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Palaeobiologists have investigated the evolutionary responses of extinct organisms to climate change, and

have also used extinct organisms to reconstruct palaeoclimates. There is evidence of a disconnection

between climate change and evolution that suggests that organisms may not be accurate palaeoclimate

indicators. Here, marmots (Marmota sp.) are used as a case study to examine whether similarity of climate

preferences is correlated with evolutionary relatedness of species. This study tests for a relationship

between phylogenetic distance and ‘climate distance’ of species within a clade. There should be a

significant congruence between maximum likelihood distance and standardized Euclidian distance

between climates if daughter species tend to stay in environments similar to parent species. Marmots make

a good test case because there are many extant species, their phylogenies are well established and individual

survival is linked to climatic factors. A Mantel test indicates a significant correlation between climate and

phylogenetic distance matrices, but this relationship explains only a small fraction of the variance

(regression R2Z0.114). These results suggest that (i) closely related species of marmots tend to stay in

similar environments; (ii) marmots may be more susceptible than many mammals to global climate

change; and (iii) because of the considerable noise in this system, the correlation cannot be used for

detailed palaeoclimate reconstruction.

Keywords: Marmota; climate and evolution; mammalian speciation; palaeoclimate reconstruction;

geographic information system
1. INTRODUCTION

Biologists have explored the effects of climate change on

biological systems since the earliest days of evolutionary

theory (Darwin 1859). Many studies have centred on

the fossil record, examining trends at the million-year

timescale (e.g. Matthew et al. 1915; Vrba 1985, 1993;

Webb & Opdyke 1995; Prothero 1999; Alroy et al. 2000;

Barnosky & Carrasco 2002). Extensive work on the

extant biota examines the evolutionary and ecological

responses of organisms to anthropogenic climate change

over time periods ranging from years to decades (e.g.

Inouye et al. 2000; McCarty 2001; Parmesan & Yohe

2003; Root et al. 2003). In general, the work on fossil

organisms supports some decoupling of macroevolu-

tionary patterns and climate change, whereas the work

on extant species shows distinct biological responses to

changing climate.

Palaeontologists have also used the fossil record to

reconstruct past climates, working in two different ways:

(i) taxonomically, by analogy to living relatives and

(ii) ataxonomically, by analogy to similar forms in living

organisms (Wing & Greenwood 1993). Taxonomic

methods rely upon the geographic ranges of extant species
b@socrates.berkeley.edu).
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to construct sets of climate preferences that take the form of

qualitative descriptions of preferred habitat or quantitative

measures of environmental parameters, such as average

temperature or precipitation (Mossbrugger 1999). By

projecting these preferences back onto assemblages of

fossil organisms, one can construct a band of overlap

of climate for all of the species in the assemblage

(Mossbrugger 1999; Hernández Fernández 2001;

Hernández Fernández & Peláez-Campomanes 2003).

Assumptions of these taxonomic methods include correct

fossil identification, correct phylogenetic relationships,

modern range constraint by climate, and some connection

between evolutionary relatedness and climate preferences

(Wing & Greenwood 1993; Mossbrugger 1999).

Alternatively, ataxonomic methods assume that organ-

isms evolve morphological adaptations directly in

response to environmental variables. By comparing the

morphologies of fossil organisms to living organisms,

researchers invoke the physical laws that shape organisms

through natural selection (Wing & Greenwood 1993).

Much of this research has focused on plants (Wolfe 1990;

Liang et al. 2003), but the approach has also been

extended to mammals (Fortelius et al. 2002; DeGusta &

Vrba 2003).

A fundamental question underlying all of these lines

of research is: Do organisms evolve randomly with respect

to climate? The answer bears directly on a more specific
q 2005 The Royal Society
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Figure 1. Illustration of the expected results for H0 and H1. For H0, two possibilities exist: (a) species are driven apart
during speciation, producing a negative correlation between evolutionary distance and climate distance; (b) species disperse
randomly through climate space, producing no correlation between the two variables. For H1, one possibility exists:
(c) species tend to conserve their climate preferences, producing a positive correlation between the two variables.
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question: Can taxonomic methods reasonably reconstruct

palaeoclimate?

