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WHERE THE WILD THINGS ARE: INVESTIGATING BODY SIZE AS A
MECHANISM FOR PERSISTANCE
by
Meghan Anne Balk
B.S., UNIVERSITY OF CALIFORNIA, DAVIS
Ph.D., UNIVERSITY OF NEW MEXICO
ABSTRACT

Body size is a trait under selection. Genetic drift, climate, diet quality, and biotic
interactions all select upon body size at the population, species, and community levels.
These factors can be important in the context of rapidly changing climate. One of the
ways an animal can persist in its environment is through morphological adaptation in situ.
Here, I investigate four questions relating to the evolution of body size: (1) what is the
limit in body size change in response to climatic change; (2) how does body size
influence the thermal tolerances of animals; (3) how does body size evolve over space
and time; and (4) what are body size relationships between predators and their prey. |
employ both the fossil and modern record, take both a macro- and micro- approach, and
investigate both the terrestrial and marine realms. Overall, my dissertation demonstrates
that species overwhelming evolve body size as a mechanism to persist in their

environments.

Vi
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INTRODUCTION
Body size influences ecology and evolution at many levels of biotic organization. For
example, a species’ mass scales with its generation time, growth rate, life span, ingestion
rate, and home range size (Kleiber 1932; Peters 1983; Calder 1984; Schmidt-Nielsen
1984; Ernest et al. 2003). At the community- and ecosystem- levels, body size
distributions of species can yield insights into the way that energy flows through a system
(Brown & Nicoletto 1991; Chown & Gaston 1997; Loreau et al. 2001; Woodward et al.
2005). Knowing that body size is important means that it is critical to understand the
selection pressures acting upon it. These might include abiotic, physiological,
evolutionary, and biotic factors — all of which can shift the mean body size of animal
populations. To investigate the drivers and consequences of body size, I look to the both
paleo- and modern record, explore both the terrestrial and marine realm, and look at both

micro- and macro- level at the geographic scale and level of biotic organization.

Temperature exerts selective pressure on populations. Survivorship depends on the ability
to retain or dissipate heat (Brown & Lee 1969). Larger individuals within a population,
with a higher volume to surface area ratio, may struggle to dissipate heat, and vice versa
for smaller individuals. Populations may experience differential mortality such that larger
animals die during warming events, and smaller animals die during cooling events (Smith
et al. 1998). This may be one mechanism underlying the ecogeographic pattern called
Bergmann’s Rule, wherein species with in a genus (or populations within a species) are
larger in colder environments and smaller in warmer environments (Bergmann 1847;

Mayr 1956). Majority of mammals (>70%) conform to the Bergmann’s Rule (Millien et



al. 2006). This pattern has also been shown to exist over evolutionary scales (Smith et al.
1995). Recent work suggests that it may be easier for species to evolve a smaller size
than a larger size (Evans et al. 2012). In chapter one I examine the role of body size in
adapting to climate change. Specifically, I take a microevolutionary approach to test the
potential asymmetry in rates of body size change during periods of global warming
versus cooling on: is it easier to evolve smaller or larger body size? We employ the fossil
record of the bushy-tailed woodrat, Neotoma cinerea. Our data consists of over 130
geogreferenced and radiocarbon dated paleomidden sites across the western USA to
answer this question. Neotoma cinerea conforms to Bergmann’s rule across its expansive
geographic distribution, as well as through time (Brown & Lee 1969; Smith et al. 1995;
Smith & Betancourt 2006). We find no bias in the recovery of paleomiddens during
warmer or cooler temperatures. However, populations at the periphery may have been
challenged by temperature change; northern populations seem to become locally
extirpated during cold events, and southern populations went extinct during warming
events. Still, adaptation in situ via body size change is a necessary mechanism for V.

cinerea to persist during climatic changes.

