238.

Lasker HR (1976). Intraspecific variability of zooplankton feeding in the herma-
typic coral Montastraea cavernosa. In: Mackie GW (ed.), Coelenterate Ecology 
and Behavior, Plenum Press, New York, 101– 109.

Lasker HR (1979). Light dependent activity patterns among reef corals: Montas
traea cavernosa. Biology Bulletin 156: 196 – 211.

Lasker HR (1980). Sediment rejection by reef corals: The roles of behavior and 
morphology in Montastraea cavernosa (Linnaeus). Journal of Experimental Ma -
rine Biology and Ecology 47: 77– 87.

Lasker HR (1981). Phenotypic variation in the coral Montastraea cavernosa and its 
effects on colony energetics. Biology Bulletin 160: 292– 302.

Levitan DR, Fukami H, Jara J, Kline D, McGovern TM, McGhee KE, Swanson 
CA, Knowlton N (2004). Mechanisms of reproductive isolation among sympat-
ric broadcast- spawning corals of the Montastraea annularis species complex. 
Evolution 58: 308– 323.

Lopez JV, Kersanach R, Rehner SA Knowlton N (1999). Molecular determination 
of species boundaries in corals: Genetic analysis of the Montastraea annularis 
complex using amplified fragment length polymorphisms and a microsatellite 
marker. Biological Bulletin 196: 80 – 93.

Miller KJ, Benzie JAH (1997). No clear genetic distinction between morphological 
species within the coral genus Platygyra. Bulletin of Marine Science 61: 907– 917

Miller K, Babcock R (1997). Conflicting morphological and reproductive species 
boundaries in the coral genus Platygyra. Biological Bulletin 192: 98– 110.

Nunes F, Norris RD, Knowlton N (2009). Implications of isolation and low genetic 
diversity in peripheral populations of an amphi- Atlantic coral. Molecular Ecol-
ogy 18: 4283–  4297.

Palumbi SR, Vollmer S, Romano S, Oliver T, Ladner J (2012). The role of genes in 
understanding the evolutionary ecology of reef building corals. Evolutionary 
Ecology 26: 317– 335.

Pandolfi JM (2007). A new, extinct Pleistocene reef coral from the Montastraea 
‘annularis’ species complex. Journal of Paleontology 81: 472–  482.

Pandolfi JM, Budd AF (2008). Morphology and ecological zonation of Carib-
bean reef corals: The Montastraea ‘annularis’ species complex. Marine Ecol-
ogy Prog ress Series 369: 89– 102.

 EBSCOhost - printed on 2/13/2023 7:23 AM via . All use subject to https://www.ebsco.com/terms-of-use



237a. f. budd and j. m. pandolfi

Pandolfi JM, Jackson JBC, Geister J (2001). Geologically sudden natural extinc-
tion of two widespread Late Pleistocene Caribbean reef corals. In: Jackson  
JBC, Lidgard S, Mc- Kinney FK (eds.), Evolutionary Patterns: Growth, Form, 
and Tempo in the Tossil Record. University of Chicago Press, Chicago, 120 – 158.

Pandolfi JM, Lovelock CE, Budd AF (2002). Character release following extinc-
tion in a Caribbean reef coral species complex. Evolution 56: 479– 501.

Pinho C, Hey J (2010). Divergence with gene flow: Models and data. Annual Re-
view of Ecology, Evolution, and Systematics 41: 215– 230.

Pinzon JH, LaJeunesse TC (2011). Species delimitation of common reef corals 
in the genus Pocillopora using nucleotide sequence phylogenies, population 
genetics, and symbiosis ecology. Molecular Ecology 20: 311– 325.

Ruiz H (2004). Morphometric examination of corallite and colony variability in 
the Caribbean coral Montastraea cavernosa (Linnaeus 1766). Ms.C. thesis (ad-
visor Dr. Ernesto Weil). Department of Marine Sciences, University of Puerto 
Rico Mayaguez.

Severance EG, Karl SA (2006). Contrasting population genetic structures of sym-
patric, mass- spawning Caribbean corals. Marine Biology 150: 57–  68.

Souter P (2010). Hidden genetic diversity in a key model species of coral. Marine 
Biology 157: 875–  885.

Stefani F, Benzoni F, Pichon M, Cancelliere C, Galli P (2008). A multidisciplinary 
approach to the definition of species boundaries in branching species of the 
coral genus Psammocora (Cnidaria, Scleractinia). Zoologica Scripta 37: 71– 91.

Taylor MS, Hellberg ME (2006). Comparative phylogeography in a genus of coral 
reef fishes: Biogeographic and genetic concordance in the Caribbean. Molecu-
lar Ecology 15: 695– 707.

Todd PA (2008). Morphological plasticity in scleractinian corals. Biological Re-
views 83: 315– 337.

van Woesik R, Franklin EC, O’Leary J, Mcclanahan TR, Klaus JS, Budd AF 
(2012). Hosts of the Plio- Pleistocene past reflect modern- day coral vulnerabil-
ity. Proceedings of the Royal Society B: Biological Sciences 279: 2448– 2456.

Vollmer SV, Palumbi S (2002). Hybridization and the evolution of reef coral diver-
sity. Science 296: 2023– 2025.

Vollmer SV, Palumbi S (2007). Restricted gene flow in the Caribbean staghorn 
coral Acropora cervicornis: Implications for the recovery of endangered reefs. 
Journal of Heredity 98: 40 – 50.

Weil E, Knowlton N (1994). A multi- character analysis of the Caribbean coral 
Montastraea annularis (Ellis and Solander 1786) and its two sibling species,  
M. faveolata (Ellis and Solander 1786) and M. franksi (Gregory 1895). Bulletin 
of Marine Science 55: 151– 175.

Willis BL, van Oppen MJ, Miller DJ, Vollmer SV, Ayre DJ (2006). The role of 
hybridization in the evolution of reef corals. Annual Review of Ecology Evolu-
tion and Systematics 37: 489– 517.

 EBSCOhost - printed on 2/13/2023 7:23 AM via . All use subject to https://www.ebsco.com/terms-of-use



chapter eight

Towards a Model for Speciation 
in Ammonoids
Margaret M. Yacobucci

Introduction

Every fossil buff is familiar with ammonoid cephalopods or “ammo
nites,”1 whose iconic coiled shells can be found in rock shops around 

the world. Ammonoids have been used as biostratigraphic markers for 
over two centuries, and therefore the temporal and spatial context of am
monoid clades is very well known. These data have revealed extraordi
narily rapid rates of speciation and extinction among ammonoid groups. 
The drivers behind this evolutionary volatility are not clear. In this chap
ter, I present a theoretical model for speciation in ammonoid cephalo
pods that synthesizes what we know about ammonoid paleobiology with 
modern concepts of ecological speciation and the role of developmental 
variability in fueling evolutionary change. First, I review key aspects of 
ammonoid paleobiology that are relevant to understanding their rapid 
speciation rates. Next, I outline contemporary ideas about speciation, in
cluding species concepts relevant to paleontologists, the geographic con
text of the speciation process, ecological speciation, and the roles of natural 
and sexual selection (especially in sympatric speciation). These ideas are 
integrated to produce a general model for how speciation may occur in  
many ammonoid clades.

1. The term “ammonoid” here refers to any member of Subclass Ammonoidea. “Am
monite” technically refers to members of Suborder Ammonitina but is also used informally 
(especially among geologists) to refer to any ammonoid fossil.
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Ammonoid Evolution

Among all the mollusk clades, the extinct ammonoid cephalopods show 
perhaps the most dramatic patterns of macroevolution (Neige et al. 
2009). Living cephalopods include two extant orders showing quite dis
parate anat omies, the internally shelled or shell less Coleoidea (squid, 
octopus, and cuttlefish) and the externally shelled Nautiloidea (modern 
Nautilus and Allonautilus as well as numerous extinct forms). Four addi
tional externally shelled orders are entirely extinct: Actinoceratoidea, En
doceratoidea, Bactritoidea, and Ammonoidea. Ammonoidea is derived  
from Bactritoidea and considered to be the sister group to Coleoidea 
(Engeser 1996). Ammonoids arose from a bactritoid ancestor in the Late 
Silurian or early Devonian (Erben 1960, 1964, 1965; Dzik 1984; Korn 2001; 
Klug and Korn 2004), and became extinct at or just above the Cretaceous 
Paleogene boundary (Landman et al. 2012).

Ammonoids varied widely in their body size and shell form, both be
tween and within species (De Baets et al. 2013). The smallest ammonoids 
reached final adult size at less than 1 cm shell diameter while the largest 
species could be more than 2 m across. Sexual dimorphism was also com
mon among ammonoids, expressing itself as differences in shell size and/
or shell shape (Davis et al. 1996). General shell shapes ranged from highly 
compressed, discus like forms to wide and globular outlines (fig. 8.1). The 
degree of shell coiling also varied, with some shells looking like a coiled  
rope while others overlapped most of the preceding whorl to create a nar
row umbilicus. While most ammonoid species coiled in a planispiral fash
ion, Suborder Ancyloceratina includes a variety of heteromorph ammo 
noids, with shell forms varying from straight cones to paperclip and snail like 
shapes to highly irregular and/or open coiled shells. The shells of many 
ammonoids were ornamented with complex combinations of ribs, tuber
cles, and spines. Extensive intraspecific variation in shell form has also 
been documented in numerous ammonoid species. All these variations in 
shell size and form have typically been related to habitat and mode of life  
(Westermann 1996; Ritterbush and Bottjer 2012).

Like all living cephalopods, ammonoids underwent direct development, 
with no larval stage (Landman et al. 1996). Rather, the innermost portion 
of the shell, the ammonitella, formed within the egg. The hatchling ammo
noid would have been relatively small, as measured ammonitella diameters 
range from 0.5 to 2.6 mm, with most less than 1.5 mm (Landman et al.  
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1996; Wani 2011). These small hatchlings, at least in some ammonoid 
groups, may have been planktotrophic, indicating a good dispersal capabil
ity. Others may have quickly settled into a nektobenthic mode of life, limit
ing dispersal. Some evidence exists for masses of ammonoid eggs, depos
ited on the sea floor or floating in the water column, which may suggest a 
semelparous mode of reproduction (reproducing just once before dying), 
as is seen in many extant cephalopods (Landman et al. 1996 and references  
therein). Age at maturity has been estimated for several ammonoid groups, 
using a range of methods (e.g., septal spacing, oxygen isotopes, epizoans 
growing on living ammonoids); most estimates range from 1 to 8 years (Bu
cher et al. 1996). By comparison, modern Nautilus species reach maturity 
in about 5 to 11 years (Landman and Cochran 1987) while modern coleoid 
cephalopods mature more quickly, with ages at maturity ranging from 90 
days in the cuttlefish Sepiella inermis to 3.8 years in the deep water octopus 
Bathypolypus arcticus (Wood and O’Dor 2000).

Ammonoids display a distinctively volatile pattern of evolution, with 
repeated episodes of rapid diversification followed by frequent large ex
tinction events. The Jurassic Cretaceous ammonoid suborder Ammoni

Figure 8.1 Some ammonoid shell shape variations.
Images redrawn and modified from Arkell et al. 1957, p. L83, fig. 125, and p. L84, fig. 126.
A. Cadicone (depressed, evolute / loosely coiled shell)
B. Platycone (compressed shell with planar flanks)
C. Oxycone (compressed, involute / tightly coiled, disc shaped shell)
D. Heteromorph (nonplanispiral coiling; also note ribs and tubercles ornamenting shell)
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tina shows a particularly volatile evolutionary pattern, with family level 
volatility levels an order of magnitude higher than those of bivalve mol
lusks (Gilinsky 1994, 1998; Yacobucci 2005). A frequently cited explana
tion for this evolutionary pattern involves the shallow, epeiric sea habitat 
of many ammonites. Such settings were subject to frequent environmen
tal perturbations such as dysoxic events and sea level fluctuations; these 
factors have long been thought to be important controls on the evolution
ary dynamics of ammonites (Wiedmann 1988; Hallam 1989; House 1989, 
1993; Wiedmann and Kullmann 1996; Yacobucci 1999; Sandoval et al. 
2001). Many key environmental variables within epeiric seas are typically 
arranged as spatial gradients (e.g., water depth, temperature, salinity, dis
solved oxygen) while others are distributed as more discrete patches (e.g., 
nutrients, substrate types).

With their often ornate shells and wide geographic distributions, am
monoids have an excellent fossil record and demonstrably high preserva
tion probability (Foote and Sepkoski 1999). Combined with their rapid 
rates of origination and extinction, the rich fossil record has resulted in am
monoid species being used extensively as biostratigraphic markers. Their  
biostratigraphic utility, however, has perhaps hindered a more contem
porary approach to their systematics. Most publications that name and 
describe new ammonoid species use outdated methods of phylogenetic 
analysis and taxon recognition based on stratophenetics, with little sense 
of a biological or phylogenetic species concept. Rather, species may be 
initially separated by their stratigraphic occurrence, with anatomical fea
tures then identified as diagnostic for those groupings (Donovan 1994). 
Little attempt has been made to link nominal ammonoid species with a 
particular species concept (such as the biological or phylogenetic species 
concepts; see below). Few ammonoid studies have employed contempo
rary phylogenetic systematic approaches (Rouget et al. 2004; Neige et al.  
2007; Yacobucci 2012), and even these often include an emphasis on strat
igraphic positions (e.g., Pardo et al. 2008). On the other hand, the vast 
number of described ammonoid taxa (with over 2000 named genera) pro
vides a rich database documenting potentially phylogenetically significant 
morphological traits, and many studies have explored temporal patterns 
of evolution within individual clades.

Role of Developmental Timing in Ammonoid Evolution

Researchers have demonstrated growing interest in the role of develop
mental changes in promoting speciation (Naisbit et al. 2003; West Eberhard 
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2003, 2005; Minelli and Fusco 2012). Variations in developmental timing 
and expression of developmental regulatory genes can readily produce 
new innovations and intrapopulational polyphenism, and these can lead 
to premating isolation (Grant et al. 2006; Kobayashi et al. 2006; Maan et al.  
2006; Minelli and Fusco 2012; Boehne et al. 2013; Gunter et al. 2013). In
vestigation of such factors, however, has been limited, and little attempt 
has been made to apply these concepts to fossil groups. This lack of study 
is all the more surprising given the long history of documenting changes in 
developmental timing among many extinct clades, especially ammonoids.

The study of developmental variations and heterochrony in ammonoids 
extends back decades and is still an active area of inquiry (Dommergues  
et al. 1986; Landman 1988; Kennedy 1989; Landman and Geyssant 1993; 
Gerber et al. 2007; Gerber 2011; Korn 2012; De Baets et al. 2015b; Neige 
and Rouget 2015). The term heterochrony has been used by ammonoid pa
leontologists broadly to refer to evolutionary changes in the timing and rate 
of growth. As with any fossil group, determining ontogenetic age is chal
lenging. While overall shell size or number of chambers can serve as im
perfect proxies for age, ammonoid shells also show changes at hatching 
(e.g., primary constriction, changes in ornamentation, initiation of growth 
lines) and at maturation (e.g., close spacing of septa, changes in body 
chamber shape and ornamentation) that allow identification of juvenile vs. 
sexually mature individuals and shell portions (Davis et al. 1996; Landman  
et al. 1996; De Baets et al. 2015a; Klug et al. 2015). Further complicating  
studies of heterochrony in ammonoids is the tendency of workers to blur 
the observation of a heterochronic pattern with the inference of the evo
lutionary process of heterochrony. Documenting the former does not nec
essarily prove operation of the latter; other processes could conceivably 
produce a heterochronic pattern (e.g., maturity at smaller size in later  
species).

Both paedomorphosis (the retention of ancestral juvenile traits in the 
adult descendant) and peramorphosis (“overmaturation” of descendants 
past the ancestral adult form) have been described in ammonoids. Within 
the paedomorphic pattern, progenesis (early sexual maturation) is most 
common (fig. 8.2), though examples of neoteny (slowed growth) have also 
been cited. Progenetic dwarfs have been described from the Devonian 
(Korn 1992, 1995a, 1995b), Carboniferous (Swan 1988; Stephen et al. 2002),  
Permian (Frest et al. 1981; Glenister and Furnish 1988); Jurassic (Cariou and 
Sequeiros 1987; Marchand and Dommergues 1988; Landman et al. 1991; 
Meister 1993; Mignot et al. 1993; Dommergues 1994; Linares and Sandoval  
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1996; Neige et al. 1997; Parent 1997, 1998), and Cretaceous (Kenne dy 1977; 
Wright and Kennedy 1980; Kennedy 1988; Landman 1989; Kenne dy and 
Cobban 1990a,b; Landman et al. 1991; Wright et al. 1996; Kenne dy et al. 
2001; Courville and Cronier 2003; Harada and Tanabe 2005) Periods, and 
across several major ammonoid clades (Goniatitina, Clymeniina, Am
monitina, Ancyloceratina). Peramorphosis is less common than paedo
morphosis (Landman and Geyssant 1993), and is often seen within taxa 
that also show paedomorphic changes, producing a mosaic form of het
erochrony (Dommergues 1987; Linares and Sandoval 1996; Neige et al. 
1997; Parent 1998; Swan 1998; Stephen et al. 2002; Courville and Cronier  
2003).

Researchers have made various connections between the phenomenon 
of heterochrony and other aspects of ammonoid paleobiology. Differences 
between sexual dimorphs (i.e., macroconchs and microconchs) have been 

Figure 8.2 Example of progenesis, a type of heterochrony in which maturation rate is acceler
ated, producing an adult descendant that resembles a juvenile ancestor.
Metoicoceras praecox (USNM 427936) and its progenetic dwarf offshoot Cryptometoicoceras 
mite (USNM 423766) from the Late Cenomanian of North America. The 1.2 cm diameter  
C. mite specimen is a mature adult, based on crowding of last septa and change in ornamen
tation on body chamber (Kennedy and Cobban 1990b). It strongly resembles juveniles of 
M. praecox, with which it co occurs. Scale bar in centimeters. USNM: National Museum of 
Natural History, Smithsonian Institution, Washington.
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related to heterochronic shifts. Tintant (1963), Guex (1981), and Parent 
(1997) all suggested microconchs were produced by progenesis or neoteny. 
Neige (1992) also identified progenesis as the source of some microconchs 
among Jurassic ammonites, but additionally recognized hypomorphosis as  
a contributing process in some taxa. These studies do not clearly ex plain  
how heterochronic evolutionary change would affect only microconchs (pre
sumed males) and not macroconchs (presumed females) of the same spe
cies. Perhaps the genetic growth program was sex linked such that only 
males were subject to heterochronic evolutionary change. This notion is 
supported by the observation that modern cephalopods are gonochoris
tic (i.e., sex is genetically determined, although cases of intersexuality are 
known [Hoving et al. 2006]). Others have related continuous intraspecific 
shell variation to heterochronic processes, suggesting that rounder forms 
retained their juvenile geometry longer than more compressed forms and 
could therefore be considered “paedomorphic” (Hammer and Bucher 
2006). Again, one might argue whether such a term can apply to variations 
seen within a single species.

Numerous authors have argued that certain heterochronic changes 
would be adaptively favored in particular environments. For instance, pro
genesis could be advantageous in unstable environments, as rapid matu
ration would allow individuals to exploit abundant juvenile resources. 
Neoteny (slowed growth), in contrast, would be favored in more stable 
environments (Gould 1977; McKinney and McNamara 1991). Paleontolo
gists have applied these general concepts to specific case studies of ammo
noids, the best of which clearly delineate independent evidence for envi
ronmental parameters. Mancini (1978) argued that the progenetic dwarfs 
of the Cretaceous Grayson Formation of Texas were better adapted than 
their larger ancestors to live on the unusually soft substrates present at 
that time. Alternatively, Enay and Gygi (2001) suggested that the Juras
sic progenetic dwarfs they investigated would have been more tolerant of 
dysoxic bottom waters, as smaller body sizes require less oxygen and more 
rapid maturation allows populations to take advantage of brief intervals 
of higher oxygen content. In a similar vein, Mignot et al. (1993) argued 
that paedomorphosis within the Early Jurassic ammonoid Hildoceras was 
an adaptive response to suboptimal environmental conditions, and Zaton 
(2008) suggested that the range of mature body sizes seen in Jurassic tu
litids were due to varying environmental conditions. Monnet et al. (2003) 
argued that paedomorphic changes resulting in smaller adult body sizes 
during the Late Cenomanian were driven by environmental perturbations 
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such as sea level rise, temperature increase, and productivity changes. 
Stevens (1988) suggested that large adult body sizes (as are produced in 
certain heterochronic shifts such as neotenic or hypermorphic gigantism) 
might be expected in cold, deep water environments. Landman and Geys
sant (1993) reviewed 167 reported cases of heterochrony in ammonoids, 
relating the different heteromorphic processes to different modes of life 
(e.g., nektobenthic, oceanic, megaplanktonic). While paedomorphosis still 
predominated, neritic nektobenthic forms were more likely to show pera
morphosis than other ecologies. Vertical migrators showed the highest rate 
of progenesis.

The prevalence of heterochrony among ammonoid clades has also been 
related to diversification rates and the production of higher taxa. For ex
ample, Korn (1995b) argued that the diversification of several Late De
vonian goniatite and clymeniid clades was driven by sea level fluctuations 
that favored accelerated maturation and reproductive rates during times 
of relative sea level fall. Landman (1989) noted that repeated instances of 
progenesis produced different ammonoid species that had nearly identi
cal juvenile forms, but diverged at maturity. Landman et al. (1991) em
phasized that the various Jurassic and Cretaceous progenetic species were 
not merely sexually mature juveniles, but also had unique mature traits 
that make them diagnosable taxa. They argued that this “novel combina
tion of juvenile, adult, and unique features may endow progenetic species 
with the evolutionary potential to play a role in the origin of higher taxa” 
(Landman et al. 1991, 409). Yacobucci (1999) linked the rapid endemic ra
diation of acanthoceratid ammonoids in the Late Cretaceous Western In
terior Seaway of North America to their developmental flexibility, noting 
the prevalence of progenetic offshoots within this group.

In addition to heterochronic processes, various other forms of devel
opmental flexibility have been documented in ammonoids and used for 
systematic purposes. In ammonoids, a large number of characters change 
during the course of ontogeny and the timing of appearance and disap
pearance of traits through ontogeny is quite variable. In contrast, other 
metazoans show less change through ontogeny and the ontogenetic tim
ing of traits is more fixed. Because of the prevalence of these developmen
tally controlled characters, ammonoid paleontologists have been pioneers 
in using them in systematics. The systematic description and differen
tiation of ammonoid species from similar and co occurring forms often 
includes reference to developmentally based characters. One species of 
a genus might reach maturity at a smaller size than another. Features of 
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ornamentation like ribs and tubercles may occur only on one portion of 
the shell, indicating a developmental shift in the shell’s growth program. 
Traits like the density of ribs or the shape or pattern of spacing of tuber
cles may change during growth. The adult suture may remain relatively  
simple in one species while developing more complexity through ontog
eny in a close relative. Characters like these are routinely used to diagnose 
and differentiate closely related ammonoid species. By contrast, the use 
of juvenile traits and aspects of developmental timing is less common in 
the systematic study of extant animals, leading to calls for greater aware
ness of such traits by advocates for the role of development in speciation 
(Minelli and Fusco 2012).

Significance of Homeomorphy in Ammonoid Evolution

Homeomorphy, the repetition of shell forms in more or less distantly re
lated groups, is pervasive in ammonoids (Schindewolf 1940; Haas 1942; 
Arkell et al. 1957; Kennedy and Cobban 1976; Saunders and Swan 1984; 
Dommergues et al. 1989; Dommergues 1994; Donovan 1994; Guex 2001;  
Monnet et al. 2011). It is understood among ammonoid workers that ho
meomorphy is to be expected when describing new species, and many tax
onomic descriptions of ammonoid taxa therefore include sections on how 
to distinguish the new group from homeomorphs. Examples of ho meo
mor phy have been particularly well documented from the Jurassic (e.g., 
Dommergues et al. 1984; Dommergues and Mouterde 1987; Cariou et al. 
1990; Meister 1993; El Hariri et al. 1996; Dommergues 2002; Cecca and 
Rouget 2006; Schweigert et al. 2012) and the Cretaceous (e.g., Reyment 
1955; Obata 1975; Jeletzky and Stelck 1981; Delanoy and Poupon 1992; 
Maeda 1993; Kennedy and Wright 1994; Delanoy and Busnardo 2007; Bu
jtor 2010) Periods (fig. 8.3).

The repeated parallel evolution of similar shell shapes, ornamentation 
types, and suture patterns within ammonoid clades has been related to het
erochrony by several workers. Dommergues and colleagues (1989) argued 
that homeomorphy of shell forms in various Jurassic ammonoids was due  
to heterochronic processes that recurrently produced similar shell mor
phologies (disk shaped oxycones, globular sphaerocones). Both Land
man (1989) and Dommergues (1994) specifically cited iterative progen
esis as the mechanism producing smaller bodied species that resembled  
the juveniles of older or co occurring ammonoid species. These progenetic  
trends repeated several times, producing similar looking spe cies— home

 EBSCOhost - printed on 2/13/2023 7:23 AM via . All use subject to https://www.ebsco.com/terms-of-use



247m. m. yacobucci

omorphs— in each iteration. Similarly, Meister (1993) suggested that pae
domorphosis by neoteny was responsible for producing homeomorphic 
suboxyconic shell forms in multiple groups of Early Jurassic phyllocera
tine ammonoids.

Selection favoring certain morphs in certain habitats has long been seen  
as the most likely process driving the recurrent evolution of ammonoid ho
meomorphs. Seilacher and Gunji (1993) argued that certain shell shapes  
would be adapted to particular water depths, and therefore that parallel 
evolution of similar shell forms could be expected within shallow epei
ric seas. Similar arguments relating homeomorphic shell forms to water 
depth have been made by Bayer and McGhee (1984), Cecca and Pochet
tino (2000), Courville (2007), and Bujtor (2010). These evolutionary 
trends have been related to sea level cycles. Courville (2007), for instance, 
proposed that Cenomanian Turonian ammonites can be divided into a 
cosmopolitan fauna adapted to life in open platform and shelf habitats 
and groups of endemic ammonites that diversified in epeiric seaways 
(such as the Trans Saharan Seaway of West Africa) during sea level highs. 
Each time sea level rose, a new group of seaway endemics evolved from 

Figure 8.3 Example of homeomorphy in Cretaceous ammonoids.
Tetrahoplites (Hoplitaceae, Hoplitidae, Lower Albian) and Calycoceras (Acanthocerataceae, 
Acanthoceratidae, Cenomanian) show similar shell sizes, coiling, and ornamentation, despite 
being only distantly related. Line drawings created by tracing over photographs of specimens.
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open shelf ancestors. These endemics display homeomorphic adaptations 
to seaway habitats, with the same shell forms and ornaments recurring in 
each sea level cycle.

As an alternative to adaptation to particular water depths, Monnet et al.  
(2012) noted that repeated trends to larger shell size and increased shell 
coiling in Middle Triassic ammonoids might best be explained as a manifes
tation of Cope’s rule— the often cited trend of increasing adult body size 
within a clade. De Baets et al. (2012) suggested that the opposite trend, to
wards smaller embryonic/hatchling size in at least three separate lineages of 
Devonian ammonoids, might represent adaptations for increased fecundity 
and higher mobility of hatchlings within the water column. These changes 
would have been favored during the Devonian “nekton revolution,” when 
free swimming predators diversified (Klug et al. 2010).

Guex (2000, 2001) has argued that environmental stress may be the 
root cause of homeomorphy in ammonoids. “Major evolutionary jumps in 
ammonoids occur during severe extinction events, and are characterized 
by the sudden appearance of simple, primitive looking forms which are at
avistic with respect to their more complex immediate ancestors” (Guex 
2000, 115). For Guex, environmental stress preferentially caused more 
complex ammonoid forms to die out, while simpler forms that resemble dis
tant ancestors evolved to take their place. In this view, homeomorphs were 
more likely to occur during or immediately after times of environmental 
perturbation and heightened turnover, and to show atavistic or ancestral  
traits.

Current Speciation Models

With this background on ammonoid evolutionary paleobiology, we can 
now turn our attention to contemporary ideas on how new species form. 
Butlin et al. (2008) suggest three key questions to ask at each stage of the 
speciation process: what is the spatial context, what is the driving force 
for divergence, and what is the (genetic) basis of reproductive isolation? 
In this section, I review and discuss each of these issues. First, though, we 
must address what we mean by “species” in the fossil record.

Species Concepts

Allmon and Smith (2011) noted that paleontology as a field has not given 
very much thought to how the term “species” is used; does it correspond 
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with biological species, a morphological cluster, a temporally defined 
grouping? Working with the fossil remains of long dead organisms cer
tainly places limits on what paleontologists can recognize and document, 
limits that neontologists do not usually face. However, in practice, the op
erational definitions of species used by modern and fossil workers may 
not be that different.

Literally dozens of different definitions of “species” exist in the scien
tific literature. Here I focus on the few species concepts most commonly 
referenced by paleontologists. The biological species concept (BSC) is cer
tainly the most widely cited (e.g., it is the species definition found in most 
introductory textbooks). The BSC states that species are groups of inter
breeding natural populations that are reproductively isolated from other 
groups (Mayr 1942, 1995). Coyne and Orr (2004) provide an overview  
of some of the pros and cons of the BSC. Of most obvious concern to pa
leontologists is the impossibility of applying the BSC (at least directly) 
to fossil species. However, most other species definitions try to capture 
the idea highlighted by the BSC— that species are distinct, isolated gene 
pools, each therefore with its own unique evolutionary history (Allmon, 
chapter 3, this volume; Miller, chapter 2, this volume).

Many paleontologists tend naturally to prefer a species concept that 
provides them a voice in evolutionary biology. Perhaps for that reason, 
George Gaylord Simpson’s evolutionary species concept (ESC; Simpson 
1951, 1961) is cited by many paleontologists (e.g., Miller 2006); it helps 
that Simpson was himself a paleontologist with a deep awareness of the 
nature of the fossil record. The ESC defines a species as a lineage of organ
isms that maintains its identify from other such lineages and has its own 
evolutionary tendencies and historical fate (Simpson 1961; Wiley 1978). 
The ESC has been criticized by some because it may, for many groups,  
end up as synonymous with the BSC, and because it suffers from impreci
sion about which “evolutionary tendencies and historical fate” are signifi
cant enough to deem a lineage a species (Coyne and Orr 2004).

Phylogeneticists often cite one of the several phylogenetic species con
cepts (PSC; Cracraft 1989; de Queiroz and Donoghue 1988). The PSCs  
focus on recognizing diagnosable, monophyletic groups that are basal 
(i.e., cannot be further subdivided into monophyletic groups). The PSCs 
provide a more operational species definition that the BSC or ESC— if 
one can assemble phylogenetic data and perform a rigorous phylogenetic 
analysis, one should be able to identify species directly from the results. 
They are still rooted, however, in evolutionary theory, and in particular in 
the conception of species as unique evolutionary entities.

 EBSCOhost - printed on 2/13/2023 7:23 AM via . All use subject to https://www.ebsco.com/terms-of-use



250 chapter eight

In daily practice, of course, the majority of paleontologists still use a 
traditional morphospecies concept: species are groups of organisms that 
are morphologically similar to each other and can be diagnosed by spe
cific morphological traits. The morphospecies concept has rightfully been 
criticized for using arbitrary cutoffs for how similar is similar “enough” to 
define a new species, and for the idiosyncratic selection of “key” charac
ters by different workers. However, it is still the most practicable method 
for recognizing and delineating both fossil and modern species (Allmon, 
chapter 3, this volume); a modern ecologist assessing biodiversity in a hab
itat patch, for instance, will identify species morphologically with a key.  
The paleontological morphospecies concept is also rooted in the BSC, 
ESC, and PSCs: it is implied that morphological similarity should reflect 
evolutionary proximity (Raup and Stanley 1978, 130). Hence, fossil mor
phospecies are intended to approximate unique evolutionary lineages 
(Allmon, chapter 3, this volume; Miller, chapter 2, this volume).

Speciation Models

A spectrum of speciation models has been proposed, distinguished by 
their geographic context and/or the degree of gene flow permitted be
tween diverging populations. Under the allopatric speciation model, the 
diverging population is geographically separated from its parent popula
tion, with no gene flow occurring between them (fig. 8.4). The extent of 
the geographic separation needed for speciation to occur varies with the 
mobility and dispersal ability of the organisms involved. Several work
ers have shown, for instance, that allopatry may occur within small geo
graphic scales in shallow marine settings (Meyer et al. 2005; Krug 2011). 
“Microallopatric” speciation involves separation of populations into mi
crohabitats, which can be located quite close to each other in an absolute 
sense (Smith 1955, 1965; Mayr 1947; Fitzpatrick et al. 2008). However, the 
fundamental isolating barrier is still related to the physical distance be
tween microhabitats, as opposed to situations in which the isolating bar
rier is not related to physical distance but to some biological process, such 
as attraction to different hosts.

Allopatry is widely accepted as the most common mode of speciation; 
Coyne and Orr (2004) go so far as to formally define it as the null hypoth
esis for speciation studies, i.e., to demonstrate that another mode oper
ated in a specific case, one must first show that allopatry was impossible. 
Others have argued that this requirement may be too strict (Johannesson 
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2001; Bolnick and Fitzpatrick 2007; Marie Curie Speciation Network 
2012).

Parapatry refers to a set of populations that are arrayed along an eco
logical gradient or cline (fig. 8.4). The varying ecological parameter could 
be biotic (e.g., food resources, predator concentrations) or abiotic (e.g., 
temperature, salinity, water depth). Adjacent populations may show some 
geographic overlap and gene flow, while more distantly separated popula
tions will show much less gene flow. Parapatric speciation is typically envi
sioned to result from ecological divergence, as populations adapt to their 
local environments. While direct evidence for parapatric speciation has 
been limited, theoretical modeling shows it is possible to produce a new 
species by divergent selection along a gradient even in the face of some  
gene flow (Coyne and Orr 2004; Gavrilets 2004; Nosil 2008; Pinho and 
Hey 2010; Keller and Seehausen 2012).