Here, I examine these questions with respect to

mammals by examining the relationship between phyloge-

netic history and climate-space occupied by 12 of the 14

extant species within the marmot (Marmota) clade. In

response to the first of the questions posed above, two

hypotheses remain possible (figure 1). In the null hypoth-

esis, H0, the species are diffusing through climate space in

such a way that they are either driven apart by competition

between close relatives (figure 1a) or drift randomly

through climate space (figure 1b). In the alternative

hypothesis, H1, the species have an association between

their climate preferences and their evolutionary history:

more closely related species inhabit environments that

are more similar to one another than are those inhabited

by more distant species (figure 1c). The null hypothesis can

be tested statistically through a comparison of the distances

between pairs of species in climate space to their

phylogenetic distance, as shown by the cartoon plots in

figure 1.

The species of Marmota are an ideal group for testing

these hypotheses because Steppan et al. (1999) have

produced a thorough molecular phylogenetic recon-

struction, and Marmota species have evolved life history

traits that tie the survival of individuals to climatic

parameters. For example, changes in seasonality affect

hibernation mortality, a chief cause of death; addition-

ally, individuals alter activity patterns (including date of

first emergence and timing of reproduction) in response

to air temperature changes (Barash 1989; Inouye et al.

2000).

Eight of the extant Marmota species live in Eurasia:

Marmota marmota (exclusively Europe), Marmota

baibacina, Marmota bobak, Marmota camtschatica,

Marmota caudata, Marmota himalayana, Marmota menz-

bieri, and Marmota sibirica. Six species are native to North

America: Marmota broweri, Marmota caligata, Marmota

flaviventris, Marmota monax, Marmota olympus and

Marmota vancouverensis. The latter two species are

restricted to small areas on the Pacific coast: M. olympus

on the Olympic Peninsula and M. vancouverensis on

Vancouver Island. Because the ranges of these two species

are obviously restricted by geography and not climate,

they are not considered in this analysis.

Most species of marmot live in alpine and subalpine

meadows, foraging on grass and wildflowers during the
Proc. R. Soc. B (2005)
(sometimes brief) summer growing season (Barash

1989). M. monax, the woodchuck, lives in the widest

variety of habitats, from cultivated land and lowland

prairie to forest habitat (Ferron 1996; Kwiecinski 1998).

Of all the marmots, M. camtschatica occupies the most

extreme habitat: harsh, forestless, alpine lands (Barash

1989). The only evidence of competitive exclusion

between marmot species is that M. flaviventris, the

yellow-bellied marmot, is restricted to lower elevations

when sympatric with M. caligata (Frase & Hoffmann

1980; Barash 1989).

Yellow-bellied marmots, the most extensively studied

of all marmot species, provide the best model for climate-

related limitations on their geographic ranges. They have

two major sources of mortality: predation during the

summer months and death during winter hibernation.

Hibernation mortality can be traced to the interaction

between the length of the growing season and the

snowiness of winter. The longer the growing season, the

more time the marmots have for feeding, gaining fat

reserves that will be consumed during hibernation

(Schwartz et al. 1998). The snowier the winter, the more

insulation the animals will have and the warmer their

burrows will be (Svendsen 1974). Mortality is affected by

snow at both the northern and southern ends of their

ranges: either a late snowmelt or an insufficient insulating

blanket of snow will result in increased mortality

(Svendsen 1974; Inouye et al. 2000). The importance of

freezing in hibernacula in ground squirrels other than

Marmota (e.g. Sherman & Runge 2002) indicates that

hibernation mortality is a plesiomorphic natural history

trait for Marmota.

Marmots are social rodents, using group survival

strategies to live in harsh environments. The least social

species is M. monax (the woodchuck), individuals of

which remain solitary throughout most of their lives

(Barash 1989; Kwiecinski 1998). Woodchucks can survive

solitary hibernation because they live in low-elevation or

low-latitude environments that have deep soils, which

provide better insulation than the rocky, thin soils of high-

elevation or high-latitude environments (Ferron 1996).

Other species range from moderately social (most

Eurasian species) to extremely social (M. marmota and

M. camtschatica; Barash 1989; Ferron 1996). Barash

(1989) found that a higher level of socialization was linked

to more severe winters, both intraspecifically and inter-

specifically, because social Marmots can hibernate in



Figure 2. Maps of 2.58 grid cells included for each species
of Marmota: (a) M. monax; (b) M. flaviventris; (c) M.
caligata; (d) M. broweri; (e) M. camtschatica; (f ) M. sibirica;
(g) M. himalayana; (h) M. baibacina; (i) M. caudata;
(j) M. menzbieri; (k) M. bobak; (l) M. marmota.
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groups, keeping burrows warmer (Arnold 1988;

Blumstein et al. 2004).
2. METHODS
In order to derive climate data for the species of Marmota,

I began with the geographic range maps of Hall (1981) for

North American species and Steppan et al. (1999)

for Eurasian species. To convert the maps to a uniform

projection, they were scanned and transformed into geo-

graphic coordinates (latitude and longitude) in a geographic

information system (GIS) using ArcInfo’s (ESRI 2003)

ArcEdit utility.