A species’ thermal physiology is also influenced by body size. As predicted by
Bergmann’s rule, larger species should be able to tolerate colder temperatures and small
species warmer temperatures. The thermal neutral zone (TNZ) is the range of
temperatures endotherms can tolerate a without exerting energy to generate or dissipate
heat. All else being equal, it is expected that animal thermal neutral zone should match

their thermal environment perfectly (e.g., Janzen 1967; Stevens 1989; Hughes et al. 1996;



Gaston & Chown 1999; Addo-Bediako et al. 2000). Remarkably, endotherm TNZs often
do not align with the range of environmental temperatures experienced (see Khaliq et al.
2014; Khaliq et al. 2015). We suspect the limitation for endotherms’ thermal physiology
to parallel the temperatures in their environment may be due to a trade-off between the
upper and lower critical thermal temperatures — the boundaries of the TNZ. In chapter
two I quantify the role of body size and other body-size independent adaptations in
setting endotherm thermal tolerance. Using critical thermal temperature data for ~300
mammals and ~200 birds, we test for a potential trade-off in the ability of animals to
evolve warm- and cold- tolerance. We find that for every increase of 1°C in upper critical
thermal temperature, 3°C of lower critical thermal temperatures are lost; this relationship
holds even after standardizing for body size. This ultimately results in species’ TNZ
either shrinking and shifting up, or expanding but shifting downward. This trade-off may
explain why animals cannot persist in all thermal environments without behavioral

adaptations or other body-size independent adaptations.

Of course, evolutionary changes in body size can occur without selective pressures. It is
possible for populations to drift over time. Thus, it is necessary to test whether
populations underwent random or directed evolution. Typically, the three modes of
evolution that can occur are: an unbiased random walk (stochastic), a general random
walk (stasis), or directional evolution in body size. A tremendous system to test the
question of body size change is that of Carcharocles megalodon. This shark is the
ultimate species in a paraphyletic lineage of megatooth sharks spanning from the early

Eocene to the late Pliocene. Anecdotal evidence suggested that lineages within the



megatooth shark clade increased in body size over time. There is reason to believe that
selection for a larger body size would be advantageous: larger sharks can potentially eat a
broader range of prey (Estrada et al. 2006; Lucifora et al. 2009). In chapter three |
investigate the evolutionary patterns of body size change in one megatooth shark,
Carcharocles megalodon, through time and across space. We characterized the length,
width, and tooth position of over 600 C. megalodon teeth from around the globe to
compare body size distributions during the Middle Miocene, Late Miocene, and Pliocene
and between oceanic basins. We find that C. megalodon had a left-skewed body size
distribution, which remained constant across space and time. Further, our analyses
suggest that the evolution body size of C. megalodon exhibited stasis throughout its
duration. We suggest hypotheses to explain this pattern: 1) larger body size must have
been favored as larger sharks can take a broader range of prey (Estrada et al. 2006;
Lucifora et al. 2009); 2) sharks have long generation times (Martin et al. 1992), thus
potentially preventing rapid adaptation to changing environmental conditions (Martin et
al. 1992; Pimiento et al. 2013). Large body size, but not necessarily body size adaptation,

may have allowed C. megalodon be a cosmopolitan shark.

Biotic interactions — notoriously hard to test in the natural environment — may cause
shifts in population body size distributions via competitive exclusion or may lead to the
evolution of larger body size through predation pressure. In the literature, there is an
uncited ‘truth’ that prey species evolve larger body sizes to avoid predation (e.g.,
O’Gorman & Hone 2012). In chapter four I explore the drivers of predator-prey body size

relationships in the marine realm. A recent study by Carbone et al. (2014) posits that



minimum prey size should decrease as predator body size increases in the marine realm
since smaller prey, such as sardines and krill, are abundant and clumped in the
environment. Further, research by Lucifora et al. (2009) and Estrada et al. (2006) have
documented that throughout a sharks’ lifespan, the range of prey size increases. Here, we
gather body size and ecological data for ~500 species of sharks and ~1,000 prey items to
quantify the relationship between predators and their prey. Interestingly, we do not
recover the pattern that the minimum prey size decreases with increasing body size of the
shark. Further, we find that the broadening of prey size by larger sharks is due to an
increase in the maximum prey size that a predator can consume. Additionally, the larger
prey items in a shark’s diet tends to be those most at risk for extinction. The potential
removal of these species would reduce the size range of prey available to sharks by half.
This may have cascading effects in the environment, and lead to increased competition
among shark species. Ultimately, we find that larger body size for the predator may be

advantageous.

