
CONSERVATION PALEOBIOLOGY
Using the Past to Manage for the Future

Gregory P. Dietl and Karl W. Flessa
Editors

The Paleontological Society Papers

Volume 15     October 2009



A Publication of the Paleontological Society

Series Editor

Sankar Chatterjee
Museum of Texas Tech University

MS/Box 43191 
3301 4th Street

Lubbock, TX  79409-3191

Copyright © 2009 by the Paleontological Society

ISSN 1089-3326

All rights reserved.  This entire publication may not be reproduced, stored in a retrieval system, or transmitted, in any form 
or by any means, electronic, mechanical, photocopying, recording, or otherwise, without permission in written form from 
the Secretary of the Society.  Diagrams, figures, tables, illustrations, and graphs may be reproduced by photocopying and 
distributing free of charge for educational purposes, if proper credit is given to the author(s) and the Society.

Printed by Yale University Printing and Publishing Services.



VERTEBRATE FOSSILS AND THE FUTURE OF CONSERVATION BIOLOGY

ELIZABETH A. HADLY1 AND ANTHONY D. BARNOSKY2

1Department of Biology, Stanford University, Stanford, CA 94305 USA 
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ABSTRACT.—The science and practice of conservation biology face new challenges in the next few decades that 
will require application of the vertebrate fossil record. The new challenges are how to preserve not only individual 
species, but also natural ecosystem function through a time that is seeing unprecedented rates of climate change, 
human-population growth, and habitat fragmentation. Under these circumstances, linkages between vertebrate 
paleontology and conservation biology are needed to: (1) define the range of normal variation that ecosystems 
typically experience in their lifespan; (2) provide metrics for monitoring ecosystems that are useful for conser-
vation biologists and benchmarks for recognizing successful ecosystem management; and (3) develop effective 
conservation strategies for species and ecosystems. Here we summarize some ways vertebrate paleontological 
work on genetics, populations, species diversity, and extinction is contributing to these needs. For example, the 
application of ancient DNA techniques in the context of life history strategies provides a means of determining 
when modern populations are in trouble. Species composition, abundance, and richness in modern ecosystems all 
can be compared to the paleontological record to assess when an ecosystem is exhibiting unusual changes. Past 
extinctions offer insights as to how to avoid future ones. New conservation efforts such as assisted migration will 
require information on which kinds of species substitutions maintained ecological function in the past. We antici-
pate that as ecosystems require more and more human manipulation to sustain biodiversity, the paleontological 
record will become even more important as a baseline against which to assess ecological health.

INTRODUCTION

IN TODAY’S world, it is difficult to find a major group 
of organisms that does not have species in danger of 
extinction (Wake and Vredenburg, 2008; Davidson et 
al., 2009; IUCN, 2009). The poster children for en-
dangered species, however, are usually vertebrates—
amphibians, reptiles, birds, and especially the so-called 
charismatic mammals, like primates, tigers, elephants, 
and whales. Thus, it is particularly important to define 
the “range of normal” fluctuations that vertebrates typi-
cally experience through evolutionary and ecological 
history, so that we can recognize not only when various 
animals and communities are truly imperiled but also 
when the conservation goal of maintaining “naturally-
functioning” ecosystems has been achieved.

Vertebrate paleontology already has contributed to 
those goals in numerous ways (Hadly, 2003; Lyman and 

Cannon, 2004; Lyman, 2006). For example, the propor-
tions of species among orders of North American mam-
mals show little deviation over time-scales of millions 
of years (Alroy, 2000). At the hundred-thousand-year 
scale, vertebrate paleontology has demonstrated that 
while mammalian communities may change in species 
composition, the numbers of species in trophic and size 
categories remain relatively constant within a given 
kind of ecosystem (mountain, desert, etc.), and links 
between ecological niches are maintained although the 
species filling those niches may change (Owen et al., 
2000; Hadly and Maurer, 2001; Barnosky et al., 2004a; 
Barnosky and Shabel, 2005; McGill et al., 2005; Hadly 
et al.,in press). At the more resolved thousand-year 
time scale, it becomes apparent which kinds of species 
in a particular community typically respond to non-
human caused perturbations, notably climate change, 
and which kinds of species can be expected to persist or 
disappear through the normal course of environmental 
variation (Guilday, 1971, 1984; Graham and Grimm, 
1990; Wood and Barnosky, 1994; Graham et al., 1996; 
Hadly, 1996; Graham, 1997; Grayson, 1998, 2005, 
2006; Barnosky, 2004a; Blois and Hadly, 2009).
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“The first step in park management is historical re-
search, to ascertain as accurately as possible what 
plants and animals and biotic associations existed 
originally in each locality.”–Leopold et al. (1963)
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Useful as these kinds of information have been in 
the theoretical realm, they have been little utilized by 
land managers simply because it has been difficult to 
develop direct comparisons between present and past. 
Where these comparisons have been made, they have 
been extremely powerful for the management commu-
nity; for example, studies of Holocene fauna that were 
instrumental in assessing elk populations and restoring 
wolves to Yellowstone National Park (Hadly, 1996; 
NRC, 2002), and in establishing a context in which to 
manage mountain goats in Olympic National Park (Ly-
man, 1998).

Accordingly, here we provide information on 
methods that rely on the vertebrate paleontological 
record and that directly link past and present in order 
to manage for the future. At the local scale we discuss 
how to infer the health and prognosis of mammalian 
populations using analyses of fossil and modern DNA. 
At regional and continental scales, we provide methods 
for assessing “normal” levels of biodiversity in mam-
malian communities, in order to establish conservation 
benchmarks that can be relatively easily monitored. 
And at the global scale, we refer to the fossil record to 
suggest how species might be expected to respond to 
the current threats of habitat fragmentation and global 
climate change, and suggest mitigation strategies.

NEW CHALLENGES IN 
CONSERVATION BIOLOGY

Conservation biology has at its core the mission to 
save Earth’s biodiversity; from a practical standpoint, 
the goals have been to save individual species, to save 
products and services of ecosystems that people need, 
and to save places where people can still experience 
a feeling of wilderness (Meine et al., 2006). From a 
philosophical perspective, all three of those goals have 
heretofore been achievable by simply setting aside a 
large enough tract of land and attempting to manage it 
in a way that keeps it in its “normal” state. “Normal” 
has been implicitly defined by the landmark Leopold 
Report (Leopold et al., 1963), which set forth the work-
ing definition: “to preserve, or where necessary to recre-
ate, the ecologic scene as viewed by the first European 
visitors.” Although originally formulated for manage-
ment of U.S. National Park lands, this philosophy has 
become the guiding light for much of land management 
and for the conservation ethic in general. 

The first lesson of the vertebrate fossil record is 

that this criterion for “normal” is based on a fixed point 
in time, generally around a century or two ago that in 
North America is thought to precede significant Euro-
pean human impact. This view of “normal” does not 
take into account the range of variation ecosystems ex-
perience through their existence. Thus, an initial chal-
lenge for conservation biology is to explicitly shift the 
paradigm for conservation from one that emphasizes 
holding ecosystems at a static point defined by an ar-
bitrary temporal benchmark, to one that focuses on 
maintaining key ecosystem functions within the range 
of variation exhibited through past environmental per-
turbations. 