Populations in sympatry show a large overlap in geographic range and 
full gene flow (fig. 8.4). Sympatric speciation was originally defined spa
tially, as divergence between two coexisting populations in the absence 
of any geographic barrier between them (Poulton 1904; Mayr 1942). The 
meaning of the term has since been shifted to refer to speciation in the 
presence of a high degree of gene flow between populations, or to some 

Figure 8.4 Schematic spatial distribution of populations in allopatry, parapatry, mosaic sym
patry, and full sympatry.
Triangles and circles represent two definable populations. Redrawn based on Mallet et al. 
2009, fig. 2, p. 2334.
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combination of the spatial and genetic concepts (Rice and Hostert 1993; 
Gavrilets 2003; Coyne and Orr 2004; Butlin et al. 2008; Fitzpatrick et al. 
2008; Mallet et al. 2009; Bird et al. 2012). Some classic examples of sym
patric speciation, such as insect host races, have been redefined as “micro
allopatric” (Smith 1955, 1965) or “heteropatric” (Getz and Kaitala 1989),  
indicating a broadly overlapping geographic range but different ecological 
niches that physically prevent populations from encountering each other. 
This variation in how sympatry is defined has contributed to the ongoing 
controversy surrounding its relative importance in producing biodiversity. 
Indeed, some have recommended that the term sympatry no longer be 
used (Fitzpatrick et al. 2008, 2009; Coyne 2011).

Mayr (1942, 1963) argued strongly against the possibility of speciation 
in sympatric populations— he saw gene flow as too large an obstacle to the 
development of reproductive isolation, even in the face of strong divergent  
selection. Another problem with sympatric speciation is that incipient 
species cannot occupy the same ecological niche, or one population will 
simply out compete the other. The main challenge of sympatric specia
tion, then, is that the process must simultaneously prevent recombination  
from erasing genetic differences between incipient species and also pre
vent ecological competition from eliminating one or more coexisting pop
ulations (Johannesson 2001; Coyne and Orr 2004). Hence, reproductive 
isolation via assortative mating must evolve within the group while the 
population simultaneously evolves ecological differences to prevent com
petition. Typical models of sympatric speciation therefore involve adap
tation of subpopulations to specific ecological niches along with sexual 
selection to prevent interbreeding between subpopulations.

The term “magic traits” was coined by Gavrilets (2004) to denote single 
characteristics that address both ecological differentiation and reproduc
tive isolation simultaneously, thereby solving the sympatric speciation di
lemma. Magic traits are determined by “magic genes” that are subject to 
divergent selection and also pleiotropically produce nonrandom mating 
(Servedio et al. 2011). Servedio et al. (2011) argue that the mechanism can be 
natural or sexual selection, as long as the product is divergence, and there
fore that magic traits may be more prevalent in speciation events than  
has previously been thought.

It has been argued that allopatry and sympatry are two extreme end 
members of a continuum of degree of gene flow (Butlin et al. 2008; Mallet 
et al. 2009). It is unlikely for speciation to take place in pure sympatry, 
within a fully panmictic population (Coyne and Orr 2004; Fitzpatrick  
et al. 2008; 2009; Marie Curie Speciation Network 2012), though it is not 
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impossible (Bolnick and Fitzpatrick 2007; Coyne 2011; Bird et al. 2012). 
Rather, most speciation may involve both an early allopatric stage and a 
later sympatric stage before reproductive isolation is complete (Rundle 
and Schluter 2004; Rundle and Nosil 2005; Butlin et al. 2008; Aguilée  
et al. 2011; Marie Curie Speciation Network 2012). Alternatively, most 
speciation may fall within a parapatric regime, with reduced but pres
ent gene flow, or in mosaic sympatry, with randomly distributed habitat 
patches in a region occupied by different populations (fig. 8.4; Mallet 2008; 
Mallet et al. 2009). Because speciation is rarely instantaneous, but may 
take tens of thousands of years, various environmental and geographic 
shifts are likely to take place before full reproductive isolation is estab
lished (Norris and Hull 2012).

Several attempts have been made to develop tests for recognizing al
lopatric vs. sympatric speciation. Hindering these efforts is a lack of con
sensus on what exactly must be assessed in such a test. Mallet et al. (2009) 
argued that the allopatry vs. sympatry debate is really about the relative 
importance of nonbiotic factors vs. natural selection in driving speciation. 
Krug (2011) suggested that the focus on geographic context is misleading,  
as we are actually interested in how reproductive isolation arises: via nat
ural selection, sexual selection, or random drift.

Despite these concerns, many recent assessments of allopatric vs. sym
patric speciation still focus on geography. Most neontological models, 
experiments, and observations on speciation have studied terrestrial or
ganisms, especially plants, insects, and vertebrates. The potential role of  
geographic barriers in promoting speciation is especially evident for ter
restrial groups. Marine organisms, on the other hand, are frequently broad
cast spawners and therefore have high dispersal potentials, making allo
patric speciation seem, at least at first glance, to be more challenging. 
However, not so obvious geographic barriers have been well documented 
for many marine groups, ranging from the size and temperature of ocean 
basins (Claremont et al. 2011) to water currents and substrates affecting 
larval settling (Cowen and Sponaugle 2099) to physical barriers on a small 
scale due to microhabitat preference (e.g., degree of wave energy on a 
rocky coastline; Claremont et al. 2012). The consensus view is that allo
patric speciation is the norm in the ocean (Claremont et al. 2012), though 
some examples of sympatric divergence also exist (Krug 2011).

Coyne and Orr (2004) expressed perhaps the strictest test for sympatric 
speciation. To demonstrate that sympatric speciation has occurred, one 
must show that the species in question are currently in sympatry, are re
productively isolated from each other, are each other’s closest sister taxa,  
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and that any previous history of allopatry is very unlikely. The last crite
rion could be seen as an impossible obstacle for proponents of sympatric 
speciation to overcome. Coyne and Orr (2004) also suggested that, when 
studying larger, clade level patterns, if the percentage of endemic spe
cies in a clade is correlated with the degree of mobility of the organisms, 
allopatric speciation is the likely mechanism (although they do not fully 
address why such a correlation must be causal).

Other geographic tests include that of Losos and Schluter (2000), who 
noted that allopatric speciation is supported if new species seem to arise 
only when the habitat area in which they are found is sufficiently large 
to allow geographic isolation. Barraclough and Vogler (2000) proposed a 
quantitative test to identify allopatric vs. sympatric speciation. For multiple 
pairs of sister species, construct a plot of geographic range overlap vs. age 
of divergence. A positive slope, where geographic overlap increases with  
the age of a clade, indicates allopatry while a negative slope, where geo
graphic overlap decreases with the age of a clade, indicates sympatry. Coyne  
and Orr (2004) note that this method works only if postspeciation range 
shifts are rare and/or small, and suggest focusing on just the youngest spe
cies pairs.

As a final note, one paleontological observation that cannot tell us 
much about the particular mechanism(s) of speciation is punctuated equi
librium, in which speciation events appear instantaneous (or nearly so) in 
the fossil record, with species then maintaining relative stasis through most 
of their stratigraphic range. This punctuated equilibrium pattern, which 
is frequently seen in the fossil record of animals and some other groups, 
is “agnostic” with respect to speciation mechanism (Gould 2002, 780).  
Punctuated equilibrium was originally explained as what allopatric spe
ciation would look like as preserved in the fossil record, but it is also com
patible with sympatric speciation. As Gould (2002) put it, punctuated 
equilibrium “simply requires that any asserted mechanism of speciation, 
whatever its mode or style, be sufficiently rapid and localized to appear 
as a punctuation when scaled into geological time” (Gould 2002, 780, em
phasis in the original).

Isolating Barriers

Modern biologists have emphasized a distinction between physical barri
ers, such as geographic isolation, and the biological barriers that prevent 
gene flow. Coyne and Orr (2004) defined isolating barriers as the biologi
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cal features of organisms that prevent gene flow among sympatric popula
tions. It is these features that cause divergence of separate populations 
into two species. Geographic barriers may lead to the development of iso
lating barriers, but under Coyne and Orr’s definition, are not themselves 
sufficient to produce divergence.

Isolating barriers are generally divided into premating and postmating  
barriers. Postmating barriers, such as hybrid inviability and sterility, are 
understandably difficult to assess in most fossil taxa, so here I focus on pre
mating barriers. Perhaps most often cited is habitat isolation, in which 
populations live in different habitats and therefore develop adaptations 
separately for each habitat. Niche differentiation by itself is not a barrier, 
but if individuals in different habitats do not encounter and mate with 
each other (or hybrids have reduced fitness because they are unsuitable to 
either parent’s habitat), reproductive isolation can follow. Habitat isola
tion can involve spatially separated habitats or habitats that are found as 
patches within the same general area.

Other premating barriers include allochronic isolation (populations 
breed at different times, preventing gene flow among them), mechanical  
isolation (reproductive structures are physically incompatible), and behav
ioral isolation (a lack of attraction prevents successful courtship or mat
ing). Behavioral isolation would play a significant role in organisms that 
show relatively complex social interactions and sexual selection. Riesch  
et al. (2012) have proposed cultural differences as another isolating bar
rier that might be expected in such groups. Culture in social animals refers 
to behaviors that are transmitted by social learning rather than by genes; 
such traits include vocalizations, feeding preferences, foraging strategies, 
grooming behaviors, etc. In some social animal groups, cultural differ
ences between populations could represent barriers that lead to assorta
tive mating and, in tandem with ecological divergence, reproductive isola
tion (e.g., Riesch et al. [2012] on divergence in Orcinus orca [killer whale] 
populations).

Inferring the isolating barriers that led to speciation is not straightfor
ward. Coyne and Orr (2004) rightly note that currently observed isolating 
barriers between two species may not be the barriers that led to specia
tion in the first place, but rather may have developed after speciation was 
completed. Ideally, therefore, one would wish to reconstruct the order in 
which isolating barriers evolved. Whether premating or postmating bar
riers are more likely to evolve first is also an open question (Marie Curie 
Speciation Network 2012).
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Ecological and Parallel Speciation

Ecological speciation refers to the evolution of reproductive isolation via 
divergent natural selection (Schluter 2001, 2009; Rundle and Nosil 2005; 
Hendry et al. 2007; Nosil 2012). This model of speciation, championed by  
Dolph Schluter of the University of British Columbia and colleagues, among 
others, has gained in favor over the past decade or so (Schluter 1996a,b,  
1998, 2000, 2001, 2009; Funk 1998; Coyne and Orr 2004; Rundle and Nosil 
2005; Grant and Grant 2008; Nosil 2012). It typically is thought to involve 
populations that undergo divergent selection to occupy different eco
logical niches. This divergence produces anatomical, behavioral, and/or 
physiological differences that then lead to reproductive isolation. Sexual 
dimorphism within populations can increase the range of ecologically rel
evant variation that fuels speciation (Butler et al. 2007). Ecological spe
ciation can happen in allopatry, parapatry, or sympatry. Specific examples 
in the literature, though, often involve ecological divergence along gradi
ents; such a model would represent parapatric speciation.

How, precisely, reproductive isolation is acquired under ecological spe
ciation can vary. For instance, isolation may merely be a side consequence 
of selection on other traits (Schluter’s (2001) “by product mechanism”), 
a result of assortative mating by populations occupying different niches, 
or due to reduced hybrid fitness (involving direct selection for isolation; 
Schluter 2001). This model, then, involves both habitat isolation and of
ten subsequent behavioral isolation. One line of evidence for ecological 
speciation is when multiple populations of an ancestral species indepen
dently evolve reproductive isolation in correlation with the environment 
(Rundle and Nosil 2005).

Workers studying several model systems of ecological speciation have 
noted that the ecological divergence of populations seemed to repeat itself 
in multiple events (Schluter and Nagel 1995; Johannesson 2001; Jones et al.  
2012). For example, a single fish species colonizing a lake might diverge into  
a benthic and a pelagic form. When the same fish colonized another lake, 
the same benthic/pelagic divergence took place, with the resulting morphs 
looking very much like those found in the first lake. This phenomenon, in 
which different ecotypes repeatedly and independently evolve reproduc
tive isolation in sympatry, has been dubbed parallel speciation (Schluter 
and Nagel 1995; Johannesson 2001). Butlin et al. (2008) argued that the 
process of parallel speciation may not require the parallel independent 
evolution of a new allele each time, but rather parallel independent se
lection for the same allele in different populations. The relevant allele 
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would have been present in the ancestral population, reflecting a degree 
of genetic variability (Butlin et al. 2008). Confirming this idea, Jones  
et al. (2012) found that, in the classic stickleback fish model, the same set 
of loci were important in multiple transitions from marine to freshwater 
populations.

Roles of Selection and Developmental Regulation

Regardless of speciation model, speciation is widely seen as driven by 
natural selection and/or sexual selection. Sobel et al. (2009), for instance, 
argued that the ecological speciation concept was not helpful, as any spe
ciation event will involve divergent natural selection at some stage. The 
relative roles of natural versus sexual selection in speciation have been 
debated (Coyne and Orr 2004). Hendry (2009) contended that report
ing biases favor the publication of examples of speciation by natural se
lection over those driven by sexual selection. Others have argued that the 
two types of selection are most effective when they both operate within a  
diverging lineage (Marie Curie Speciation Network 2012). While nonse
lective genetic drift within small populations isolated in founder events 
was emphasized by Mayr (1942, 1963) as a key mechanism producing re
productive isolation, drift has fallen out of favor as examples of selection 
fueled speciation have accumulated (Coyne and Orr 2004). As the Marie 
Curie Speciation Network (2012) argued, drift is not likely to be strong 
enough to produce a new species by itself, but it may play a role in the 
early stages of speciation, especially in situations involving small popula
tions invading new habitats. Others still advocate for further study of the 
role of genetic drift in speciation (Templeton 2008; Rundell and Price 
2009). While acknowledging that founder speciation, in which a very small  
number of individuals becomes isolated from a much larger parent popu
lation and is therefore subject to strong genetic drift and rapid specia
tion, is relatively rare, Templeton (2008) noted that “ ‘rare’ does not mean 
‘unimportant’ in evolution” (470). It should also be noted that a more 
important role for drift may lie in evolution above the species level, specif
ically in species sorting, as the number of evolutionary “individuals” (that 
is, species within clades) is frequently quite small (Gould 2002). Drift 
becomes a more powerful influence when the number of individuals is  
small.

A modification of the more typical selectionist view would allow for 
additional mechanisms besides the conventional accumulation and selec
tive sorting of mutations in coding loci. Of particular interest here is the 
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importance of developmental variations in fueling speciation. For exam
ple, McCune (1982), writing about fish species flocks, argues that specia
tion may rely more on developmental recombinations of existing traits 
than the appearance of new traits:

If genetic developmental potentials are shared (primitively) by large groups,  

the generation of diversity, especially in speciose groups, may come less from the 

accumulation of mutations in reproductively isolated populations than from the  

selective unmasking and mixing of already present and cryptically accumulating 

genetic potentials. (McCune 1982, 325)

While Hoekstra and Coyne (2007) argued emphatically that natural se
lection on expressed structural genes is the key mechanism driving adaptive 
radiations, others have countered that changes to cis regulatory regions  
that control the expression of genes during development are critical to spe
ciation (Carroll 2008; Frankel et al. 2011; Jones et al. 2012; Wittkopp and 
Kalay 2012). Jones et al. (2012), for instance, found evidence that chang es 
to regulatory and coding regions are both important in stickleback fish 
speciation, but regulatory changes predominate.

More generally, Minelli and Fusco (2012) have argued that differences 
in timing of maturation and variations in when the breeding season occurs 
can lead to reproductive isolation, and hence that to understand specia
tion, one must consider changes occurring across the organism’s entire life 
cycle, not just changes seen in reproductive adults. One important question 
is whether intraspecific variation in developmental timing leads to inter
specific heterochrony (Spicer et al. 2011; Tills et al. 2011). The term “het
erokairy” was coined by Spicer and Burggren (2003) to refer to variations 
in the developmental timing within a species (as opposed to heterochrony, 
which involves timing changes between species). Heterokairy often refers 
specifically to nongenetic variation, although Tills et al. (2011) found that 
intraspecific variations in developmental timing within the freshwater snail 
Radix had a genetic basis. In this snail, the traits showing developmental 
variability within a species were the same traits used to distinguish differ
ent species. Developmental flexibility, then, could be an important driver 
of speciation.

Rates of Speciation

How long does it take to make a new species? This question can be taken 
in two ways: (1) how long does it take to achieve reproductive isolation 
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between two diverging populations, and (2) how long is the interval be
tween branching events in a clade? Evidence from the fossil record as well as 
modern anatomy and genetics shows that punctuated change at speciation 
events is common (Gould 2002; Pagel et al. 2006; Pachut and Anstey 2009; 
Hunt 2010). The genetic and anatomical changes that separate two diverg
ing species may accumulate over as little as 1,000 generations (Hunt et al. 
2008; Hunt 2010). The total duration of a speciation event may typically 
range from 10,000 to 100,000 years; however, certain groups show much  
more rapid speciation (Coyne and Orr 2004).

We can also ask how frequently a given clade is likely to experience spe
ciation events. Some clades (such as ammonoids) show much higher spe
ciation rates than others. Speciation rate may be linked to specific biologi
cal traits, like sexual dimorphism and low dispersal rates (which pro mote 
reproductive isolation), or highly variable anatomical features associated 
with niche divergence and ecological isolation (Coyne and Orr 2004). 
Theoretically, we would expect sympatric speciation to be faster than al
lopatric speciation (because the intermediate stage of speciation in sym
patry is unstable and the transition time will therefore be short), and spe
ciation driven by sexual selection to be faster than speciation driven by 
natural selection (Bush and Smith 1998; McCune and Lovejoy 1998; Jo
hannesson 2001; Coyne and Orr 2004). Rosenblum et al. (2012) argued 
with their “ephemeral speciation model” that species may, in fact, form 
rapidly and readily, but only rarely persist for any length of time. Varia
bles that affect the probability of persistence, then, would be the factors 
con trolling observed speciation rates.

Adaptive radiations, in which species within a clade diversify readily 
and rapidly, have been tied to the combination of new ecological opportu
nities and strong sexual selection (Wagner et al. 2012). Gavrilets and Vose 
(2009) found that theoretical modeling supported the conclusion that:

strong ecologically based spatially heterogeneous selection coupled with lim

ited migration, genetically based habitat choice and genetically based mate 

choice can indeed result in rapid phenotypic and ecological diversification and 

the emergence of multiple species reproductively isolated by a variety of mech

anisms. (Gavrilets and Vose 2009, 120)

Note that, under this view, adaptive radiations can occur in a variety 
of geographic contexts and with a range of isolating barriers. Of greatest 
importance are a strong selection regime and genetically rooted ecologi
cal and mating preferences.
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A Model for Ammonoid Speciation

Can we take what is known about speciation from neontological studies 
and apply it to an extinct group, the ammonoids? In order to develop a  
model for ammonoid speciation, it is necessary to synthesize key bio
logical processes known to be important in ammonoid evolution— such 
as developmental flexibility, heterochrony, and homeomorphy— with  
the apparent linkage between ammonoid diversity and sea level cycles. 
These phenomena can then be set into the context of contemporary spe
ciation models. To summarize the key findings from the literature re
viewed above:

• Ammonoids have an excellent fossil record and demonstrably high preserva

tion probability.

• Ammonoids display a wide range of body sizes, shell shapes, and shell 

orna mentation.

• Ammonoids show extremely high rates of origination compared to most ma

rine animals.

• This volatile pattern of ammonoid evolution has frequently been linked to sea 

level changes and the extent of epeiric seaways.

• Many ammonoid clades experienced heterochronic evolution, often connected 

to environmental variations and possibly driving diversification.

• Ammonoid species are frequently diagnosed by traits that represent variations 

in developmental timing.

• Homeomorphy is pervasive among ammonoids, often linked to heterochronic 

processes, and may be a result of repeated invasions into similar epeiric habitats.

Findings from contemporary research on speciation include:

• Microallopatric, parapatric, and sympatric speciation are all viable alternatives 

to the traditional allopatric model.

• Traits that can be simultaneously linked with ecological differentiation and 

reproductive isolation are especially important in sympatric and parapatric 

models.

• Isolating barriers can include ecological, behavioral, and cultural differences.

• Speciation may be driven by divergent natural selection to occupy different eco

logical niches. These processes may occur repeatedly in similar habitats, pro

ducing a pattern of parallel evolution.
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• Changes in developmental regulatory genes and other types of developmental 

flexibility may play important roles in driving speciation.

• Rapid diversification events are often associated with both ecological niche di

vergence and sexual selection.

Integrating these concepts and observations produces the following 
proposed speciation model for ammonoids:

• The ancestral ammonoid species moves into a new habitat, such as a newly 

formed epeiric seaway created by a sea level rise (fig. 8.5.A).

• Small random changes in the flexible developmental program of individuals 

produce variable adult sizes and shell forms (fig. 8.5.B).

• These variable morphs sort into different ecological niches and/or occupy dis

tinct microhabitats within the epeiric seaway (fig. 8.5.C).

• Assortative mating and disruptive selection result in reproductive isolation and 

divergence. If these subpopulations persist, one or more new, endemic species 

may be produced (fig. 8.5.D).

• Finally, if a related ammonoid species later moves into a similar new epeiric 

habitat, it will undergo the same sort of process. Developmental constraints on 

shell form will result in the production of anatomical variants similar to earlier 

endemic radiations (i.e., homeomorphs), which will then sort themselves into 

similar microhabitats (fig. 8.5.E).

Note that under this model, speciation is implied to be sympatric or 
microallopatric. By tying both reproductive isolation and ecological dif
ferentiation to a single causal mechanism (developmental flexibility), the 
model addresses the major challenge of speciation in sympatry. Different 
anatomical variants are produced in situ, and then separate into micro
habitats. These microhabitats may be patchily distributed within the same 
general region (e.g., different benthic substrates), or may result in a fossil 
record that combines multiple microhabitats in a single location (e.g., am
monoids occupying different portions of the water column). The model as
sumes that ammonoid morphology should match specific ecological niches 
consistently, that is, a particular mode of life is reflected in shell anatomy 
and size. The model also requires that the ecological niches to which am
monoid morphs adapt are consistently available through space and time.

This model of speciation emphasizes the importance of both biological 
processes (developmental flexibility) and environmental factors (sea level 
change and a mosaic of microhabitats) in explaining high diversification 

 EBSCOhost - printed on 2/13/2023 7:23 AM via . All use subject to https://www.ebsco.com/terms-of-use



262 chapter eight

rates among ammonoids. Neither by itself is sufficient to explain ammo
noid evolution. The inherent developmental flexibility of ammonoids can 
produce a great diversity of forms, but these will persist and diverge only  
when environmental conditions allow it. Sea level rises that produce new 
shallow marine habitat area may represent a particularly important envi

Figure 8.5 Cartoons illustrating the proposed ammonoid speciation model.
A. The ancestral ammonoid species moves into a newly formed seaway.
B. Changes in the developmental program of individuals produce a variety of shell forms and 
adult sizes.
C. These variable morphs sort into different ecological niches as they occupy distinct micro
habitats within the seaway.
D. Assortative mating and disruptive selection result in reproductive isolation and divergence.
E. Invasion of a similar seaway will result in a repeat of the process; developmental con
straints on shell form produce homeomorphs of the first seaway.
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ronmental change driving ammonoid diversification. However, Holland 
(2012) documented that not all sea level rises are equal. While sea level 
rises necessarily increase the total area of flooded continent, they need 
not increase shallow marine habitat area, depending on what depth range 
of habitat one considers (e.g., 0 – 25 m, 75– 100 m). Hence, a clade’s re
sponse to sea level change will be contingent on the specifics of the case: 
what the starting sea level was, the particular bathymetric profile of that 
region, and the larger paleogeographic context. These subtleties may help 
to explain conflicting specific ammonoid case studies that show diversifi
cation peaks during transgressions vs. regressions.

Conclusions

Ammonoid cephalopods show a distinctive suite of evolutionary charac
teristics, including frequent heterochrony, homeomorphy, and a high 
origination rate that is often linked to sea level cycles. The model for am
monoid speciation presented in this chapter integrates these observations 
on ammonoids with contemporary understandings of the speciation pro
cess, in particular the importance of natural and sexual selection as well 
as developmental variability in fueling speciation. When shallow, epeiric 
seaways formed due to sea level rise, ammonoid clades could invade these  
new habitats and diverge into separate niches as developmental variations  
arise and differentiate due to assortative mating and disruptive selection. 
Speciation would occur in sympatry or microallopatry. Given developmen
tal constraints, ammonoid clades diverging within different seaways would 
produce a similar range of anatomical variants, producing homeomorphs. 
This model of speciation links the inherent developmental flexibility of 
ammonoids with environmental variability to explain ammonoids’ pro
pensity to speciate readily.

To test this speciation model requires a variety of approaches. Of pri
mary importance is developing better phylogenetic and biogeographic 
contexts for radiating ammonoid clades (Yacobucci 2015). Such informa
tion is essential for studying ammonoid evolution, but is sorely lacking for 
most clades. Detailed morphological studies that document developmen
tal variation and constraint are also necessary. We need to document how 
anatomical variants are linked to different environmental settings and  
ecological niches. We also need to investigate cases of homeomorphic par
allelism in order to determine whether parallel shell forms could be linked 
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specifically to developmental constraints. Finally, in this age of evo devo 
it is remarkable that we still know very little about how developmental 
regulatory genes control molluscan shell growth through ontogeny. What 
exactly turns on and off tubercles and ribs during development? What 
is the genetic basis for heterochronic changes like progenetic dwarfism? 
Can changes in developmental regulatory genes produce “magic traits”? 
With a broad vision and interdisciplinary approach, we can gain a much 
better understanding of ammonoid evolution.
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chapter nine

Species of Decapoda (Crustacea) in 
the Fossil Record: Patterns, Problems, 
and Progress
Carrie E. Schweitzer and Rodney M. Feldmann

Introduction

Species are the material basis upon which all paleontological studies of 
biodiversity must be grounded. Higher taxa are conceptual constructs 

whose legitimacy is based solely upon the quality of the physical evidence,  
that is, the species they embrace. Yet we sometimes have considerable dif
ficulty validating species within fossil decapod crustaceans: the shrimp, lob
sters, crabs, and their relatives. The problem is not so much with the def
inition of species per se as it is with describing and distinguishing species  
given the vagaries of the fossil record. In a masterful essay, Weller (1961) 
discussed the issues surrounding the definition of species in the fossil re
cord as well as in the modern world. Examination of systematic literature 
confirms that his succinct definition remains as valid and inclusive now as 
it was 50 years ago.

A species is a formal unit of biologic taxonomy, to be identified by a specific 

name, consisting of a natural continuing population of individuals presumably 

closely related to each other and generally similar morphologically, that is dis

tinct and distinguishable from all other contemporaneous populations, and 

separated from related ancestral and descendant populations at some conve

nient but arbitrarily selected boundaries. ( Weller 1961, 1192– 1193)
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The fossil record of Decapoda is obscured in a number of ways. Deca
pod remains consist of tens or hundreds of individual elements, are vari
ably calcified, and are often dissociated in the fossil record so that fossil 
species are usually described on partial remains. Different species, even 
within the same family or genus, may well be defined on different anatom
ical parts, thus making comparison difficult. Decapod remains, whether  
corpses or exuviae, are frequently scavenged for their nutritive value, 
which has the effect of greatly reducing the material that is preserved. 
Many species are described on only one partial specimen. Given the scar
city of decapod fossils, defining the geological and geographical range of a 
taxon, the range of intraspecific morphological variation and the presence 
and mode of expression of sexual dimorphism is limited or impossible in 
many species. These and other issues are the subject of the discussion to 
follow.

However, there is much good news. The complete known fossil record 
of the Decapoda has been compiled (Schweitzer et al. 2010, as a basis).  
Proxy characters (Schweitzer 2003), preserved hard parts that track tax
onomically important soft parts, make it possible to identify species in 
the fossil record that are consonant with extant congeners. The approach 
of using proxy characters has been validated by recent phylogenetic an
alyses employing both fossil and extant species (Karasawa et al. 2008,  
2011, 2013). Further, there has been a surge of interest in the study of fos
sil deca pods in the past 40 years that has resulted in greatly increasing 
the num ber of species recognized and expanding the areas of investiga
tion from Europe and North America into the rest of the world. Coupled 
with these developments, improvements in preparation and illustration 
tech niques have permitted elucidation of morphological features on deca
pod fossils that were simply not observed or observable in the 19th and 
early 20th centuries. All of this introduces optimism in the definition of 
fossil species and interpretation of their paleoecology, biogeography, and  
phylogeny.

Recognizing Fossil Decapod Species

Fundamentally, there is no difference between the manner in which fossil 
and living species of decapods are named and described: it is most fre
quently based upon external morphology (figs. 9.1, 9.2). Examination of 
recent literature on systematics of living decapods in which new species are 
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Figure 9.1 Lobster like forms found both in fossils and extant animals.
Lobster like forms, indicating the same structures recognized in extant forms (upper left, 
Astacus astacus Linnaeus, 1758, Senckenberg Forschungsinstitut und NaturMuseum, Frank
furt, catalog no. 13096, a crayfish) preserved in fossils (lower right, Linuparus grimmeri Sten
zel, 1945, United States National Museum of Natural History, Smithsonian Institution, acc. # 
259571, a spiny lobster). Astacus photo by Sven Tänkner.

named (e.g., Ahyong 2012; Davie and Ng 2013) demonstrates that the spe
cies concept most frequently used is based upon external morphology. A 
few employed molecular techniques combined with external morphology 
to define species (Gouws et al. 2001), and others have used a combination 
of morphology, genetics, and estimates of divergence times to define new 
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Figure 9.2 Generalized morphology of brachyurans (crabs) and lobsters.
Crab is Cycloes granulosa De Haan, 1837, male, United States National Museum of Natural 
History, Smithsonian Institution (USNM), catalog no. 29926, and lobster is Nephrops nor-
vegicus (Linnaeus, 1758), commonly known as scampi or shrimp scampi, USNM 152172.
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species (Anker et al. 2007). In each case, the other techniques were ancil
lary and supportive to the morphological descriptions of the new species. 
Very few studies rely entirely on genetics and phylogeny (Thoma et al. 
 2009; Mantelatto et al. 2009, for example), and these are largely to sort 
out generic level relationships among species. A major exception exists, 
in the area of so called cryptic species, in which morphology appears to be 
almost identical. Cryptic species differ in behavioral habits or subtle color 
patterns and in genetic sequences (Matthews 2006). It seems unlikely that 
such cryptic species will be recognizable in the fossil record with current 
methodology.

The major difference between morphological species descriptions of an
cient and extant forms is that biologists use some characters that are rarely 
preserved in the fossil record, such as gill structure, reproductive or gans, 
and mouth parts. Higher level classification, such as at the genus and fam
ily level, is often accomplished by neontologists by using gonopores, gon
opods, and other elements of the sternum and pleon. In the past, these 
were not commonly used by paleontologists (for example, see the diagno
ses in Glaessner [1969], the first edition of the Treatise). How ever, better 
fossil preparation techniques, using micro jack tools not available in the 
19th century for example, and a general recognition that these are impor
tant for classification have led to widespread use of these features when 
they are preserved (i.e., Karasawa et al. 2008, 2011, 2013; Van Bakel et al. 
2012).

Unfortunately, some material simply does not have these structures 
preserved, such as the Jurassic brachyuran material from Europe (i.e., 
Schweitzer and Feldmann 2009). For this type of material, Schweitzer 
(2003) applied the concept of “proxy characters,” those characters not of
ten described or mentioned by neontologists but that tracked often un
preservable morphology such as antennae, antennules, mouthparts, and 
genitalia. Structures of the orbits, the rostrum, the lateral and posterior mar
gins of the carapace, and the groove patterns (fig. 9.2) have been found to  
be sufficiently distinctive for family level classification.

Using proxy characters as well as morphological characters used by bi
ologists when preserved, classification of fossil taxa appears to be relatively 
stable and concordant with neontological classification. Indeed, placement 
of fossil taxa based upon these proxy characters has been supported by phy
logenetic analyses including both fossil and extant decapods (Karasawa and 
Schweitzer 2006; Karasawa et al. 2008, 2011, 2013).Reconciling biological 
and paleontological methods of recognizing species and higher level taxa 
has thus become more congruent in the past 30 years.
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Problems with Recognizing Fossil Decapoda Species

Despite the advances in decapod species and higher level taxon recogni
tion outlined above, several specific problems arise when working with the  
fossil decapod record.

The problem of  single specimens

Many fossil decapod species are named based upon a single specimen, 
the holotype, yielding no chance to observe the range of variation in mor
phology, sexual dimorphism, or differences between juveniles and adults. 
Often only part of the animal is preserved, the dorsal carapace. Single 
specimen status makes the taxon a true singleton. This status is generally 
regarded as less useful for assessing diversity and other comprehensive 
studies of patterns in paleobiology as compared to those species which 
are known from multiple specimens and multiple time periods. Singletons 
are usually omitted from diversity studies (Aberhan and Kiessling 2012). 
However, single specimen species are rampant in the decapod record and 
cannot be excluded from comprehensive studies because to do so would 
greatly diminish the utility of such studies by excluding a large propor
tion of the decapod record. For example, four out of eight species within 
the long ranging brachyuran family Homolodromiidae (middle Jurassic 
[Bathonian]– Holocene) (Schweitzer and Feldmann 2010a) are single spec
imen species.