My dissertation has relied heavily upon large, open-access datasets, which have been
collected by many persons, resulting in hundreds to thousands of hours of hard field
work. The advent of these data repositories has allowed for large-scale questions to be
answered, identify patterns, and start to understand mechanisms underlying those
patterns, such as those evaluated here. I have begun and hope to continue to contribute
data to these open-source data repositories. It cannot be underestimated the role open-
access data plays in paleoecological, biogeographical, macroecological,

macroevolutionary, and macrophysiological studies.
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CHAPTER 1
ADAPTATION IN SITU: AN UNDERAPPRECIATED REPSONSE

TO CLIAMTE CHANGE

Meghan A. Balkl, Julio L. Betancourtz, and Felisa A. Smith'

'University of New Mexico, Department of Biology, Albuquerque, NM 87131
*National Research Program, Water Mission Area, United States Geological Survey,

Reston, VA, 20192

KEY WORDS: mammals, body size, climate change, late Quaternary, adaptation in situ



ABSTRACT:

When scientists assess the consequences of future environmental change on vertebrates,
they focus on the most likely outcomes: movement and extirpation of organisms.
However, adaptation in situ is also a potential mechanism and may be increasingly
important as movement is constrained by extensive urbanization and habitat
fragmentation. Since the last deglaciation comparable environmental shifts resulted in
broadscale biotic reorganization. Thus, the past provides a natural experiment to
investigate how animals responded to climatic stresses. We quantify the adaptive
capability of a small mammal (Neotoma cinerea) to cope with warming and cooling
events over the late Quaternary. While the geographic range expanded northward and
contracted in the south, within the modern limits, populations generally adapted in situ
with little difference between warming and cooling events. Our results suggest adaptation

may be an underestimated response to future climatic change.
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INTRODUCTION:

A major focus of conservation biology is characterizing the response of organisms,
communities, and ecosystems to anthropogenic climatic change. Ample evidence
suggests that many taxa have already been affected by climate shifts over the past half
century (Chen et al., 2011, Parmesan, 2006, Parmesan & Yohe, 2003, Walther ef al.,
2002). The predicted increase of 2—4.5°C over the next 100 years (Stocker et al., 2013)
will likely cause further disruptions in biological systems (Barnosky et al., 2012). The
responses of animals to future climatic change probably will include multiple strategies.
Of the potential responses, changes in abundance or distribution, which are the quickest
and most likely, have been emphasized in the literature. However, estimates suggest that
55.5% of terrestrial ecosystems are altered by humans (Ellis et al., 2010), restricting the
ability of species to shift their geographic range (Rowe & Terry, 2014, Selwood et al.,

2015) to more favorable conditions.

When documenting the response of organisms to climate change, meta-analyses of past
studies have mostly excluded adaptation or physiological responses — a potentially
important strategy for coping with past and future climate change. Several intriguing
studies on small vertebrates suggest that populations can locally adapt to increased
temperature within 13—18 generations (Haugen & Vollestad, 2000), despite the general
perception that adaptation operates at time scales too slow for populations to cope with
anthropogenic climatic change (e.g., Bradshaw & Holzapfel, 2006, Hetem et al., 2014,
Hoffmann & Sgro, 2011, Huntley, 2007). These studies have engendered some

reconsideration of the adaptive potential of species (Bell & Gonzalez, 2011, Hoffmann

11



& Sgro, 2011, Smith & Betancourt, 2006, Smith ef al., 1995), but the limits and extent
to which adaptation is possible remains elusive. For instance, previous work suggests that
evolutionary decreases in body size are easier to achieve than increases (Evans et al.,
2012), so adapting to warming may be easier than cooling. While potential asymmetries
in the phenotypic response to warming versus cooling have been examined in plants
(Wang et al., 2014), the potential asymmetries in the morphological response of

mammals are not well understood.