In this context we suggest a workable definition for 
“normal” might be: “maintaining ecosystems within the 
limits of variation they experience in times or regions 
where humans were not abundant on the landscape.” 
Although humans colonized the continents at different 
times, in fact our dominance of the global ecosystem 
is relatively recent, coinciding with the advent of agri-
culture about 8,000-10,000 years ago and subsequent 
urbanization. Thus, the global dominance of humans 
is of much shorter duration than is the backdrop on 
which most living species evolved to interact, which 
is on the timescale of the glacial-interglacial climatic 
excursions beginning some 2.6 million years ago. The 
time of human dominance also is considerably shorter 
than the life spans of most species on Earth, which in 
general last about one to several million years (Alroy, 
1996; Avise et al., 1998; Johns and Avise, 1998; Al-
roy, 2000). While we might quibble about the exact 
wording, the key concept we endorse is that a given 
ecosystem is characterized by a core set of ecological 
niches—for example, the “ground squirrel niche,” or 
the “grass niche”—and although the particular species 
filling those niches through time may change, in the ab-
sence of significant human perturbation the niches, and 
the connections between them, remain through at least 
hundreds of thousands of years. This has been dem-
onstrated not only for vertebrates (Barnosky, 2004a; 
Barnosky et al., 2004a; McGill et al., 2005; Hadly et 
al., in press), but for plants and invertebrates as well 
(Pandolfi, 2002; Hughes et al., 2003; DiMichele et al., 
2004; Flessa and Jackson, 2005; Jackson and Erwin, 
2006; Pandolfi, 2006).

The second big challenge facing conservation biol-
ogy is that abnormally rapid global warming (IPCC, 
2007) has changed the rules of the conservation 
game, such that even the straight-forward practice of             
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preserving species by simply setting aside a protected 
tract of land no longer is viable (Barnosky, 2009). The 
basic problem is that as climate changes rapidly within 
protected areas, the species we have become used to in 
those places lose the climate they need to survive there 
(e.g., McMenamin et al., 2008). Whereas during past 
times of rapid climate change, like glacial-interglacial 
transitions, species have tracked their required climate 
as it shifts across the landscape. This type of response is 
not an option for species whose last refuge is in nature 
reserves, which is the case for many endangered ver-
tebrate species. At best, legislatively protected nature 
reserves comprise only 12% of Earth’s land surface 
(NGS, 2006), and reserves typically are widely sepa-
rated from one another by human-altered landscapes 
such as farms, ranches, cities, and dams. This makes 
each reserve essentially a small, isolated island.  

The problems species face on that kind of land-
scape are threefold. First, there is little, if any, suitable 
habitat immediately outside the boundaries of most 
nature reserves, so species cannot track their climate 
zone from one to the next, even if they could disperse 
fast enough. Second, the rate of warming is so much 
faster than even the most rapid climate changes that 
species have seen in their past—some 10% to 300% 
faster than changes experienced at the Medieval Warm 
Period or glacial-interglacial transitions (e.g., Bar-
nosky et al., 2003; Barnosky, 2009; Blois and Hadly, 
2009)—that it is unknown whether many species are 
capable of dispersing at fast enough rates, even if suit-
able habitat corridors existed. Third, Earth is actually 
entering a new climate state in respect to what extant 
species and ecosystems have evolved in. No matter 
which IPCC scenario (IPCC, 2007) plays out, by ap-
proximately 2050 the global mean temperature will be 
hotter than it has been since Homo sapiens first evolved 
some 160,000 years ago, and under the more carbon-
intensive A2 scenario, by 2100 Earth could be hotter 
than it has been in 3 million years, longer than many 
vertebrate species, and virtually all mammal species, 
have been in existence (Alroy, 1996; Avise and Walker, 
1998; Avise et al., 1998; Alroy, 2000).

Those realities mean that saving individual spe-
cies—that is, preserving biodiversity—will become 
increasingly difficult without intensive human manipu-
lation of species ranges. Saving species as their climate 
disappears in a given reserve may well require mov-
ing them to other reserves where suitable climate ex-
ists; such “assisted migrations” already are underway 

for insects and in active discussion phases for plants 
and other organisms (McLachlan and Hellmann, 2007; 
Zimmer, 2009). However, such human manipulation of 
species distributions could be the antithesis of main-
taining naturally functioning ecosystems, if the assisted 
migrations result in ecological interactions that are out-
side the range of normal as we define it above (e.g., 
outside the variations a given ecosystem experiences 
through thousands of years in the absence of significant 
human intervention).

To sum up: today and in the coming decades, the 
successful practice of conservation biology requires 
(1) the recognition that ecosystems experience natural 
variation through time; (2) a means of distinguishing 
when the boundaries of that natural variation have been 
exceeded, and (3) understanding that the goal of sav-
ing species may soon be decoupled from the goal of 
maintaining ecosystems whose species interactions are 
not primarily orchestrated by humans. Therefore, the 
first essential contribution of vertebrate paleontology 
is to establish, in metrics that are easy to understand 
and possible to apply to modern systems, the range of 
variation that can be considered normal in the absence 
of significant human impact. The second essential con-
tribution is to use what we know about past ecosystem 
dynamics to help structure biodiversity preserves that 
will become increasingly manipulated by humans, as 
we strive to keep endangered species alive. 

DEFINING THE NATURAL RANGE
 OF ECOSYSTEM VARIATION 

THROUGH TIME

Ecosystems experience many kinds of variation 
through time. Over human lifetimes, for example, 
populations within species are known to wax or wane; 
new species may enter into an area because of natural 
dispersal or deliberate or unintentional introduction by 
people, or species may be lost from an area (extirpa-
tion) or globally (extinction). The relevant question for 
most land managers is a straightforward one: When are 
these kinds of observed changes a signal that some-
thing is going wrong with the ecosystem under their 
jurisdiction, and when do the observed changes simply 
reflect natural variation in a highly complex system? 
Here we give examples of how the vertebrate-fossil 
record can be used to separate signal (a change that 
indicates an ecological problem) from noise (natural 
variation in the ecosystem) using three different kinds 
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of metrics that are relevant and commonly considered 
in ecosystem management and conservation biology: 
population genetics, species composition and diversity, 
and extinction risk.

Population genetics
Species are comprised of populations, and togeth-

er, those populations determine the geographic dis-
tribution of the species. The environment acts on the 
individuals in populations through time to influence 
where they can persist and where they thrive. All spe-
cies have evolved suites of physiological, morphologi-
cal, and behavioral attributes that they use to handle 
changes to their abiotic and biotic environments (Blois 
and Hadly, 2009). Variation in these attributes usually 
means that species can handle a greater range of chal-
lenges, and usually is underlain by genetic variation. 
Hence, assessing genetic variation within and between 
populations is a key aspect of assessing the viability 
of species within ecosystems (Gilpin and Soulé, 1986; 
Soulé, 1987). Genetic variability also provides evi-
dence suggestive of the abbreviated history of events 
that populations experience through time (Ramakrish-
nan and Hadly, in press). Particularly large and recent 
events can leave profound marks on the genetic diver-
sity of a species. For example, a severe reduction in 
population size of a species can eliminate almost all its 
genetic diversity through the process of random drift 
such as occurred, for example, in the cheetah (Menotti-
Raymond and O’Brien, 1993), the elephant seal (Hoe-
lzel et al., 1993) and the Wollemi pine (Peakall et al., 
2003). Thus, not only does a severe population bottle-
neck event leave its historic mark on the genetic di-
versity of a species, it also increases the susceptibility 
of the species to stochastic environmental catastrophes 
because the species has fewer tools in its genetic tool-
kit. However, over long periods of time (hundreds of 
millennia to millions of years), if the species recovers 
and persists, even evidence of severe bottlenecks can 
be erased or mitigated since mutation and recombina-
tion will eventually contribute genetic novelty to the 
species. Our own species provides such an example, 
since Homo sapiens experienced very recent popula-
tion expansion about 50,000 years ago (Atkinson et al., 
2008). Without a temporal record of genetic diversity, 
discerning how frequently recovery from these bottle-
neck events occurs is impossible, yet it is critical since 
many species and their populations are now imperiled 
(Ceballos et al., 2005).