The problem of recognizing sexual dimorphism

Sexual dimorphism among male and female brachyurans (crabs) has long 
been recognized in the shape of the pleon and in some aspects of the ster
num. Male crabs and sometimes lobsters can possess large claws used 
for mating display (Feldmann 1998). Sexual dimorphism is also common 
among the Gebiidae de Saint Laurent, 1979, and Axiidea de Saint Lau
rent, 1979, the ghost and mud shrimp. However, this phenomenon has 
been recognized only recently in the fossil record (Schweitzer Hopkins 
and Feldmann 1997; Schweitzer, Feldmann, et al. 2006). Members of these 
two infraorders display clear secondary sexually dimorphic characteristics 
in the shape and size of the major chelae. Juveniles and adults exhibit dif
ferences in chela morphology; the juvenile chelae are less differentiated 
than the adult and even when male, appear intermediate between male 
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and female chelae. Recognition of these dimorphic characters has led to 
the synonymy of several fossil species of ghost shrimp (Schweitzer Hop
kins and Feldmann 1997).

Sexual dimorphism has also been recognized in the dorsal carapace of 
the Raninidae, in which males sometimes display larger and more orna
mented lateral spines (Feldmann and Schweitzer 2007). These features can 
be observed in extant and fossil members of the family. In addition, wide
spread dimorphism can be observed in the narrow pleons of the Raninidae, 
which is subtle but can also be quantified and observed in fossils (Feld
mann and Schweitzer 2007). Several species of the extinct genus Lophora-
nina Fabiani, 1910, currently recognized from the same locality, may in fact 
be males and females, for example, based upon these observations.

Lobsters display sexual dimorphism in a variety of ways. Scyllaridae 
Latreille, 1825, and Palinuridae Latreille, 1802, are almost always reported 
as being achelate on all appendages, but examination of extant, pre served 
specimens in the United States National Museum (March 2011) shows 
that females may have pseudochelate closures on the fifth pereiopod, 
probably for egg handling, which is not often reported in diagnoses or 
neontological literature on these animals. Schweigert (2001) reported di
morphism in the extinct genus Cycleryon Glaessner, 1965, a member of 
Eryonidae de Haan, 1841, in which the fifth pereiopods are achelate in 
males and chelate in females. It has long been known that relative breadth 
of the pleon of Homarus americanus H. Milne Edwards, 1837, is broader 
in females than in males (Herrick 1909), and that the pleonal pleurae are 
sharply terminated in males and rounded in females of glypheoid lobsters 
(Étallon 1859; Forest and de Saint Laurent 1989; Feldmann and de Saint 
Laurent 2002). Thus, sexual dimorphism must be considered when naming  
new species of fossil lobsters.

The problem of differential cuticle preservation

Recent studies on the microstructure of decapod cuticle have shown that 
the cuticle of the same animal can appear remarkably different depending 
on whether the exocuticle or endocuticle is preserved. The two layers of 
cuticle often display quite different levels of ornamentation. The exocu
ticle can be very heavily ornamented, with relatively smooth endocuticle 
(fig. 9.3A), and the opposite pattern can also be true, wherein the exocuti
cle smooths out the ornamentation better seen on the endocuticle. Molds 
of the interior of the carapace often appear very different as compared to 
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specimens with any layer of cuticle preserved (fig. 9.3B). Thus, extreme 
caution must be taken in using ornamentation to differentiate among spe
cies of a genus, especially if there are few other characteristics upon which 
to base the species.

The problem of geographic isolation; or “it’s a new locality, so it must be a 
new species!”

Of the 3679 decapod species arrayed in 1065 genera known in the fossil 
record, only about 200 are known from multiple, broadly geographically 

Figure 9.3 Differences in carapace ornamentation depending on cuticular preservation.
A, Jurellana tithonia Schweitzer and Feldmann, 2010b, Naturhistorisches Museum Wien, cat
alog no. 1990/0041/2518, holotype, Tithonian, Austria. B, Cyrtorhina fusseli Blow and Man
ning, 1996, Charleston Museum, catalog no. 18558, Eocene, South Carolina.

 EBSCOhost - printed on 2/13/2023 7:23 AM via . All use subject to https://www.ebsco.com/terms-of-use



286 chapter nine

spaced localities (examination of data compiled from Schweitzer et al. 
2010 and updated to December 2014). Most species are named from a 
single locality or set of localities separated by a few kilometers to tens of 
kilometers at most, generally in the same formation.

The apparent geographic isolation of species may be explained in part 
because mode of preservation within different rock units yields different 
preservational styles. Concretionary preservation, Lagerstätten, and crack 
 out type preservation may result in specimens that are so different in ap
pearance that they are interpreted as representing different species (fig. 9.4).  
The apparent geographic restriction might suggest that decapod species did 
not migrate through space and time and that invasion patterns cannot be 
examined as, for example, has been done for Ordovician rocks of the Cin
cinnati, Ohio, region (Stigall 2012). Diversity and biogeographic patterns at 
the species level cannot be examined if species are restricted to one local
ity. At this time, it seems judicious to conduct diversity, biogeographic, and 
other comprehensive studies on the genus level (Schweitzer 2001; Schweit
zer et al. 2002; Fraaije 2003; Feldmann and Schweitzer 2006).

The problem of  multiple species of  the same genus in the same locality

Many of the most species rich localities in the decapod record contain mul
tiple species of the same genus ( Rathbun 1935; Schweitzer and Feldmann 
2009). In these cases, the species do not appear to be sexual dimorphs or 
juveniles and adults. Oversplitting of genera into too many species at the 
same locality may be occurring. However, multiple species living in the 
same environment does seem to have precedent in modern oceans. Mul
tiple species of Callinectes Stimpson, 1862, for example, inhabit the east 
coast of the USA (as reported by Williams 1984), and their ranges over 
lap to a remarkable degree. Davie (2002: 448–  449) reported that Caphyra 
Guérin Méneville, 1832, a portunoid crab, with six species reported from 
Australia, included five on the Great Barrier Reef, Queensland; many 
were reported to inhabit the same genus of coral. Given these modern ex
amples of co occurring congeners, investigation of niche partitioning in 
ex tinct decapod genera is underway.

The problem of collector interest and bias

The decapod species record is likely strongly biased by collector bias, 
collector interest, and possibly by collector knowledge. Decapods within 
rocks often do not look like decapods or perhaps like anything interesting 
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Figure 9.4 Four common preservational styles for Decapoda.
A, Specimens found loose in or eroded from matrix; example, Necrocarcinus labeschei 
(Eudes Deslongchamps, 1835), Sedgwick Museum, Cambridge University, catalog no. 23152. 
Specimens, because they are usually three dimensional, often retain portions of the ventral 
surface. B, Konservat lagerstätten; example, Cycleryon propinquus (Schlotheim, 1822), from 
Solnfohen type limestone deposits, Late Jurassic, Germany, Carnegie Museum of Natural 
History, Pittsburgh, catalog no. 34359. Specimen is flattened so that dorsal and ventral fea
tures are superimposed. C, Concretionary preservation, Glyphea robusta Feldmann and 
McPherson, 1980, Geological Survey of Canada, Eastern Paleontology Division, Ottawa, cat
alog no. 61398, holotype. Specimen is three dimensional, but only about half of the morphol
ogy can be seen. D, Crack out faunas, Glaessneropsis tribulosa Schweitzer and Feldmann, 
2009, Naturhistorisches Museum Wien, catalog no. 1990/0041/272, holotype, Tithonian lime
stones, Austria. Only the dorsal surface is typically seen in these types of occurrences. Rarely 
is the entire specimen preserved or recoverable.
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at all (fig. 9.5). This is especially true of such taxa as the Jurassic brachy
urans, which we have been told on many occasions by collaborators and 
other geologists and paleontologists do not look like crabs. These types of 
faunas are usually so called crack out faunas, which are collected by sit
ting down and smashing rocks for several days. These faunas are difficult 
to see, find, and collect.

Many fossil decapods are very small, under a few centimeters. For ex
ample, one of us (RMF) visited a well known locality for large Chaceon 
Manning and Holthuis, 1989, fossils in Argentina, a species that is typi
cally 10 – 15 cm across. Hundreds had been collected, but totally missed 
were the hundreds of other concretions, 2– 3 cm in size, which yielded an 
entirely new fauna that had been overlooked in favor of the larger, showy 
Chaceon (Schweitzer and Feldmann 2000a,b,c; 2001a).

Collector interest is also a factor in the number of decapod species 
named per stage and in various geographic areas. As a specific example, 

Figure 9.5 Tiny Jurassic brachyuran, probably Goniodromites sp., embedded in matrix.
Scale in upper left is in centimeters.
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work on more derived groups in the decapod fossil record accelerated 
more recently, probably due to the fact that the rocks containing them, in
cluding those of Eocene, Oligocene, or Miocene age, are not always where  
the main “science” was happening in the 1800s (Germany, Britain). Large  
exposures of rocks of these ages are in Italy, Hungary, Spain, Argentina, 
Chile, New Zealand, and Japan, which have received intensive study much  
more recently. Amateur collectors in the Pacific Northwest of North Amer
ica, both American and Canadian, have led to large increases in the num
ber of Paleogene and Neogene species known from that region in recent 
decades (e.g., Tucker 1998; Schweitzer and Feldmann 2000a, b, c; Schweit
zer et al. 2003). Collector interest in the Late Jurassic has also been in
tense, not only in the 19th century but also recently (e.g., Schweigert 2001; 
Schweitzer and Feldmann 2009). Interest in the Eocene of Italy by Italian 
workers has increased the number of Eocene taxa from the country by 
hundreds (i.e., Beschin et al. 2007). Thus, collector interest has had a pro
found effect on the number of recognized species.

The problem of missing or destroyed material

Many named species, mostly from the 19th century, cannot be verified 
because the type or other illustrated material has been lost or destroyed. 
For example, fifteen species have been synonymized with Eryma bedel-
tum (Quenstedt, 1857) (Schweitzer et al. 2010: 23). However, it may be 
difficult to determine the full extent of the number of species level syn
onymies that should exist, due to the destruction of many European col
lections and specimens during the wars of the first half of the 20th century. 
Original type material, which was often the only material of the species 
that existed, was destroyed in many cases. In other cases, many of the 
specimens were held in private collections that have since been lost. Thus, 
in many instances species are currently recognized that may be synony
mous with others, but there remains no real method by which to test this 
notion because the type and only specimens were destroyed.

The problem of species named for different morphological parts

Many decapod species are named based only upon claws. Especially sus
ceptible were the ghost and mud shrimp, commonly reported as Callia nassa 
Leach, 1814 sensu lato, prior to 1935. Species in almost all other cal
lianassid genera were named after 1987, undoubtedly due to the work of 
Raymond Manning and Darryl Felder (1991) on revising the American 
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Callianassidae Dana, 1852, providing characteristics of the merus, carpus, 
and manus that could possibly be observed in fossils, and also restrict
ing the genus Callianassa considerably. Their work called attention to the  
existence of ghost and mud shrimp genera other than Callianassa and rev
olutionized the identification of fossil ghost shrimp. For those Callianassa 
spp. named prior to 1935, unless more material is recovered, we may never  
know the true generic placement of the species. Further, many of those 
species may be sexual dimorphs.

A further issue is the problem that arises when claws receive a species 
name and the carapace of a potentially conspecific decapod receives a dif
ferent name. If specimens are recovered in which the claw and carapace 
are preserved together, a synonymy can be made. More commonly, the 
relationship between claws and carapace must be inferred by their occur
rence at the same locality or in the same rock unit.

A related problem is establishment of a new species based upon frag
mentary or poorly preserved material, especially common in 19th  and 
early 20th century literature. Many of the genera and species in Van Stra
elen (1925) are fragmentary and poorly preserved, and the type mate
rial is lost. Thus, the species are valid but there is no way to evaluate  
them.

The problem of  look- alikes

Our experience has shown that there are several families of brachyurans 
(crabs) with rectangular, relatively feature less dorsal carapaces. It can be 
very difficult to classify these fossils in the absence of sternal or abdominal 
elements, especially when more than one taxon of this type occurs in the 
same formation (Schweitzer and Feldmann 2001b; Feldmann et al. 2010; 
Feldmann, Schweitzer, Casadío, and Griffin et al. 2011). Other families re
tain genera that are quite similar, such as Carpiliidae, and Eocene localities 
can yield many species within different genera of a single family (Feldmann, 
Schweitzer, Bennett et al. 2011). It can be easy to overlook these differences 
and misidentify species or underestimate species diversity.

Brief History of Species Recognition

In spite of issues mentioned above, the cumulative curve of named fossil 
decapod species continues to rise (fig. 9.6). Although it has shown times of 
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slowing, notably during the period before, during, and after World War II,  
the curve shows no signs of leveling off, and in fact, in the past 40 years 
it has risen considerably faster than it ever has. This recent period has 
seen substantial interest in the decapod crustaceans. Improved prepara
tion techniques and the ability to collect in areas that were for various 
reasons inaccessible ( political, undeveloped, etc.) has led to an explosion 
in described taxa. The integration of Eastern Europe into the European 
Union, providing access for Eastern workers to the West (e.g., Franţescu 
2011; Hyžný and Schlögl 2011) as well as easier access to collections in 
China ( Feldmann, Schweitzer et al. 2012), Iran ( Feldmann et al. 2007; 
Yazdi et al. 2010), and Cuba (Schweitzer, Feldmann, et al. 2006) are good 
examples. The numbers of named families and genera have followed a 
slightly different pattern from that of species, each showing a slight flat
tening after an initial burst in the 19th century, with a renewed blossoming 
of taxon naming over the last 20 or so years (fig. 9.6).

For comparison to modern numbers within Decapoda, De Grave et al.  
(2009) reported 162 families of decapods from the fossil record out of a 
total (extinct and extant) of 233; herein, we report 175 families known 
from the fossil record. De Grave et al. reported 2725 genera, extinct and 
extant. We report 1065 genera known from the fossil record, extinct spe
cies and extant species with a fossil record included.

The numbers are far different for species, as is perhaps predictable. As 
of December 2014, 3679 decapod species were reported from the fossil 
record, including some that also were known to be extant. De Grave et al. 
(2009) reported 17,635 species, both extant and extinct. Noting that the 
De Grave et al. number is slightly undervalued because it is three years 
older than the December 2014 number, it is clear that the fossil record is 
much less diverse than the modern record, considering that the fossils, 
not counting the three taxa known from the Paleozoic, are spread over 
about 250 million years. Perhaps then, it should not be surprising that the 
number of fossil species being described is still climbing!

Within families, the number of fossil species is quite variable. Palinuri
dae, which has a record spanning 245 million years, has an approximately 
equal number of fossil and extant species. Raninidae de Haan, 1839, span
ning approximately 112 million years, has about 4.5 times as many fossil 
species as extant ones (table 9.1). Thus, it is not possible to determine just 
from examining numbers of species within families whether we are over
estimating (i.e., splitting) or underestimating (i.e., lumping) the number 
of fossil species within Decapoda.
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Discussion and Conclusions

Decapod species in the fossil record are recognized, therefore, based pri
marily upon morphology. There is a tendency to erect new fossil decapod 
species from new localities, in most cases meaning a new rock unit or new 
age for the genus embraced. The problems related to fossil decapod spe
cies recognition make it most viable, when working on comprehensive 
studies such as paleobiogeography and diversity, to work at the genus level 
with fossil data. This eliminates the issues of singletons, lack of knowledge 
of range of variation among and between individuals, and geographic iso
lation. Genus data provide a more robust dataset, necessary in a group 
with a high percentage of singletons. Working at the genus level requires 
strong knowledge of the biological and paleontological literature so that 
morphological characters used by biologists and paleontologists are fa
miliar to and well known by the researchers. The increasing integration 
of biologically important morphological characters into the paleontologi
cal literature has led to phylogenies for both extant and extinct decapods 
that are congruent with those that have been generated solely based upon 
genetic data ( Karasawa and Schweitzer 2006; Karasawa et al. 2008, 2011, 
2013; Bracken Grissom et al. 2013). Thus, despite the problems associ
ated with recognition of fossil decapod species, current paleontological 
methodology seems to be consistent with biological conclusions.

TABLE 9.1 Selected decapod families, number of Recent and fossil species within each family, and 
stratigraphic range of each family.

Family Common name
Recent 
species

Fossil 
species Oldest fossil species

Duration 
of family

Palinuridae spiny lobsters 55 56 Anisian (Middle 
Triassic)

245 my

Scyllaridae slipper lobsters 85 13 Albian (Early 
Cretaceous)

112 my

Paguridae hermit crabs 510 62 Tithonian (Late 
Jurassic)

150 my

Portunidae swimming crabs 332 146 Ypresian (Eocene) 55 my
Nephropidae clawed lobsters 49 90 Berriasian (Early 

Cretaceous)
145 my

Glypheidae 2 83 Olenekian (Early 
Triassic)

249 my

Raninidae frog crabs 39 186 Albian (Early 
Cretaceous)

112 my

Carpiliidae Coral crabs, queen  
crabs, reef crabs  
(http://www.itis.gov)

4 30 Ypresian (Eocene) 55 my
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chapter ten

Fossil Species as Data:  
A Perspective from Echinoderms
William I. Ausich

Introduction

Our intuition is that species- level fossil data are problematic for study ing 
the tempo and mode of evolutionary history. Paleontologists work-

ing in the 19th and early 20th centuries operated under a paradigm for  
species concepts that allowed very little intraspecific variability, thus lead-
ing to considerable oversplitting at the species level. The resolution of 
species- level data is further degraded by time averaging, the incomplete 
fossil record, poor and uneven sampling, among other things. All of these 
factors conspire to yield an incomplete fossil record, especially at the spe-
cies level, and result in the use of genus or higher- level taxonomic data 
for most taxic paleobiology (e.g., Sepkoski, 1981, 2002). The resolution of 
species- level data is certainly poor globally for answering many questions, 
but this should not be assumed in all cases.

In this chapter, the fidelity of species- level data is considered in order  
to evaluate the usefulness of species for answering evolutionary and paleo-
biological questions. Although species- level data are problematic for many  
studies, significant information is recorded by fossil species. A fossil spe-
cies represents a unique morphological entity in time and space, despite 
varying degrees of resolution for species as a whole.
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The Incomplete Fossil Record

Although we have a staggering knowledge of prehistoric life, the fossil re-
cord is incomplete. Our comprehensive understanding of fossil species on 
a global basis is terrible; this is unavoidable. The fossil record is composed 
primarily of successful organisms with hard parts whose abundance and 
geographic distribution was sufficiently high to have persisted through the  
preservation milieu and become part of the fossil record. Soft- bodied or-
ganisms, lightly skeletonized organisms, organisms with a multipart skele-
ton, organisms that lived in environments where erosion was the dominant 
process, etc. are all significantly underrepresented. Further, paleontologi-
cal data are subject due to a variety of factors, such as having only cer-
tain paleoenvironments well represented (e.g., for the Paleozoic marine 
record data from epicontinental seas dominates the fossil record) (e.g., 
Smith et al., 2001), and fossil data have not been sampled evenly (Raup, 
1976; Peters and Foote, 2001, 2002; Smith, 2001, and others ). These and 
other sampling biases have led to the common use of post- hoc sampling 
evaluation, such as rarefaction and resampling statistics (e.g., Alroy et al, 
2001; Peters and Foote, 2001, 2002).

Although species- level data are of dubious completeness for many 
types of studies, there are circumstances where this is not the case. This is  
especially true in oversampled regions, such as the eastern United States, 
that have been heavily collected for more than 150 years. All but the most 
rare taxa may be well known, with intrapopulation variability well con-
strained. Clearly, new species remain undescribed and species- level data 
require modern systematic treatment; but in a region, a specific clade 
may be well sampled and understood. Mississippian crinoids of the east-
ern Unit ed States are an example of a well- documented fauna. The first 
Mississippian crinoid species from the eastern United States was described 
in the 1840s. By 1899, 70 percent of presently known species names from 
this region were described; 90 percent of all Mississippian species from 
eastern North America were described by 1980 (Ausich, 2009) (fig. 10.1). 
Many of these names are no longer valid, and relatively few new taxa have 
been discovered in recent decades. Arguably, we can consider Mississip-
pian crinoids from the eastern United States to be well sampled.

In special circumstances, even recent collecting efforts can be evalu-
ated for completeness. Ausich and Copper (2010) monographed Late Or-
dovician through Early Silurian crinoids from Anticosti Island, Quebec, 
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Canada. Logistically, Anticosti Island is a relatively involved locale to visit,  
all major collections are known, and expeditions designed to collect echi-
noderms had never been attempted until the work leading to Ausich and 
Copper (2010). Based on the collecting history of Anticosti crinoids, com-
paring number of taxa, number of specimens, and an estimate of relative 
time spent collecting in each formation, Ausich (2010) argued that Anti-
costi Island crinoid data were sufficiently well sampled to provide mean-
ingful data for analysis of local evolutionary and paleobiologic patterns 
during the Late Ordovician and Early Silurian. Whereas sample histories 
cannot be estimated in most circumstances, this example illustrates that 
the completeness and fidelity of species- level data may not be hopeless in 
all cases.

The Species Question

Settling on a single agreed- on definition for a species has eluded biolo-
gists. Benton and Pearson (2001), Hey (2001), Coyne and Orr (2004), and  
de Queiroz (2007) listed more than 20 species definitions that vary as a 
consequence of the data used for definition or the questions being asked. 
Two basic concepts are most applicable to fossils: the evolutionary species 
concept (Simpson, 1951; Wiley, 1978; and Mayden, 1997) and the diag-
nosable species concept (Nelson and Platnick, 1981; Cracraft, 1983; Nixon 

Figure 10.1 Cumulative percentage of described (nominal) North American, Lower Missis-
sippian crinoid species in 20- year bins (from Ausich, 2009).
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and Wheeler, 1990) (see de Queiroz, 2007). Despite all of the issues that 
degrade the species- level fossil record, species using the diagnosable con-
cept are defined by a unique set of discrete characters. Whether this is, 
in fact, a unique set of characters should be validated by modern system-
atic treatment. In this definition, species distinction and defining char-
acters are testable hypotheses, because species diagnostic characters are 
commonly an array of quantitative and qualitative characters that can be 
analyzed statistically and continually tested as new data become avail-
able. Thus, a described species can be considered to be on a peak of the 
morphologic landscape that is distinct from other peaks. The punctuated 
equilibrium speciation concept ( Eldredge and Gould, 1972) predicts sta-
ble morphology through a species’ duration, which should render it diag-
nosable. Further, the fact that specimens have been proposed as hybrids 
(Ausich and Meyer, 1994; Goodfield and Gould, 1996 ) underscores the 
distinctive position in morphospace of well- diagnosed species.

The diagnosable species concept may become problematic if finely re-
solved temporal sampling yields more gradual morphological transitions 
between species (Gingerich, 1974) or punctuated gradualism (Malmgren 
et al., 1983). However, because of the nature of the fossil record, morpho-
logical gradations are relatively uncommon in many groups.

Regardless of the incompleteness of the fossil record, a well- defined 
species represents a unique position in a time and morphospace. A spe-
cies defined with a time- averaged sample simply represents a unique po-
sition in morphospace averaged through several ecological time slices, 
arguably eliminating noise in understanding the morphology of species. 
Consequently, species- level characters are valid data for examining pat-
terns in the fossil record that are dependent on morphological characters,  
such as phylogenetic, disparity, or biostratigraphic studies. The species fo s-
sil record is incomplete; but well- defined species can be regarded as exem-
plars for many types of analyses.

Reliability of Historic Species Concepts

Kammer and Ausich (e.g., 2006) have been engaged in a research program 
to evaluate species- level evolutionary patterns in North American Missis-
sippian crinoids across the Osagean- Meramecian (early Viséan– middle 
Viséan) boundary, which was during the macroevolutionary transition be-
tween the Middle and Late Paleozoic crinoid evolutionary faunas (CEF) 
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(Baumiller, 1993; Ausich et al., 1994). This involved revision of species- level 
systematics of late Osagean crinoids in the Eastern Interior Basin and the 
surrounding area (Missouri, Iowa, Illinois, Indiana, Kentucky, Tennessee) 
(e.g., Ausich and Kammer, 1990, 1991; Kammer and Ausich, 1992, 1993; 
Ausich et al., 1994; Kammer et al., 1997, 1998). The first study of these cri-
noid faunas was by Hall (1858, 1859, 1860, 1861a, 1861b), who described the 
fauna in the Mississippian type region along the Mississippi River valley. In 
this initial contemplation of these crinoids, Hall, figuratively, if not literally, 
spread crinoids out onto a table and grouped like morphologies into spe  cies. 
To our surprise, Hall basically recognized the same late Osagean species that 
we recognized after our comprehensive revisions. A few new species have 
been recognized since Hall’s work; but, again, he identified the basic spe cies 
concepts in use to day. Subsequent workers (e.g., Miller and Gurley, 1893, 
1894a, 1894b, 1895a, 1895b, 1896a, 1896b, 1896c, 1897) were res ponsible for 
the considerable oversplitting of species. In this series of papers, Miller and 
Gurley named more than 234 new Devonian and Mississippian camerate 
crinoid species, of which more than 65% are now junior synonyms. Further, 
modern species-level systematics must be completed for the remainder of 
the Miller and Gurley Devonian through middle Osagean taxa.

The source of oversplitting of late Osagean crinoid species by subse-
quent workers typically resulted from a very restricted concept for the 
variability within a species (Lane, 1963), different stratigraphic positions, 
different geographic areas, or some combination. For example, fossil cri-
noids preserved in the yellowish crinoidal limestones of the Burlington 
Limestone of Iowa just “look different” from those preserved in the dark 
gray siltstones of the Edwardsville Formation of Indiana. However, in 
many instances the crinoids that “look different” have identical species- 
diagnostic morphological characters (Kammer and Ausich, 1992).

In summary, historic species- level systematics are of varying quality by 
today’s standards, and modern systematic consideration is needed in all 
cases. However, in well- studied regions, high- resolution species- level data 
can be obtained.

The Crinoid Fossil Record and Ecological- Time Data

Even if species are defined by discrete characters, fossil data are gen-
erally considered time averaged; thus, perhaps, limiting the interpretive 
pow er of fossil species data, especially before the origination of aggressive 
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bioeroders that greatly limited the residence time of skeletal debris on 
the sea floor. Further, very few fossils are preserved in their exact living 
position. Thus, with the extreme rarity of autochthonous fossil preserva-
tions, it is commonly assumed that most fossil occurrences represent al-
lochthonous assemblages. Therefore, it can be argued that time- averaged 
allochthonous assemblages are sufficiently degraded so that most fossil a s-
semblages have little utility for interpreting ecological- time processes.

However, most fossil occurrences are neither authochthonous nor al-
lochthonous. Most shallow- marine fossil assemblages are parautochtho-
nous, i.e., transported but preserved in the facies in which it lived (e.g., 
Kidwell et al., 1986). This contention is supported by mapping of the Great  
Bahamas Bank (Newell et al., 1959; Purdy, 1963) (Bathurst, 1976, figs. 129,  
130). Newell et al. (1959) and Purdy (1963) mapped habitats, communi-
ties, and lithofacies (sediment) across the Great Bahamas Bank. By and 
large, the distribution of these three parameters were coincident across 
the bank, demonstrating that organisms are typically preserved in the fa-
cies in which they lived. Of course, organisms may be transported to ex-
otic facies by storms, turbidity currents, and shoreline processes; but the  
rock record typically preserves clear evidence for significant transporta-
tion with bedding characteristics, sedimentary structures, and other pe-
trographic attributes.

Further, time averaging is not always an issue even in parautochtho-
nous deposits. Crinoids have a multielement endoskeleton that begins 
disarticulation within a few days after death ( Meyer, 1971; Liddell, 1975; 
Donovan, 1991; Baumiller and Ausich, 1992; Ausich, 2001). Dead crinoid 
individuals on the sea floor are subject to physical and biological distur-
bances and will begin to disarticulate rapidly, with disarticulation resis-
tance differing among clades ( Meyer et al., 1989; Thomka et al., 2011). Pre-
servation of complete individuals can only occur where individuals were  
rapidly and permanently buried. The primary burial process was un-
doubtedly tempestite deposition ( Taylor and Brett, 1996; Donovan, 1991; 
Ausich, 2001). Thus, the primary record of crinoid crown preservation 
was one of instantaneous burial; one of sea floor “ecological snapshots” of 
ancient communities with little or no time averaging (fig. 10.2).

This unique style of Lagerstätten occurred in all organisms with multi-
element skeletons, such as arthropods, vertebrates, and plants. Complete 
specimens preserved in such Lagerstätten may provide unparalleled reso-
lution of morphological variability within and among populations, provide 
meaningful relative abundance data, etc. This results in species- level data 
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that are sufficient to ask ecological- time questions, such as inter-  and in-
trapopulation morphology and dynamics and paleoecological questions. 
These high- resolution data are restricted to complete or nearly complete 
individuals. Preservation of individual skeletal elements (e.g., crinoid co-
lumnals, trilobite sclerites, vertebrate teeth, or leaves) was subject to the 
same transportation and time- averaging complications of most fossils.

Conclusions

Species- level data in the fossil record are of variable quality and com-
pleteness. It cannot be used uncritically for paleobiological interpreta-
tions. However, species defined by the diagnosable species concept with 
modern systematic scrutiny are unique morphologies in time and space. 
Therefore, these species may be used as exemplars for questions on phy-
logeny, disparity, biostratigraphy, and paleoecology. Because most fossil 
occurrences are parautochthonous in nature, species- level data for paleo-
ecological analysis includes both time- averaged information and/or, in 
many assemblages, ecological- snapshot data of complete multielement 
organisms, such as echinoderms, arthropods, and vertebrates.

Figure 10.2 Ecological snapshot of crinoid assemblage from the Lower Mississippian Maynes 
Creek Formation, Legrande, Iowa (specimen in collection of Beloit College).
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chapter eleven

Species and the Fossil Record  
of Fishes
William E. Bemis

In short, we shall have to treat species in the same manner as those naturalists treat genera, 
who admit that genera are merely artificial combinations made for convenience. This may not 
be a cheering prospect; but we shall at least be freed from the vain search for the undiscovered 
and undiscoverable essence of the term species.— C. Darwin, 1859: 485

Though I feel that this is probably the most practical species concept (it’s basically what goes 
on now), it does have that unsatisfying “I know it when I see it” quality. Who would have 
guessed that species and pornography could be identified using the same, Supreme Court– 
sanctioned method?—S. Werning, 2013

Introduction

This paper briefly explores concepts of species of “fishes” in the fossil 
record.1 For an evolutionary biologist also interested in systematics, it 

is impossible to study any fossil species without careful study of and refer
ence to extant species. Thus, this paper is informed by anatomical compari
sons to extant fishes as well as their nomenclatural history, as exemplified 
by the Catalog of Fishes (Eschmeyer, 1998a, 2015), with the goal being syn
thesis of neontological and paleontological perspectives. The enormous lit
erature on species concepts, speciation, and systematic philosophy includes 
contributions specifically focused on fishes, such as papers in Ruffing et al. 

1. In this paper, I use “fishes” in its nonmonophyletic sense, i.e., I do not discuss examples 
of tetrapods. Such usage is conventionally flagged by enclosing the term in quotation marks 
to indicate nonmonophyly, but this is cumbersome and distracting, so from this point forward 
the word fishes will be used without quotation marks.
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(2002) and Harrington and Near (2012), as well as a recent general treat
ment by Wilkins (2009) and extended discussions in Wiley and Lieberman 
(2011). But in this paper, I am chiefly concerned with practicality, for in my  
view, species names in the fossil record of fishes are primarily tools for dis
covery and organized study of paleodiversity and for communicating that in
formation to others. Darwin (1859: 485) considered that species names, like  
generic names, are primarily about convenience, and convenience is im
portant whether you are studying extant or extinct organisms.

Although it is nearly always implied rather than stated, systematic pa
leoichthyologists recognize species in the fossil record based on morphol
ogy and a species concept similar to one stated by Gareth Nelson and 
Norman Platnick (1981: 11):

To a very large extent, this is the species concept actually used in practice: those 

samples that a biologist can distinguish (diagnose), are called species.

The emphasis on differential diagnosis is a pre Darwinian concept, em
ployed, for example, by early students of fossil fishes such as Sedgwick 
and Murchison (1828: 143– 144) to distinguish species of Devonian sarcop
terygian fishes in the genera †Dipterus and †Osteolepis in deposits from 
northern Scotland. Only under the rarest circumstances— extraordinary 
preservation, a large sample size, and extremely narrow stratigraphic 
range— might we be justified in thinking that fishes known only from the 
fossil record operated in ways similar to extant biological species, i.e., that 
they were members of populations that actually or potentially interbred 
(e.g., Dobzhansky, 1935; Mayr, 1942).

Naming new species of fossil fishes serves two related but different pur
poses: (1) species names provide practical constructs for understanding 
and communicating information about paleodiversity by linking particu
lar specimens to particular localities and stratigraphic data; and (2) spe
cies names provide tools for phylogenetic and biogeographic studies. In 
regard to the second of these purposes, many paleoichthyologists choose 
to emphasize generic  rather than specific level comparisons as discussed 
at the end of this chapter in an example from Forey et al. (2003). This no 
doubt reflects uncertainties inherent in developing reliable differential di
agnoses at the specific level. Nevertheless, paleoichthyologists continue to 
describe new species of fossil fishes. This is largely because, in the absence 
of a better system, species names provide convenient tags for specimens 
and localities and ways to clearly communicate that information to others.
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In the 19th century, it was common to name new species of fossil fishes 
based solely on differences in locality or stratigraphic range. Because  
there are relatively few paleoichthyologists in any given generation of sci
entists, we continue to wrestle with the challenges that such practices cre
ated. For example, Henry Shaler Williams (1881) named a new fossil lung
fish †Dipterus ithacensis from the Chemung Group and associated Ith aca 
Shale (Devonian) of Ithaca, New York. His paper is an abstract written in  
the third person, apparently by someone who attended the conference pro
ceedings (e.g., the first sentence reads: “The author described several small 
fish bones from the Devonian rocks at Ithaca, N. Y.”). Williams was then 
a professor of paleontology at Cornell University; he subsequently served 
on the faculty at Yale (American National Biography Online, 2014). His 
material of †D. ithacensis was not figured in the 1881 paper, no types were 
des ignated, and searches in 2014 of the collections at the Paleontological  
Research Institution in Ithaca and the Division of Vertebrate Paleontol
ogy at the Yale Peabody Museum failed to turn up any of Williams’ speci
mens. Dipnoan tooth plates are distinctive and easily recognized, and Wil
liams (1887) later described and figured other species of †Dipterus from  
the northeastern United States, so he clearly had experience with the group, 
although he does not mention †D. ithacensis in his 1887 work. Given the 
uncertainties surrounding Williams’ 1881 description of †D. ithacensis, how
ever, we cannot even be sure that his specimens were dipnoans, and the 
meager details in the paper certainly do not differentially diagnose †D. itha
censis from any other species of †Dipterus. About 25 years later, Eastman  
(1907: 163), writing on species of lungfishes in the genus †Dipterus from 
the Chemung group (Devonian), stated:

Precise determination of Dipterus teeth from the Chemung proper of New 

York and Pennsylvania is a matter of some difficulty, owing to imperfection of 

type material upon which the various “species” are founded, and an insufficient 

series of specimens for illustrating the range of variation common to both sets 

of dental plates, upper and lower.