Modern and historical studies investigating species’ responses to climate change are
limited by the restricted range of temperature change over the past 100-years, and do not
capture the predicted 2—4.5°C temperature increase in the 21* Century (Stocker ef al.,
2013). Over the late Quaternary, climate changes of comparable magnitude occurred.
Importantly, virtually all extant taxa successfully coped with these temperature shifts
(Hof et al., 2011). In response to past climatic change, populations both shifted their
geographic range (Graham, 1986, Jackson & Overpeck, 2000, Lenoir & Svenning,
2015) and adapted in situ (Smith & Betancourt, 2006). In particular, North American
animals successfully coped with 6-10°C of warming in as little as 20 years (Alley et al.,

1993, Peteet, 1995) at the terminus of the Younger Dryas (11,690-11,590 ybp).

Here, we use a paleoecological perspective to examine the adaptive capability of the
bushy-tailed woodrat, Neotoma cinerea, to past climate change. Our late Quaternary time
frame encompasses the Last Glacial Maximum (21,000 ybp), as well as several

significant abrupt warming and cooling events over the Holocene (last 11,000 years).

12



Using the well-resolved paleomidden record, we characterize the potential asymmetry in
the morphological response of Neotoma cinerea to warming versus cooling climates.
Specifically, we ask: (i) Were animals able to adapt equally well to warming versus
cooling over the late Quaternary? (i) Did the ability to adapt in situ vary with position
within their modern geographic range? (ii1) Did the direction, magnitude, or rate of

climatic shifts ever exceed their thermal adaptive threshold?

Our analysis employs the paleomidden record created by Neotoma cinerea, the largest
and most-cold tolerant species of North American woodrats. Their current distribution
ranges from the Canadian Arctic to the Colorado Plateau, but was shifted considerably
southward during the Pleistocene (Smith, 1997) (Fig. 1a). All woodrat species construct
middens, or debris piles, which can be preserved for thousands of years in caves and rock
shelters in arid and semi-arid areas (Betancourt et al., 1990) (Fig. 1b-d). Analysis of plant
macrofossils preserved in middens yielded detailed reconstructions of the late Quaternary
vegetation history and dynamics in western North America (Betancourt ef al., 1990).
Additionally, 100—1000s of fecal pellets are preserved in middens. Studies have shown
that the width of fecal pellets is a robust proxy for body size (Smith, 1995, Smith &

Betancourt, 2006).

Body size is a trait that influences an animals’ thermal ecology. The majority of
mammals (70%) conform to Bergmann’s Rule (Millien et al., 2006), an eco-geographic
pattern wherein populations within a species (or species within a genus) are smaller in
warmer habitats and larger in cooler habitats (Bergmann, 1847, Mayr, 1956). Bergmann’s

Rule also holds temporally for some taxa (Smith ez al., 1995), and has been postulated as
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a mechanism for coping with anthropogenic climate warming (Millien ef al., 2006).
Woodrats display a robust relationship with temperature (Brown & Lee, 1969, Smith &
Betancourt, 2006, Smith et al., 1995) (Fig. S1a). Across their temporal and geographic
range, populations conform to Bergmann’s Rule (Brown & Lee, 1969, Smith et al.,

1995) (Fig. S1b).

Over the late Quaternary, Neotoma responded to climate change in a variety of ways:
their geographic range shifted northward and contracted in the south substantially
(Betancourt et al., 1990), and they adapted in situ in the direction predicted by
Bergmann’s Rule at many localities (Brown & Lee, 1969, Smith & Betancourt, 2006).
Modern populations at the edges of the range, possibly already at their physiological
limits, may be vulnerable to future anthropogenic temperature shifts. For example,
populations in the southern portion occupy higher elevations than populations in the north
(Smith, 1997). For these populations, there may be insufficient elevational relief to allow
retreat upwards as climate warms. Likewise, for northern populations, moving downslope
may not provide enough temperature difference to cope with cooling temperatures
experienced during the late Quaternary. Thus, adaptation via body size changes may be
the only viable option. Populations at the center of the range, however, have more

environmental ‘space’ to cope escape temperature changes.