Where the right preservation conditions exist for 
long periods of time, fossil and subfossil specimens 
of vertebrates can harbor sufficient organic material to 
preserve DNA and thus temporal variations in genetic 
diversity, gene flow, and population size can be ac-
cessed. These prehistoric and historic samples of DNA, 
called ‘ancient DNA’ can reveal not only the identity 
of species in the absence of characteristic morphologi-
cal traits, but also much about the genetic diversity of 
species and their populations through time. The fos-
sil samples provide an empirical benchmark to which 
similar genetic assessments of extant populations can 
be compared and modeled, in order to identify any cur-
rent population-genetic attributes that are out of the or-
dinary. This ancient genetic diversity can also reveal a 
“moving picture” of the population through time, indi-
cating how and if species responded to environmental 
events in their history.

The practical applications of data from aDNA are 
diverse. For example, changes in genetic diversity of 
populations can be used to unravel specific responses 
to past climatic events, which is a powerful way to use 
the past to predict the future of certain species in the 
face of the current global warming crisis. While only 
a few species have been examined in this manner, it is 
becoming apparent that a species’ genetic response to 
climate change is tightly tied to its life history strategy, 
and that fossil data are essential to interpreting what 
genetic variation in modern populations reveals about 
their future viability. In Yellowstone Park, for instance 
(Hadly et al., 2004), species characterized by low dis-
persal rates, such as pocket gophers, maintain similar 
haplotypes and low genetic diversity through climatic 
fluctuations that include a ~1°C local warming dur-
ing the Medieval Warm Period and subsequent cool-
ing during the Little Ice Age, and current populations 
are genetically very similar to ancient ones in spite of 
climate fluctuations. In contrast, species characterized 
by high dispersal per generation, such as voles, exhibit 
dramatic differences in particular genotypes between 
current and past populations, and highlight how mis-
leading it may be to assume high genetic diversity in 
itself indicates sustainable populations. As population-
size of certain species of Microtus decreased locally in 
northern Yellowstone Park during the Medieval Warm 
Period, their apparent diversity markedly increased. 
Modeling these data showed that the only way to ex-
plain this anomaly was that the local populations were 
replaced by extralocal ones, signaling that the area had 
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become a genetic sink rather than a source of genetic 
diversity. From the standpoint of conservation biology 
and ecosystem management, these fossil data provide 
critical insights that are simply impossible to gain by 
looking only at extant populations, namely: (1) low ge-
netic diversity in pocket gophers (and by inference, in 
other kinds of low-dispersal species) is not necessarily 
a cause for concern in the face of global warming; and 
(2) high genetic diversity in voles (and by inference, 
other high-dispersal species) does not ensure that they 
are not under stress from habitat loss; in fact, it can 
indicate just the opposite. For high-dispersal species, 
landscape connectivity is clearly essential for popula-
tion movement and recolonization.

In the bigger picture, studies on a variety of species 
hint at how changing environments, particularly climat-
ic changes of the last 20 millennia, have governed past 
population movements (gene flow) in mammals, and 
thus what we might expect to see in extant species as 
environmental changes unfold in the future. Among the 
species for which ancient genetic information is now 
available are: brown bears (Barnes et al., 2002; Calvi-
gnac et al., 2008; Valdiosera et al., 2008), cave bears 
(Hofreiter et al., 2002; Orlando et al., 2002; Hofreiter et 
al., 2007), foxes (Dalen et al., 2007), gophers (Hadly et 
al., 1998), gray whales (Alter et al., 2007), horses (Or-
lando et al., 2006), humans (Lalueza-Fox et al., 2005; 
Weaver and Roseman, 2005; Belle et al., 2006; Lalue-
za-Fox et al., 2006), northern fur seals (Newsome et al., 
2007), rats (Barnes et al., 2006), squirrels (van Tuinen 
et al., 2008), and voles (Hadly et al., 2004).  

Ancient and historic data from museum specimens 
can also help to unravel histories of human manipu-
lation of populations including hybridization between 
species and the impacts of overharvesting (e.g., Leon-
ard, 2008). Studies detailing ancient genetic data for 
invertebrates and plants are much more limited, but can 
reveal the biotic compositions of ancient communities 
(e.g., Willerslev et al., 2007) and plant domestication 
(e.g, Gugerli et al., 2005).

Ancient DNA studies also have tracked genetic di-
versity associated with climatic change before and dur-
ing population size change, in organisms such as bison 
(Shapiro et al., 2004), voles and gophers (Hadly et al., 
2004), tuco-tucos (Chan et al., 2005, 2006), wolves and 
dogs (Leonard et al., 2002), horses (Weinstock et al., 
2005; Orlando et al., 2008), and mammoths (Barnes et 
al., 2007). In some cases, nuclear genetic analysis has 
been used to ascertain phenotypic traits characteristic 

of particular environments such as light versus dark 
coat color (Rompler et al., 2006).  

In North American bison, a lineage that shows 
dwarfing during the latest Pleistocene to Holocene 
(Hill et al., 2008), ancient genetic data assembled from 
both North America and Asia from the past 150,000 
years were interpreted to show evidence of popula-
tion growth until approximately 37,000 years ago, 
when the population suffered loss in genetic diversity 
consistent with population size decline (Shapiro et al., 
2004). Shapiro et al. (2004) concluded that the decline 
was likely due to climatic change since the timing of 
the decline was coincident with initiation of the last 
glacial maximum in Beringia and preceded evidence 
of human migration into the Americas. A subsequent, 
more sensitive analysis using the same data detected 
another more subtle event: population size in bison was 
at its minimum ~10,000 years ago (Drummond et al., 
2005), a time coincident with extinction of megafauna 
in North America (Barnosky et al., 2004b; Koch and 
Barnosky, 2006), the peak in the last glacial maximum, 
and arrival of humans to North America. The analy-
sis by Drummond et al. (2005) revealed that humans 
may also have played a role in the reduction in bison 
populations in Beringia, albeit subsequent to the ini-
tial effects of climatic change. Bison after 10,000 years 
ago showed population size recovery in North America 
until intensive historic hunting by European settlers. 
Thus, unraveling the timing of population size con-
traction and expansion using ancient genetic data and 
population genetic modeling enables us to better un-
derstand which factors may be responsible for events in 
species population histories. In the case of bison, these 
analyses also revealed that the species narrowly missed 
the fate of extinction that other megafauna suffered, 
and that the genetic diversity of this species today is 
but a vestige of its relatively recent past.

Besides its direct practical application in comparing 
present with past genetic variation, the study of ancient 
DNA has matured to the point where it is beginning 
to contribute substantially to population genetic theory, 
which underpins assessments of population viability in 
conservation applications. Empirical temporal data has 
been critical, because genetic change within lineages 
is a result of population-level processes that take place 
over generations, with cumulative effects building up 
over hundreds to thousands of years (Ramakrishnan 
and Hadly, in press). The key processes are recombi-
nation, mutation, selection, random genetic drift and 
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gene flow, with all but mutation strongly influenced by 
population size (Ramakrishnan and Hadly, in press). 
A persistent problem in population genetics has been 
sorting out which of these population-level processes 
dominates in explaining the genetic signature of a giv-
en population, especially when trying to assess whether 
environmental change has influenced (or is influenc-
ing) a genetic signature, because each process (except 
possibly recombination) is known to be influenced by 
the abiotic and biotic environments. For example, mu-
tagenesis has been shown to vary by environment in 
some organisms, and further, environmental correlates 
such as rates of ultraviolet radiation may play an im-
portant role (Pawlowski et al., 1997). Environmental 
changes cause individuals to move in search of favor-
able habitats; as a result, individuals may disperse from 
one population to the next (gene flow); populations can 
increase or decrease in numbers of individuals (popu-
lation size), and/or they may shuffle the percentage of 
adaptive or maladaptive traits (selection).