Perhaps Williams (1881) named †D. ithacensis with the expectation 
that further collecting would recover enough material to resolve any ques
tions, but in this case, an additional century of collecting has not furthered 
our understanding. The name †D. ithacensis remains in our literature de
spite the fact that it is certainly a nomen dubium (the concept of nomen 
dubium and its applications to paleoichthyology are discussed later in this 
chapter).
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Paleoichthyologists currently lack the kinds of tools that have helped 
propel modern systematic study of living fishes, particularly a comprehen
sive catalog of the genera and species of fossil fishes. For example, we do 
not have a realistic idea about how many extant species of fishes are rep
resented in the fossil record, and there is no easy way to even estimate this 
number from bibliographic tools and databases currently available. Much 
would need to be done to develop anything approaching the Catalog of 
Fishes ( Eschmeyer, 1998a, 2014), but a similarly scholarly catalog for fos
sil fishes could become an outstanding tool to promote future research in 
systematic paleoichthyology by bringing together the many species names 
and scattered literature of our field. Together with Joseph T. Gregory, 
William N. Eschmeyer began an effort in the 1908s that documented 
about 3,600 available generic names and 5,200 available species names for 
fossil fishes ( W. N. Eschmeyer, personal communication, April 2014), but 
as a very rough guess, this is perhaps only half of the total known named 
diversity of fossil fishes.

General Comments on the Fossil Record of  Fishes

The record of fossil fishes is vast, both in terms of individual fossils and 
named species, partly because of their great stratigraphic range and from  
their nature as usually small, often abundant aquatic vertebrates that live  
in environments where they are prone to fossilization. Some species of fos
sil fishes are known from remarkably complete, exceptionally preserved 
whole body specimens, which may preserve evidence of soft tissues and are 
suited to detailed anatomical study and description. For example, fishes  
are common members of faunas from several well known con servation 
Lagerstätten. These include the Late Devonian Escuminac Formation of  
Miguasha Québec (Schultze and Cloutier, 1996; Cloutier, 2013), the Cre
taceous Santana Formation in northeastern Brazil (Maisey, 1991), and 
the Eocene Green River Formation of southwestern Wyoming (Grande,  
2013); many examples of fishes from marine Lagerstätten are summa
rized in Bottjer et al. (2003). An outstanding example of exceptional pre
servation is †Eusthenopteron foordi, an osteolepiform from Miguasha 
known from whole body, three dimensional specimens. Because osteole
piforms are important for understanding sarcopterygian phylogeny, many 
researchers have investigated †E. foordi from Miguasha, most notably 
Erik Jarvik, who published 30 papers on its anatomy (Cloutier, 2013; for 
a summary of those research findings, see Jarvik, 1980). Other cases of 
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exceptional preservation include coral reef fishes from the Eocene Monte 
Bolca in Italy that even preserve color patterns (e.g., Bellwood, 1996). 
Muscles and other soft tissues are known in some articulated Devonian 
sharks such as †Cladoselache from the Cleveland Shale (Dean, 1902) or 
†placoderms from the Devonian Gogo Formation such as †Eastmanos
teus (Trinajstic et al., 2007).

Other fossil fishes are known only from incomplete or disarticulated 
postmortem materials or hard parts such as teeth shed naturally during 
life. For example, many species of Mesozoic and Cenozoic sharks are 
named based only on teeth (for examples, see Cappetta, 2012). A simi
lar situation applies to fossil species named only on the basis of otoliths 
(Nolf, 1985, 2013). Otoliths can be well mineralized and can form beau
tiful fossils, but it is relatively rare to find a whole articulated fish fossil  
with intact and visible otoliths, a condition described as in situ, because 
otoliths form inside the membranous labyrinths of the inner ear and are 
not attached to bones of the skull. As a result, many fossil taxa named on 
the basis of isolated otoliths are unlikely to ever be matched up with whole 
specimens. A surprisingly large number of taxa have been named based on  
otoliths:

2666 otolith based fossil fish species have presently been described or named. 

They include 1391 valid species; 464 species considered to be synonyms of al

ready described fossil species, or of Recent species; 811 species here grouped 

under “obsolete names.” ( Nolf, 2013: 4)

A few species of fossil fishes are astonishingly abundant in the record, 
such as the state fossil of Wyoming, †Knightia eocaena. This is perhaps the 
most commonly collected wholebodied fossil fish in the world, with hun
dreds of thousands of more or less complete fossilized skeletons known. 
However, most species of fossil fishes are known from only a few partially 
complete or fragmentary specimens.

In many cases, only a single incomplete fossil specimen from a local
ity is known, but it may have such importance for the record and for in
terpreting phylogenetic history that it becomes well known. An example 
is the Late Cretaceous paddlefish †Paleopsephurus wilsoni, known only 
from a single partial skull and poorly preserved caudal region discovered 
in association with a †hadrosaurid dinosaur (†Edmontosaurus annectens 
UMMP 20000; currently on display at the University of Michigan Mu
seum of Natural History; MacAlpin, 1941a, b, 1947; Grande and Bemis, 
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1991; Grande et al., 2002; P. D. Gingerich, personal communication, May 
2014). Materials from other localities have been referred to †P. wilsoni, 
but they lack any diagnostic features of †P. wilsoni and were considered 
†incertae sedis C by Grande and Bemis (1991: 85–  86, 97–  98). No other 
diagnosable specimens of †P. wilsoni have been described in the interven
ing years. But †P. wilsoni is uniquely important in understanding the phy
logenetic and biogeographic history of paddlefishes (Polyodontidae), for 
despite the incompleteness of the known specimen, it preserves a useful 
mixture of characters for interpreting the phylogeny of the entire family 
(Grande et al., 2002: fig. 19). †Paleopsephurus wilsoni may have been a 
biological species in the same sense that the single extant species of North 
American paddlefish, Polyodon spathula, is a biological species, but it is 
not particularly insightful or helpful to speculate about this. For paleoich
thyologists, the name †P. wilsoni functions primarily as a phylogenetic 
placeholder for a particular mixture of characters.

Comparative osteology informs systematic studies of both living and 
fossil species of fishes. Because of the inherent complexity of the skeletal 
system of fishes— for example, Amia calva has more than 680 discrete 
skeletal elements not including fin rays, gill arch toothplates, scales, teeth, 
or otoliths (Grande and Bemis, 1998: ix)— fish systematists can draw upon 
an unusually large potential set of character data from the skeleton. This 
makes it possible to make detailed side by side comparisons of the skel
eton of fossil and living species and to integrate extant and fossil taxa 
into phylogenetic systematic studies, as exemplified by Grande (2010). 
Comparative osteology remains a cornerstone of taxonomic and phylo
genetic studies of fishes, but usually when starting a new study of fossil 
fishes belonging to an extant genus or family, it is necessary to restudy 
and describe the osteology of the extant members because the available 
descriptions and literature are inadequate for the study of fossils. Soft tis
sue characters including coloration are very important in the description 
of living species of fishes, and molecular characters increasingly predom
inate in phylogenetic studies that only consider extant taxa. That said, 
most extant groups of fishes have a fossil record that can inform phyloge
netic study. For example, Sparidae, a family of about 120 extant species 
of abundant near shore marine fishes, has an important Eocene record, 
including some extraordinarily well preserved specimens from Monte  
Bolca, Italy, that inform phylogenetic study of the family (Day, 2003). An
other important role for osteological and phylogenetic studies of fossil 
fishes is to calibrate divergence times for molecular phylogenetic studies. 
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Such calibrations are only as good as our understanding of the interrela
tionships of the fossils, which necessarily involves comparative osteologi
cal study. Funding priorities in systematic ichthyology today may empha
size molecular phylogenetic research, but given the extensive fossil record 
of fishes, it is only a matter of time before the comparative study of osteo
logical characters regains attention for its fundamental role in integrating 
the study of extant and fossil fishes.

Species Concepts in Ver tebrate Paleontology

From the beginning of the Modern Synthesis in the 1930s and 1940s, 
vertebrate paleontologists have wrestled with concepts of species in the 
fossil record. In addition to Simpson’s landmark book, Tempo and Mode 
in Evolution (Simpson, 1944), papers in three early symposia stand out. 
First is a series of papers in American Naturalist under the general title 
Supra Specific Variation in Nature and in Classification (e.g., Kinsey, 1937; 
Simpson, 1937; and Gregory, 1937). Papers read at a joint meeting of the 
American Society of Ichthyologists and Herpetologists and the Ameri
can Society of Mammalogists yielded a volume edited by Charles Bogert 
(1943), Criteria for Vertebrate Subspecies, Species, and Genera. About a de
cade later, Sylvester Bradley (1956) edited a volume for the Systematics 
Association entitled The Species Concept in Paleontology, which includes  
Haldane’s (1956) famous two page paper in which he decries the whole idea 
of species concepts and characterizes disputes about the validity of spe
cies as being “primarily a linguistic rather than biological dispute.” Also in  
that volume is a paper by George (1956) on biospecies, chronospecies, 
and morphospecies.

An early leader in thinking about the meaning of species in the fossil 
record of vertebrates, George Gaylord Simpson (1937:267) had a practi
cal and biologically based approach to the study of fossils:

If two species do not differ appreciably in morphology, it is certainly true that 

they are closely related, and an error in supposing them to be one species is not 

an essential falsification of the general record.

Here, Simpson makes the case for not oversplitting when naming new 
species in the fossil record. This is a good idea given the inherent limita
tions of the fossil record of fishes.
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In a subsequent paper, “Criteria for genera, species, and subspecies 
in zoology and paleozoology,” Simpson (1943: 146 – 147) stated that “the 
species in nature is something different from the species in classification.” 
This quotation is echoed and amplified by Stanley (1979: 8): “There is no 
question that fossil entities recognized as species are not strictly compa
rable to species of the living world.” Clearly, by 1943, Simpson already 
regarded species in the fossil record as simultaneously a nomenclatural 
concept and a biological concept. Despite the proliferation of species con
cepts in seven intervening decades, this duality of nomenclature and biol
ogy for all practical purposes captures the range of possibilities that pa
leoichthyologists consider when they use the word species.

Nomenclature and Taxonomy of  
Extant and Fossil Species of Fishes

The 4th edition of the International Code of Zoological Nomenclature 
(designated hereafter as the Code; International Commission on Zoologi
cal Nomenclature, 1999, 2014) applies equally to extant and fossil species 
of fishes. For example, if a paleoichthyologist names a new genus and spe
cies based on fossil material and a living species is subsequently found that  
belongs within that genus, then the genus name of the fossil species ap
plies to the extant species. There were precursors to the Code. For exam
ple, the 1842 code of nomenclature (Eschmeyer, 1998b: 2847) predated 
the 1881 meeting that ultimately resulted in the Code; it identified some 
key concepts later incorporated into the Code, such as the principle of pri
ority. The Code continues to evolve as new means for publication of new 
species names and revisions of existing species develop (for more on the 
history and future of the Code, see Ride and Younès, 1986; Eschmeyer, 
1998b; Ride, 1999; International Commission on Zoological Nomencla
ture, 1999, 2014).

Key concepts concern available and valid names. Provisions conferring 
availability of names are described in Article 10 of the Code (International 
Commission on Zoological Nomenclature, 1999, 2014), which are suc
cinctly summarized by Eschmeyer et al. (2010: 20): an available name is 
“a scientific name that meets the criteria of publication, authorship and 
other restrictions of the International Code of Zoological Nomenclature.”  
Once available, a species name remains so unless the Commission rules 
otherwise (International Commission on Zoological Nomenclature, 1999, 
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2014: Article 10.6). In contrast, a valid name is determined by the prin
ciple of priority. “Article 23.1 Statement of the Principle of Priority: The 
valid name of a taxon is the oldest available name applied to it, unless 
that name has been invalidated or another name is given precedence by 
any provision of the Code or by any ruling of the Commission.” In the 
words of Eschmeyer et al. (2010: 20), a valid name is “a species, subspe
cies or genus that is considered to be a legitimate and recognizable ‘good’ 
taxon.” There are far many more available names than there are valid 
names. For example, as of 10 March 2014 there were 57,907 available 
names for extant fishes, with 5,104 valid genera, and 33,059 valid species 
( Eschmeyer, 2014). One year later (20 February 2015), there were 58,298 
available names, 5,128 valid genera, and 33,377 valid species ( Eschmeyer,  
2015).

A nomenclatural concept unfortunately central to paleoichthyology 
is nomen dubium, which means “a name of unknown or doubtful appli
cation” (International Commission on Zoological Nomenclature, 1999, 
2014). Most systematists, including Grande and Bemis (1998: 19), inter
pret “doubtful application” to mean inadequate original diagnosis or in
adequate material to differentially distinguish it from other species. Un
told numbers of species that are nomina dubia exist in paleoichthyology 
and pose challenges for rigorous revisionary systematic studies because 
of the amount of material that must be studied and, essentially, rejected 
as uninformative for morphological or phylogenetic studies. As a par
ticularly striking example, Hilton and Grande (2006) studied the three 
nominal species of pre Pleistocene sturgeons in the genus Acipenser and 
many specimens from North America that had been referred to the genus 
Acipenser. Much sturgeon material spanning the Late Cretaceous to Plio
cene is known, but nearly all of it is fragmentary, and Hilton and Grande 
(2006: 676 ) concluded that all of the named and referred materials “are 
nomina dubia and regarded as Acipenseridae indeterminate genus and 
species.” Rather than creating a new nomen dubium for incomplete un
diagnosable material, an author can use open nomenclatural flags such as 
cf. (the abbreviation for confer, L., compare to) or aff. (the abbreviation 
for affinis, L., closely related) to indicate that the reader should compare 
the material to an existing valid species (such flags are not yet addressed 
by the Code, although they should be; for more on the general topic of 
“open nomenclature” in paleontology, see Bengston, 1988). For example, 
Grande et al. (2000) described a specimen from the Late Paleocene Pas
kapoo Formation from South Central Alberta as †Amia cf. pattersoni, a 

 EBSCOhost - printed on 2/13/2023 7:23 AM via . All use subject to https://www.ebsco.com/terms-of-use



321w. e. bemis

species from the Early Eocene Green River Formation of Wyoming, stat
ing that it is “very closely related to, or conspecific with, Amia pattersoni 
Grande and Bemis, 1998.” They opted to leave this material “cf.” until 
additional specimens can be found to clarify this.

As Grande and Bemis (1998: 18) noted: “Comprehensive comparative 
phylogenetic studies incorporating fossil taxa would be considerably eas
ier if the terms incertae sedis or indeterminate genus and species were used 
more frequently instead of creating more names of doubtful application.” 
Neontological ichthyologists now only rarely need to use incertae sedis be
cause molecular studies are increasingly helping to resolve phylogenetic 
relationships of enigmatic extant taxa previously considered incertae sedis 
such as pygmy sunfishes (Elassoma; see Near et al., 2012a). A perhaps 
even more intriguing example concerns the rare monotypic deep sea fish 
Stylephorus chordatus. For most of the last century, Stylephorus was con
sidered a close relative of ribbonfishes and oarfishes based on the suppos
edly unique ability of members of this group to project the premaxilla and 
maxilla as a unit during feeding. But whole mitogenomic analyses by Miya 
et al. (2007) suggested that Stylephorus is the sister taxon to Gadiformes 
(cods and allies), a position supported by analyses of multiple nuclear genes  
(Near et al. 2012b). Were Elassoma and Stylephorus known only as fos
sils, we would have been unable to correctly place them phylogenetically 
based only on morphological characters.

Paleoichthyologists commonly employ some conventions related to 
species group names not yet incorporated into the Code. Among these, the 
dagger symbol (†) is particularly useful. Grande and Bemis (1991, 1998: 
22) offer an explicit definition: “All taxa with daggers (†) preceding names 
are exclusively fossil (i.e., extinct).” Among other things, this convention 
reminds us that information about the fossil taxon is necessarily less com
plete than it would be for an extant taxon and it helps convey this meaning 
in comprehensive studies of extant and fossil taxa. It would be a good idea 
to include this concept in future editions of the Code. Use of quotation 
marks around a species name to flag it as a nomen dubium also is not speci
fied or addressed by the Code, but it can be a very useful convention within 
the text of a large study to help a reader quickly understand that a name is 
problematic (see Grande and Bemis, 1998: 19).

Linnaeus (1758, 1766) described many extant species of fishes, and many  
of his type specimens are available at the Linnean Society of London 
(Wheeler, 1985). An interesting peculiarity of these types, and perhaps 
the reason that they have survived for 250 years, is that they are preserved 
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as dry specimens— because Linnaeus treated them like plants and pressed 
them flat for mounting on botanical paper. Working with these type speci
mens today is a lot like working with fossil fishes because internal ana
tomical features are missing.

Since Linnaeus, systematic ichthyology has enjoyed a remarkably high 
level of scholarship and attention to detail concerning the diversity and 
taxonomy of fishes. We benefit in particular from the ongoing multi 
decadal effort led by William Eschmeyer to comprehensively catalog 
species level names, which resulted in the printed edition of the Catalog  
of Fishes (Eschmeyer, 1998a) and its continuing electronic updates, hosted 
by the California Academy of Sciences (Eschmeyer, 2015). More than 
2,600 journals and 32,000 individual articles provide the reference base 
for the Catalog of Fishes. It is this carefully studied and comprehensive 
literature base that makes the Catalog of Fishes such a valuable resource, 
for it makes it easy to learn who described what genus or species. It also 
allows users to quickly generate authoritative synonymies. Recently, van 
der Laan et al. (2014) traced the authorship of names for the extant fami
lies of fishes in a catalog of family group names. Because of the Catalog of 
Fishes and the catalog of family group names, we have far more ready ac
cess to information about the taxonomy and history of species discovery 
of fishes than we do for any other group of vertebrates or, in fact, for any 
other large group of animals. For example, using data from the Catalog of 
Fishes, Eschmeyer et al. (2010) described patterns in the discovery of the 
diversity of marine fishes. Among many other case histories, they noted 
that, beginning in 1846, Pieter Bleeker described 1373 species of marine 
fishes; of these, 571 are today considered valid, yielding a 41.59% “success 
rate” in describing valid species (Eschmeyer et al., 2010: 24, tab. 3; the 
highest current success rate for any student of living marine fishes is John 
(Jack) Randall, who has described more than 700 species with a 96.45% 
success rate).

Of course, the numbers of available and valid species of extant fishes 
change all the time: about 424 new species were described in 2013 and at 
least 390 in 2014 (Eschmeyer, 2015). Moving target or not, we have in the 
Catalog of Fishes a remarkable scholarly framework and tool for thinking 
about the diversity and evolution of extant species as well as the history of 
species discovery. The same cannot be said for fossil fishes.

Paleoichthyologists still rely on historical works, such as Woodward’s 
four volume (1889, 1891, 1895, 1901) Catalogue of the Fossil Fishes in 
the British Museum (Natural History), which catalogued one of the most 
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important collections of fossil fishes. Type catalogs are available for some 
other collections of fossil fishes, such as the fossil fishes in the Field Mu
seum of Natural History ( Bruner, 1992) and others listed in Cleevely 
(1983: 26 – 37). The Bibliography of Fossil Vertebrates (2014) indexes pub
lished literature on fossil vertebrates from 1509 to 1993 (all years except 
1969 to 1980 are available to search online), but it does not delve into nec
essary details about the publications that named new genera and species. 
New approaches in biodiversity informatics (e.g., Patterson et al., 2010; 
http://gni.globalnames.org/) can automatically track any string of alpha
numeric characters used to refer to a taxon. This approach builds upon 
digital Name Repositories, such as the Catalog of Fishes, for its search  
capabilities, but in the absence of a dedcated, comprehensive, and schol
arly Catalog of Fossil Fishes that has been carefully interpreted using the 
Code, the utility of biodiversity informatics for paleoichthyology will be 
limited. Popular websites include Fishbase ( Froese and Pauly, 2014) and 
Wikipedia pages, such as the “List of prehistoric bony fish genera,” de
scribed as “an attempt to create a comprehensive listing of all genera from 
the fossil record that have ever been considered to be bony fish.” This 
list is, at best, a tertiary document based largely on the list of genera of 
fossil marine fishes by Sepkoski (2002) and it is not grounded in citations 
to the original descriptions of taxa. Thus as of now, we have nothing ap
proaching a useful, let alone comprehensive, global catalog of the genera 
let alone the species of fossil fishes. This would be a challenging but wor
thy project for the future.

Although species discovery and description of extant and fossil fishes 
continues, comprehensive revisionary systematic studies at the generic and 
higher levels are very important. For example, restudying taxa from Eo
cene Fossil Lake known on the basis of 19th century descriptions eventu
ally yielded several new genera and species and much new anatomical and 
phylogenetic information on global species level diversity of paddlefishes 
(Grande and Bemis, 1991; Grande et al., 2002), amiids (Grande and Bemis, 
1998), hiodontids (Hilton and Grande, 2008), and lepisosteids (Grande, 
2010). A common theme of modern revisionary systematic research is 
the ability to apply time consuming methods, such as detailed mechanical 
preparation with needles or acid transfer preparation ( Toombs and Rixon, 
1959). Fossils prepared using such techniques often yield remarkable new 
morphological details that can be helpful at the species level as well as 
for phylogenetic studies. Such preparation and revisionary work is very 
time consuming and expensive to complete and publish, and it is perhaps 
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less appreciated today than it should be, with the result that few young 
paleoichthyologists can pursue such approaches. CT scanning offers differ
ent benefits, the major ones being that it is far easier and much faster than 
either mechanical or acid transfer preparation. But despite the improved 
resolution of newer instruments (e.g., Bemis and Bemis, 2015; Bemis et al.,  
2015; Moyer et al., 2015), CT scans will never fully replace carefully pre
pared fossil fishes.

Biological Species of Extant and Fossil Fishes

Of more than 33,300 valid extant species of fishes (Eschmeyer, 2015), most 
were described based on preserved specimens prior to the wide availability 
of molecular phylogenetic techniques, which, as an approximate baseline, 
occurred sometime in the middle 1980s. This means that the original spe
cies descriptions were based solely on morphological study. In most cases, 
original descriptions of extant fishes focus on external features, such as pro
portions, fin ray counts, pigment patterns and coloration, with skeletal and 
molecular characters only becoming known as a product of subsequent re
visionary study. We continue to differentially diagnose extant species of  fishes  
based primarily on morphology and do not know to what extent most of 
these named species actually operate in nature as biological species.

Concepts related to genetic differentiation of species continue to play, at 
best, only ancillary roles in original species descriptions. An interesting ex
ception concerns the living Indonesian Coelacanth, Latimeria menadoensis, 
which was initially differentially diagnosed from the African Coelacanth, 
L. chalumnae, based on mitochondrial markers putatively supported by 
nine differences in meristic and morphological features (Pouyaud et al., 
1999). The reliability and value of these nine morphological differences 
is difficult to assess because only a single specimen of L. menadoensis was 
available for study at that time. The two coelacanth species occur in allopa
try, on opposite sides of the Indian Ocean more than 8,000 km apart, so 
some genetic differentiation would be expected. As pointed out by Holder 
et al. (1999: 12616), the ranges of variation in four of the meristic and mor
phological features proposed to distinguish the two species overlap, but 
they conclude that “nonetheless, L. chalumnae and L. menadoensis appear 
to be separate species based on divergence of mitochondrial DNA.” We 
may presume that the two species of Latimeria operate as biological spe
cies that do not naturally interbreed.
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We understand very little about biological species in the fossil record of 
fishes. It is possible in some cases and localities to recover large numbers 
of essentially complete fossilized skeletons of a single species in mass 
mortality assemblages. As already noted, the small herring †Knightia 
eocaena is perhaps the most commonly collected species of fossil fish. It 
occurs in the Middle Early Eocene Fossil Butte Member of southwestern 
Wyoming. Grande (2013: 177) estimated that more than 600,000 speci
mens of †K. eocaena were collected there between 1870 and 2010. He 
attributed their abundance in the record in part to high fecundity, which 
is typical of extant Clupeidae. He also noted that extant herrings are no
toriously sensitive to environmental changes in water temperature and 
dissolved oxygen and are subject to mass die offs and that this may help 
explain how so many individual fossil fishes came to be in one place. In the 
case of †Knightia, it is possible to secure as many specimens as necessary 
to compare with other species in the genus. Thus, we can closely com
pare †K. eocaena with its less abundant congener from the same locality 
and strata, †K. alta, to understand diagnostic anatomical differences such 
as the much deeper body profile of †K. alta. The differences are reliably 
present and easily seen. Thus, we may have reasonable confidence that 
these two sympatric species of †Knightia operated as biological species in 
the same sense that two extant species of Alosa, the American shad (A. 
sapidissima) and blueback herring (A. aestivalis) operate as good biologi
cal species that spawn in the same riverine environments.

The best example of fossil fishes as a tool to explore evolutionary ques
tions about speciation concerns †semionotid fishes from freshwater rift 
valley lakes in Newark Supergroup deposits of the Late Triassic and Early 
Jurassic of North America studied by Amy R. McCune (McCune et al., 
1984; McCune, 1986, 1987a,b, 1990, 1996, 2004). McCune examined more 
than 2,000 specimens of †Semionotus from 45 named localities in the New
ark Supergroup. Worldwide, more than 50 species of †semionotids have  
been described from Mesozoic marine and freshwater deposits, but it is 
in the Newark Supergroup lakes that they achieve their greatest species 
diversity, with about 40 species known from these lake basins. As McCune 
(1996: 34) notes, “Some of these species are probably not valid, but there 
are also a number of species not yet described.” The species of †Semi
onotus from the Newark Supergroup lakes range in shape from slender 
and fusiform to deep bodied. There are also important differences in the 
detailed anatomy of dorsal ridge scales ( DRSs) between the occiput and 
the first dorsal fin: in some species, DRSs have a simple shape; in others, 
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they may bear short or thin spines, have globular or robust shapes, or even 
be concave. One of the peculiarities of the Newark Supergroup lakes that 
makes them especially suited for asking evolutionary questions is their 
extraordinary cyclicity: new lakes repeatedly formed in the rift valleys, 
reached great depths, and then dried up (McCune, 2004: fig. 18.3). Lake 
formation, persistence, and death occurred on a 22,000 year basis known 
as a Van Houten cycle: at least 60 distinct Van Houten cycles are known. 
During times when a lake was very deep, mixing of surface and bottom 
waters did not occur, with the result that fish carcasses fell to the bot
tom into anoxic mud, where they were undisturbed by benthic organisms. 
The fine layers of mud and calcium carbonate deposited around carcasses 
demarcate annual increments, so it is possible to track morphological 
changes in †semionotids over time. In a particularly striking example, 
the first species with concave DRSs shows up early in the Early Jurassic  
P4 cycle in the Towaco Formation of New Jersey; based on the mi
crostratigraphy, a second species with a concave DRS shows up 90 years 
later. Two Van Houten cycles, or about 44,000 years, later there are seven 
species of †Semionotus in the Boonton Formation of New Jersey that 
have concave DRSs. McCune (2004) interprets this as a radiation of spe
cies of †Semionotus that can be tracked through the record with remark
able precision and compared to lacustrine radiations of extant fishes, such 
as cichlids in rift valley lakes of Africa.

Morphological Species of Extant and Fossil Fishes

It can be difficult to differentially diagnose extant species of fishes based 
only on morphology. For example, Auguste Henri André Duméril (1869, 
1870) named 19 new species of sturgeons in the genus Acipenser based 
on materials he studied at the Muséum National d’Histoire Naturelle in 
Paris. The problem is that, based on subsequent study, all but one of his 
new species of Acipenser proved to be junior synonyms of species named 
by Linnaeus (1758) and Mitchill (1815). Duméril had a 5.3% success rate 
in naming new species of Acipenser. But we can understand some of his 
challenges and why he made mistakes. First, the species of Acipenser are 
notoriously variable (Bemis et al., 1997; Hilton and Bemis, 1999, 2012; 
Hilton and Grande, 2006; Hilton et al., 2011). It remains difficult today 
to identify many of the 17 extant valid species of Acipenser, particularly 
small specimens with no locality data. Some species of Acipenseridae nat
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urally hybridize in nature, a further complication. So nearly 250 years after  
Linnaeus (1758) named two valid species of Acipenser, the genus still 
proves inherently hard to study. Secondly, in the middle of the 19th cen
tury before the availability of formaldehyde as a preservative or freezers 
to hold specimens until they could be examined, it was very difficult to 
preserve large fishes for study. This is particularly the case for species that 
can grow as large as the Atlantic sturgeon, A. oxyrinchus, which histori
cally reached lengths of 4.27 m ( Eric J. Hilton, personal communication, 
May 2014) or the sturgeon A. sturio, for which there is an authoritative 
length record of 6 m. The usual method of preserving such large specimens 
in the 19th century was to gut and stuff them with straw before drying.2 
Drying results in so much distortion that specimens can be very difficult 
to compare. In a sense, Duméril dealt with his specimens of Acipenser in 
much the same way that a paleoichthyologist might deal with poorly pre
served specimens from different localities that he or she had never visited. 
In both cases, restraint in creating new names is the best practice.

A counterexample concerns cryptic living species of bonefishes in the 
Linnean genus Albula. Because bonefishes live in shallow marine and 
brackish waters, they are familiar subtropical and tropical fishes. Well 
preserved fossil bonefishes are known from Upper Cretaceous and Paleo
cene deposits (e.g., Mayrinck et al., 2010). Together with tarpons (Mega
lopidae) and ladyfishes ( Elopidae), bonefishes lie near the base of the 
radiation of teleosts, and have attracted much interest from ichthyologists 
and paleoichthyologists concerned with the origin and diversification of 
teleosts (e.g., de Figueiredo et al., 2012). As many as 23 nominal species 
of Albula were named, but, as pointed out by Whitehead (1986), by 1940 
all of them had been synonymized with Albula vulpes ( Linnaeus 1758). 
This global distribution was interpreted as a result of a very long plank
tonic larval phase, which seemingly could explain how such a shorefish 
could reach coasts around the world isolated by deep ocean basins. In the  
1980s, however, electrophoretic studies suggested the presence of two 
cryptic species of A. vulpes in Hawaiian waters. This was confirmed by 
the discovery of meristic differences in vertebral numbers, although the 
cryptic species from Hawaii are extremely similar to Albula vulpes in 
other morphological characteristics. Later, Colburn et al. (2001) partially 
sequenced the mtDNA marker Cytochrome b and discovered that there 

2. Even today, collections rarely preserve large fishes intact in fluid, preferring to either 
skeletonize them or preserve only portions of the specimen in fluid.
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were not just three species of Albula but potentially eight. Some 19th 
cen tury species names have been resurrected, and three new species have 
been named in the last decade ( Hidaka et al., 2008, Pfeiler et al., 2011,  
and Kwun and Kim, 2011). As of 2014, there were 11 valid species of  
Albula, distinguished by molecular markers and very slight morphological  
differences of the sort that would be extremely difficult to detect in fossils.

Many important species of fossil fishes have not been restudied since 
their naming and incomplete original descriptions, often more than a cen
tury ago. It was common practice in the 19th century to name different 
species from the same or nearby localities based on single specimens even 
if the material available did not permit differential diagnoses compared 
to more complete materials. This is one reason why there are so many no
mina dubia in paleoichthyology. An example comes from the work of Jo
seph Leidy (1873a: 98; 1873b: 185– 189), who named two new genera and  
three species of bowfins (Amiidae) from two localities in southwestern 
Wyoming based on isolated individual vertebrae. Later, many more com
plete specimens of bowfins were discovered in the region and some were 
referred to Leidy’s species by, for example, Boreske (1974). But because 
Leidy’s species could not be differentially diagnosed, it was impossible 
to unequivocally associate such referred taxa with Leidy’s specimens. 
Grande and Bemis (1998: 19) considered that †”Protamia uintaensis” 
(based on ~10 isolated vertebrae) †”Protamia media” (based on 1 verte
bra), †”Protamia gracilis” (based on 1 vertebra) and †”Hypamia elegans” 
(based on 1 vertebra) were all nomina dubia. We resolved this problem 
by redescribing the referred taxa under new generic and species names.