MATERIALS & METHODS:

We use presence or absence of Neotoma cinerea middens in the paleorecord to examine

potential asymmetries in their thermal response to climate over the late Quaternary.
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Additionally, we quantify the rate of morphological change of N. cinerea populations and
compare with the rate of temperature change to test populations’ ability to adapt in situ.
We restrict our analysis to records unambiguously attributed to Neotoma cinerea. Our
dataset includes 34 georeferenced paleomidden localities, with 189 radiocarbon-dated
pellet samples, spanning the limits of their modern geographic range, and what would
have been the central-to-northern limits of their geographic range during the late

Pleistocene (Smith, 1997) (Fig. 1a; Table S3).

We acknowledge that our paleomidden series is not perfect. For example, sampling effort
of paleomiddens may be dependent on the question an investigator is seeking to answer
and so may be selective in sampling, or may not sample paleomiddens in areas which are
inaccessible (JL Betancourt, personal communication). Likewise, areas that have been
sampled repeatedly for many years tend to have more paleomiddens from all time
periods. In many cases, however, investigators tend to look for older paleomiddens rather
than modern middens (Felisa Smith, personal communication). Therefore, we do not
believe the paleomiddens were collected in any known systematic way; no one type of
paleomidden was preferred over any other. Finally, many sites are ‘missing’ from our
analyses due to lack of radiocarbon dates or because the associated pellets have not been
measured. There are at least 169 paleomiddens whose pellets have not been measured for
mass estimates, and 38 paleomiddens that have mass estimates but have not been

radiocarbon dated.

Temperature records were obtained from the Greenland Ice Sheet Project 2 (GISP2),

which provides the best well-resolved, continuous, global temperature proxy spanning the
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late Quaternary (Alley, 2000). Importantly, the GISP2 record captures the major features
of millennial-scale temperature variations across the Northern Hemisphere over this time
interval (Clark et al., 2013, Viau et al., 2006). Finer-scale temperature reconstructions
from pollen (century to millennial-scale) or tree rings (annual- to decadal-scale) averaged
for temperature across North America are available for some locations, but are extremely
patchy in their temporal and spatial coverage (Viau et al., 2006); none extend as far into

the Pleistocene as the woodrat paleomidden record.

We calculated the temperature anomaly as the difference from the last 1,000-year
temperature mean from the GISP2 temperature-record (following Jouzel et al., 2007).
The GISP2 temperature data was binned in 100-year intervals, and the temperature over
that interval was averaged. Due to the nature of the ice core data, the temperature record
is more resolved towards the present. Thus, the number of temperature records per bin
increases as the time approaches the present. To make the temperature and paleomidden
records comparable, we averaged + 50 years of temperature anomalies centered on the
calibrated age of the paleomidden. We then averaged temperature anomalies into 100-
year bins. Although binning dampens some high-amplitude, low-frequency temperature
spikes, it generally corresponds to the temporal uncertainty around the paleomidden
radiocarbon dates (~100 years). The maximum rate of temperature shifts was the

maximum difference of temperature within each 100-year bin (see Table S1).

The overall distribution of temperatures and temperature shifts during midden formation

was compared to the overall distribution in the GISP2 record over the last 25,000 years
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using Kolmogrov-Smirnov test and unpaired Wilcoxon Signed-Rank test to assess if
middens were formed equally during warming as cooling events. If the estimated
paleomidden temperatures are representative of the entire GISP2 temperature record (i.e.,
paleomiddens are sampled from all temperature regimes), we expect a non-significant
difference for the Kolmogorov-Smirnov and Wilcoxon Signed-Rank tests. We only

performed analyses on sites and time periods with >5 samples.