To untangle the role of environmental change from 
stochastic process, it is now possible to examine the ex-
pectations of genetic diversity using theoretical mod-
els of mutation, selection pressure, population size and 
gene flow that were developed to analyze ancient DNA 
sequence data (Ramakrishnan and Hadly, in press). 
When genetic change is directly observed through 
time, it becomes possible to disentangle which popula-
tion processes were most likely responsible for the ob-
served genetic diversity (Anderson et al., 2005; Drum-
mond et al., 2005; Ramakrishnan et al., 2005; Chan et 
al., 2006). Such models, when supported by empirical 
temporal data, can discriminate whether populations 
were connected or isolated during periods of climatic 
change (Hadly et al., 2004; Hofreiter et al., 2004), the 
probable size of ancient populations (Chan et al., 2006) 
and whether changes in population size are concordant 
with what is known about the population biology of 
the species (Hadly et al., 2004). Indeed, the addition of 
ancient temporal data has been shown to increase the 
probability of revealing the correct evolutionary his-
tory of populations and species over modern data alone 
(Ramakrishnan et al., 2005), and to markedly enhance 
our ability to determine whether and how populations 
and species might adapt to climatic or other environ-
mental changes.  

Ancient DNA from species that became extinct at 
the Pleistocene-Holocene transition, such as mammoth 
or giant ground sloth (Poinar et al., 1998, 2003; Barnes 

et al., 2007; Hofreiter, 2008a), or in the very recent 
past such as dodos, moas, and other birds (Sorenson 
et al., 1999; Huynen et al., 2003, 2008; Bunce et al., 
2005; Allentoft et al., 2009), has yielded insights about 
how climatic or human perturbations affected the last 
populations of the species, and in turn inform us about 
signs of impending extinction in today’s animals. Such 
ancient samples are not yet sufficient to quantify how 
much reduction in genetic variation signals impending 
extinction, although studies of threatened animals show 
that the majority suffer loss in genetic diversity before 
they are driven to extinction (Spielman et al., 2004). 
Ancient genetic studies have the potential to help us 
understand whether the majority of species experienc-
ing extinction did so prior to losing genetic diversity 
because of events affecting populations, or whether 
the loss of genetic diversity itself makes species more 
extinction-prone.

Obtaining information from aDNA is not without 
its challenges. It requires a dedicated lab physically 
separated from facilities where modern DNA is ex-
tracted and sequenced, and extraordinary procedures 
to guard against contamination. Reconstructing the an-
cient genetic sequences of individuals of course also 
requires adequate fossil localities that preserve fossil 
vertebrates (usually bones or teeth). In order to preserve 
DNA, specimens must be rapidly buried and protected 
from wide swings in temperature. Favorable conditions 
are most frequently found at high latitudes where bones 
may be preserved in permafrost, or within sheltered en-
vironments such as caves, or where the environment 
is exceptionally arid (Hofreiter et al., 2001). Tropical 
areas generally are not optimal for long-term organic 
preservation, and thus ancient DNA from the tropics is 
rare. Additionally, sequencing and amplifying ancient 
genetic data is difficult because the pieces of DNA that 
manage to be preserved for even brief periods of time 
after the death of an animal are usually short (~100-
300 basepairs) and over time, the number of copies of 
this sequence will decline dramatically, meaning that 
accessing ancient DNA sequences has a hypothesized 
limit of less than 100,000 years (Handt et al., 1994; Lin-
dahl, 2000; Willerslev and Cooper, 2005). Rarely DNA 
may be preserved longer than 100,000 years in very 
cold environments (Willerslev et al., 2007), and there 
are reports of much older protein sequences (Asara et 
al., 2007). Finally, most aDNA studies are constrained 
to use mitochondrial DNA because of its abundance in 
the mammalian genome: it is at least 3600 times more 
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common than nuclear DNA in humans (Miller et al., 
2003).

Despite these limitations, molecular paleontolo-
gists already have the ability to determine the cadence 
of genetic variation within populations over time in 
important cases, as exemplified by the numerous stud-
ies cited above. Further, as sequencing technology be-
comes more streamlined, it should eventually be pos-
sible to reconstruct genomic-level variation, which 
holds great promise for understanding both variation in 
neutral regions of the genome as well as those genetic 
areas under selection (Hofreiter, 2008b).  

Species composition and diversity 
Three important metrics that are useful and rela-

tively easy to monitor in ecosystems are species com-
position (what species are there), species abundance 
(how common or rare individuals of a species are), and 
species richness (how many species there are). Species 
composition is important because species are thought to 
conserve their ecological niches through time (Ackerly, 
2003; Martinez-Meyer et al., 2004; Wiens and Graham, 
2005; Hadly et al., in press). Thus, the presence of a 
given species indicates the presence of a given ecologi-
cal niche, and in turn, the persistence of species indi-
cates persistence of the ecological niches that define a 
given ecosystem. Species abundance is related to the 
life history attributes of a species (body size, genera-
tion time, habitat preference, trophic group, etc.) and 
also to the abundance of habitats within the ecosystem 
that can support individuals of a given species (Blois 
and Hadly, 2009). Pronounced changes in abundance, 
particularly in the relative abundance of species as 
compared to each other, indicates at least changes in 
landscape characteristics (for example, expansion of 
arid microhabitats at the expense of mesic ones) and 
can indicate major shifts in how species interact (for 
example, decrease in predators that in turn lead to in-
creased herbivore populations with attendant effects 
on vegetation). Species richness is critical to monitor 
because it is correlated with important ecosystem at-
tributes such as productivity, disturbance regime, and 
habitat heterogeneity (Rosenzweig, 1995; Barnosky 
et al., 2001; Hadly and Maurer, 2001; Cardinale et al., 
2002); dramatic changes in richness thus indicate fun-
damental changes in the ecological niches within an 
ecosystem and in the connections between niches.

In the fossil record it is usually possible to identify 
mammal species by dental, cranial, or other osteologi-

cal features, and many amphibian, reptile, and bird spe-
cies also can be identified from bones. In cases where 
morphological features are not diagnostic, the ancient 
DNA techniques discussed above can often be applied 
to assess species identity. For example, in a study of 
the influence of tectonics and climate on the long-tailed 
vole (Microtus longicaudus) in the Greater Yellow-
stone Ecosystem, ancient DNA was used to discern the 
frequency of M. montanus vs. M. longicaudus, which 
lack diagnostic traits on isolated teeth necessary to dis-
tinguish between the two species (Spaeth et al., 2009). 
From the perspective of conservation biology, identi-
fying which species were present in the past becomes 
critical, because the management questions of interest 
typically require knowing: (1) what species “should” 
be present in a given ecosystem in the absence of sig-
nificant human manipulation; (2) is the loss or gain of 
a given species unusual; and (3) are the normal num-
ber of species one would expect the ecosystem to sup-
port actually there? As with analyses of ancient DNA 
to assess population-level changes, the vertebrate fossil 
record offers a rich source of answers for these species- 
and community-level questions, which yield both prac-
tical and theoretical information for land managers.  