A related problem concerns specimens of different sizes collected at 
the same location that have been assigned different species names. This 
is the case for three species that Egerton (1858: 883) named in the genus  
†Chondrosteus from Lower Liassic deposits of Lyme Regis, England: 
†C. acipenseroides, †C. crassior, and †C. pachyurus. These sturgeon like 
fishes have long been thought to be at or near the base of Acipenseri
formes, and thus are potentially important to interpreting evolutionary 
relationships of living and fossil sturgeons, paddlefishes, and allies. Many 
specimens of †Chondrosteus are beautifully preserved, including some 
nearly complete whole body specimens, disarticulated skulls that reveal 
key osteological details, and caudal regions preserving details of the axial 
skeleton and fin rays. There were no new studies of these specimens be
tween Woodward’s (1895) catalogue and a detailed osteological and phy
logenetic study by Eric J. Hilton and Peter L. Forey. Based on more than 
70 specimens, Hilton and Forey (2009: 431) synonymized all of Egerton’s 
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species as †Chondrosteus acipenseroides, accepting earlier synonymies for 
†C. acipenseroides and †C. crassior (e.g., Woodward, 1895: 27) and con
cluding that the differences between †C. pachyurus and †C. acipenseroi
des are an artifact of ontogenetic stage and not diagnostic at the species  
level.

Sometimes the opposite problem occurs, as reported in recent and 
fascinating studies by Donald J. Stewart (2013a,b) on extant species of 
Arapaima, a genus of freshwater fishes from South America. Strikingly 
colorful and majestic in public aquaria, A. gigas is routinely considered 
the largest exclusively freshwater fish in the world; it grows in captivity to 
more than 3m TL. Arapaima is also aquacultured and sought as food and 
game despite the status of A. gigas as the only CITES listed freshwater 
fish from South America (Stewart, 2013b). If the systematics of any extant 
genus of fishes should be well known, then you might expect it would be 
Arapaima. But this is not the case. Albert Günther (1868) synonymized 
without explanation the four nominal species recognized by Valenciennes 
(1847: A. gigas, A. arapaima, A. mapae, and A. agassizii) as A. gigas. There 
things stayed for 145 years. According to Stewart (2013a,b) this lack of 
attention may be due in part to the large sizes of adults, which makes it 
challenging to collect, preserve and store them in collections. Stewart 
(2013a) resurrected A. arapaima, A. mapae and A. agassizii, redescribing 
this last and rarest species based on illustrations in the type description 
by Spix and Agassiz (1829).3 Stewart (2013b) described a new fifth spe
cies in the genus, A. leptosoma. Stewart (2013b: 470) notes that the total 
number of preserved specimens in world collections known to be from the 
type locality of A. leptosoma “can be counted on one hand,” going on to 
state, “Our understanding of the taxonomy and distributional ecology of 
Arapaima is substantially hindered by that paucity of study materials.” 
In many respects, the challenges of making systematic studies of the spe
cies of Arapaima resemble taxonomic and practical challenges typical of  
paleoichthyology.

A common reason for naming new species in the fossil record of fishes 
is to distinguish materials from the same locality. For example, fishes from  
the Cenomanian of Namoura, Lebanon, are beautifully preserved in a lith
o graphic limestone, ideally suited for preparation using the acid transfer 
method (Forey et al., 2003). Fossils prepared in this way are suitable for 
finely detailed descriptions and differential diagnoses at the species level. 

3. The type and only known specimen was at the Zoologische Staatssammlung in Munich, 
Germany; it was destroyed during the Second World War.
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Thus, †Serrilepis prymnostrigos and †S. minor are two new species in the 
genus †Serrilepis “distinguished chiefly by the condition of the squama
tion” (Forey et al., 2003: 294); two species in the new genus †Triplomystus 
are †T. noorae and †T. oligoscutatus are distinguished by “body propor
tions and meristic characters” (Forey et al., 2003: 275); and †Armigatus 
namourensis and †A. alticorpus are distinguished by relative body depth 
(Forey et al., 2003: 282).

Forey et al. (2003, table 17) also broadly surveyed species and gen
era of fossil fishes known from eight Cenomanian localities distributed 
around the Tethys Sea. Several of these localities are thought to represent 
shallow water, near shore environments, whereas others are interpreted 
as offshore; they range from nearly equatorial to 40° N. These localities 
are: (1) Hakel, (2) Hajula, and ( 3) Namoura, Lebanon; (4) English Chalk 
in Southeastern England; (5) Komen in Slovenia; (6 ) Jebel Tselfat, Mo
rocco; (7) Jerusalem; and (8) Estrémadure, Portugal. Noting that there is 
little overlap in species across all of these localities, and only one genus 
common to the four most speciose localities ( localities 1, 4, 5, and 6 ), Fo
rey et al. (2003: 321) wrote:

This is undoubtedly influenced a great deal by taxonomic eclecticism. Compar

isons are probably more realistic at generic than at specific level. Here we can 

see that there are considerably more shared genera between Komen, Lebanon 

and Morocco than any of these localities and England.

This quote emphasizes an important and lasting point about the study 
of species of fossil fishes: paleoichthyologists tend to focus on genera and 
their validity and diagnoses far more than on the validity and diagnoses 
of species. Species names for fossil fishes thus primarily serve as practical 
tools for cataloging paleodiversity. Species of fossil fishes may yet have 
much to teach us about paleodiversity and, in some cases, evolutionary 
processes, but we still need basic tools such as a Catalog of Fossil Fishes to 
understand what has already been described and how best to understand 
the biological meaning of these taxa. Only then can we begin to assess 
how best to integrate the study of extant and fossil fishes.

Future Considerations

If, as interpreted here, species names for fossil fishes primarily serve as 
practical tools for cataloging paleodiversity and secondarily as tools for 

 EBSCOhost - printed on 2/13/2023 7:23 AM via . All use subject to https://www.ebsco.com/terms-of-use



331w. e. bemis

phylogenetic and biogeographic analyses, then a pressing need for the 
future is the development of a comprehensive, global, universally acces
sible digital Catalog of Fossil Fishes. It should be designed to be compa
rable to and compatible with the Catalog of Fishes (Eschmeyer, 1998a, 
2015) and build directly upon all original species descriptions since 1758. 
It would need to be hosted by an institution, much as the California Acad
emy of Sciences hosts the Catalog of Fishes, with the clear understanding 
that such hosting needs to be a long term commitment. As was done to 
develop the Catalog of Fishes, the first step is to document the genera 
(Eschmeyer and Bailey, 1990). The goal would be to catalog: (1) all avail
able generic names; (2) all valid generic names; and (3) all type localities, 
including stratigraphic information. Subsequently, this effort could be ex
tended to document all available species names, all valid species names, 
and all type localities. Such a multi decadal project could become an im
portant catalyst for revisionary studies of fossil and living fishes.

In closing, paleontologists and neontologists should not regard most 
species of fossil fishes as equivalent to biological species of living fishes. 
Without specific evidence from, for example, the availability of large 
numbers of specimens collected at the same locality in the same horizon, 
species names of fossil fishes represent little more than convenient tags 
for communication about specimens, localities, and particular mixtures 
of characters.
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chapter twelve

The Impact of Invasive Species on 
Speciation: Lessons from the  
Fossil Record
Alycia L. Stigall

Introduction

Life on Earth began with a single species, yet approximations of mod-
ern species diversity range from 8.7 to 100 million extant species (e.g., 

May 1988; Mora et al. 2011). Ernst Mayr estimated that “99.99% or more 
of all evolutionary lineages have become extinct” (2001, 140). If this is 
reasonably accurate, then well over 87 billion species have existed during 
the history of our planet. The development of billions of species— via bil-
lions of speciation events— during the history of life dictates that specia-
tion, the process by which new species form, is of central importance to 
the history of life on our planet. Thus, we must understand the processes 
that both promote and hinder speciation if we seek to understand the past 
and future of biodiversity on our planet. Better constraining the relation-
ships between earth system events and speciation becomes particularly 
significant in the context of current global climatic and environmental 
changes.

Both the fossil record and neontological data demonstrate that specia-
tion rates have varied through time and among clades (e.g., Avise and  
Walker 1998; Sepkoski 1998; Alroy 2008; Stadler 2011). Well- known terms  
such as “adaptive radiation” and “living fossils,” which reference bursts  
of rapid speciation and long intervals of restricted speciation within clades,  
respectively, convey the generality of this rate variation. Some of the var-

 EBSCOhost - printed on 2/13/2023 7:23 AM via . All use subject to https://www.ebsco.com/terms-of-use



341a. l. stigall

iation in speciation rates can be attributed to biologic or internal causes. 
For example, speciation rate has been demonstrated to be higher among 
lineages with specialist vs. generalist ecologies (e.g., Vrba 1987, 1992; 
Kammer et al. 1997) and among species with narrow rather than broad 
geographic ranges (e.g., Jackson 1974; Rode and Lieberman 2004; Jablon-
ski 2008) because populations with these characteristics may be isolated 
from each other more easily. External factors, however, can also play sig-
nificant roles in moderating speciation rate. For example, temporal inter-
vals with tectonic fragmentation often exhibit elevated levels of specia-
tion (e.g., Lieberman 2003, 2012).

In this chapter, I build on the framework of species and speciation 
concepts developed in the preceding chapters of this volume to examine 
the processes and mechanisms of speciation elucidated from analyses of 
invasive species in the fossil record during two invasive regimes, the Late 
Devonian Biodiversity Crisis and the Late Ordovician Richmondian In-
vasion. Specifically, the case studies presented in this chapter emphasize 
the role that external drivers, such as sea level change and the arrival of 
invasive species within an ecosystem, and internal factors, including niche 
breadth and dispersal potential, may have in promoting or limiting specia-
tion processes.

Invasive Species and Potential Impacts on Speciation

Discussions of speciation rate are inexorably linked to a particular spe-
cies concept (see Allmon [chapter 3] and Allmon and Sampson [chap-
ter 4], this volume). For the purpose of this chapter, a species is defined 
as a group of organisms that maintain genetic continuity by interbreeding 
among members of the group and that is distinct from other reproductive 
entities. The genetic integrity of a species persists through geologic time, 
and thus species have temporal as well as spatial attributes. Employing a 
genetic rather than character- based definition provides a framework to 
examine speciation as a process. Within this definition, speciation is the 
process by which a population becomes genetically isolated from the an-
cestral population. Speciation, therefore, relates to a unique event that 
occurred during a discrete interval of geologic time that transpired at a 
specific location within a specific lineage of organisms. To fully assess spe-
ciation, therefore, we must understand the temporal, spatial, and evolu-
tionary attributes of the process.
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Reproductive isolation may occur either via shifts in reproductive tim-
ing or behavior within the geographic range of the ancestor (sympatric 
speciation) or via geographic separation of the incipient species from the  
ancestral population (allopatric speciation) (Mayr 1963). Sympatric spe-
ciation is often undetectable in the fossil record because reproductive 
shifts may not correlate with morphological changes (Benton and Pearson 
2001). During allopatric speciation, however, incipient species adapt to 
environmental conditions different from those of the ancestral range and 
are thus more likely to have discrete (fossilizable) morphological charac-
ters that allow separation of the new species from the ancestral morphol-
ogy. Consequently, analyses of speciation in the fossil record are largely 
restricted to analyses of allopatric events (Lieberman 2000, Stigall 2010b).

There are two primary mechanisms of allopatric speciation: (1) vicari
ance, in which the ancestral population becomes passively divided into two  
or more large subpopulations by the formation of a barrier, each of which 
diverges to form a new species, and (2) dispersal, in which a subpopulation 
actively moves away from the ancestral range and establishes a geographi-
cally isolated population that subsequently diverges (fig. 12.1; Wiley and 
Mayden 1985; Lieberman 2000). Vicariance and dispersal are character-
ized by discrete biogeographic patterns relative to the geographic range of 
daughter species and ancestral species (fig. 12.1). Consequently, it is pos si-
ble to distinguish vicariance and dispersal events in fossil taxa where evolu-
tionary relationships and biogeographic distributions are known (fig. 12.2;  
Lieberman 2000).

In modern ecosystems, human impacts, such as habitat fragmentation 
and the transport of invasive species, have the potential to greatly increase 
the frequency of vicariance and dispersal, respectively. Unfortunately,  
many instances of habitat fragmentation result in elimination of local pop-
ulations and ultimately to species extinctions. Thus, impact of modern  
habitat fragmentation on speciation processes may be limited. Therefore,  
I will focus the discussion herein on the potential for introductions of non-
native species to impact speciation processes.

The dramatic increase in human- facilitated species invasions in recent 
decades has been predicted to have a significant impact on speciation in 
the modern biota (Levin 2003; Wiens and Graham 2005). Modern species 
invasions are initiated by the transportation of a (typically) small popula-
tion into an ecosystem to which this species is alien. Only about 10% of 
these dispersal events succeed in establishing a viable population in the 
new location (Lockwood et al. 2007). If these new populations are unable 
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to exchange genetic material with the parent population, these newly iso-
lated populations may eventually diverge into a new allopatric species. 
Similar processes facilitated by earth history factors, such as transgressive 
events, would be identified as speciation by dispersal in the fossil record 
(see fig. 12.2). Because the fossil record does not record ecological time-
scales, the processes operating during speciation itself cannot be assessed 
within the context of this chapter. Only successful episodes of speciation 
can be ascertained in the fossil record, but analyzing the distribution and 
factors that promote or hinder successful speciation can provide key in-
sights into the development of biodiversity through time.

Modern invasive species have been documented to alter the evolution-
ary pathway of native species via competitive exclusion, niche displace-
ment, hybridization, predation, and extinction ( Mooney and Cleland 2001).  
Furthermore, invaders themselves may evolve in response to novel biotic 

Figure 12.1 Differential geographic patterns of speciation by vicariance and dispersal.
During vicariance, the ancestral population (species A) becomes passively divided by a geo-
graphic barrier. Incipient species (species A′ and A″) form during geographic isolation and 
later diverge to become new species (species B and C). In speciation by dispersal, a subpopu-
lation of the ancestral species (species A) actively migrates across a geographic barrier to 
form an incipient species (species A′) that later diverges to become a new species (species B). 
Modified from Stigall (2013).

 EBSCOhost - printed on 2/13/2023 7:23 AM via . All use subject to https://www.ebsco.com/terms-of-use



344 chapter twelve

and abiotic interactions in their new environment (Broennimann et al. 
2007; Pearman et al. 2008). The extent to which native or invasive species 
respond to ecosystem changes via an adaptive response, such as shifting 
of an ecologic niche, is currently not well constrained (Simberloff et al. 
2013). Synthetic reviews of the literature have reported both high levels 
of niche conservatism (Peterson 2011) and substantial amounts of niche 
evolution (Pearman et al. 2008), whereas analyses of longer timescales in 
the deep fossil record have demonstrated that niche response varies be-
tween rapid and gradual environmental changes (Brame and Stigall 2014; 
Stigall 2012b, 2014).

Analyzing the evolutionary impacts of species invasions within the fos-
sil record provides a framework for examining the impact of species in-
troductions on evolutionary timescales. Although humans were not sig-
nificant transportation vectors throughout geologic time, other processes, 
such as tectonic rearrangements, continental flexure, and sea level change 
did facilitate analogous species movements in the geologic past (Rode and 
Lieberman 2004). In this context, an ancient invasive species is defined 

Figure 12.2 Differentiation of speciation mode on an area cladogram.
Here, numerals representing biogeographic areas are mapped onto a cladogram for the bra-
chiopod genus Floweria. Biogeographic states at the nodes were optimized using modified 
Fitch parsimony of Lieberman (2000). Speciation events where daughter species occupy a  
subset of the ancestral range are interpreted as vicariance events, marked V. Speciation 
events where daughter species occupy areas additional to the ancestral areas are interpreted 
as dispersal events, marked D. Geographic areas denoted by: 0 = Europe, 1 = Northern Appa-
lachian Basin, 2 = Southern Appalachian Basin, 3 = Michigan Basin, 4 = Iowa/Illinois Basin,  
5 = Missouri, 6 = Western United States. Modified from Stigall Rode (2005).
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as a species that evolved in one biogeographic region and subsequently 
expanded its geographic ranges into a region from which it was previously 
excluded due to a geographic barrier (Stigall 2010a). Significant invasion 
events have occurred throughout the Phanerozoic and include intervals 
such as the Pliocene Great American Biotic Interchange ( Webb 2006) and  
Trans- Arctic Interchange ( Vermeij 1991), the Late Devonian Biodiver-
sity Crisis (Rode and Lieberman 2004; McGhee et al. 2013), the spread of 
the Late Ordovician Hirnantian Fauna (Rong et al. 2007), and the Late 
Ordovician Richmondian Invasion (Holland 1997; Stigall 2010b). For 
many of these, analyses of biodiversity dynamics have focused on patterns 
of extinction or differential survival of taxa rather than speciation (e.g., 
Webb 2006). However, examining the speciation dynamics of these and 
similar intervals in Earth history is critical for understanding the long- 
term trajectory for modern biodiversity of our planet. In this chapter, I re-
view how rampant species invasions impacted speciation during the Late 
Devonian Biodiversity Crisis and Late Ordovician Richmondian Invasion 
and provide a synthetic overview of how such invasion events impact the 
process of speciation.

Invasive Species and Speciation during the Late Devonian

The Middle Devonian was an interval of high endemicity among biogeo-
graphic regions, and the coral reef ecosystem reached its greatest geo-
graphic distribution Earth’s history (Copper 1994; McGhee 1996). By the 
end of the Frasnian Stage of the Late Devonian, however, metazoan reefs 
were largely extinct and a cosmopolitan fauna dominated the epiconti-
nental seas (Johnson 1970). The transition from the highly endemic fau-
nas of the Middle Devonian to the cosmopolitan Late Devonian fauna 
was facilitated by widespread species invasions (McGhee 1997; Rode and  
Lieb erman 2004) and has been referred to as the Great Devonian Inter-
change (GDI) by McGhee (1997). The biodiversity loss associated with 
this transition, referred to as the Frasnian- Famennian Mass Extinction, 
ranks as one of the largest biodiversity crises in Earth history (Raup and 
Sepkoski 1982). This event was not technically a mass extinction, however, 
because the Frasnian extinction rate was not statistically higher than the 
background extinction rate throughout the Phanerozoic (fig. 12.3; Bam-
bach et al. 2004; Alroy 2008). Instead, reduced speciation was the primary 
cause of this decline in biodiversity (Bambach et al. 2004; Stigall 2010a,  
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2012a), a point first appreciated by McGhee (1984, 1988). The concur-
rence of pervasive species invasions and reduced speciation rates suggests 
a link may exist between invasions and speciation depression. To test that 
hypothesis, both the nature of the Middle to Late Devonian species inva-
sions and the mechanisms of speciation reduction must first be examined.

Figure 12.3 Temporal changes in extinction and origination/speciation across the Middle to 
Late Devonian interval.
The Late Devonian Biodiversity Crisis interval is shaded grey. (A) Proportion of generic  
extinction or origination per interval. Modified from Bambach et al. (2004). (B) Instanta-
neous per- capita speciation and extinction rates (of  Foote 2000) for all fifty species within two  
brachiopod genera (Schizophoria and Floweria), one bivalve genus (Leiopteria) combined. 
Modified from Stigall (2010a). Congruent results from both the generic and species level 
analyses indicate substantially reduced origination/speciation rates are during the crisis inter-
val, whereas extinction rates are lower during the crisis than the preceding interval.
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Characterizing Late Devonian species invasions

The prevalence of Frasnian interbasinal species invasions has been noted 
for many clades including corals, trilobites, stromatoporoids, brachio-
pods, fish, and conodonts (see review in McGhee 1996). However, invasion 
timing has not been tightly constrained for many of these clades. Rode  
and Lieberman (2004) examined patterns of species migration among  
341 species of the most common brachiopod and bivalve genera of Lau-
rentia at the temporal resolution of conodont zone. Their analysis in-
cluded assessing species identification based using discrete morphological 
characters of specimens in museum collections (cf. Allmon, chapter 3, this 
volume). Rode and Lieberman (2004) produced a series of GIS- generated 
range maps for each species through time, from which they identified in-
terbasinal species invasion events.

In this dataset, invasion events were concentrated into discrete inter-
vals that correlated with transgressive events (fig. 12.4), which indicates 
that sea level change was a prominent factor facilitating dispersal through 
this interval (Rode and Lieberman 2004). Similarly, Racki (1993) and 
Brice et al. (1994) identified species migration events on other Laurussian 
shelves that were coincident with times of relative sea level increases. In 
Laurentia, sea level increased both episodically and cumulatively from 
the Givetian to Frasnian (Johnson et al. 1985). These sea level fluctua-
tions, when coupled with the cyclical episodes of orogenesis and tectonic 
quiescence along the Acadian front that alternately raised and lowered 
the relief of intracratonic arches, facilitated the breaching of intracratonic 
arches and provided a pathway for species invasions ( Rode and Lieber-
man 2004, Stigall Rode and Lieberman 2005b).

The species that successfully invaded new tectonic basins shared a suite 
of characteristics: they occupied broader geographic ranges than native 
species, they survived the crisis interval at a higher frequency than non-
invasive species, and they occupied a broader suite of depositional envi-
ronments than noninvasive species (Rode and Lieberman 2004). Further-
more, by the end of the Frasnian, the only species (invasive or endemic) 
that survived into the Famennian were those with large geographic ranges 
(Stigall Rode and Lieberman 2005a). This combination of features indi-
cates that most Devonian invaders and crisis survivors were species with 
broad environmental tolerances, or ecological generalists. A positive cor-
relation between geographic range and niche breadth has been recovered 
in numerous studies (e.g., Jackson 1974; Brown 1984; Thompson et al. 
1999; Gaston and Spicer 2001; Fernández and Vrba 2005; but see Williams 
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et al. 2006 for a counterexample). Ecological generalists typically exhibit 
larger geographic ranges than specialist species, which are characterized 
by highly constrained niches (Mayr 1963; Stanley 1979). The fact that only 
broadly ranging species survived the Late Devonian Biodiversity Crisis 
suggests that the influx of invasive species produced a shift in the biotic 
en vironment. Specifically, the pervasive establishment of wide- ranging 
invasive taxa established an ecological environment in which individuals 
be longing to specialist species could not survive, likely due to competitive 

Figure 12.4 Invasion intensity and mean geographic range size for Devonian benthos.
Invasion intensity records the number of interbasinal invasion events per conodont zone based 
on a compendium of species within 29 brachiopod and bivalve genera. Geographic range size 
calculated for the same set of taxa. Both the mean geographic range size for brachiopod and bi-
valve species and interbasinal invasion intensity increase during Frasnian crisis interval, shaded,  
compared with Middle Devonian (Givetian) background levels. Arrows in upper graph in-
dicate transgressive episodes of Johnson et al. (1985). Modified from Rode and Lieberman 
(2004).
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inter actions (Stigall 2012a). Competition among individuals of incumbent 
and invasive species is well documented in modern environments and is 
frequently cited as the key reason for community structure breakdown and 
reassembly following successful species invasions (Tilman 1994; Sanders 
et al. 2003; Lockwood et al. 2007; Mata et al. 2013). The differential suc-
cess of the invasive taxa occurs when the ecological breadth of that species 
is larger than the incipient species and the invasive population is able to 
secure a disproportionately larger share of the available resources (e.g., 
Sanders et al. 2003).

Impact of Late Devonian species invasions on speciation

The geographic mode of speciation within fossil clades can be assessed by 
examining biogeographic distributions within an evolutionary framework 
(fig. 12.2). To conduct this type of analysis, geographic ranges are opti-
mized onto the internal nodes of a species- level cladogram and shifts in 
geographic ranges between ancestor- descendant pairs are analyzed (Li-
eberman 2000; Wiley and Lieberman 2011). Episodes of vicariance are 
identified when a descendant occupies only a subset of the ancestral geo-
graphic range, whereas episodes of speciation by dispersal are identified 
when a descendant occupies a region different from or additional to the 
range of their immediate ancestor (fig. 12.2).

Application of this type of analysis to four clades of Devonian ma-
rine invertebrates— an order of phyllocarid crustaceans (Archaeostraca), 
two genera of rhynchonelliform brachiopods (Floweria and Schizophoria 
(Schizophoria)), and a genus of bivalves (Leptodesma (Leiopteria))— 
recovered evidence for vicariance in only 28% of speciation events and 
evidence for dispersal in 72% of speciation events (Stigall 2012a). This re-
sult is nearly opposite that reported from the modern fauna (74% vicari-
ance vs. 26% dispersal; Brooks and McLennan 1991). In addition, specia-
tion by vicariance is more frequent than speciation by dispersal within 
clades of Cambrian through early Devonian trilobites (Lieberman and El-
dredge 1996; Lieberman 1997, 2003; Congreve and Lieberman 2008, 2010)  
and Ordovician brachiopods (e.g., Wright and Stigall 2013; Bauer and 
Stigall 2014). Therefore, the decline in Devonian speciation rate can be 
classified more specifically as a decline in vicariant speciation. Notably,  
the Late Devonian reduction in speciation by vicariance contributed to a 
nearly complete loss of all speciation in each of these four lineages (fig. 12.3;  
Stigall 2010a).
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The key to understanding Late Devonian speciation collapse is to de-
termine why vicariant speciation effectively halted during this interval. A 
crucial requirement for successful vicariant speciation is geographic isola-
tion. However, sustained isolation was problematic in the Devonian seas. 
The range analyses of Rode and Lieberman (2004) revealed a dramatic ex-
pansion in mean geographic range size during the Frasnian, which would  
have reduced opportunities for isolation. This is particularly true among 
the lineages that survived the crisis interval; the ecological niche distribu-
tion modeling of Stigall Rode and Lieberman (2005a) demonstrated that 
only taxa expanding their geographic ranges during the crisis interval sur-
vived into the Famennian. Both native and invasive lineages would have 
had few opportunities to sustain geographic isolation required for specia-
tion as expansion of geographic ranges facilitated by sea- level rise pre-
vented effective long- term vicariance from ancestral populations. Rather, 
incipient species were more likely to be subsumed by geographic extension 
of the expanding ancestral species than to remain isolated and develop 
into new species.

The relative increase in geographic range size corresponded to a reduc-
tion in the number of narrowly ranging ecological specialist species. Al-
though the endemic biotas of the Middle Devonian included a mix of both  
specialist and generalist taxa, Late Devonian seas were dominated by ecolog-
ical generalists including both surviving native species and the new invasive 
species. Modern invasive species are characterized by broad en  vironmental 
tolerances (Lockwood et al. 2007). Devonian invaders were likely similar, 
because ecological tolerances of Devonian invaders must have been suffi-
ciently broad to allow colonization of both the invasion pathway and the 
new tectonic basin. Studies of modern and Cenozoic inva sive species have 
demonstrated that invader species regularly displace na tive species through 
higher resource efficiency (Johansson 2007) or competitive ability (Vermeij 
2005). Similar processes operating during the Late Devonian would have 
contributed to differential extinction of narrowly ranging ecological spe-
cialist species. Because specialist taxa, on average, exhibit higher speciation 
rates and contain more species per lineage than generalist taxa (Vrba1987; 
Kammer et al. 1997; Ozinga et al. 2012), the relative reduction of specialist 
lineages in the Devonian ecosystem would have further reduced speciation 
rates (Stigall 2012a).

In summary, widespread species invasions during the Late Devonian 
promoted the preferential extinction of specialist species and geographic 
expansion of generalist species (both native and invasive). This reduced 
opportunities for the geographic isolation that is required for successful 
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speciation, and thereby produced a negative feedback loop that facilitated 
the dramatic speciation depression of the Late Devonian.

Invasive Species and Speciation during the Richmondian Invasion

A regional wave of species invasions, termed the Richmondian Invasion, is  
recorded in the Late Ordovician strata that outcrop in the region surround-
ing Cincinnati, Ohio. This event comprises several waves of extrabasinal 
species invasions that recorded in the C4 and C5 depositional sequences 
(of Holland and Patzkowsky 1996) in the early Richmondian Stage of 
North American nomenclature (=Katian Stage) (Holland 1997; Holland 
and Patzkowsky 2007; Meyer and Davis 2009). The Richmondian Inva-
sion caused significant faunal reorganization within the Cincinnatian eco-
system; the stable community gradient of the prior five million years was 
disrupted and a new community structure emerged after the final set of 
invasions (Holland and Patzkowsky 2007; Patzkowsky and Holland 2007).

Because the Richmondian Invasion was localized, studies of the evo-
lutionary impact of the Richmondian invaders (e.g., Malizia and Stigall 
2011; Brame and Stigall 2014) have focused on a finer geographic scale 
than the Devonian analyses described in the last section. Nevertheless, 
similar patterns have emerged between the two events. Notably, specia-
tion was reduced following the invasion and differential biogeographic re-
sponses have been observed between native specialist and generalist taxa 
(Stigall 2010b). Differences in biodiversity patterns also exist between the 
Late Devonian and Richmondian Invasions. Examining the similarities 
between the relative impact of Ordovician and Devonian invaders pro-
vides a framework to identify common responses to invasive regimes, and 
exploring the differences may illuminate differential impacts of invasive 
species based on scale (global vs. regional) of the invasion.

Characterizing Richmondian species invasions

The Richmondian Invasion was a cross- faunal immigration event. Taxa new 
to the Cincinnati region included species from all trophic groups includ-
ing tabulate and rugose corals, nautiloid cephalopods, gastropods, bivalves, 
trilobites, and brachiopods (see Holland 1997 for a list of invader taxa). 
Particularly notable were introductions of species of rugose corals and rhy n-
chonellid brachiopods. Although some invasive genera (e.g., Rhynchotrema) 
were present in the Cincinnati region during the Mohawkian Stage ( Elias  
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1983), fewer than 25% of the Richmondian invaders were recurrent (Lam 
and Stigall 2015). Thus, the Richmondian Invasion was a true biotic im-
migration event. Invasive species arrived in several pulses beginning the 
C4 sequence and climaxing in the C5 sequence ( Holland and Patzkowsky 
2007; Holland 2008; Lam and Stigall 2015). Current data indicate that the 
invasion was multidirectional (fig. 12.5); some taxa apparently immigrated 
from paleoequatorial waters (cf. Elias 1983; Holland 1997), whereas others 
immigrated from other temperate epicontinental basins or basins marginal 
to Laurentia (cf. Jin 2001; Wright 2012; Wright and Stigall 2013; Bauer and 
Stigall 2014; Lam and Stigall 2015).

Figure 12.5 Invasive species transportation vectors mapped onto a paleogeographic recon-
struction of Laurentia in the Late Ordovician.
The star indicates the Cincinnati region. Current data support invasions from the paleoequa-
tor, and marginal basins near modern Anticosti Island and Oklahoma. A: Transcontinental 
Arch, T: Taconic Highlands. Modified from Stigall (2010b).
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Like the Devonian example, transgressive events were the most likely 
pathway by which species movements were facilitated, probably via lar-
val transport assisted by surface current circulation (Stigall 2010b; Lam 
and Stigall 2015). The pulsed nature of the invasion itself, however, may 
indicate that the transportation vectors from the various source regions 
did not operate simultaneously (Lam and Stigall 2015). The invasion has 
been linked to paleo- oceanographic changes that resulted in warm, low- 
nutrient waters replacing the former nutrient- rich temperate conditions 
in the Cincinnati region, thereby facilitating migration of equatorial taxa 
into the region (Holland 1993; Holland and Patzkowsky 1996). Migration 
from temperate regions may have been related to this and other oceano-
graphic vectors such as the Intra- Iapetus current and surface currents (see 
Lam and Stigall 2015).

Stigall (2010b) conducted a GIS- based study of biogeographic patterns 
of 49 species within 21 genera of rhynchonelliform brachiopods from the 
C1 through C6 sequences. Species occurrence data were compiled from 
museum and field collections by inspecting individual specimens. Species 
identification was based on morphological characteristics using morpho-
logical species concept based on original species descriptions from the pub-
lished literature. Results of range analyses showed that (1) native species 
with large geographic ranges preferentially survived through the invasion 
interval, (2) invasive species and native species that persisted into the inva-
sion interval had statistically larger ranges than native species that became 
extinct, (3) surviving native species had larger geographic ranges than in-
vader species during the invasion interval, (4) surviving native spe cies and 
invasive species had similarly large ranges after postinvasion com munity 
equilibrium was restored (Stigall 2010b). These results indicate that spe-
cies with broad geographic ranges— whether native or inva sive— persisted 
through the invasive interval of the C4 and C5 sequences and were the 
dominant species within the postinvasion ecosystem. As described above, 
species with broad geographic ranges typically also occupy broad ecologi-
cal niches. Therefore, the Richmondian Invasion follows the same basic 
pattern as the Great Devonian Interchange: broadly adapted taxa prefer-
entially survived and became more prevalent than narrowly adapted spe-
cies in the ecosystem during the invasion interval.

Impact of the Richmondian species invasions on speciation

Similar to the Frasnian stage of the Late Devonian, speciation was de-
pressed during the Richmondian Invasion. Only one speciation event can 
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be confidently identified among brachiopod lineages (the most common 
benthos) of the Cincinnati depositional basin during the C4 sequence  
(Stigall 2010b). Subsequent phylogenetic biogeographic analyses of four 
brachiopod genera identified zero speciation events during the invasion 
interval could be related to vicariance (Wright and Stigall 2013, Bauer and 
Stigall 2014). Thus reduced speciation, specifically depression of vicari-
ance, characterized the Richmondian Invasion. This is likely due to the 
preferential extinction of specialist taxa during the invasive inter val and 
the establishment of the same negative feedback loop described above  
for the Late Devonian (Stigall 2013).

A series of analyses utilizing ecological niche modeling (ENM, see My-
ers et al. 2015 for overview of methods) were recently conducted that pro-
vides an explanation for the loss of vicariance and speciation observed 
dur ing the Richmondian Invasion. This suite of analyses examined how 
both native and invasive species adjusted to the invasive regime, specifical ly 
whether species maintained the parameters of their ecological niches 
through time or evolved aspects of their niches and adapted to the chang-
ing condition (reviewed in Stigall 2014). Results from the combined set of 
analyses (i.e., Dudei and Stigall 2010; Malizia and Stigall 2011; Stigall 2011, 
2012b; Walls and Stigall 2011; Brame and Stigall 2014; Stigall and Brame 
2014) recovered a congruent pattern across native and invasive taxa from 
four phyla. Species and genera displayed high fidelity habitat tracking  
(= niche stability in geographic space) during the preinvasion interval but 
high levels of niche evolution during the invasion and postinvasion inter-
vals (fig. 12.6). During the invasion and postinvasion intervals, geographic 
niche stability declined indicating that habitat tracking deteriorated. How-
ever, taxa exhibited statistically higher similarity of specific niche param-
eters during and after the invasion.