Majority of middens recovered are middle to late Holocene (last 5,000 years; n =
104/164) (Fig. 1d), which coincides with warmer temperatures. This phenomenon, where
younger fossils, or middens, are more likely to be recovered since older fossils or
middens have a greater chance of degrading, is found in many paleontological studies and
is termed the “pull of the recent” effect (Raup, 1979). Both our study and previous
studies on Neotoma sp. paleomiddens do find more paleomiddens within the last 20,000
years than older (Betancourt ef al., 1990). Although we recognize this issue, the decay
function of middens remains unknown. Partly, this is because decay rates may be site-
specific. Middens in wet environments or that experience flash floods will not be
preserved. For example, middens at lower elevations in Titus Canyon in Death Valley,
CA would be compromised or erased by periodic flooding events and we would therefore
not be able to recover a record of those populations. Similarly, middens in the northern
part of the geographic range may be erased or compromised due to repeated freezing
events. Further, older middens decrease with effective moisture (cooler summers and, in
some cases, more precipitation) from south to north (from low to high elevations) as
areas containing older middens are increasingly patchy in northern latitudes and higher

elevations. For our study, not correcting for the pull of the recent may result in a signal of
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midden formation occurring more during warmer climates that may not be real. To
ameliorate any bias caused by the high preponderance of paleomiddens recovered over
the last 5,000 years — when temperatures are warmer, we used a sliding window of 5,000-
year intervals to test the distribution of temperatures and temperature shifts. Additionally,
we binned paleomidden samples into three different latitudinal bands containing ~30
samples that encompass microhabitats in which animals may respond differently to
climate: South (35-37°N), Central (40-42°N), and Northern (44.5-46.5°N), to assess

regional differences in the response to climate change.

We also calculated the rate of body size change using darwins (d): In (x,/x;)/At, where
x 1s body size and At is the time interval in millions of years (Gingerich, 1983).
Similarly, rates of temperature change were calculated in darwins: In (T, /T;)/At ,
where T is the average temperature anomaly during midden formation. Darwins are a
useful unit to compare rates of proportional change over a standardized time interval
within a single species. Because darwins can be influenced by varying temporal intervals
(Gingerich, 1983), we only used temporal intervals within 100—1,000 years. Likewise, we
compared the rate of temperature shifts during midden formation to the rate of body size
change using a Kolmogrov-Smirnov test. Further, we perform a simple regression of

body size shifts during cooling and warming events.

RESULTS:
Within the modern geographic range, we found no asymmetry in the ability of woodrat

populations to persist to different climate regimes over the last 25,000 years. Within each
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5,000-year interval, we found no change (Kolmogrov-Smirnov test: p-values > 0.05;
Table S1) in midden formation during warmer or cooler climatic conditions. Indeed,
temperatures during midden deposition closely mirrored the frequency of temperatures
within the GISP2 record (Fig. 2a). Moreover, N. cinerea populations persisted during
temperatures that were 22°C cooler up to 3°C warmer found in the GISP2 record over the

last 25,000 years (Fig. 2a,b).

The magnitude of temperature changes also did not influence persistence patterns.
Despite an average warming of 0.7°C and average cooling was 0.5°C, there was no
asymmetry in the response of woodrats (Kolmogrov-Smirnov test: p-values > 0.05; Table
S1) to the thermal shifts in each 5,000-year interval. These results were robust and
qualitatively similar regardless of how middens were binned (Table S1). Animals
persisted even during the most abrupt events (e.g., up to 8°C 100-years™) (Fig. 2¢,d) —

rates that exceed those expected for future anthropogenic warming.

As expected, we found possible climatic conditions that may have caused local
extirpations at the periphery of or outside their modern range. We found a temporal gap
in both the midden and fossil record at the extreme northern latitudes (44.5—46.5°N);
neither woodrat middens nor bones in sediment from caves and open sites have been
reported from 25,000 to 11,500 years ago (Table S2). This coincides with an apparent
dearth of middens from the northern edge during the coldest temperatures (Fig. 3a,b).
Middens older and younger than this interval were recovered from the northern edge
(Table S3). The absence of middens could mean that populations encountered conditions
that exceeded their ability to adapt in situ, and/or modify their elevational extent. It is

also possible that the apparent absence of middens or bone assemblages during the cold
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interval could be attributed to inadequate sampling effort in the northern part of V.
cinerea range, or increasingly poor midden preservation at higher latitudes due to

increased effective moisture with lower temperature (Betancourt et al., 1990).