The most relevant fossil information to apply to the 
first two questions comes from paleontological depos-
its that accurately sample the living communities of the 
past, and from time frames during which extant species, 
or at least species that are closely related to extant ones, 
had already evolved. Typically these are fossil deposits 
that extend back a few thousands to a few hundreds of 
thousands of years (although essential information also 
comes from older deposits; see below). Some of the 
best community samples come from deposits in caves 
and rockshelters, where woodrats (Neotoma spp.) den 
and drag bone-laden pellets of carnivores, raptors, and 
small pieces of decomposing large-mammal skeletons 
into their nests. The same caves or rockshelters are often 
used by large carnivores for their dens, and their bones 
and the bones of their prey add to the sample of skeletal 
materials that eventually become fossilized. Typically, 
abundant organic material in these deposits, including 
the bones themselves, provide opportunity for multiple 
radiocarbon dates that can be used to refine chronolo-
gies, and to assess the extent of time-averaging (that is, 
how many years a given community-sample actually 
took to accumulate). Detailed analyses of modern com-
munities sampled by similar vectors demonstrates very 
high fidelity between the sample and the living animals 
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on the landscape, especially for presence-absence and 
relative abundance of small mammals, birds, and am-
phibians that live within about 5 km of the fossil site 
(Hadly, 1999; Porder et al., 2003; Terry, 2008). Fortu-
nately, cave and rockshelters that hold such deposits 
are widely distributed throughout the Appalachians, 
Rocky Mountains, Great Basin, Pacific Northwest, and 
Sierra Nevada—exactly the areas that hold abundant 
publicly administered lands so important in conserving 
species and ecosystems. Where caves and rockshelters 
are not present, the opportunity for high-fidelity sam-
ples of fossils sometimes exists in fluvial and riparian 
environments, as shown by recent studies that compare 
bone accumulations with the living community in Af-
rica (Behrensmeyer et al., 2003; Western and Behrens-
meyer, 2009). 

When adequate fossil information is available it is 
relatively straightforward to determine whether mod-
ern species composition has been significantly per-
turbed from what existed prior to anthropogenic domi-
nance. The approach of using Holocene fossil depos-
its to inform land management decisions has already 
been used in Yellowstone National Park, where fossils 

from Lamar Cave demonstrated that all of the mammal 
species now protected in the park, including wolves, 
grizzly bears, and elk, species whose management has 
been controversial (NRC, 2002), were common in that 
ecosystem for at least the past 3000 years. The only 
mammal species that is missing is a vole (Microtus 
ochrogaster) that always was at very low abundance 
(Hadly, 1996, 1999). Although the birds and amphib-
ians from the deposit have not been studied in as much 
detail, species composition in those groups likewise 
seems to have remained relatively stable over the past 
few thousand years. Examples of other areas where the 
Holocene fossil record is rich and useful in demonstrat-
ing that the mammals on the landscape today largely 
reflect the species composition of the past few thou-
sand years include northern California (Blois, 2009), 
the Great Basin (Grayson, 1998; Grayson and Madsen, 
2000; Grayson, 2006; Terry, 2007), the Great Plains 
(Semken and Graham, 1996), and the Appalachians 
(Guilday, 1971, 1984).

A great value of cave and rockshelter sites that 
have successive layers of high-fidelity fossil depos-
its—or any such stratigraphic sequence—is their utility 
in tracking fluctuations in abundance of various taxa 
through time. Usually, it is only the small-mammal 
component of the community for which numbers of 
specimens are adequate to analyze abundance changes; 
nevertheless, those are precisely the kinds of organisms 
that can also be easily monitored in modern ecosys-
tems in order to compare present with past, and they 
have greater sensitivity to microhabitat changes than 
do larger mammals (Hadly, 1996). The fossil depos-
its demonstrate that pronounced fluctuations in abun-
dance are characteristic in a given ecosystem over the 
100-year, 1000-year, 10,000-year, and 100,000-year 
time scales. Relative abundance fluctuations clearly 
are the normal, early response to climatic changes of 
the past. For example, in Lamar Cave in Yellowstone 
Park, voles of the genus Microtus are the most abun-
dant small mammals during cool, moist periods, and 
ground squirrels (genus Spermophilus) are most abun-
dant during arid times (Hadly, 1996; Hadly et al., 2004) 
(Fig 1.). Each abundance state lasts at least a few hun-
dred years. But the same kinds of relative abundance 
shifts also manifest at longer time scales: for example, 
at Porcupine Cave, Colorado, voles and lemmings are 
most abundant during cool, moist glacial times, but 
ground squirrels increase in abundance during more 
arid interglacials (Barnosky, 2004b). In this case, the              

FIGURE 1.—Relative abundance fluctuations of the three most 
common small mammals through the late Holocene at La-
mar Cave, Yellowstone National Park, Wyoming (N=2835 
Microtus spp. specimens; N=2210 Spermophilus armatus 
specimens; N=1552 Thomomys talpoides specimens). Ages 
are median calendar years before present of several strati-
graphic levels based on a detailed radiocarbon chronology. 
Note that during relatively arid times such as during the Me-
dieval Warm Period (~800-1200 ybp), Spermophilus rises in 
abundance at the expense of Microtus and Thomomys, and 
declines during cooler, wetter intervals. Nevertheless, these 
three taxa remain as the most common taxa in the commu-
nity, which includes a total of 40 mammalian species from 
the cave. Data are from Hadly (1996).
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affecting an ecosystem, but in themselves do not indi-
cate an ecosystem has been perturbed from its “nor-
mal” state. Access to such paleontological data enables 
researchers to predict which species are likely to be af-
fected by global change, whether they will increase or 
decrease in abundance, and to what extent their popula-
tions have adjusted in the past.

However, in terms of relative abundance of taxa, 
the paleontologic record also demonstrates that in ter-
restrial ecosystems where we have adequate records 
(Appalachians, Rocky Mountains, Great Basin, Great 
Plains, California), three or four genera tend to domi-
nate in abundance throughout hundreds to thousands of 
years in a given place, even though rank-order abun-
dance among the three or four most common genera 
fluctuates in accordance with environmental chang-
es. For example, the top three genera in abundance 
throughout the entire 3000-year record for Lamar Cave 
are Spermophilus (ground squirrel), Microtus (vole) 
and Thomomys (pocket gopher) (Hadly, 1996) (Fig. 
1); and for most of the >100,000 year record at Porcu-
pine Cave, the dominant genera are Mictomys (vole), 
Spermophilus (ground squirrel), and Neotoma (wood 
rat) (Barnosky, 2004b). In fact, abundances of all 
small mammal genera are significantly correlated be-
tween these two sites, which are separated by 785 km 
and some 900,000 years (Fig. 3). These genera (listed 
in Fig. 3) clearly serve as important components—
essentially defining a core set of taxa—in the North 
American montane taxon pool. Abundance changes 
that would indicate perturbation from a normal ecosys-
tem state, then, are, if any of the most abundant genera 
dwindled to lower ranks in the abundance hierarchy, or 
more critically, became extinct. Actual loss of genera 
from an area would provide a very clear signal that an 
ecosystem has been perturbed into a new state, since 
the fossil record demonstrates constancy in genera and 
abundance patterns through nearly 1 million years in 
the studied mammalian communities (Fig. 3) (Hadly 
and Maurer, 2001; McGill et al., 2005).