This combination of high ecological niche similarity with limited habitat  
tracking indicates that species adjusted to the biotic invasion by reducing  
the variability of niche parameters (i.e., utilizing a smaller region of their pre-
vious niche dimensions) rather than by shifting to a new region of eco space 
(Stigall 2011; Brame and Stigall 2014; Stigall 2015). This result is con gruent 
with Holland and Zaffos’s (2011) analysis of environmental preference at 
the genus level. The retreat of surviving taxa into a portion of previously oc-
cupied ecospace is also congruent with documented competitive displace-
ment ( Tyler and Leighton 2011) and ecospace partitioning (Patzkowsky 
and Holland 2007) and provides an explanation for the relative success of 
generalist vs. specialist taxa during the Richmondian Invasion.
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Figure 12.6 Representative species distribution models illustrating relative niche stability 
patterns in geographic space before and after the Richmondian Invasion.
A– D: before the invasion; E– H: after the invasion. Vinlandostrophia ponderosa: projected 
species distribution of V. ponderosa in the C3- 1 time slice based on the niche model gener-
ated from species occurrence and environmental data of the C3- 1 time slice (A), predicted 
distribution of V. ponderosa during C3- 2 time slice generated by projecting the C3- 1 niche 
model onto the environmental layers of the C3- 2 time slice; this map shows the distribution of 
V. ponderosa during C3- 2 if the species niche had been completely conserved from timeslice 
C3- 1 (B), predicted distribution of V. ponderosa in C3- 2 time slice based on the niche model 
generated from species occurrence and environmental data of the C3- 2 time slice (C), overlap 
of maps B and C; high degree of overlap between the forward projection (B) and the C3- 2 
distribution model (C) is indicative of niche stability (D). Leptaena richmondensis: projected 
distribution of L. richmondensis in the C5- 1 time slice based on the niche model generated 
from species occurrence and environmental data of the C5- 1 time slice (E), predicted dis-
tribution of L. richmondensis during C5- 2 time slice generated by projecting the C5- 1 niche 
model onto the environmental layers of the C5- 2 time slice; this map shows the distribution 
of L. richmondensis during C5- 2 if the species niche had been completely conserved from 
timeslice C5- 1 (F), predicted distribution of L. richmondensis in C5- 2 time slice based on 
the niche model generated from species occurrence and environmental data of the C5- 2 time 
slice (G), overlap of maps F and G; high degree of overlap between the forward projection 
(F) and the C5- 2 distribution model (G) exhibits is indicative of niche stability (H). Modified 
from Malizia and Stigall (2011).
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The prevalence of niche contraction would have further reduced op-
portunities for taxa to shift to new ecospace (Stigall 2011). Because gen-
eralist taxa originally occupied broad ecological niches, there was a higher 
probability that a portion of that ecospace would remain habitable fol-
lowing the intense interspecific competition that typically develops during 
the invasive regime (Sanders et al. 2003; Mata et al. 2013). For specialist 
taxa, that probability was lower and extinction was a more likely outcome. 
Similarly, any incipient species with a limited population size and niche 
breadth would have experienced high competition resulting in a low like-
lihood for persistence and establishment of a new species. In fact, within- 
basin speciation resumed only after community gradients reestablished 
the C5 sequence (Stigall 2010b).

The primary impacts of invasive species during the Richmondian Inva-
sion, therefore, were to increase competition which promoted niche evo-
lution among invasive and native generalist taxa, a decline in native spe-
cialist taxa, and reorganization of a previously stable ecosystem into one  
constrained by competitive interactions (Stigall 2012b). These impacts con-
tributed to an environment that hindered the successful establishment of  
new species.

Synthesizing Invasive Species Impacts During the Devonian and 
Richmondian Invasive Regimes

From the two case studies presented above, several patterns emerge rela-
tive to the impact of invasive species on the process of speciation:

•	 Pervasive establishment of invasive species within an ecosystem produces a 

competitive regime deleterious to the survival of ecological specialists.

•	 The loss of specialist species reduces the species pool from which new species 

may arise. Because specialists have higher intrinsic speciation rates, the loss of  

such species from the ecosystem results in an overall decline in aggregate spe-

ciation rate.

•	 Native generalist taxa and invaders both undergo niche evolution during commu-

nity reorganization accomplished primarily by reducing variation within original 

niche parameters.

•	 The expansion of geographic ranges and prevalence of species with broad envi-

ronmental tolerances reduces the probability of sustained geographic isolation 

required for allopatric speciation to succeed. Incipient species are more likely 
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to be subsumed within the ancestral population again than retain geographic 

isolation long enough to accomplish speciation.

Thus, species invasions engender speciation decline in both direct and 
indirect ways. Range expansion during the invasive regime directly lim-
its geographic isolation, and consequently genetic exchange can continue 
unabated among subpopulations, which lowers the probability of success-
ful allopatric speciation. The loss of ecological specialists via competition 
or other indirect mechanisms reduces the number of lineages from which 
new species may form and thereby contributes to the reduction in spe-
ciation rate. Overall, the prevalence of ecological generalists and reduc-
tion in allopatric speciation can produce a depauperate fauna during or 
after the invasion interval for a sustained amount of time. The duration 
of these impacts may be related to the magnitude of the invasion; rang-
ing from ~1 million years for regional events like the Richmondian Inva-
sion to several million years for global events like the Great Devonian  
Interchange.

Notably, although the two case studies document similar patterns and 
mechanisms of speciation decline, the impact of species invasions on stand-
ing diversity differs. The global invasion of the Late Devonian interchange 
contributed to faunal homogenization and global biodiversity decline. The 
regional influx of invasive species during the Richmondian Invasion, how-
ever, resulted in a more diverse assemblage of taxa within the postinva-
sion communities ( Holland and Patzkowsky 2007). The difference in these 
outcomes is likely related to the hierarchical scales at which ecosystems 
were impacted. The Late Devonian invasions persisted over several mil-
lion years and impacted many depositional basins simultaneously. At this 
scale, widespread species invasions suppressed speciation for an extensive 
time. When coupled with the other Earth system events that occurred dur-
ing the Late Devonian (i.e., widespread basin anoxia, global cooling), this 
produced a tremendous drop in biodiversity, in terms of both per capita 
diversity as well as ecological diversity (McGhee et al. 2013). On the other 
hand, the Richmondian Invasion primarily impacted a single region, and 
speciation was reduced for only one million years. The more limited na-
ture of the invasion coupled with limited environmental change (i.e., mi-
nor climatic warming, oceanographic circulation shifts, and gradual basin 
infilling) allowed the community structure to reassemble rapidly and the 
documented ecological partitioning enabled a higher total species count 
on the seafloor.
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Implications for Modern Biodiversity

Invasive species are a major threat to modern ecosystems and cause bil-
lions of dollars in economic damage annually (Sala et al. 2000; Pimentel 
et al. 2005). Due to their significant impact on modern ecosystems and 
government budgets, the effects of invasive species on modern ecosystems 
are intensely studied and aspects of their immediate and short- term eco-
logical impacts are well understood (reviewed in Lockwood et al. 2007; 
Davis 2009). Because the long- term impacts of species invasions are dif-
ficult to assess on the ecological timescales available to biologists, study-
ing analogous ancient invasions preserved in the fossil record can help to 
establish an understanding of the long- term impacts of invasive species on 
modern biodiversity.

Two case studies examined herein, the Late Devonian Biodiversity Cri-
sis and the Late Ordovician Richmondian Invasion, provide insight into 
the effect of invasive species on speciation processes and ecosystem struc-
turing. During both intervals, invasive species are characterized by broad 
ecological tolerances, broad geographic ranges, and higher than average 
survival potential through the crisis interval. Among the native species, 
narrowly adapted ecological specialists are more likely to become extinct, 
while broadly adapted generalist species persisted through the invasion 
interval by modifying aspects of their ecological niche through niche evo-
lution. In addition, the formation of new species was effectively halted 
during the invasion intervals due to reduced opportunities for geographic 
isolation and vicariance.

Modern invasive species have been observed to decimate local com-
munity diversity (Blaustein 2001), cause extinction of native taxa via over 
predation (e.g., Fritts and Rodda 1998), reduce ecosystem complexity 
(Lockwood et al. 2007), and have other deleterious impacts on local eco-
systems. The pressure these invasive taxa apply to speciation, however, 
cannot be quantified on an ecological (=experimental) timescale, and con-
sequently has not yet received as much attention from conservationists. If 
the impacts of invasive species of the Late Devonian and Late Ordovician 
are representative of long- term ecological impacts of invaders, then these 
impacts should be considered within a conservation paradigm. The impli-
cations for specialist taxa are the most significant. Many modern species 
of this type are already reduced to small population sizes due to habitat 
loss and are often listed as threatened or endangered on the IUCN red list 
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(http://www.iucnredlist.org/). The additional pressure applied by invasive 
species is likely to cause additional complications for these lineages. Due 
to constraints of time, personnel, and finances, it may not be possible to 
preserve all species alive today, and thus may be prudent to focus efforts 
on the more broadly adapted of the threatened taxa.
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Fossil Species Lineages and Their  
Defining Traits: Taxonomic  
“Usefulness” and  
Evolutionary Modes
Melanie J. Hopkins and Scott Lidgard

Introduction

Within a decade after punctuated equilibrium was first proposed ( El-
dredge and Gould 1972), the theory had come under considerable 

criticism. While most of the uproar was about the veracity of its tenets, or 
perceived and sometimes proclaimed threats to neo- Darwinian theories 
(Princehouse 2009, Sepkoski 2009), a few critics also alleged a potential 
tautology in its formulation. Their fundamental concern was the confla-
tion of the identification of stasis and speciation events with the identifica-
tion of the fossil species themselves ( Levinton and Simon 1980, Levinton 
1983, Rieppel 1984; see also Stamos 2002). Levinton and Simon (1980) ar-
gued that because, in paleontology, “characters which evolve sporadically 
(i.e., remain for long periods unaltered and then undergo rapid change) 
are ideal species- defining characters” (136), it was inevitable that paleon-
tologists saw punctuations in the fossil record and associated them with 
speciation events.

A few years prior to Levinton and Simon’s critique, Gingerich (1976) 
had hinted at this tautology when he discussed previous systematic work on 
Hyopsodus, an Eocene hoofed mammal. Species had been formerly defined 
based on a typological approach using a well- preserved skeletal trait. In the 
jaw of Hyopsodus, the length of one molar had been categorized as “small,” 
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“medium,” or “large,” leading workers to postulate separate lineages per-
sisting unchanged through time, with new lineages appearing abruptly. In 
contrast, Gingerich demonstrated that the distribution of variation in mo-
lar length within samples of fossil populations shifted rather steadily over 
time, implying that such distinctions within and between stratigraphically 
successive populations were arbitrary. He argued that the pattern was more 
consistent with gradual rates of divergence than with episodes of rapid, re-
latively abrupt divergence. Similarly, Schopf (1981) claimed that paleontol-
ogists, faced with the incompleteness of the fossil record, tended to assign 
morphological variation to previously described species rather than erect-
ing numerous “new” species as observed patterns of variation might war-
rant. He argued that this practice “covertly encourages the view that stasis, 
rather than incipient speciation, is the norm” (159; see also Scott 1976 ). 
Later in the same paper, Schopf noted (1) that the process of preservation 
limited the amount of material available to the paleontologist for species 
recognition; (2) that long- lived abundant (and presumably more stable) 
species are more likely to be sampled than short- lived rare species; and 
most relevant to this paper, (  3) that any interpretation of stasis or nonstasis 
depended on the taxonomic philosophy of the systematist, citing Raup and 
Crick’s (1981) reexamination of Brinkmann’s (1928, 1929) study of morpho-
logical change in the Jurassic ammonite Kosmoceras. Schopf (1982) later 
expanded on these same concerns.

Eldredge (1995) apparently interpreted Levinton and Simon’s argument 
as a claim that species could not be recognized in the fossil record. Having 
put forward that one of the accomplishments of the theory of punctuated 
equilibrium was reconciliation between the biological species concept and 
patterns of stasis and transformation in the fossil record, he may have as-
sumed that Levinton and Simon were arguing more specifically that repro-
ductive isolation could not be demonstrated in the fossil record. Thus, he 
countered that Recent species are typically identified by morphology as 
well, and that concerns regarding over-  or underestimating species diversity 
because of polymorphism or sibling species, respectively, applied equally 
to biologists as to paleontologists. Gould responded indirectly to Levinton 
and Simon’s argument by specifying criteria for identifying which punctua-
tions were also likely to be speciation events, thereby defying the charge 
that paleontologists necessarily associated all punctuations with specia-
tion. In particular, he suggested that cladogenesis must be demonstrated 
by observing the survival of the ancestral species following the origination 
of the descendant species (Gould 1982, 2002). Other punctuations were 
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inconclusive or might represent rapid anagenesis (or branching specia-
tion where the ancestor did not survive). However, Gould did not address 
Levinton and Simon’s assertion that species in the fossil record exhibit sta-
sis by definition.

This assertion is scrutinized, however, in a current philosophical cri-
tique (Turner 2011). Turner argues that because species definitions and 
the criteria that discriminate species are not necessarily the same (rather, 
morphology is the only available test of species membership in the fossil 
record), the tautology arises only when paleontologists both use the mor-
phological species concept and claim that species do not undergo much 
morphological change during their existence. However, he acknowledges 
that if, in practice, paleontologists never classify two morphologically dis-
tinct fossil specimens from different time periods as the same species, they 
will never end up recognizing cumulative change within species, and thus 
they leave themselves with no way of disconfirming stasis.

In this paper, we address these concerns empirically. The data used in 
this study have been gathered from paleontological studies published dur-
ing the last 50 years, each of which documents morphological evolution 
at or near the “species level” through successive stratigraphic intervals 
( Hopkins and Lidgard 2012). For the purposes of this study, a “species” is 
a suite of samples of specimens, all of which have been given one name at 
the discretion of the original author(s) (e.g., Globorotalia truncatulinoides, 
Lazarus et al. 1995). A “lineage” is a suite of samples of specimens that 
have been subdivided based on morphological variation that corresponds 
with differences in stratigraphic position (and thus temporal arrangement) 
and given several names, but are understood to be related to one another 
evolutionarily (e.g., Miniochoerus chadronensis- affinis- gracilis, Prothero 
and Heaton 1996). Species as primary units in systematics are largely a 
categorization with definitional import, as witnessed by the plethora of 
species concepts and conflicts among concepts when applied to living or 
fossil domains of study (for example, Allmon [chapter 3], Miller [chap-
ter 2], and Hageman [chapter 5], this volume). This is not our principal fo-
cus. Rather, we are concerned with the evidential role of fossil species and 
species lineages— and characters selected to represent them— in discrimi-
nating among different manifestations of evolutionary tempo and mode 
( Hunt 2012). To this end, we apply a consistent analytical protocol in order 
to estimate the mode of evolution of individual, quantitatively described 
size and shape traits for such fossil species or lineages (see Methods). 
Then, without recourse to these results, we assess the taxonomic utility of  
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each trait with respect to discriminating its relevant species from other 
similar species. Our assessment is based directly on the taxonomic descrip-
tion used by each study’s author(s) or on the systematic literature cor-
responding to each species as identified and analyzed in the study. Here, 
theoretical commitments to a particular species concept and use of a given 
trait in prior classificatory practices that are normative among students of 
a particular group of organisms may both come into play. Our procedures 
attempt to be agnostic respecting these two points. Because the overall da-
taset includes representatives from across eukaryotes and throughout the 
fossil record, our results should be broadly applicable and cannot be con-
sidered unique to one taxonomic group, geographical region, or period of 
time. By comparing the results of our analysis of the evolutionary modes 
shown by individual traits with the qualitative assessment of “usefulness” 
of these traits in taxonomic/phylogenetic species categorization, we are 
asking: how often do the traits used to delimit fossil species overlap with 
the traits under analysis as morphological proxies for temporal patterns of 
species evolution? More pointedly, does the taxonomic “usefulness” of a 
trait correspond to the mode of evolution it expresses—  or the perceived 
mode of evolution of the species it helps to define?

Single Traits, Species Boundaries, and Evolutionary Modes

For organisms with even moderately complex morphologies, there are in-
evitably more traits that could be chosen to delimit species and measure 
evolutionary change than actually are chosen to serve in proxy roles for 
these purposes. What may be surprising is the large extent to which the pat-
terns of single traits have dominated empirical fossil tests of evolutionary 
mode— canonical patterns of stasis, gradualism, and random walks ( Hunt 
2007, 2012)— in the wake of punctuated equilibrium 40 years ago. In a re-
cent synthetic analysis of evolutionary modes among 635 traits across 153 
fossil species lineages, Hopkins and Lidgard (2012) reported that only 17% 
were generated using multivariate methods. Most of these latter traits come 
from studies published in the last 20 years, with some notable early excep-
tions (e.g., Lohmann and Malmgren 1983). In addition, 78% of the univari-
ate size traits are simple length measurements and 77% of the univariate 
shape traits (excluding meristic traits) are ratios of length measurements. 
To be clear, these findings derive only from those studies we selected be-
cause they recorded trait data from a stratigraphic series of fossil species 
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populations, hereafter referred to as sequences (see Methods). Of the 635 
total traits, most were measured and analyzed as single parts rather than 
as character complexes or in a multivariate context, even where sets of sev-
eral discrete traits were initially obtained from the same species or lineage. 
Thus a large portion of the empirical basis for our current understanding of 
the relative frequencies of different evolutionary modes in the fossil record 
is related to patterns of variation of single traits, either within coeval popu-
lations or through temporal sequences of populations.

The role of single traits in these results takes on added significance as 
one considers genealogical continuity, even as paleontologists interpret dis-
tances or gaps between entities in morphospace, and hence nominate fossil 
species. To the degree that this continuity must be present, one must also 
grant that species have fuzzy boundaries (Rieppel 2007, 2008; Harrison 
and Larson 2014), on a range of timescales and independent of how dif-
ferent systematists choose particular traits and employ them to individu-
ate taxa. Even more importantly, different traits measured from the same 
monospecific series of fossil population samples or from a series of chro-
nospecies often show different modes or rates of evolution (fig. 13.1), and 
may conflict with the overall pattern of morphological change (Hopkins 
and Lidgard 2012, Wagner 2012). Some workers (Raup and Crick 1981, 
Levinton 1983, Cheetham 1987) have explicitly wondered whether single 
traits adequately represent species- level change. Notably, within the bryo-
zoan genus Metrarabdotos, the minority of traits that depart from the static 
patterns seen in overall species morphology are relatively unimportant in 
distinguishing species, particularly ancestors and descendants (Cheetham 
1987). Similarly, Smith and Paul (1985) noted that characters that served to 
distinguish the echinoid Discoides subucula from other congeners did not 
show any detectable change through time within the species.

As noted above, paleontologists rely on morphological variation to de-
termine species. However, concepts differ in how that variation is used to 
delimit species, depending on the epistemic goal of the study. For example, 
studies based in cladistic parsimony look for changes in otherwise invari-
ant traits, studies using numerical phenetics may claim measureable traits 
are all equivalent, and biostratigraphic studies may seek out (directionally) 
variable traits for finer temporal resolution. Even within these categories, 
some workers divide specimens more finely than others (“splitters” vs. 
“lumpers”). For the purposes of this study, we have accepted the species 
delimitations in the original studies that contributed to the dataset, which 
in total may comprise different species concepts. Rather than focusing on 
whether the “species” described in each of the sequences analyzed is a 
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“true” species under any particular species concept, we examine how the 
practice of delimiting species influences the choice and evidential role of 
traits used in analyzing trends in the fossil record. Because of this, our re-
sults may inform trait choice for species- level studies of tempo and mode of 
evolution, but likely not trait choice for taxonomy and systematics, as this 
is usually specific to different groups, and also limited by which organismal 
parts are regularly preserved. For these latter subjects, we refer the reader 
to other papers in this volume (e.g., Allmon, chapter 3; Ausich, chapter 10; 
Budd and Pandolfi, chapter 7; Schweitzer and Feldman, chapter 9).

If traits were largely selected because they had prior taxonomic impor-
tance, then we expect to see an overlap between the traits chosen for ana-
lyses of evolutionary mode and the traits used to define the species. How-
ever, such expectations (and interpretation) depend critically on whether  

Figure 13.1 Results from Hopkins and Lidgard (2012).
(A) Ternary diagram showing AICc weights for each model for each analyzed trait (see 
Methods). Strongly supported traits shown in gray. (B) Stacked histogram showing distribu-
tion of species lineages where all measured univariate traits show same evolutionary mode 
(black) and where evolutionary mode varies across measured traits ( gray).
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a sequence is made up of a single species or of a lineage, as defined above. 
Typically taxonomically useful traits show more interspecific variation 
than intraspecific variation. Thus within single species, we expect taxo-
nomically useful traits to be more frequently characterized by stasis. Con-
versely, within lineages, we expect taxonomically useful traits to be more 
frequently characterized by directional change or random walk.

Methods

Data collection

We began with the results from a previous study investigating the relative 
frequency of directional change, unbiased random walk, and stasis in the 
fossil record ( Hunt 2007). This dataset consisted of model selection results 
for 251 sequences from 32 publications, where a sequence is a temporal se-
ries of samples belonging to a fossil species or lineage as defined in the in-
troduction to this chapter. The data come almost entirely from sequences 
of samples taken from single localities or cores. We excluded 9 sequences 
because they did not meet our selection criteria (see below). We added an 
additional 393 sequences from 61 references (Hopkins and Lidgard 2012). 
Model selection (see below) requires trait means, variances, sample sizes, 
and relative stratigraphic position or age. We included sequences if there 
were at least 6 temporal samples with 5 or more specimens; of these, we 
excluded sequences if the analysis was at the genus level and samples were 
not clearly monospecific (e.g., Sheldon 1987, Grey et al. 2008) or if one or 
more of the above four parameters went unreported (typically sample size 
or variance, e.g., Cheetham 1986, Sorhannus et al. 1988, Cheetham et al. 
2007), including situations where only the order of samples was reported 
(e.g., Reyment et al. 1977). The dataset is made up of both micro-  and mac-
rofossils from marine shelf, deep sea, open ocean (  pelagic), terrestrial, and 
lacustrine environments, including brachiopods, bryozoans, echinoderms, 
mammals, fish, mollusks, conodonts, ostracods, trilobites, planktonic and 
benthic foraminiferans, diatoms, and radiolarians. Sequences range from 
0.01 My to 35.6 My long with a median duration of 2.8 My.

Model selection

In order to determine whether a sequence is best characterized by direc-
tional change, a random walk, or stasis, we used the model selection crite-
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ria developed by Hunt (2006). Here directional change is represented by a 
random walk with a mean and variance step size, where the step size is the 
difference in trait means between successive samples and the step sizes are 
assumed to be normally distributed. The magnitude of the mean step size 
determines the magnitude of the shift in trait means in that direction. An 
unbiased random walk is simply a special case where the mean step size is 
0. In both cases the variance of the step size determines the volatility of the 
random walk. Stasis is modeled using two parameters: the optimum phe-
notype (θ) and the magnitude of fluctuations around the mean (ω) (Sheets 
and Mitchell 2001, Hunt 2006). Here the trait values across samples are ex-
pected to be normally distributed and the expected step size for each tran-
sition is the difference between the ancestral trait value and the optimum; 
steps will tend to be negative if the trait value in the ancestral population 
is greater than θ and steps will tend to be positive if the trait value of the 
ancestral population is less than θ. Thus, in contrast to the random walk 
models, the expected step size is not constant but varies as a function of 
the trait value of the ancestral population. In addition, the mean step size 
need not be 0 for change in the trait value to be constrained by θ. Under a 
random walk model, divergence is expected to occur with time even if the 
average step size is 0.

The mode of evolution that best characterizes each sequence was de-
termined using the corrected Akaike information criterion, which takes 
into account both the log likelihood (L)1 of each model given the data and 
the number of free parameters (K ) in the model, and includes a correc-
tion for finite sample size:

AICc = 2L + 2K +(2K[K + 1]) / (N K 1),−− −

1. The likelihood of a hypothesis, given some outcome, is a central concept of statisti-
cal inference. Likelihood is proportional to probability but allows different hypotheses to 
be compared to one another in relation to a particular outcome, whereas probability deals 
with a single hypothesis and many possible outcomes. For example, given the hypothesis that 
the probability of having a male child is 0.5, the probability of having any combination of 
boys and girls may be calculated and compared. In contrast, if a family is observed to have 2 
boys and one girl, the likelihood of the hypothesis can be calculated and compared to other 
hypotheses (such as the probability of having a male child being equal to 0.3). See A.W.F. 
Edwards, Likelihood, Expanded Edition (Baltimore, MD: Johns Hopkins University Press, 
1992).
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where N is the number of observations. The approximate probability that 
each of J models is the best candidate (i.e, the Akaike weight, wi) is

wi
i

j

J
j= −







 −









∑ =

exp exp ,
∆ ∆

2 21

where Δi = AICi − min(AIC). The sum of the Akaike weights across the set 
of models is equal to 1 (Burnham and Anderson 2002, Hunt 2006). AICc 
results are provided in Hopkins and Lidgard (2012) and appendix A. Analy-
ses were carried out using the paleoTS package for R (see Hunt 2006, 2008).

In many cases, two or more models may have very similar AICc 
weights. Thus even though one of the models is best supported, other 
models cannot be ruled out confidently. Because of this, we also evalu-
ated separately the subset of sequences for which the best supported evo-
lutionary mode was also much more strongly supported than the other 
models. We considered a model sufficiently more strongly supported if its 
AICc weight was 2.7 times the size of the second best supported model. 
This criterion corresponds to the “rule of 2,” where a model is considered 
well supported compared to the other models if the difference in likeli-
hood values is greater than 2 (Burnham and Anderson 2002). In other 
words, if L1 / L2 > 2, then w1 / w2 > 2.7. However, this is an arbitrary cut-
off and should not be interpreted as a level of statistical significance. We 
chose not to use the stricter criterion of an AICc weight of 0.89 (the likeli-
hood criterion of rejecting a hypothesis when an outcome is eight times 
[or more] less probable [  Wagner et al. 2006]) because this reduced the 
dataset by over 70% (Hopkins and Lidgard 2012).

Assigning taxonomic importance

In determining whether a trait was useful for classification, the primary ref-
erence we used was the paper that presented the temporal sequence data 
(hereafter referred to as the “primary source”). For cases where the taxo-
nomic affinity of specimens and/or the status of subspecies and species within 
genera are disputed, we gave the opinion stated in the primary source prior-
ity over other opinions because the data provided was based on these des-
ignations. For example, even if other workers had split a set of specimens 
into two groups based on the distribution of variation in a trait, if the pri-
mary source lumped specimens together into one “species” regardless of this 
distribution— i.e., did not use that trait to separate congeners— then that 
trait would be coded as “not useful” for classification.

 EBSCOhost - printed on 2/13/2023 7:23 AM via . All use subject to https://www.ebsco.com/terms-of-use



375m. j. hopkins and s. lidgard

In the majority of cases, the taxonomy is not currently disputed. Often, 
the primary source included discussion on the merits of different traits 
for taxonomy and thus provided the necessary information to code the 
analyzed traits. Otherwise, we consulted papers cited within the primary 
source. Finally, in cases where taxonomy was not discussed nor references 
provided in the primary source, we turned to previous papers written by 
the same authors, to contemporary papers written by other authors on the 
same taxa, or lastly to the original descriptions of the species.

If traits were included in the diagnosis of a taxon or in a discussion of 
how the taxon differs from congeners, they were considered “useful” for 
clas sification. Traits that were not discussed but clearly correlate with use-
ful traits (either logically or empirically) were also considered “useful” for 
classification. For example, Fermont (1982) used the thickness of the test 
to distinguish between species of the foraminiferan Discocyclina. Since the 
thickness correlates with the size of the embryon, size- dependent traits such 
as the degree to which the protoconch is enclosed by the deuteroconch and 
the number of periembryonic chambers were also considered useful for 
classification. Traits that were dismissed by workers because they are envi-
ronmentally sensitive were considered “not useful” in classification, as were 
traits useful at higher taxonomic levels but shared by congeners. Traits that 
were not mentioned in any of the consulted literature and did not obviously 
correlate with useful traits were also coded as “not useful.”

With the exception of biometric studies that explicitly use the results 
from multivariate analysis to group specimens, the interpretation of multi-
variate traits (i.e., traits defined by some combination of single traits, such 
as ordination scores) as useful or not useful for classification is less straight-
forward than for univariate traits. Nevertheless, it is possible to categorize 
such traits when it is known how multivariate axes describe the morphology. 
For analyses based on traditional morphometric traits (such as length mea-
surements), the loadings of each trait on different ordination axes may be 
used to infer which axis would have taxonomic value. Higher- order ordina-
tion axes on which taxonomically useful traits load heavily may themselves 
be considered taxonomically useful when workers infer species difference 
from larger distances between specimens or clusters in a multivariate space, 
due to separation along these axes. For analyses based on landmark data, 
deformation plots of the ordination axes can be used to infer the morpho-
logical variation described by that axis and compare it to the variation used 
to designate the species in the first place. Finally, any traits derived from 
canonical variates analysis (CVA) were excluded because the results of a 
CVA depend on predefined groups. While it could be argued that the CV 

 EBSCOhost - printed on 2/13/2023 7:23 AM via . All use subject to https://www.ebsco.com/terms-of-use



376 chapter thirteen

axes are simply a concise description of the traits that were used for the 
original specimen designations or could be used to identify additional traits 
that separate groups, specimens must already be assigned to a species prior 
to the analysis, and thus the CV axes themselves cannot logically be used as 
discriminating characters.

We were able to code 92% of the 635 sequences (appendix A). Justifica-
tion and references for all coding assignments are provided in appendix B. 
However, because of the difficulty with coding multivariate traits, we also 
analyze the subset of sequences where only single traits were measured.

Results and Discussion

Overall, there is a strong relationship between the taxonomic usability of 
a trait and the mode of evolution that best characterizes change in that 
trait: the majority of traits that show directional change or a random walk 
are taxonomically useful while a slight majority of traits that show stasis 
are not useful or unused (table 13.1, G- test = 24.40, p < 0.001). Recall also 
that in the vast majority of primary studies, taxonomically useful traits 
had been established prior to the morphological trend analyses them-
selves. However, this relationship between trait usability and evolution-
ary mode is driven primarily by traits measured from lineages rather than 
from species (table 13.2, G- test for lineages = 43.170, p < 0.001; G- test for 
species = 1.149, p = 0.563). This is true for subsets of the dataset as well, 
including (1) traits where the best supported model was also strongly sup-
ported (G- test for lineages = 20.287, p < 0.001; G- test for species = 2.831,  
p = 0.243), (2) shape traits (G- test for lineages = 25.348, p < 0.001; G- test 
for species = 3.096, p = 0.213), (3) size traits (G- test for lineages = 19.070, 
p < 0.001; G- test for species = 0.229, p = 0.892), and (4) single (i.e., not 
derived from multivariate analysis) traits (G- test for lineages = 39.412, 
p < 0.001; G- test for species = 2.524, p = 0.283) (table 13.2). Thus, traits 
useful for taxonomic categorization of species do influence the evidential 
role that they play in discriminating a particular mode of evolution for 
lineages but not for species. In particular, within lineages, traits that show 
directional change are also those that have been taxonomically useful and 
those that show stasis are not useful, whereas within species, useful and 
not useful traits are almost equally distributed among modes of evolution.

None of the temporal sequences that document a trait best character-
ized by directional change are longer than 10 million years (My). This is 
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TABLE 13.1 Summary of traits measured from all sequences. 
The majority of traits showing directional change (GRW) and 
unbiased random walk (URW) are also taxonomically useful 
while a slight majority of traits showing stasis are not useful.

Taxonomic usability

Counts

GRW URW Stasis

not useful 9 107 131
useful 25 200 111

TABLE 13.2 Summary of traits measured from all lineages and all species as  
well as subsets of the entire dataset. Within lineages, the majority of traits 
showing directional change (GRW) or unbiased random walk (URW) are also 
taxonomically useful while the majority of traits showing stasis are not useful. 
Within species, modes of evolution are more evenly distributed among useful 
and nonuseful traits.

Dataset
Taxonomic 
usability

Counts

GRW URW Stasis

all lineage not useful 3 46 55
useful 22 125 32

species not useful 6 61 76
useful 3 65 79

only strongly supported lineage not useful 1 23 43
useful 5 63 27

species not useful 0 43 65
useful 2 45 63

only shape traits lineage not useful 2 16 28
useful 14 71 20

species not useful 4 25 40
useful 1 36 45

only size traits lineage not useful 1 30 27
useful 8 61 12

species not useful 2 36 36
useful 2 29 34

only single traits lineage not useful 3 44 54
useful 21 120 31

species not useful 6 58 55
useful 3 58 72
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consistent with the view that directional change can occur over shorter 
geological timescales, and may be documented only infrequently because 
temporal resolution is not fine enough to capture the change in the fos-
sil record (Hunt 2010). Some paleontological time series do demonstrate 
rapid transitions (e.g., Hunt et al. 2008). Transitions so rapid that they 
are unlikely to be captured by normal taphonomic processes in the fos-
sil record have been shown for living populations (Hendry and Kinnison 
1999). However, like Hunt (2007), we found no relationship between du-
ration and mode of evolution (G- test = 6.9521, p = 0.138 using the 33rd 
and 67th percentiles to divide up the distribution) or temporal resolu-
tion (mean spacing between samples) and mode of evolution (G- test = 
3.257, p = 0.516). Interestingly, the median duration for the traits showing 
directional change (4 My) is higher than that for either traits showing a 
random walk (2.4 My) or stasis (3 My). It is possible to account for this 
by noting that sequences where traits are measured within a lineage are 
often (but not necessarily) longer than those where traits are measured 
over species (fig. 13.2), and most traits showing directional change were 
measured using taxonomically useful traits within lineages. Nonetheless, 
because many traits measured over short temporal durations show either 
a random walk or stasis, it appears that species- lineage directional change 
sustained over millions of years is indeed rare.