The middle Holocene was several degrees warmer than today, but this warmer climate
did not negatively influence the recovery of paleomiddens at the center or the southern
boundary of sites included in our study (Fig. 3c-g). Animals at these southern sites (35—
37°N) even persisted during the greatest temperature shifts: 8°C warming and 2°C cooling
during the late Pleistocene (Fig. 3h). It should be noted, however, that these locations
(35-37°N) were close to the center of the Pleistocene geographic range (Smith, 1997). As
expected, populations at the edges of their Pleistocene geographic range appear to
become locally extirpated as climate warmed (southern populations not included in this
dataset) or cooled (northern populations). Still, populations in the center of the
Pleistocene geographic range (35—42°N) persisted during temperature shifts in the past

comparable to projected shifts in climate (Fig. 3c-f).

The overall distribution of evolutionary rates of body size change does not significantly
differ from that of the rate temperature change over the late Quaternary (Kolmogrov-
Smirnov test: p-value = 0.23) (Fig. 4), suggesting that animals were adapting in step with
environmental challenges. Moreover, contrary to our expectations, the rates of body size
decreases were not systematically higher than increases; getting smaller was not
evolutionarily ‘easier’. Similarly, we find body size shifts do not correlate to cooling

(Fig. S2a) or warming (Fig. S2b) events. The fastest rate of decrease was 2661d

20



(203g/153 yr); the fastest rate of increase was comparable, at 25504 (103g /117 yr).
These extremely rapid rates of body size change correspond with those found in studies
performing artificial, or directed, evolution (Gingerich, 1983, Reznick et al., 1997).
Moreover, we find that body size was evolutionarily labile; the mean rate of body size
change was 2d, somewhat higher than the average for the vertebrate fossil record
(Gingerich, 1983). Woodrat populations changed body mass quickly and presumably in
response to climate (Smith & Betancourt, 2006, Smith et al., 1995). Of course, baseline
temperatures were lower in the past, so there may have been more thermal scope for
adaptation; future temperature increases may challenge populations, particularly those at

the southern edge.

DISCUSSION:

Although rates of temperature change exceeded rates of body size change, populations
still persisted. Multiple strategies for coping with changing temperatures may account for
this conundrum. First, individuals modify their thermal environment by hiding in rock
shelters (Betancourt et al., 1990). For example, a related species, Neotoma lepida, are
known to stay in their cooler dens until outside temperatures lower below their thermal
critical temperature (Murray & Smith, 2012). As long as individuals have enough ‘cool’
hours to forage, then warmer temperatures may not pose a problem or cause selection
against an extreme body size (Fig. S1b), and vice versa for cold temperatures. Second,
since individuals with larger body sizes have a wider range of environmental
temperatures that they can tolerate, they may be more tolerant against temperature

change. Increasing or decreasing temperatures may not affect persistence of populations
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with a larger mean body as it would for populations starting at a smaller mean body size.
Finally, the apparent persistence could be due to the wide temporal windows. Truly
extreme temperature events may be short-lived relative to the 100-year interval. Even if
these extreme events resulted in extirpation, it would not be captured by the time-

averaging of the paleomidden record.

Recent studies confirm that morphological change may be the most feasible option for
some species to persist during current and future climatic change (Barnosky et al., 2003,
Blois & Hadly, 2009, Thompson, 1998). Our study demonstrates that majority of N.
cinerea populations adapted equally well to warming and cooling events over the late
Quaternary, but that peripheral populations were challenged. The rates of climatic shifts
did not exceed their thermal adaptive threshold. Climate change may be an issue at the
physiological edges of the geographic range, but within the core, populations may well be
able to adapt even to rapid shifts. We provide a framework for testing the direction of
morphological change in response to concurrent climatic change. Our study suggests that
for some mammals, adaptation may be a viable option for coping with anthropogenic

climate change.
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