The Holocene and Pleistocene fossil records in-
dicate that minor changes in species composition also 
are normal through the course of time ecosystems typi-
cally exist. Generic similarity of communities in space 
and time is apparent across even isolated montane re-
gions (Hadly and Maurer, 2001). Perhaps most indica-
tive of this are records such as Porcupine Cave, which 
demonstrated species turnover within genera, but very 
little change in the number of species found in each 

FIGURE 2.—Relative abundance of ground squirrels (Sper-
mophilus spp.) in respect to voles and lemmings (arvico-
lines) through >100,000 years at Porcupine Cave, South 
Park, Colorado. Level 1 is roughly dated to 800,000 years 
old (but could be somewhat younger) and Level 12 to at 
least 900,000 years (but could be somewhat older). Climatic 
interpretations for each group of stratigraphic levels are in-
terpreted from the sediments, not from the fauna, and are 
indicated by the abbreviations on the right of the diagram; 
IG=interglacial; G=glacial. The sediments indicate that the 
topmost interglacial (Levels 1-3) was dramatically more arid 
than any previous time represented by the record. Note that 
both ground squirrels and arvicolines are common through-
out the >100,000 years represented by the record, but that 
during the very arid time represented by Levels 1-3, ground 
squirrels begin to outnumber arvicolines after tens of thou-
sands of years of arvicolines being generally more abundant. 
Data are from Barnosky (2004b).

abundances appear relatively stable for thousands of 
years, before switching in pace with climatic changes 
(Fig. 2). From the land-management perspective, then, 
observed shifts in relative abundance of taxa provide 
an early warning signal that environmental changes are 



THE PALEONTOLOGICAL SOCIETY PAPERS, VOL. 1548

trophic and body-size group through >100,000 years 
and at least two glacial-interglacial climatic transitions 
(Fig. 4) (Barnosky, 2004a, b; Barnosky et al., 2004a). 
This, and the abundance data summarized above, sug-
gests that a key indicator that an ecosystem is func-
tioning within its natural range of variation is simply          

maintaining adequate numbers of species within each 
genus, with species identity being less important. Put 
simply, in terms of ecosystem function, one species of 
pocket gopher (genus Thomomys) may be as good as 
the next, but pocket gophers are long-term dominant 
members of North American mammalian communities 
and fill a critical niche.  

Such species substitutions in a given place are most 
evident coincident with rapid climate changes, such as 
the warming that accompanies the shift from glacial to 
interglacial climate states (Guilday, 1971, 1984; Bar-
nosky, 2004a; Blois, 2009; Blois and Hadly, 2009). 
In that light, counter-intuitively, maintaining species 
diversity becomes particularly important, especially 
in the face of today’s known environmental pressure 
of rapid climate change. This is because the only way 
it is possible to substitute one species for another to 
maintain ecosystem function as climate changes is if 
there is a large reservoir of species to draw on (Hadly 
et al., in press), and if those species can disperse be-
tween sites. Numerous paleontologic and neontologic 
studies have demonstrated that species divide their 
geographic range by climate space (Martinez-Meyer 
et al., 2004; Davis, 2005; Wiens and Graham, 2005; 
Elith et al., 2006; Hijmans and Graham, 2006; Nogues-
Bravo et al., 2008; Blois, 2009; Hadly et al., in press). 
To continue with the pocket gopher example, while any 
species of Thomomys might be suitable for filling the 
pocket gopher niche in an ecosystem, only certain spe-
cies seem able to thrive in specific places characterized 
by certain climatic parameters. Some species inhabit 
relatively cooler, moister parts of the entire range of the 
genus, whereas other congeners are restricted to rela-
tively more arid parts of the range (Blois, 2009). For 
instance, in northern California, where the geographic 
ranges of three species of Thomomys are in close prox-
imity, it is evident that the species that adapted to cool, 
moist microhabitats was replaced by the species adapt-
ed to drier habitats at the Pleistocene-Holocene transi-
tion (Blois, 2009). It seems likely that such “climatic 
plasticity” for a genus is possible only by maintaining 
multiple congeneric species (Hadly et al., in press).

Another important lesson of the fossil record is that 
the number of species in a given ecosystem—species 
richness—tends to vary little over at least thousands 
to hundreds of thousands of years, despite species 
turnover. For example, characteristic species richness 
during interglacial climates for non-volant terrestrial 
mammals in Rocky Mountain ecosystems seems to 

FIGURE 3.—Assessment of community composition and 
abundance of individuals at the taxonomic level of genus 
for a relatively recent paleontological site (Lamar Cave, 
Wyoming, <3200 years) and a relatively old site (Porcupine 
Cave, Colorado, >600,000-900,000 years), both in a Rocky 
Mountain ecosystem though widely separate both spatially 
and temporally. The axes are log10-scale in units of num-
ber of identified bones. Each symbol on the graph represents 
the number of specimens of a particular genus found at each 
site, summed across all levels. The Pearson r value is sig-
nificant at P = 0.001. The line is a ranged major axis regres-
sion. Pairwise comparisons of other sites indicate a similar 
result, namely, that the characteristic assemblage of small 
mammals in mountain and intermontane ecosystems of the 
United States includes not only genera typically represented 
by abundant numbers of individuals, such as Spermophilus, 
Microtus, and Thomomys, but also “rare” genera represented 
by few individuals such as the western jumping mouse Za-
pus, and thus the ‘species pool’ of western North America 
has persisted with the same constituents for at least ~900,000 
years (McGill et al., 2005). Abbreviations: Cl—Clethriono-
mys; Le—Leporidae; Ma—Marmota; Mi—Microtus; Mu—
Mustela; Ne—Neotoma; Oc—Ochotona; On—Ondatra;  
Pe—Peromyscus; Ph—Phenacomys; So—Sorex; Sp—Sper-
mophilus; Ta—Tamias; Ts—Tamiasciurus; Th—Thomomys; 
Za—Zapus.
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be around 40 species as demonstrated over thousands 
of years in Yellowstone Park (Hadly, 1996) and 45-50 
species as tracked over hundreds of thousands of years 
in South Park, Colorado (Barnosky et al., 2004a; Bar-
nosky and Shabel, 2005). Thus, reduction of mammali-
an species much below those numbers would clearly be 
an ecological danger sign in a Rocky Mountain land-
management unit. Similar comparison of Pleistocene 
and Holocene diversity with modern diversity can pro-
vide the same kind of valuable information in other re-
gions, although we are only just now reassessing mod-
ern species richness subsequent to climatic change and 
the massive landscape alteration that has characterized 
the last few decades in North America.

Non-anthropogenic climate change seems to af-
fect species richness primarily in the lower size and 
lower trophic categories. For example, the character-

istic glacial fauna in Colorado has 29 species in those               
categories, and the characteristic interglacial fauna has 
24; little change is evident across climatic boundaries in 
other size and trophic groups (Barnosky et al., 2004a). 
In northern California, the small mammal component 
exhibits declines in both richness (from 13 species to 9 
species) and evenness (with deer mice becoming much 
more common) as climate warms at the beginning of 
the Holocene (Blois, 2009). Decline in species richness 
as Holocene warming commenced has been reported 
for voles and shrews, voles in sites from Pennsylvania, 
extending south through the Appalachians into Tennes-
see, into Texas (Graham, 1976). Mechanistically, the 
loss in richness at the beginning of the Holocene seems 
to involve geographic range shifts of climatically sen-
sitive species into refugia (Graham and Grimm, 1990; 
FAUNMAP Working Group, 1996). These observa-
tions suggest that in modern land-management units, 
a decline in small mammal richness and/or evenness 
might be an early warning sign that global warming is 
beginning to alter community structure, and thus, eco-
logical relationships.  

On a broader scale, with the advent of computer-
ized databases that make it possible to map fossil mam-
mal occurrences from just a few hundred years back 
through millions of years ago (Carrasco et al., 2007; 
MIOMAP, 2009; NEOTOMA, 2009; NOW, 2009; 
PBDB, 2009), it now is possible to assess the range 
of normal for species richness for entire biogeographic 
provinces and for large portions of continents. Com-
parisons of these regional baselines determined from 
the fossil record with corresponding current species 
richness values can reveal which landscapes are least 
impacted by human activities, and serve as benchmarks 
by which to assess the success of conservation efforts 
in the future.