Some studies that analyzed traits showing directional change targeted 
taxonomically useful traits from intervals of the rock record where transi-
tions between species were occurring. For example, Kucera and Widmark 
(2000) explicitly chose to measure univariate characters that were used to  
discriminate end- members species within a sequence, and variable loadings 
indicate that the first eigenshape captures the variation within these charac-
ters. Other studies attempted to select at least some traits that had not been 
used for taxonomy (e.g., Kelley 1983). In fact, over half of the studies used 
a mixture of both useful and nonuseful traits in their analyses of morpho-
logical change through time (fig. 13.3A). In addition, studies that analyzed 
trends within lineages relied much more frequently on a mixture of traits 
than studies that analyzed trends within species (Fig. 13.3B, C), though pos-
sibly because the median number of traits measured per study is higher for 
lineages (8) than species (4), and thus there was more “opportunity” to  
select a mixture.

Very few of the studies analyzing within- lineage patterns included 
enough sampling to divide the sequence into segments represented by 
only one species. However, data from the radiolarian Striatojaponocapsa 
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plicarum- synconexa lineage (Hatakeda et al. 2007) allowed us to compare 
the relationship between mode of evolution and taxonomic usefulness at 
the species level and lineage level within the same sequence. Hatakeda et al.  
used 6 length measurements, 2 length- length ratios, and 1 meristic trait in 
Striatojaponocapsa from Japan. At the Hoshakuji locality, they sampled 
12 horizons, the lower 4 containing Striatojaponocapsa plicarum and the 
upper 8 containing its putative descendent Striatojaponocapsa synconexa 
(fig. 13.4). Within this sequence, 5 traits were best characterized by an 
unbiased random walk, 3 by stasis, and 1 by directional change (Hopkins 
and Lidgard 2012). The trait that showed directional change, the width 
of the basal appendage, is also taxonomically useful (Appendix A, B). 
However, if only the upper eight samples containing S. synconexa are ana-
lyzed, change in the width of the basal appendage is best characterized 
by stasis (AIC weights, GRW: 0.045; URW: 0.247; Stasis: 0.708). Thus in 
this study where stratigraphic resolution is sufficiently high, our hypothe-
sized pattern— that taxonomically useful traits typically show directional 
change when measured over lineages and stasis when measured over spe-
cies— is indeed demonstrated.

Yet this example belies our actual results, which show no strong relation-
ship between mode of evolution and taxonomic usefulness in traits mea-
sured within species. One reason we may not have found the hypothesized 

Figure 13.2 Histogram of temporal durations of sequences analyzed from lineages (upper 
panel) and from species (lower panel).
Black vertical line shows median duration.
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Figure 13.3 Stacked histogram of number of traits measured per study for all studies (A), just 
lineages (B), and just species (C).
Studies shown in black are those where all traits measured were considered not useful for 
taxonomy; studies shown with hatch marks are those where all traits measured had taxonomic 
utility; studies shown in grey measured a mixture of useful and not useful traits.
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pattern in species is our method for determining taxonomic utility. We 
considered traits to be useful if they had been used in species- level taxon-
omy, specifically if they had been used to discriminate between congeners. 
However, traits recognized for definition of higher- level taxonomic ranks, 
such as those used to define the genus or family, may be expected to show 
stasis within the species that belong to that genus or family. The relative 
proportion of useful to nonuseful traits showing stasis in species may thus 
be biased by this focus at the species level: traits that are static at the genus 
level will obviously be static at the species level, even though these same 
traits may not be mentioned in species- level determinations. Similarly, the 
relationship seen between taxonomic usefulness and mode of evolution 

Figure 13.4 Change in mean width of the basal appendage in Striatojaponocapsa plicarum- 
synconexa from a single stratigraphic section (Hoshakuji, Japan; Hatakeda et al. 2007).
Change in mean width of the basal appendage is a taxonomically useful character in this 
genus (see appendix B). The entire sequence is best characterized by directional change 
(Hopkins and Lidgard 2012), but the trend is best characterized by stasis if only the upper 8 
samples containing S. synconexa are analyzed (see text).
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within lineages may be driven more strongly by differences between use-
ful and nonuseful traits showing directional change and unbiased random 
walk compared to differences among traits showing stasis. Finally, when 
traits were not discussed in systematic descriptions, we conservatively 
interpreted these as “not useful” for taxonomy. However, some of these 
traits may actually be quite useful. One way to test this would be to iden-
tify a subsample of the data for which the systematics and phylogenetics 
has been recently revised, and compare both the assignments of individual 
traits as well as the effect on the overall results if taxonomic usefulness is 
in ferred from phylogenetic analysis rather than systematic descriptions  
(S. Carl son, pers. comm., 2013). With regard to the above concerns, we 
borrow a recommendation from Hageman (chapter 5, this volume), that 
“selection of morphologic features . . . should be given careful consider-
ation at the outset, so as to maximize the utility of a given study.”

One aspect that remains puzzling concerns the number and distribu-
tion of traits that show a random walk: we cannot explain why so many 
traits showing an unbiased random walk are also taxonomically useful, 
particularly within lineages. It is possible that this reflects choices made by 
taxonomists working with varying degrees of geographic and stratigraphic 
completeness. In addition, the temporal sequences analyzed in this data-
base were sampled largely from single localities. Perhaps at the level of 
species, taxonomically useful traits show some distribution of variation  
that is more or less invariant through time but fluctuates locally (e.g., Lieb-
erman et al. 1995). We suggest that one important avenue for future stud-
ies will be further exploration of this and other possible explanations.

Overall, our results suggest that the temporal patterns that paleontolo-
gists have documented in the fossil record have been influenced by taxo-
nomic practice, insofar as some of our expectations were realized. None-
theless, the results remain open to some degree of interpretation: traits 
that have been used for taxonomy do not always show the expected mode 
of evolution. Given that modes (and thereby rates) of morphological evo-
lution often vary among morphological traits within species lineages (Hop-
kins and Lidgard 2012), one putative solution is to measure more traits. 
But simply adding more traits does not by itself guarantee a solution to 
distinguishing the “real” taxon, phylogenetic tree, or evolutionary mode. 
Systematists and taxonomists, whether paleontologists working on skeletal 
morphology or biologists working with molecular genetic sequences, ac-
cept the largely untested assumption that adding more data will cause their 
main result, a hierarchical tree, to converge statistically. Yet the biological 
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foundation for expected convergence is contested and varies across infer-
ence methods and organisms ( Wagner 2000, Delsuc et al. 2005, Doolittle 
and Bapteste 2007). Moreover, we found that problems in discerning evo-
lutionary mode for fossil species and lineages persist even as the number 
of measured traits is increased dramatically (Hopkins and Lidgard 2012). 
Another potential problem is the exhaustion of morphological character 
states among fossil taxa ( Wagner 2000). As fossil clades diversify, homo-
plasy increases and the ability to distinguish congruent homoplasy from 
congruent homology in the structure of phylogenies becomes ever more 
problematic. One implication of this work is that even though single traits 
are used to characterize species and also to describe evolutionary change 
within species, traits (or trait changes) within lineages are not completely 
independent from one another. The modular nature of organization within 
organisms makes it possible for lineages to evolve in a mosaic fashion (e.g., 
Hopkins and Lidgard 2012). Thus, quantitative assessments of modularity 
(e.g., Gerber and Hopkins 2011, Webster and Zelditch 2011) may help iden-
tify traits that can more appropriately be treated as independent in discern-
ing the boundaries of fossil species and in phylogenetic and morphological  
rate studies.

By no means do these results imply that none of the documented patterns 
record real morphological change over time. In fact, for paleontologists to 
have divided up species lineages into series of nominate species implies that 
“enough” morphological change has occurred to warrant a new name, even 
if that decision is informed by the taxonomic experience of the investiga-
tor (as has been the case historically). Frequently, these decisions are also 
informed by patterns of variation, particularly geographic variation, in ex-
tant species as well as by patterns of standing variation among co- occurring 
congeners in the fossil record. Further, in cases where divisions were largely 
for biostratigraphic purposes, this change was widespread enough to make 
the division useful for correlation across localities.

Finally, it is clear that prior theoretical commitments may influence 
attempts at unbiased empirical studies. If species are defined based on 
geographically and temporally invariant characters and these are the only 
characters measured, then it will appear (perhaps erroneously) that stasis 
dominates in those species. For research on rates and modes of morpho-
logical evolution in the fossil record to move forward, we must determine 
how different methods of using morphology to recognize species (or mor-
phospecies, or unique biological units) in the fossil record commit us to 
seeing particular patterns of evolutionary change.
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Summary

Examining the premises needed for logical inference, one concern regard-
ing the theory of punctuated equilibrium is that the use of the morpho-
logical species concept in paleontology has led to the conflation of species 
delimitation with the recognition of stasis and speciation. If this indeed has 
had a biasing effect on our view of evolution in the fossil record, we can 
make predictions about the relationship between mode of evolution and 
taxonomic usefulness of morphological traits. Specifically, we would expect 
that taxonomically useful traits more frequently show stasis when analyzed 
within species, but show other modes of evolution, such as directional 
change, when analyzed within lineages. Our expectation was born out for  
lineages but not for species, possibly because the focus for determining tax-
onomic usefulness was at the species level alone. As has been shown in 
other studies, sustained species- lineage directional change (longer than 
10 My) is rare in the fossil record. In addition, traits showing directional 
change are almost all taxonomically useful and analyzed within lineages. 
This result suggests that these studies have focused specifically on times of 
putative species transitions, which may occur relatively quickly on geologic 
timescales and be captured only rarely at the resolution typically afforded 
by the fossil record. Despite the fact that studies frequently analyzed a mix-
ture of both taxonomically useful and nonuseful traits, these results indi-
cate that the modes of evolution that paleontologists (when considered as 
a group) have inferred from the fossil record have been influenced to a 
greater or lesser degree by taxonomic practice.
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Appendices

Appendix A (description of traits, AICc results for actual fossil sequences, 
and assignment of taxonomic usefulness) and appendix B ( justification 
for coding assignments) are available at: [url for appendices here].
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Geographic Clines, Chronoclines,  
and the Fossil Record: Implications 
for Speciation Theory
Donald R. Prothero, Valerie J. Syverson, Kristina R. Raymond, 
Meena Madan, Sarah Molina, Ashley Fragomeni, Sylvana DeSantis, 
Anastasiya Sutyagina, and Gina L. Gage

Introduction

When modern evolutionary biology textbooks discuss speciation 
theory (e.g., Endler, 1977; Ridley, 2004; Levinton, 2001; Strickber-

ger, 2007; Futuyma, 2009), they nearly always focus on the idea that the 
splitting and divergence of populations along geographic gradients ( geo-
graphic clines) is an important mechanism to produce new species. They 
frequently point to these geographic clines of subspecies that are partially 
but not completely genetically separated as incipient species, or a single 
species in the process of splitting into many species, as postulated by the 
allopatric speciation model of Mayr (1942). Examples such as the famous 
Ensatina salamanders of California (Stebbins, 1949; but see Wake, 1997) 
or the “ring species” of Larus gulls arranged around the Arctic Circle 
( Mayr, 1942; but see Liebers et al., 2004) are found in many college- level 
evolutionary biology texts (e.g., Ridley, 2004; Levinton, 2001; Strickber-
ger, 2007; Futuyma, 2009), and frequently used again and again as exam-
ples of species that are in the process of splitting up to form new species.

For many decades, paleontologists have applied the concepts of popu-
lations arranged along a gradient of variation to the fossil record as well, 
and argued that gradual continual change in fossil lineages through time 

 EBSCOhost - printed on 2/13/2023 7:23 AM via . All use subject to https://www.ebsco.com/terms-of-use



390 chapter fourteen

were chronoclines, similar in many ways to geographic clines in a single 
time plane ( Eldredge and Gould, 1972). Prior to 1972, there were frequent 
debates in the scientific literature about how to subdivide these morpho-
logical continua changing through time, and whether such definitions of 
species as slices of a continuum were arbitrary and unnatural. This debate 
became so pervasive that it had its own label: the “species problem in 
paleontology” ( Prothero, 2013). In some instances, paleontologists actu-
ally rejoiced in the incompleteness and gaps of the fossil record, since it 
provided breaks in continua that were otherwise indivisible without arbi-
trary criteria. Simpson (1951) went so far as to introduce the concept of 
“evolutionary species,” defined by branching points and splitting, so as to 
avoid the dilemma of arbitrarily splitting up continuous chronoclines in 
defining species.

The introduction of the punctuated equilibrium model of speciation 
(Eldredge and Gould, 1972; Gould and Eldredge, 1977) radically changed 
the terms of the debate. If, as Eldredge and Gould argued, gradual ana-
genetic change was truly rare in the fossil record, and punctuation and 
stasis were the rule, then the longstanding debate over dividing continuous 
chronoclines was largely a moot issue. In ensuing years, the paleontological 
community has reached consensus (Jackson and Cheetham, 1999; Geary, 
2009; Princehouse, 2009; Ruse and Sepkoski, 2009; Hallam, 2009) that 
most metazoan species show stasis and geologically rapid change through 
time, and that well- established examples of long- term anagenetic change 
are extremely rare. (Anagenetic change is common among protistans, but 
these organisms are largely clonal and not bound by the criteria of meta-
zoan sexual reproduction— Lazarus, 1983). Thus, the discussion about the 
nature of speciation has shifted to other mechanisms, such as those that 
cause genetic isolation and speciation, especially mechanisms that view 
species as stable entities at a hierarchical level above that of its component 
populations (“species selection” or “species sorting”), with its own inher-
ent properties (rates of speciation, extinction, etc.) that are not necessarily 
properties of the individual populations (see discussion in Prothero, 2013).

However, the evolutionary biology textbooks and neontological re-
search community seem not to have factored these challenges into account. 
The idea that the fragmentation of geographic clines is the stuff of specia-
tion, and that anagenetic evolution of chronoclines is still the important 
mode of paleontological speciation, is still common in the evolutionary bi-
ology textbooks listed above, despite their almost universal rejection in the 
paleontological community. This raises a question: can we examine some 
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modern clines and see whether the fossil record bears out the idea that 
changes across geography are the same as changes through geologic time?

Methods

This paper summarizes a recent data set compiled by Prothero and coau-
thors over the past 8 years. These data are already published in numer-
ous places with free online access (Syverson and Prothero, 2010; DeSantis 
et al., 2011; Fragomeni and Prothero, 2011; Molina and Prothero, 2011; 
Madan et al., 2011; Prothero and Raymond, 2011; Raymond and Pro-
thero, 2011; Prothero et al., 2012; Prothero, 2012; Madan et al., 2015). All 
of our statistical data summaries and tests are available in these papers 
(mostly in open- access online journals) for those who wish to look at the 
quality of the data in detail.

To test our hypothesis about whether chronoclines during climate 
change are relevant to the issue of speciation, we looked at all the abun-
dantly preserved larger birds and mammals from the tar pits at Rancho 
La Brea, which record the last 35,000 years of climate change from the last 
glacial to the current interglacial cycle. These fossils also come from an 
area with an excellent climatic record (Warter, 1976; Coltrain et al., 2004; 
Ward et al., 2005), with the fossils dated by numerous carbon- 14 analy-
ses (Marcus and Berger, 1984; O’Keefe et al,. 2009). For example, He-
usser’s (1998) study on pollen recovered from well- dated deep- sea cores 
just offshore showed that southern California went through intervals of 
extreme climatic and environmental changes over the past 59,000 years. 
These transitions suggest a climate and landscape much different from 
the one today. According to Heusser (1998), the region changed from oak 
and chaparral vegetation around 59 ka to pine- juniper- cypress woodlands 
by 24 ka, then to a closed- cone juniper- ponderosa forest with abundant 
winter snow during the last glacial maximum (24 – 14 ka). During the last 
glacial- interglacial transition from 14 to 10 ka, the landscape returned to 
dominant oak- chaparral and coastal sagebrush with pulses of alder, and in 
the past 10,000 years, the region has been vegetated by the modern assem-
blage of oak- chaparral- herbaceous vegetation. Coltrain et al. (2004) used 
stable isotope analyses and found evidence of increased seasonal aridity 
during the last interglacial and previous glacial.

Thus, the Rancho La Brea sample provides a well- dated sequence of 
fossils that experienced selective pressure as climates changed over the 
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past 35,000 years, comparable to the differences in climate seen by some 
of these same genera in their geographic spread across latitude to form 
modern clines. These rules include well- known ecological clines such as 
Bergmann’s rule, where more cold- adapted species or subspecies tend to 
have larger body sizes to conserve body heat, and Allen’s rule, where more 
cold- adapted species or subspecies tend to have shorter and more robust 
limbs and other appendages (such as ears) than those of warmer climates, 
again to conserve body heat. If geographic clines and chronoclines are 
truly comparable, we should expect the Rancho La Brea fossils to exhibit 
changes in size or shape as predicted by Bergmann’s rule and Allen’s rule 
in the modern latitudinal clines of these same genera.

The measurement protocols and landmarks were detailed in the papers 
cited above. Only unbroken adult specimens (as indicated by the complete 
fusion of the epiphyses of bones) were used, so no immature or juvenile 
specimens were capable of distorting the data set. Data were statistically 
analyzed and plotted in Microsoft Excel. We used the Shapiro- Wilk test to 
determine which samples were normally distributed. For parametric sam-
ples, we used ANOVA to see if there was a significant change in size be-
tween samples of different ages. For samples that were nonparametric, we 
used the Kruskal- Wallis test in order to find out whether there was a signifi-
cant change in size or shape between samples. Prothero et al. (2012) also 
performed a time- series analysis of all these data, based on the techniques 
described by Hunt (2006, 2007). They found no instances of progressive 
change through time or size changes correlated with climate events. In-
stead, all of the data showed either stasis or random walks, as defined by 
the criteria of this time series method.

Results

Many of the fossil species found at Rancho La Brea have living descen-
dants in the same genus (and sometimes species) that exhibit consider-
able modern clinal geographic variation. Examples include the following:

Wolves

Among modern subspecies of the gray wolf Canis lupus, populations from  
Alaska and Canada are 3–  6 times as large as those from tropical latitudes  
(Hunter and Barrett, 2011). Linden (2011) studied the most common mam-
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mal in the tar pits, the dire wolf Canis dirus. He sampled all the abundantly  
preserved bones of the skeleton of Canis dirus, especially femora, humeri, 
tibiae, astragali, and metapodials. He found no significant differences in 
size or shape between the pits, with the exception of Pit 13 (16,000 years 
in age), which yielded aberrantly small specimens. This is the same con-
clusion obtained by O’Keefe (2008, 2010), who found that the Pit 13 dire 
wolf skull sample also seemed small and stunted compared to all other pit 
samples. The full reason behind this anomalous sample from 16 ka is not 
understood, but it is important to note that it is not the sample closest in 
age to the last glacial maximum (20 ka), when wolves might be expected 
to grow larger due to Bergmann’s rule, or any other significant climatic 
event. All of the other pit samples except Pit 13 are statistically indistin-
guishable from one another. Thus, the dire wolf sample shows stasis in 
every size measurement of every skeletal element measured in all but one 
sample, and does not match the prediction of the climate hypothesis of 
larger, more robust specimens about 20 ka.

Bison

The northern bison subspecies, the wood bison (Bison bison athabascae), 
is much larger and with more robust limbs than the more southerly subspe-
cies, the plains bison (Bison bison bison) (McDonald, 1981; Nowak, 1991). 
Raymond and Prothero (2011) studied Bison antiquus from Rancho La 
Brea. Only the MC3- 4 and MT3- 4 metapodials (cannon bones), calcanea, 
astragali, patellae, and humeri were sufficiently abundant in enough well 
dated pits for this kind of analysis. As detailed in Raymond and Prothero 
(2011), there were no statistically significant differences in size among any 
of the pit samples of bison from Rancho La Brea (fig. 14.1A), and shape 
(as measured by robustness of the long bones) was also static, based on 
ANOVA of the entire sample.

Equus

Among living horses (Groves, 1974; Nowak, 1991), there are some intra-
specific size trends that suggest the influence of Bergmann’s rule. For ex-
ample, among the wild asses (Groves, 1974), the kiang (E. kiang) of the 
Tibetan Plateau weighs up to 400 kg, while the desert- dwelling African 
wild ass (E. asinus) weighs about 250 kg. In other Equus species, the trend 
is less obvious. The cold steppe– dwelling Przewalski’s horse (Equus ferus 
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przewalskii) weighs about 200 – 300 kg, whereas the more tropical zebras 
tend to weigh 170 – 270 kg. DeSantis et al. (2011) analyzed the most com-
mon elements of the La Brea horse Equus “occidentalis” (the proper trivial 
name is still controversial): the cannon bones (MC3 and MT3), astragali, 
and patellae. As reported by DeSantis et al. (2011), there was no statisti-
cally significant difference among any of the pit samples as established by 
ANOVA (fig. 14.1B).

Camelids

Bergmann’s rule is very apparent among living camelids (Nowak, 1991; 
Franklin, 1983). The steppe- dwelling Bactrian camel (Camelus bactrianus) 
weighs about 600 – 1040 kg, while the desert- dwelling dromedary camel  
(C. dromedarius) weighs only 450 –  680 kg. In the wild New World lamine 
camelids, the guanaco (Lama guanicoe), which inhabits the cold mountains 

Figure 14.1 Representative graphs of bone dimensions of different La Brea taxa plotted 
against the age of the pit sample.
Small symbols indicate individual specimens, large open symbols are the means for each pit 
sample. A. MC3- 4 (cannon bone) lengths of Bison antiquus (after Raymond and Prothero, 
2011). B. MC3 (cannon bone) length of Equus “occidentalis” (after DeSantis et al., 2011).  
C. Smilodon fatalis MC3 length. D. Smilodon fatalis humerus robustness (C and D after 
Madan et al., 2011). E. Femur length of Aquila chrysaetos (after Molina and Prothero, 2011).
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Figure 14.1 (continued )

and steppes of Patagonia, weighs about 100 – 120 kg, whereas the more trop-
ical mountain and grassland taxon, the vicuña (Vicugna vicugna) weighs 
only 35–  65 kg. Although specimens of Camelops hesternus are common at 
Rancho La Brea, there were not enough long limb bones (humeri, radii, ul-
nae, femora, tibiae), nor even the digit 3- 4 metapodials (“cannon bones”), 
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from enough different pits to use these elements in our study. However, 
there are large samples from multiple pits of astragali, calcanea, cuboids, 
and patellae (Webb, 1965). When these samples were plotted by radiocar-
bon age, there were no statistically significant differences among samples  
in any of these bones (DeSantis et al., 2011).

Figure 14.1 (continued )
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Felids

Although not all felids demonstrate Bergmann’s rule of larger body size in 
colder climates, the American puma (or cougar or mountain lion) (Felis con-
color) does vary in body size by latitude, with the largest in the higher lati-
tudes of North and South America, and the smallest in the tropics (Agustin 
Iriarte et al., 1990; Sunquist and Sunquist, 2002). Similarly, among the many 
subspecies of the tiger (Panthera tigris), the largest are the cold- adapted 
Siberian tigers (227 kg in weight), while the smallest are the tropical sub-
species such as the Sumatran tiger (75– 140 kg in weight) or the Indochinese 
tiger (110 – 140 kg in weight) (Sunquist and Sunquist, 2002). Madan et al. 
(2011) analyzed multiple dimensions of most of the common limb bones 
of both the sabertoothed cat, Smilodon fatalis (fig. 14.1C, D), and the Ice 
Age “lion” or “jaguar,” Panthera atrox, including humeri, femora, patellae, 
tibiae, astragali, third metacarpals (MC3) and third metatarsals (MT3), all 
from La Brea. They found no statistically significant changes in either size 
or robustness of any of the variables from any of these elements among all 
the pits sampled.

Birds

Among birds examined in this study, the bald eagle (Haliaeetus leuco-
cephalus) and the golden eagle (Aquila chrysaetos) show considerable 
clinal variation, with larger- bodied subspecies in the high latitudes in 
both Siberia and North America today (Brown, 1968; Johnsgard, 1990). 
Molina and Prothero (2011) studied the most common bird of Rancho 
La Brea, the golden eagle. They analyzed the large sample of right tarso-
metatarsi (TMT), the lower leg bone, which is the most commonly pre-
served skeletal element in most fossil birds. They measured five variables 
from almost 700 specimens from numerous pits, and found no statistically  
significant differences among the pit samples as determined by ANOVA 
(fig. 14.1E).

Caracara plancus, the extant southern caracara, is well known to have 
larger body sizes in the southern cold regions of South America than it 
does in the tropics (Brown, 1968; Johnsgard, 1990). Given these strong size 
and shape trends in modern populations, there is every reason to suspect 
that populations that experienced dramatic cooling or warming in the 
Pleistocene might show similar trends. Fragomeni and Prothero (2011) 
looked at the caracara, turkey, and the bald eagle fossils found at Rancho 
La Brea. They measured multiple dimensions of the TMTs, and found no 
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evidence of size or shape changes in these limb bones through the entire 
time span.

Finally, the great horned owl (Bubo virginianus) shows some clinal vari-
ation as well, with specimens from the higher latitudes in North America 
larger than those from lower latitudes (McGillivray, 1989). But Madan  
et al. (2015) found no evidence of larger body sizes at the last glacial maxi-
mum, or any significant differences in size at any interval in the past 35,000  
years; all of the La Brea great horned owls are in the same size range as 
their modern descendants.

Discussion

This lack of change in size and shape of the limb bones in Rancho La 
Brea bison, horses, camels, cats, wolves, and six species of birds over the 
past 35,000 years of environmental change contradicts the predictions of 
Bergmann’s rule, which suggests that within a species or between species, 
the body mass tends to increase with latitude and colder climate. This 
also contradicts Allen’s rule, which predicts shorter and more robust limbs 
in colder climates. As Pleistocene paleontologists have long known and 
documented, lack of directional phenotypic response through dramatic 
climate changes seems to be a prevalent occurrence among Pleistocene 
species despite the rapid changes of their environment and habitats (Bar-
nosky, 1994, 2005; Lister, 2004).

Despite this knowledge, the pervasive stasis of nearly all Pleistocene 
mammals is a conundrum that has not been satisfactorily explained. El-
dredge and Gould (1972) suggested that the stasis might be due to develop-
mental constraints and canalization, although Gould (2002) rejected that 
notion. Bennett (1990, 1997) proposed that the 10 – 100 ky climatic changes 
during the glacial- interglacial cycle were too rapid and did not allow time 
for adaptation. However, adaptation on a much faster scale has been dem-
onstrated: the Galapagos finches changed in a matter of years in response 
to a small- scale climatic change. The Rancho La Brea data sets described 
above have a time resolution of 1,000 – 10,000, and therefore should cap-
ture comparable change in slower- breeding large animal populations. The 
measurements showing stasis, then, are unlikely to be explained by sluggish 
response to a fast- moving evolutionary optimum.

A more plausible idea is that no matter how severely an environment 
changes, most large animals have the ability to adapt to a wide range of en-
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vironments, and therefore are not responsive to local short- term changes 
in climate (Lieberman et al.1995; Lieberman and Dudgeon, 1996; El-
dredge et al., 2005). This may be appropriate for the large mammals and 
birds at Rancho La Brea, but not for many cases where small mammals 
show stasis across climate change (e.g., Barnosky, 1994, 2005; Lister, 2004;  
Prothero and Heaton, 1996).

Clearly, the processes that form geographic clines in the modern world 
are not the same as those that may or may not cause change in fossil lin-
eages through time. Equating geographic clines in space with chronoclines 
through time and climate change is inappropriate. The fossil record shows 
that most species are quite stable in morphology over time, and resistant 
to environmental changes causing small- scale clinal change through time. 
The prevalence of such stasis, as pointed out by the species sorting mod-
els and the hierarchical approach to speciation (summarized in Prothero, 
2013), rules out the notion that simple gradients in environments, as seen 
in modern geographic clines, are that important to the process of specia-
tion as revealed in the fossil record.

As Prothero (1999, 2012) pointed out, there is also a big difference 
between studies like this, which examine detailed changes in morphology 
of many lineages over short time intervals of severe climate change, and 
studies that only count the presence or absence of taxa from time intervals 
that may average 2– 3 million years in length. Fine- scale studies show the 
pervasiveness of stasis in the face of climate change in fossil mammals and 
in many other taxa, as predicted by the punctuated equilibrium model 
(Gould and Eldredge, 1977; Jablonski, 2000, 2008). But coarse- scale stud-
ies that simply count presence or absence of taxa in long time- bin inter-
vals do seem to respond to some sort of climatic signal (Janis, 1984, 1993; 
Vrba, 1985, 1993; Van Dam et al., 2006; Badgley et al., 2008; DeSantis et al.,  
2009; Woodburne et al., 2009; Blois and Hadly, 2009; Blois et al., 2010; 
Figueirido et al., 2011; Secord et al., 2012). Such patterns would appear to 
be species sorting in action (Jablonski, 2000, 2008).
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role in speciation, 144, 146

disruptive selection, 141, 263
distribution models, species, 355
disturbance, environmental (see environ-

mental change)
divergence, 252

abrupt, 367
genetic/molecular, 136
gradual, 367
rapid, 367
during speciation, 133
times, 170

in fishes, 317
divergent selection (see selection: divergent)

diversification
diversity- dependent, 200
drivers of, 199
early burst, 200
net, 198 –  99
rapid events, 261

diversity
community, 358
ecological, 357

diversity- dependency, 199, 200
DNA, 168, 224, 227

microsatellite DNA, 219, 224
mitochondrial, 324, 327

Dobzhansky, T., 9, 11, 15, 34, 41
Dominican Republic, corals from, 221, 223, 

224, 225, 227
Dunbar, C., 12
Dunn, L. C., 11
duration control, 138
dysoxic events (see environmental 

change/perturbation/disturbance and 
speciation)

Earth system events, 357
Eastern Interior Basin, North America, 

crinoids from, 305
Eastmanosteus (see fishes)
echinoderms, 76, 124, 301 –  7, 372
echinoids

Discoides, 370
lineage- level studies in fossil, 124

ecological differences between isolates,  
133

ecological divergence/diversification, 137, 
255, 259

ecological factors causing isolate forma-
tion, 136

ecological generalist species, 350
geographic expansion of, 350
and reduced speciation, 357

ecological gradient, 251 (see also clines)
ecological niche

distribution modelling, 350
divergence, associated with rapid 

diversification events, 261
modelling (ENM), 354
similarity, 354

ecological opportunity, 200
ecological persistence model of speciation, 

131
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ecological preferences, genetically rooted, 
and speciation, 259

ecological snapshots, 306 –  7
ecological space, 200
ecological specialist species, 350

preferential extinction of, 350
ecological speciation, 1, 129, 133
ecological timescales, 343, 358
ecologically redundant species, 141
ecomorphs, in corals, 229 –  30
ecophenotypy, 93, 175, 181, 218, 219, 221, 

231
ecospace, 356

partitioning, 354
ecotypes, 256
Edmontosaurus (see dinosaurs)
eidonomy, 1
Elassoma (see fishes)
Elopidae (see fishes)
Elias, M. K., 16
Emerson, A., 11
endangered species, 358
endemism, 345, 350

and epeiric seaways, 247
evolutionary radiations, 245, 261

Endoceratoidea, 239
England, fossil fishes from, 328, 330
Ensatina (see salamanders)
environmental change/perturbation/distur-

bance and speciation, 136, 138, 140, 200, 
241, 244, 260

gradual, 344
productivity change, 245
rapid, 344
sea level change, 245, 260
temperature change, 245

environmental gradients, 231
environmental preference, at the genus 

level, 354
environmental rigor, 144
epeiric seaways, 247, 260 –  61, 263 (see also 

Western Interior Seaway)
ephemeral speciation model, 259
Equinae (see mammals: fossil)
Equus (see mammals: fossil)
Eryma (see Decapoda)
Eryonidae (see Decapoda)
Escuminac Formation, fossil fishes from, 

315
established species, 126, 128, 134, 200

Europe, decapod fossil record in, 279, 282, 
291

Eusthenopteron (see fishes)
evo- devo, 264
evolution

abiotic factors, 5, 251, 253
biotic factors, 5, 251
directional, 4
random change, 4
rates of, 176, 370, 382, 383
above the species level, 257
stasis, 4

Evolution ( journal), 12, 16, 18
evolutionary change, within- species, 180
evolutionary paleontology, as a discipline, 

24
evolutionary radiation, 142
evolutionary rates (see evolution, rates of)
evolutionary theory, history of, 37
expansion phase, of neospecies persistence, 

135
extant organisms

phylogenies of, 199
extinct species

marking with dagger (†), 75, 321
recognition of species, 89

extinction, 43, 127, 142, 147, 198, 217, 342, 
343, 346 (see also mass extinction)

age- dependent, 199
age- independent, 199
differential, 350
and life history traits, 232
part of diversification, 199
probability of, 131
processes, 201
rate, 198, 200, 203, 211, 241, 345, 390
susceptibility to, 232
times, 206, 211

extraordinary preservation (see 
Lagerstätten)

extrinsic vs. intrinsic factors as causes of 
speciation, 143, 144, 199

Favia (see corals)
Felis (see mammals: fossil)
Field Museum of Natural History, 323
first occurrence

timing of, 176
uncertainty, 181
vs. actual evolutionary origin, 181 
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first occurrence (cont.)
 (see also time of true speciation 

and extinction, deviation from)
Fischer, R., 34
Fishbase, 323
fishes, 82, 256 –  57, 312 –  31, 372

Acipenser, 320, 326 –  27
Acipenseridae, 326
Albula, 327 –  28
Alosa, 325
Amia, 317, 320 –  21
Amiidae, 323, 328
Arapaima, 329
Boonton Formation, New Jersey, 