Extinction 
One of the most cogent lessons from the fossil re-

cord is that the coincidence of unusual events can el-
evate extinction rates to dangerous levels (Arens and 
West, 2008; Brook, 2008; Brook et al., 2008; Brook 
and Barnosky, in prep.). While each of the ‘Big Five’ 
mass extinctions (Jablonski and Chaloner, 1994) illus-
trates that in its own way, perhaps the most relevant 
example from the standpoint of conservation biology 
is the end-Pleistocene megafauna extinction, which de-
leted approximately half of the mammal species alive 
that were in the >44 kg body size categories. While         

FIGURE 4.—Comparison of numbers of species within each 
higher taxonomic group in the modern community around 
Porcupine Cave, Colorado, and the >600,000-year-old fos-
sil community from a mid-Pleistocene interglacial (Level 1). 
Size of circle represents number of groups for each compari-
son.  Abbreviations for each taxon: A—Neotoma; B—Cyn-
omys; C—Ochotona, Marmota, Tamiasciurus, Peromyscus, 
Thomomys, Ondatra, Erethizon; D—Sciurus, Zapus, Castor; 
E—Tamias; F—Arvioclines (voles and lemmings); G—Lep-
orids (rabbits); H—Spermophilus. While species numbers 
are similar for most taxonomic groups, the species in the fos-
sil deposits are for the most part different species than those 
representing the corresponding genera today (Barnosky et 
al., 2004a).
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considerable debate has raged as to the primary cause of 
those extinctions (Martin and Wright, 1967; Martin and 
Klein, 1984; MacPhee, 1999), it is now clear that most 
taxa succumbed only after human populations on a giv-
en continent or island reached critical mass (MacPhee 
and Marx, 1997; MacPhee and Fleming, 1999; Alroy, 
2001; Brook and Bowman, 2002; Barnosky et al., 
2004b; Wroe et al., 2004; Steadman et al., 2005; Koch 
and Barnosky, 2006; Brook et al., 2007; Barnosky, 
2008; Brook and Barnosky, in prep.). It is also clear 
that end-Pleistocene global warming contributed to ex-
tinction in some places where animals couldn’t migrate 
in response to climate change either because of natural 
barriers or because of intervening human populations 
or land alteration (Barnosky, 1986; Barnosky et al., 
2004b; Koch and Barnosky, 2006). Finally, extinctions 
were most severe in areas where first human entry into 
the ecosystem coincided with end-Pleistocene warm-
ing (Barnosky et al., 2004b; Koch and Barnosky, 2006; 
Nogues-Bravo et al., 2008; Barnosky, 2009; Brook and 
Barnosky, in prep.). The general picture that emerges 
is that the synergistic effects of abnormally fast human 
population growth and abnormally fast global climate 
change were particularly pernicious in the past, and di-
rect human impacts often affect animals in the highest 
size and trophic categories (e.g., the big animals), in 
contrast to climate change, where effects are most ob-
vious in the lower size and trophic categories.  

There are clear parallels with what is happening 
today and projections for the next few decades, as the 
human population rises from an already all-time high 
of near 7 billion to an inevitable 9 billion or so, and 
as global temperatures rise at unprecedented rates to 
take us into a global climate hotter than humans have 
ever seen, all by the year 2050 (IPCC, 2007). On that 
landscape, direct human effects will be impacting large 
animals dramatically and climate change will be im-
pacting small animals and plants; ecosystems will be 
squeezed from both the top down and the bottom up. 
Non-human species are certain to have their geograph-
ic ranges fragmented even more than they already are, 
and will see severe diminishment of opportunities to 
track their needed climate envelope as Earth’s climate 
zones shift around the landscape. Inevitably, many spe-
cies can be expected to perish under this scenario with-
out stepped-up conservation efforts that recognize both 
what the past has to teach us about what is “normal,” 
and also that new strategies must be implemented to 
cope with the new challenges (Barnosky, 2009).

SUGGESTIONS FOR THE FUTURE

Key lessons from the vertebrate fossil record are 
that population genetic structure, rank-order generic 
abundance, and species richness tend to remain re-
markably stable in ecosystems through thousands of 
years, with relatively minor adjustments at lower size 
and trophic levels triggered by climate changes. Most 
of the adjustments—for example, switches in which 
of the top-ranked genera are most abundant, the re-
placement of species by congeners, or loss or gain of 
a few small herbivore species—ultimately result from 
shrinking or expanding populations that build up to 
major alterations in geographic ranges for species as 
they track their habitats across a dynamically changing 
landscape (Blois and Hadly, 2009). We also now know 
that at least the mammalian component of communities 
is structured differently than it was for millions of years 
prior to anthropogenic dominance, in that the largest 
mammals—essentially the entire right tail of the char-
acteristic body size distribution for mammal communi-
ties—have been lost from most ecosystems. The only 
remaining exceptions are in some nature preserves in 
Africa, which still have nearly the full complement of 
large-bodied species (Lyons et al., 2004).

The good news for conservation biology is that some 
46% of Earth’s terrestrial landscape can be classified as 
reasonably ecologically intact, if “ecologically intact” 
is defined as patches of land that are at least 10,000 
km2, inhabited by <5 people/km2, and containing at 
least 70% native vegetation (Mittermeier et al., 2003). 
Species in some of those ecologically intact places (the 
12% of Earth’s surface that comprises nature reserves, 
as noted above) are legislatively protected. A major 
challenge for conservation biology in the 21st century, 
however, is how to keep ecosystems in such places 
functioning as they have for millennia, given the pres-
sures they are facing. Long recognized threats include 
habitat fragmentation, invasive species, and resource 
consumption by ever-growing human populations, and 
added to these is the newest threat of abnormally rapid 
and severe global warming (Barnosky, 2009).

All of these pressures combine to prevent the very 
mechanism that has allowed ecosystems to equilibrate 
to environmental perturbations in the past: the expan-
sion and contraction of populations across the land-
scape to rapidly adjust species ranges such that the 
particular ecological niches that define a given kind of 
ecosystem can be filled in a given locale. Species have 
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increasingly fewer avenues open to them to relocate to 
novel protected geographic locations within their pre-
ferred environment. Especially problematic in this con-
text is the rapidity of global warming and the fact that 
the Earth is entering a new climate state in respect to 
the species that now exist on it. It is unknown whether 
many species even have the inherent capacity to keep 
pace with the climate changes now in progress, even if 
needed dispersal routes were available.

In view of that, it will not be enough to simply try 
to preserve species where they now exist; for many 
species, it will also become necessary to predict where 
they will be able to exist as changing climate deletes 
their current habitats in the places where they now are 
restricted. In that context, vertebrate paleontology has 
been (Graham, 1984, 1997; Graham and Mead, 1987; 
Graham and Grimm, 1990; Wood and Barnosky, 1994; 
Blois, 2009; Blois and Hadly, 2009; Hadly et al., in 
press) and will continue to be important in developing 
and ground-truthing ecological niche models. 

Critical to conservation will be providing mecha-
nisms by which species can actually get to the places 
they need to be. On landscapes increasingly fragment-
ed by human use, those mechanisms very likely will 
include “assisted migration,” a conservation approach 
already employed for butterfly species (Zimmer, 2009), 
and under active discussion by the conservation com-
munity (McLachlan and Hellmann, 2007). In essence, 
assisted migration is an approach where people decide 
which species need to be moved and where they need 
to go, and put them in a truck or car to transport them.  

The obvious problem with assisted migration is de-
ciding which species can be inserted into a new place 
without disrupting the ecological structure and func-
tion that already exist there. In that context, the lessons 
from the vertebrate fossil record become extremely 
important. They show, for example, that in the face of 
environmental perturbations, ecosystems tend to main-
tain species richness by substituting congeners, par-
ticularly at lower trophic levels. Thus, as monitoring 
identifies certain small mammal species that may be 
foundering as climate change degrades their habitat, it 
may well be ecologically sound to introduce congeners 
that have demonstrated climatic suitability, but that 
could not disperse there naturally. On the other hand, 
it probably would not be ecologically sound to intro-
duce species from size or trophic groups, or taxonomic 
groups, which had not been present in the ecosystem 
for thousands of years, if the goal was to maintain  eco-

system structure and function within the range of varia-
tion exhibited over millennia.  

The vertebrate fossil record also has an important 
statement to make about conservation of species in Af-
rica. Africa is the only place left on Earth that still has 
ecosystems that are operating much as they have for 
hundreds of thousands of years, in that they still have 
almost the full complement of animals in the largest 
size categories. Those ecosystems somehow escaped 
the ecological restructuring that humans precipitat-
ed everywhere else by contributing to extinctions of 
megafauna (Lyons et al., 2004; Barnosky, 2009). In 
that light, preservation of megafauna in Africa is dou-
bly important, in that its loss would not only mean loss 
of the species themselves, but also loss of the only re-
maining ecosystem that gives us a hint of how Earth 
functioned with a fully-stocked complement of mam-
malian species.  

Solving the problem of how to preserve those large-
bodied species in Africa is particularly complex, given 
human needs, cultural traditions, and climate trends on 
the continent. One innovative suggestion originating 
from a group of vertebrate paleontologists and con-
servation biologists is a new strategy called “Pleisto-
cene Re-wilding,” which seeks to restore non-African 
ecosystems to their Pleistocene condition of including 
many species in the largest body-size categories (Don-
lan, 2005; Martin, 2005; Donlan et al., 2006; Caro, 
2007). In brief, “Pleistocene Re-wilding” would use 
African species as ecological analogs to repopulate eco-
systems in North America with large-bodied animals. 
Opponents have pointed out many serious political and 
ecological problems that would result (Chapron, 2005; 
Dinerstein and Irvin, 2005; Schlaepfer, 2005; Shay, 
2005; Smith, 2005; Rubenstein et al., 2006). Not least 
among those is introducing new genera of animals into 
ecosystems that had never seen them, or even seen their 
ecological analogs in more than 10,000 years. There 
are also the theoretical difficulties of trying to recon-
struct what is essentially a cool-climate ecosystem in 
an interglacial time that is becoming abnormally hot, 
and arbitrarily choosing the pre-Holocene ecosystem 
as the definition for “normal.” Nevertheless, if “Pleis-
tocene Re-wilding” were restricted to large game-parks 
set aside outside of Africa with the explicit recognition 
that the goal was simply to preserve endangered species 
in an ecological setting that would allow individuals to 
maintain viable population reservoirs, it could accom-
plish a valuable conservation goal. It would be impor-
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tant to acknowledge, however, that such places were in 
effect large zoos, not ecosystems that were functioning 
within the bounds of variation that had existed in those 
areas through the last several millennia.  

CONCLUSIONS

Vertebrate paleontology has matured to the extent 
that it has much to offer conservation biology. Fore-
most is that the vertebrate fossil record provides a prac-
tical and theoretically sound way to define ‘natural’ for 
the purposes of establishing conservation targets: es-
sentially, as maintaining the ecological structure and 
function of a given area within the range of variation 
that existed before humans dominated the landscape. 
Since we live in an interglacial, a practical guideline 
would be to maintain ecosystems within the range of 
variation they exhibit during interglacial times. Since 
we live in a rapidly warming world, another guideline 
would be to facilitate the adaptive response that species 
showed to previous times of rapid warming, exempli-
fied by the transition from glacial to interglacial times. 
In practice, this will mean facilitating the dispersal of 
the right kinds of species into suitable refugia.

Vertebrate paleontology also offers practical guide-
lines for monitoring ecosystems to assess how close-
ly they approximate the natural condition as defined 
above. At the population level, genetic structuring and 
diversity can now be sampled locally and across space, 
and then modern conditions compared with the tempo-
ral changes to assess whether they fall within or outside 
the range of variation exhibited in the past. Analyses of 
ancient DNA have demonstrated that interpretations of 
modern genetic diversity must be made in the context of 
life-history strategy of the species in order to be mean-
ingfully applied towards conservation goals. At the 
species level, vertebrate paleontology has shown that 
many areas still have the complement of species that 
can be considered normal for an interglacial climate, 
and where they don’t, which kinds of species are miss-
ing. It also becomes clear through the vertebrate fossil 
record that the rank-order abundance of genera remains 
fairly stable through time, and that most changes in 
rank-order involve primarily just two or three of the top-
ranked genera whose abundance changes in step with 
local environmental changes. Species richness, both 
overall and within size and trophic category, is likewise 
reasonably stable through long time periods, although 
species composition may change. Changes in species 

composition usually take place simply by replacing one 
species within a genus with another species of the same 
genus, with the replacing species being more adapted to 
local microhabitats. Finally, the vertebrate fossil record 
has shown that species richness through most of the 
present interglacial is depauperate with respect to gla-
cial times, previous interglacials, and pre-Pleistocene 
times. In large part this is because the synergy between 
human population expansion and end-Pleistocene cli-
mate changes resulted in widespread megafaunal ex-
tinctions, but for small mammals, may also reflect an 
overall pattern of decreased diversity during warmer 
times, at least in the conterminous USA.  

These benchmarks derived from the vertebrate 
fossil record provide practical ways to recognize dan-
ger signs in modern ecosystems, that is, signs that the 
ecosystem is changing more than it has in thousands 
of years. Among these danger signals are: declines in 
genetic diversity (taking into account life history strat-
egy of the species of interest and the diversity baseline 
established through ancient DNA analyses of similar 
taxa); declines in the population size of species in top-
ranked genera, especially when a formerly top-ranked 
species falls into rarer categories; loss of species with-
out replacement by a congener; decline of species rich-
ness below normal values demonstrated by the fossil 
record for that ecosystem; and, especially for Africa, 
loss of any large mammals. Because the synergy be-
tween a fast-changing climate and increasing human 
populations that caused megafauna extinction in the 
past is ramping up again today, it is particularly critical 
to anticipate the elevated extinction pressures before it 
is too late to do anything about them.

Finally, it is clear that in the next few decades, 
conservation efforts will have to employ some new 
strategies to conserve biodiversity in an increasingly 
human-dominated world. In this too, information from 
the vertebrate fossil record will be essential to predict, 
among other things, the ecological effects of attempt-
ing to save species and ecosystem function and struc-
ture by assisting the migration of species. For example, 
past ecological adjustments in the absence of humans 
suggest species richness and ecosystem function might 
effectively be maintained by replacing a species that 
may be dwindling in a given ecosystem with a con-
gener that likely would have been able to get there in 
the absence of human-induced habitat fragmentation. 
However, there is no paleontological justification for 
introducing a supposed ecological analog that is taxo-
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nomically distant.
As we move into a world where extinction pres-

sures intensify and correspondingly step up efforts to 
save individual species, there is a hidden danger. In-
creasingly, what it will take to save individual species 
will be the opposite of what it will take to save eco-
systems that maintain some semblance of the interac-
tions of species that operate and adjust in the absence 
of human domination. For example, strategies such as 
assisted migration and Pleistocene Re-wilding, impor-
tant as they may be in keeping species alive, ultimately 
result in ecosystems that are manipulated by humans, 
which means the loss of places where ecosystem pro-
cesses play out without a heavy human hand. Thus, to 
attain a full range of nature preservation, it will also 
be necessary to set aside preserves where species ma-
nipulation is off-limits, essentially Earth’s control plots 
where we simply observe how ecosystems cope in this 
new world. In this vein, we suggest that vertebrate fos-
sil record will be particularly crucial, as it will be a 
key yardstick by which we can ascertain how much 
terrestrial species, communities, and ecosystems of the 
future are changing, and what that means for planetary 
health. 
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