326
Chondrosteus, 328 –  29
cichlids, 142, 326
Cladoselache, 316
Cleveland Shale, Ohio, 316
Clupeidae, 325
Devonian, 314, 316
Dipterus, 313 –  14
diversity

of fossil, 315
of living, 324

Eastmanosteus, 316
Elassoma, 321
Elopidae, 327
England, 330
Eusthenopteron, 315
fossil species not comparable to 

modern species, 313, 331
Gadiformes, 321
genus-  vs. species- level comparisons, 

313
Gogo Formation, Australia, 316
Green River Formation, Wyoming, 

315 –  16, 321, 325
Hiodontidae, 323
Hypamia, 328
Jerusalem, 330
Kickapoo Formation, Alberta, 320
Knightia, 316, 325
lacustrine radiations, 326
Lagerstätten, 306, 315, 316
Latimeria, 324
Lebanon, 329 –  30
Lepisosteids, 323
lineage- level studies in fossil, 124
Megalopidae, 327

Morocco, 330
Newark Supergroup, Eastern North 

America, 325 –  26
ontogeny, 329
osteolepiform, 313, 315
Osteolepis, 313
osteology, 317
Paleopsephurus, 316 –  17
Polyodon, 317
Polyodontidae, 316 –  17
Portugal, 330
preservation, 314 –  16
Protamia, 328
Quebec, fossils from, 315
sarcopterygian, 315
Semionotus, 325
Serrilepis, 330
Slovenia, 330
Sparidae, 317
species concepts in, 313
species flocks, 257
Stylephorus, 321
Towaco Formation, New Jersey, 326
Triplomystus, 330

Florida, corals from, 219, 221, 223
Floweria (see brachiopods)
Foraminifera, 203 –  4, 209, 211, 212, 368, 

372, 375
Discocyclina, 375
Globorotalia, 368

Fossil Lake (see Green River Formation, 
Wyoming, fossil fishes from)

fossil record
bias in

collecting, 4, 286 –  89
look- alikes, 290
missing or destroyed material, 289
species named for different body 

parts, 289 –  90
taxonomic practice, 382

completeness of, 177, 301 –  2, 304, 
367, 382, 390

temporal patterns in, 383
fossil species, 301

lineages, defining traits of, 366
recognition problem (see species 

recognition problem)
study problem, 62

founder events, 257
Frasnian- Famennian Mass Extinction, 345
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fuzzy boundaries, between species (see  
species: boundaries)

Gadiformes (see fishes)
Galapagos finches, 398
gap, morphological between fossil species, 

90, 91, 370
gap, stratigraphic (see species: and gaps in 

fossil record)
Gardner, J., 30, 31, 32
gastropods, 30, 31, 87 –  88, 351

comparison of modern and fossil 
species, 87

isolate formation in, 129
Kapalmerella, 87 –  88
lineage- level studies in fossil, 124
niche shifts in fossil, 145
Radix, 258
species concepts in, 84
Turritella, 87

Gebiidae (see Decapoda)
gene flow, 124, 230, 251, 254 –  55

continuum of, 252
genera (see genus)
generalist species, 347
generalist vs. specialist ecology, 341, 348, 

354
general lineage concept (GLC) of species
genes, 9

nuclear, 178
genetic change, 171 (see also molecular 

change, model of)
genetic characterization of coral colonies, 

222
genetic data, 169
genetic differentiation, 77, 198
genetic distance, 190
genetic divergence, correlation with mor-

phologic divergence, 75 –  78
genetic diversity, 227
genetic drift, 46, 139, 147, 230, 257
genetic evolution, rates of, 168
genetic isolation, 390
genetic lines of least resistance, 134
genetic restructuring and stabilization, 200
genetic structure, 218
genetic variation, 257

hidden, 200
genome, parts of, 178
genotypic clustering, 133

genus
definition/recognition of, 21, 39
diversity at genus level, 293
extinction/origination rates, 198
in paleoichthyology, 330

geographic barrier, 136, 251, 343
geographic cline (see clines)
geographic control, in studying speciation 

in fossils, 94
geographic isolation, 130, 199, 200, 350 –  51
geographic overlap, relationship to age of 

clade, 254
geographic range, 144, 348, 350

broad vs. narrow, 341, 347, 350
expansion of, 137, 200, 350, 357
postspeciation shifts in, 254

geographic separation, in speciation, 46, 
128, 342

geographic speciation, 23
geography

as evidence for species distinction, 
90

influence on phyletic evolution, 23
GIS- generated maps, 347, 353
glacial- interglacial cycle, 398
glaciation, 200, 391, 398
Glaessneropsis (see Decapoda)
Globorotalia (see Foraminifera)
Glyphea (see Decapoda)
Glypheidae (see Decapoda)
Gogo Formation, Australia (see fishes)
Gompertz- Makeham model, 204, 205, 208
Goniatitina (see cephalopods)
Goniodromites (see Decapoda)
gonochorism

in modern cephalopods, 244
in modern corals (see broadcast 

spawning, in corals)
good species, 75, 77, 80, 127
Gould, S. J., 25, 39, 40, 46, 367
gradual evolution, 21, 22, 304, 367, 369, 

389 –  90
graptolites, 89
Grayson Formation (Cretaceous of Texas), 

244
Great American Biotic Interchange, 345
Great Bahamas Bank (see Bahamas)
Great Barrier Reef, Australia, 286
Green River Formation, Wyoming, fossil 

fishes from, 315, 323, 325
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G- test, 376
Gulf of Mexico, 219, 223

habitat disturbance, 130
habitat fragmentation, 342
habitat isolation, 255 –  56
habitat tracking, 354
Haldane, J. B. S., 21, 318
Haliaeetus (see birds: fossil)
haplotype networks, 227
hat model of fossil occurrence trajectory, 

212
Hawaii, 218, 327
hazard function, 201, 207

rate, 207
Weibull, 202

hermaphrodites, in corals, 228, 231, 232
herring (see fishes: Alosa)
Hesperocyoninae (see mammals: fossil)
heterochrony, 134, 242 –  44, 246, 258, 263

and adaptation, 244
in ammonoids, 242 –  45, 260
driving speciation, 260
hypermorphosis, 245
hypomorphosis, 244
neoteny, 242, 245
paedomorphosis, 242, 244 –  45
peramorphosis, 242 –  43
progenesis, 242 –  44, 246
progenetic trends, 246

heterokairy, 258
hiatus, sedimentary (see species: and gaps in 

fossil record)
hierarchical scale, of ecosystem impact, 357
hierarchy, 3
higher taxa, 278
Hildoceras (see ammonoids)
Hiodontidae (see fishes)
Homarus (see Decapoda)
homeomorphy (see homoplasy)
homeotic regulatory genes, 188
hominids, 88, 89
homogenization, faunal, 357
Homolodromiidae (see Decapoda)
homology, 134
homoplasy, 4, 246 (see also convergence)

in ammonoid evolution, 246 –  47, 
260 –  61, 263

and heterochrony, 246
parallel evolution, 246, 260, 263

hopeful monsters, 188
humans

facilitated species invasions, 342
impacts in ecosystems, 342

Hungary, decapod fossils from, 289
Huxley, J., 11, 13, 14, 19
hybrid fitness/inviability, 137, 255 –  56
hybridization, 343

in corals, 217, 218, 221
in fishes, 327

Hyopsodus (see mammals: fossil)
Hypamia (see fishes)

Imbrie, J., 35
incipient species, 125, 126, 127, 252, 343, 

350, 356, 389
isolation of, 200, 342

increase- decrease- bathtub (IDB) hazard 
function, 206

incumbent species, 349
individuals, survival of, 132
innovation, morphological, 142
insects, species definition in fossil, 82
intermediate disturbance hypothesis, 130
internal transcribed spacer (ITS) part of 

genome, 178
International Code of Zoological Nomencla-

ture, 319 –  20
intersexuality, in modern cephalopods, 244
intrapopulation variation, 302
intraspecific variation (see polymorphism/

intraspecific variation)
introgression, 198
invasive species, 340 –  59

ancient, 344
concurrence with reduced speciation 

rates, 346
Devonian, 345, 347
events, 348
impact on speciation, 341 –  42, 349, 

351, 356 –  57
long- term impacts, 358
modern, 358 –  59
transportation vectors, 352
vs. native species, 353

isolate, 69, 127, 130
differentiation, 126, 130, 132, 146, 

147
formation, 126, 128, 130, 131, 135, 

139, 140, 141, 143, 144, 146, 147
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persistence of, 69, 126, 130, 131, 132, 
134, 138, 139, 140, 141, 143, 144, 
146, 147, 356

isolated population (see isolate)
isolating barriers, 199, 250, 254 –  55, 259, 260

behavioral, 260
cultural, 260
ecological, 260
physical vs. biological, 254
premating vs. postmating, 255

isolating mechanisms, 42, 123, 198
isolation

among individuals, 200
among populations, 200

Italy
decapod fossils from, 289
fossil fishes from, 316

Janus Concept, of species, 1 –  3
Japan, decapod fossils from, 289
Jepsen, G., 12
Jerusalem, fossil fishes from, 330
Journal of Paleontology, 12, 18, 81
Journal of Vertebrate Paleontology, 81
Jurellana (see Decapoda)

Kapalmerella (see gastropods)
key innovation, 141, 200
killer whale, 255
Kimura’s 2- parameter model, 180
Knightia (see fishes)
Kosmoceras (see ammonoids)

La Brea tar pits (see Rancho La Brea)
ladyfishes (see fishes: Elopidae)
Lagerstätten, 286, 306, 315, 329

Lebanon, 329
Lama (see mammals: fossil)
Lamarck, J. B., 37
landmark data, 375
Larus (see birds)
larvae, coral

connectivity, 217
dispersal, 218
settlement, effects of current and 

substrate on, 253
Last Glacial Maximum, 391
Late Devonian Biodiversity Crisis, 341
Late Ordovician Richmondian Invasion, 341
Latimeria (see fishes)

Laurasia, 347
Laurentia, 352
Laurussia, 347
Lebanon, fossil fishes from, 329 –  30
Leidy, J., 328
Leiopteria (see bivalves)
Leptaena (see brachiopods)
Leptodesma (see bivalves)
life history (see also direct development; 

hermaphrodites; broadcast spawning, 
in corals)

suggested in fossils, 145
traits in corals, 232

likelihood, 373
lineage (see also species lineages)

definition of, 368
lineage segments, species as, 66
lineage sorting, 133
Linnaean hierarchy, 88
Linnaeus, C., 33, 35, 71, 321 –  22, 327
Linnean Society of London, 321
Linuparus (see Decapoda)
living fossils, 340
lobsters (see Decapoda)
logical inference, and punctuated equilibria, 

384
lumping and splitting (see taxonomy)
lungfish (see fishes: Dipterus)
Lyell, C., 37

macroevolution, 140, 148
macroevolutionary consonance, 49
macroevolutionary patterns, 29, 31, 52, 138, 

188, 239
macroevolutionary theory, 36, 45, 51, 143
macromutation, 12
magic traits, 252, 264
mammals, 5, 88, 145, 204, 208, 210, 255, 372

fossil
Bison, 393 –  94
Borophaginae, 204, 208, 210
Camelops, 395
Camelus, 394
Canis, 392 –  93
Equinae, 204, 210
Equus, 393 –  94
Felis, 397
Hesperocyoninae, 204, 210
Hyopsodus, 366
Lama, 394
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mammals (cont.)
Miniochoerus, 368
Orcinus, 255
Panthera, 397
at Rancho La Brea, 391
Smilodon, 394 –  97
Vicugna, 395
wolves, 392 –  93

killer whale, 255
lineage- level studies in fossil, 124

marine invertebrates, fossil, 145
marine vs. terrestrial organisms, role of 

geographic barriers in speciation, 253
mass extinction, 14

Devonian, 345
mate choice, 259
mating preferences, genetically rooted, and 

speciation, 259
Mayr, E., 11, 12, 13, 15, 33, 34, 41, 125, 128, 

340, 389
McKinney, K., 31
Megalopidae (see fishes)
Merulinidae (see corals)
metapopulation, 47, 127, 218, 232
metaspecies, 75
Metoicoceras (see ammonoids)
Metrarabdotos (see bryozoans)
microallopatric speciation (see speciation: 

microallopatric)
microevolutionary mechanisms of specia-

tion, 198
microhabitat preference, effect on geo-

graphic separation, 253, 261
microsatellite DNA (see DNA)
minimally diagnosable taxa, 48
minimum population size, 135
Miniochoerus (see mammals: fossil)
mixed mating, in corals (see outcrossing, in 

corals)
mode, evolutionary, 366, 368 –  71, 373, 376, 

378 –  79, 381 –  83, 384 (see also tempo and 
mode in evolution)

models
ecological persistence of speciation, 

131
Gompertz- Makeham, 204, 205, 208
integrated analysis of morphology 

and molecules, 172 –  78, 189
Kimura’s 2- parameter model, 180
molecular change, 170

Poisson maximum likelihood, 206
recurrent event, 206
speciation, 129, 131, 198, 213, 248, 

250, 256
Yule’s pure birth, 204, 205

modern analogs, comparison of fossils with, 
86, 87

Modern Evolutionary Synthesis, 4, 10, 12, 
14, 20, 24, 34, 37, 72, 318

molecular change, model of, 170 (see also 
genetic change)

molecular characters, 178
molecular clock, 173 –  74, 177, 178, 188, 189
molecular data, comparison with morpho-

logical, 218, 226
molecular distance, 170, 171, 174, 178, 180, 

183
compared to morphologic distance, 

184 –  88
metrics, 178

molecular evolution, 4
rates of (see evolution, rate of)

molecular phylogeny, 169, 170, 317 –  18
mollusks, 372 (see also bivalves; ammonoids; 

cephalopods; gastropods)
shell form, regulatory genetic con-

trol of, 264
monist position, on species, 65, 71
monomorphic species, 75
Montastraea (see corals)
Monte Bolca, Italy, fossil fishes from, 

316 –  17
Montipora (see corals)
Morocco, fossil fishes from, 330
morphogenesis, 190
morphologic(al) characters, 180, 383
morphologic(al) difference/distance, 179, 

183, 231
compared to molecular difference/

distance, 184 –  88, 231
morphologic(al) differentiation, associated 

with speciation, 75, 80
morphologic(al) divergence period, 212
morphologic(al) diversity, 217
morphologic(al) evolution, rates of (see 

evolution, rate of)
morphologic(al) features, nontraditional in 

corals, 220
morphologic(al) gaps (see gap, morphologi-

cal between fossil species)
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morphologic(al) landscape, 304
morphologic(al) overlap, among closely 

related species, 231
morphologic(al) variation

due to environment vs. genetic 
control (see ecophenotypy)

vs. geologic time, model of, 179
within and among populations, 306

morphology and molecules, model for inte-
grated analysis of, 172 –  78, 189

morphometric analysis, of corals, 226
morpho- molecular- temporal space, 172 –  73
morphospace, 304, 370
morphospecies, 74, 76, 90, 91, 96, 212, 223, 

224, 231, 318
morphotypes, coral, 227 –  28
mortality rate, 202
mtDNA, 327
multivariate analysis, 90, 369 –  70, 375 –  76

canonical variate analysis, 222 –  23, 
228 –  29, 375

principal component analysis, 182, 
186

Muséum National d’Histoire Naturelle, 
Paris, 326

mutation, 188
accumulation of, 189
deletion, 180
inversion, 180
random, 190
rate, 170, 190
selective sorting of, 257
substitution, 180

name repositories, 323
natural selection, 9, 37, 46, 124, 130, 131, 

137, 138, 139, 140, 141, 143, 238, 247, 
253, 256 –  57

and speciation, 134, 259 (see also 
speciation: ecological)

Nautiloidea (see cephalopods)
Nautilus (see cephalopods)
Necrocarcinus (see Decapoda)
neobiology (see neontology/neobiology)
neo- Darwinian evolution, 12, 366 (see also 

Modern Evolutionary Synthesis)
neontology/neobiology, 14, 23, 29, 30, 31, 

35, 80
neospecies, 126, 127

formation, 138, 200

persistence of, 126, 130, 134 –  36, 138, 
142, 259

Nephropidae (see Decapoda)
Nephrops (see Decapoda)
Newell, N., 10, 14, 15, 17, 18, 20, 21, 22, 23, 

24, 25, 72
New York, Devonian fish from, 314
New Zealand, decapod fossils from, 289
niche

breadth, 347
conservation, 344
constrained, 348
contraction, 356
differentiation/divergence, 221, 255, 

256, 259
dimensions, 354
displacement, 343
ecological, 252, 261, 262, 344
evolution, 356
space filling processes, 199
stability, 354 –  55

non- adaptive speciation, 134
non- ecological speciation, 129, 134
North America, decapod fossil record in, 

279
North Carolina, fossil mollusks from, 30
novel environments, 131
nucleotide distance, 179 –  80

ocean basins, size and temperature of, as 
geographic barriers, 253

oceanographic currents, 223, 253, 357
Oklahoma, Ordovician fossils from, 352
ontogeny, 245 (see also heterochrony; life 

history)
operational taxonomic units (OTUs), 89
Orbicella (see corals)
Orcinus (see mammals)
Ordovician, Late, Hirnantian Fauna,  

345
Ordovician, Late, Richmondian Invasion, 

341, 345
origination (see speciation)
orogenesis, 347
Osteichthyes, species definition in, 82
Osteolepis (see fishes)
ostracod(e)s, 372

lineage- level studies in fossil, 124
outcrossing, in corals, 230 (see also mixed 

mating)
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p- distance (see nucleotide distance)
paddlefishes, 316 –  17, 323
Palaeontology ( journal), 81
paleoanthropology, 85, 86, 88
paleobiogeography, 293
paleobiological revolution, 2
paleo- demes, 89
paleodiversity, 313, 330
paleoecology, 39, 307
paleoenvironment, 39
paleogeographic context, for speciation, 263
paleoichthyology, 313 –  15, 320, 322, 330
Paleontological Research Institution, 83, 

314
Paleontological Society, 13
paleontological species (see species: recog-

nizing in fossil record)
paleontology, quantitative, 24
paleontology at the “high table” of evolu-

tion, 24
paleophena, 89
Paleopsephurus (see fishes)
paleospecies, 73, 74, 76, 97
Palinuridae (see Decapoda)
Panama, corals from, 221 –  27, 230
panmictic population, 252
Panthera (see mammals: fossil)
parallel evolution (see homoplasy)
parapatric speciation (see speciation: 

parapatric)
parautochthonous fossil assemblage, 306 –  7
parent- descendant relationship, 200, 203
parent species, 126, 199, 200 (see also ances-

tral species)
age at speciation, 203
birth of, 201
probability of being extant, 201

parsimony, cladistics, 370
Pennsylvania, Devonian fossil fish from, 314
permissive environment, 130, 132, 140
persistence

of isolates (see isolate: persistence of)
of species (see neospecies: persis-

tence of)
persistence control, 138
Phanerozoic diversity, 29
phena, 89
phenetics, numerical, 370
phenotype, 38
phenotypic evolution, rates of, 168

phenotypic diversification, 259
phenotypic plasticity, 93 (see also 

ecophenotypy)
phyletic sequence, 19
Phylocode, 3
phylogenetic analysis, 3, 92, 189, 225, 232

in ammonoids, 241
and biogeographic analysis, 354
in corals, 232
in decapods, 279
in fishes, 317
methods, 45
molecular, 232
processes, 48
and species identification, 249

phylogenetic raceme, 69
phylogeny, molecular, 200
Platygyra (see corals)
pleiotropy, 252
Pocillopora (see corals)
Poisson maximum likelihood model, 206
polymorphism/intraspecific variation, 75, 

77, 80, 141, 225, 227, 231, 232, 239, 244, 
301, 305, 367

Polyodon (see fishes)
Polyodontidae (see fishes)
polyphenism, 242
population, 15, 40, 130 (see also isolate)

connectivity, 217 –  18, 232
differentiation, 134, 218
parental, 130
persistence, 141, 142
size, 146
systems, 47
variability in, 17

population genetics, 10, 218
population, isolated, 122, 133
population thinking, 10, 72
Porites (see corals)
portal of probability (see stages of specia-

tion: portal of probability)
Portugal, fossil fishes from, 330
Portunidae (see Decapoda)
postzygotic (see isolating mechanisms)
predation, 130, 343

and extinction of native taxa, 358
premating isolation, 242, 255

allochronic, 255
behavioral, 255
mechanical, 255
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preparation techniques, in fossils, 291
preservation, fossil, 4

bias due to collector interest in 
Decapoda, 286 –  88

cuticle, decapod, 284 –  85
probability, 241, 260

prezygotic (see isolating mechanisms)
principal component analysis (see multivari-

ate analysis)
Protamia (see fishes)
Psammocora (see corals)
pseudocryptic species, 79
Puerto Rico, corals from, 226
punctuated equilibria(um), 29, 50, 52, 254, 

304, 366 –  67, 369, 390, 399
logical inference, and, 384
tautology, potential in, 366, 368

punctuated gradualism, 304

Quebec
fossil crinoids from, 302
fossil fishes from, 315

radiation, adaptive (see adaptive radiation)
radiation, evolutionary, 140, 141
radiolarians, 372

Striatojaponocapsa, 378
Radix (see gastropods)
Rancho La Brea, 391 –  99

vegetation, 391
random walk, 180, 369, 372 –  73, 376 –  79, 

382, 392
unbiased, 272

Raninidae (see Decapoda)
Raup, D., 25
recombination, 252
recurrent event model, 206
reef corals (see corals)
reefs, Devonian, 345
refugia, 144
regulatory genes, 189, 190
relative frequency, 121
Rensch, B. 11
reproductive barrier, 127
reproductive biology, 231
reproductive isolating mechanisms (see 

isolating mechanisms)
reproductive isolation, 36, 65, 75, 77, 122, 

133, 134, 135, 137, 139, 141, 146, 212, 
252, 253, 255, 342

via by- product mechanism, 256
demonstrating in fossil record, 367
via disruptive/divergent natural 

selection, 256, 262
via founder event, 257
via shifts in reproductive timing or 

behavior, 342
reproductive unity, 42
RFLP, 224
Rhodes, F., 21
Rhynchotrema (see brachiopods)
Richmondian Invasion, 351 –  54, 356 –  58

effect on speciation, 353 –  54
rigor of environment, 132
ring species, 389
RNA, 178
rocky coastlines, effect of wave energy on 

geographic separation, 253

salamanders, Ensatina, 389
sample size, 313
samples, variation within, 181
sampling bias, 302
Santana Formation, Brazil, fossil fishes 

from, 315
São Tomé, corals from, 226
Sarcopterygian (see fishes)
Scyllaridae (see Decapoda)
sea level change, 241, 245, 247, 260 –  63, 344, 

347, 350
transgression, 343

secondary contact, 133
secondary sexual characteristics (see sexual 

characteristics, secondary)
selection

disruptive, 261
divergent, 133, 137, 141,  

260
natural (see natural selection)
sexual (see sexual selection)
and speciation, 134, 259 (see also 

speciation: ecological)
species (see species selection)

self- fertilization, in corals, 228, 230
Semionotus (see fishes)
Sepkoski, J. J., 25
septothecal wall, 220
Seriatopora (see corals)
Serrilepis (see fishes)
Sewall Wright Effect, 20
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sex determination, in modern cephalopods, 
244

sexual characteristics, secondary, 140
sexual dimorphism, 145, 256

in ammonoids, 239, 243 –  44
in decapods, 279, 283 –  84, 286, 290

sexual selection, 139, 142, 199, 238, 252,  
257

in ammonoids, 263
associated with rapid diversification 

events, 261
sexual taxa, species in, 64
shad (see fishes, Alosa)
shrimp (see Decapoda)
sibling species (see cryptic species)
Simpson, G. G., 9, 12, 14, 16, 18, 19, 21, 23, 

24, 25, 31, 39, 51, 52, 65, 249, 318 –  19
single traits, and species boundaries, 369 –   

70, 376
sister species, 75, 136, 170

extant, 179, 189
sister taxa, 200

relationships, 203
skeletal anatomy (see anatomy, skeletal)
skeletal thickening, in corals, 221
sloshing bucket evolutionary dynamics, 49
Slovenia, fossil fishes from, 330
Smilodon (see mammals: fossil)
Society for the Study of Evolution, 11
sorting of populations, 132
South America, fish from, 329
Spain, decapod fossils from, 289
Sparidae (see fishes)
spatial gradients, of environmental vari-

ables, 241 (see also clines)
spatially heterogeneous selection, 259
spawning time, in corals, 219
specialist ecology, 341
specialist species/taxa

extinction of, 354, 356
invasive vs. native, 356

speciation, 30, 46
adaptive, 133, 139
age- dependent, 199, 201, 202
allopatric, 52, 129, 136, 139, 144, 

250 –  54, 256, 261, 342, 356, 389
bathtub- shaped process, 201, 202
branching, 368
by- product, 129, 133
causes of, 341

collapse, 134
competitive, 129, 139
cycle, 146, 147
decline in, 357
dispersal and, 129, 259, 342 –  43
and drift, 129
duration, 253, 259
“easy” vs. “hard,” 139, 200, 201
ecological, 129, 133, 137, 138, 139, 

140, 141, 143, 238, 256 –  57
endemic, 261
events, 43

realized, 201
external vs internal factors causing, 

341
geographic, 46
gradient, 133
hazard rate, 205, 207
heteropatric, 252
hindering, processes, 340
likelihood, 259
microallopatric, 250, 252, 260
models of, 129, 198, 213, 248, 250, 

256
modes of, 250, 344
and natural selection, 259
parallel, 256
parapatric, 129, 139, 144, 230, 251, 

256, 260
parental ages of events, 201
pathway, 46, 48
peripatric, 129, 143
probability, 199
processes

realized, 202
underlying, 202, 203

products of, 45
promoting, processes, 340
punctuated, 49, 51
rates, 136, 141, 198, 199, 200, 201, 211, 

258 –  59, 340 –  41, 346, 350, 390
age- dependent, 203, 205
in ammonoids, 241, 260, 263
bathtub, 205
constant, 204
Gompertz- Makeham, 205
punctuated, 259

reduced, 345
reversal, 134
and sexual selection, 129, 259
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sympatric, 128, 139, 238, 251 –  56, 
260, 261
faster than allopatric speciation, 

259
full, 251
mosaic, 251

theory, 43
timing of, 199, 211
vicariance, 129, 136, 140, 144, 146, 

199, 200, 342 –  43, 349 –  50, 354
species

abundant vs. rare, sampling of in fos-
sil record, 367

boundaries
fuzzy, 370
and single traits, 369

comparison of fossil and modern, 3, 
10, 74, 96, 312

complex, 219
definitions, 368 (see also species 

concepts)
delimitation of, 28, 29, 31, 35, 42, 45,  

61, 62
based on fertility, 35
in fossils, 81, 370
impossibility of, 29
morphological variation for,  

370
and recognition of stasis, 383 –  84

descendant, 177
differential diagnosis of, 313
discrimination, 368 –  69
established, 200
and gaps in fossil record, 22, 73, 83, 

144
lineage (see species lineages)
ontology, 28, 63
reality of, 21, 28, 45, 62, 63
recognition of, 61, 62, 367
recognizing in fossil record, 3, 10, 

30, 81 –  93
invertebrates vs. vertebrates, 76

special status in evolutionary theory, 
48

stem, 75, 96
subjective nature of, 16, 72
successful, 142
successional, 73
what is a, 30, 62
young, 198

species, successional (see species concept: 
successional; see also chronospecies)

Species Concept, The, 318
species concepts, 1, 81, 83, 84, 96, 168, 248, 

368, 370
agamospecies, 44
based on characters of specimens, 43
biological, 31, 36, 41, 85, 127, 241, 

249, 324, 367
character- based, 341
cohesion, 42, 67
in crinoids, 304
diagnosable, 43, 303 –  4, 307
ecological, 44
evolutionary, 35, 36, 52, 66, 67, 80, 

96, 249, 303, 390
in fishes, 313, 324 –  25
general lineage, 61, 65, 66, 67, 80, 94, 

95, 96, 127
application to fossils, 94 –  95

genetic, 44, 341
genotypic cluster, 44
Hennigian, 43
history of, 33
internodal, 66
lineage, 4, 29, 36, 43, 47, 49, 51, 52, 

250 (see also species lineages)
monophyletic, 43
morphologic(al), 31, 43, 313, 384 (see 

also morphospecies)
operational, 28, 35, 36, 40, 41, 42
paleontological, 19, 85, 278
phenetic, 44
phylogenetic, 43, 65, 241, 249
recognition, 42
reproductive unity, 42
separate evolutionary lineages, 71, 96
sterility, intergroup, 42
successional, 44, 73
suite of specimens given one name, 

368
taxonomic, 66
three- dimensional, 20, 21
ultimate, 29, 31, 40, 48, 65
unified, 35, 61, 65
unit, 65
universal, 65, 70
in vertebrate paleontology, 318

species level, evolution above the (see evo-
lution, above the species level)
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species- level evolution, 368
ratchet click of, 48

species- level studies, 371
species lineages, 45, 47, 48, 49, 50, 250, 366 

(see also species concepts: lineage)
defining traits of, 366
formation of, 45
as fundamental units in theory, 49

species names, as convenient tags, 313
species nature problem, 62
species pluralism, 64
species problem, 1, 10, 24, 28, 29, 31, 32, 39, 

41, 44, 51, 61, 63, 73, 217, 390
species question, 10
species recognition problem, 62, 71
species selection, 49, 390
species sorting, 29, 257, 390, 399
specific- mate recognition system (SMRS), 

67
splitting (speciation), 4
splitting and lumping (see taxonomy)
splitting control, in speciation, 137
stages of speciation, 48, 121 –  48, 257

allopatric, 253
application to fossil record, 143 –  47
as continuum, 136
and evolutionary radiations, 141 –  43
general application, 138 –  41
portal of probability, 140, 142, 148
previous proposals of, 136 –  38
Stages of Speciation (SOS) frame-

work, 126, 128, 130, 137, 139, 
141, 142, 143, 145, 147, 148

sympatric, 253
Stanley, S. M., 25
stasis, 4, 49, 51, 171, 180, 254, 366 –  69, 372 –   

73, 377 –  79, 381, 383, 392, 398, 399
dependent on methods of recogniz-

ing species, 383 –  84
statistics, in paleontology, 10, 23
stem species, 75, 96
stratigraphic range, 254, 313
stratophenetics, 94, 169, 170, 176, 241
Striatojaponocapsa (see radiolarians)
stromatoporoids, 347
structural genes, 258
sturgeons (see fishes: Acipenser)
Stylephorus (see fishes)
Stylophora (see corals)
subpopulations, 261 (see also incipient 

species)

subspecies, 22, 23, 87, 93, 389
successful species, 142
successional species, 73
survival, age- dependent (see extinction, 

age- dependent)
survival function, 201
survivorship, 132
Sylvester- Bradley, P., 20, 21, 36, 37
Systematics Association, 19

tarpons (see fishes: Megalopidae)
tautology, potential in punctuated equilib-

rium (see punctuated equilibrium)
taxon

age of, 199
higher, origin of, 245
recognition, 241

taxonomic delimitation, 28 (see also species: 
delimitation)

taxonomic diagnosis, 375
taxonomic identification, 28
taxonomic importance, of traits, 374 (see 

also taxonomic usability/usefulness, of 
traits)

taxonomic philosophy, of systematists,  
367

taxonomic resolution of fossil record, 198
taxonomic usability/usefulness, of traits, 

366, 372, 377 –  82, 384 (see also taxo-
nomic importance, of traits)

taxonomy, 20, 40
lumping and splitting in, 40, 90, 301, 

305, 370
tectonics, 344, 347
temperature change (see environmental 

change/perturbation/disturbance and 
speciation)

tempo and mode in evolution, 2, 4, 5, 73, 
301, 368, 371

Tempo and Mode in Evolution, 318
temporal resolution, of samples, 181, 370
temporal scale, 123
terrestrial vs marine organisms, role of geo-

graphic barriers in speciation, 253
Tethys Sea, 330
Tetrahoplites (see ammonoids)
Texas, 244
time averaging, 301, 304 –  7
time of true speciation and extinction, 

deviation from, 207
time series analysis, 392
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time- trees, 203
tokogenesis, 48, 67, 68
traits

defining in fossil species lineages, 
366, 371

univariate, 375
Trans- Arctic Interchange, 345
transition time, in speciation, 259 (see also 

speciation: rate)
trends, evolutionary

in the fossil record, 371
progenetic, 246
and sea level cycles, 247

trilobites, 4, 89, 91, 130, 347, 349, 372
lineage- level studies in fossil, 124
species definition in, 82, 91

Triplomystus (see fishes)
trophic resources, 145
turnover pulses, 49, 50
Turritella (see gastropods)
typology, in species definition, 23

uniformitarian reasoning, 79
univariate characters, in species discrimina-

tion, 378
University of Michigan Museum of Natural 

History, 316

variation
genetic, 134

intraspecific, 32
morphological, 171

varieties, 22, 33, 34
vertebrates, 4
vicariance, 136, 140, 144, 146, 199, 200, 

349 –  50, 354
Vicugna (see mammals, fossil)
Vinlandostrophia (see brachiopods)
Virginia, fossil gastropods from, 88
vocalization (see behavior)
volatility, evolutionary, in ammonoids, 238

Weibull, hazard function (see hazard func-
tion: Weibull)

Weibull models, 204, 205, 206, 208
Weibull speciation rates, 204
West Africa

corals from, 226 –  27
Trans- Saharan Seaway, 247

western Atlantic, 219
Western Interior Seaway, 245
White, Errol, 20
Williams, H. S., 314
wolves (see mammals, fossil)
Wright, Sewall, 9 (see also Sewall Wright 

Effect)
Wyoming, fossil fishes from, 315 –  16, 328

Yale Peabody Museum, 314
Yule’s pure birth model, 204, 205
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