The climate data (Shea 1986) are mean monthly values

of temperature and precipitation for 1950–1979. Each

data point marks the monthly value for a single cell within

a 2.58 latitude/longitude grid. These data were entered into

a 2.58 latitude/longitude point array using ArcMap and

ArcEdit (ESRI 2003). Using that point array as a guide, I

created a set of ‘rectangular’ Marmota species ranges that

included all 2.58 grid cells that contain any part of the

range of each species (figure 2). The final set of climate

data for each species represents the group of 2.58 cells that

contain any part of the species range as derived from the

original sources. Because they include data from areas that

may have small populations of a species, these climate data

sets represent a liberal estimate of the species’ tolerances,

which makes for a conservative test of my hypotheses—

that any differences observed between species are likely to

be real, as the noise introduced by this method reduces the

degree to which differences would be observed. The east–

west distance represented by a degree of longitude
Proc. R. Soc. B (2005)
decreases as latitude increases, so I calculated weighted

mean values by weighting each cell by its percentage of the

total geographic area for the species. This prevented the

northern areas, which are covered by more grid cells, from

contributing excessively to the mean values for each

species. This correction amounted to no more than 5%

for any precipitation value and 1 8C for any temperature

value.

The period over which the climate data were averaged

roughly corresponds to the period of time over which data

were gathered to construct the North American range

maps (Hall 1981; Shea 1986). Ranges for Eurasian species

come from studies over a similar time period (e.g. Zimina

& Gerasimov 1973), compiled by Steppan et al. (1999).

Because there is evidence of environmental control over

marmot mortality, I assumed that the geographic distri-

butions shown in these maps reasonably reflected the

climate tolerances of each species. Although I recognize

that biotic interactions with plant resources, competitors

and predators will also potentially affect species ranges,

these interactions, especially those with plant resources, are

also likely to be influenced by climate. While we still have

much to learn about the connection between the geo-

graphic response of mammals and climate change,

published studies suggest the response can be very rapid

(McCarty 2001; Barnosky et al. 2003; Root et al. 2003);

thus the importance of using climate and range data from

the same time periods. Unfortunately, coordinating the

climate and range data requires the use of a dataset that

has rough geographic resolution. The improvement of this

resolution is an important avenue for future study.

The climate data (Appendix A) describe the distribution

of average monthly temperature (8C) and precipitation

(mm/month) values for each species. Tracing these average

values through a year describes the annual climate cycle

experienced by a species (Graham 1984; Wood & Barnosky

1994). These annual cycles reflect the length of the growing

season and the minimum and maximum temperature months

experienced by the species, which are important to marmot

survivorship.

In order to compare these climate data to phylogenetic

distance data from Steppan et al. (1999), I calculated

standardized Euclidian distances between each of the

species pairs, based upon their monthly temperature and

precipitation averages (Appendix B). Calculating the

standardized Euclidian distance has two steps. First,

I normalized the climate data to the range [0, 1]. That

is, for each variable (January temperature, August precipi-

tation, etc.), I transformed the data so that the observed

range extended from zero to one. Normalizing the

distances removes any artefact that might be introduced

by the scales; this way, the results would be identical

whether the climate data were analysed with precipitation

as mm/month or inches/day, and the temperature data as

8C, K or 8F. Alternatively, standardizing these data by their

means and standard deviations produces results commen-

surate with those presented here. Secondly, I calculated the

root of the sum of the squared differences between each of

the standardized climate variables for each pair of species.

I regressed the data against the maximum likelihood (ML)

distances, based on mitochondrial cytochrome b sequences

published by Steppan et al. (1999) using JMP IN 4.0.4

(SAS 2002; Appendix B, figure 3). In order to test for
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Figure 3. Regressions of Euclidian climate distance against maximum likelihood evolutionary distance. Each point represents
a pair of species of Marmota, with ML distances on the x-axis and climate distances on the y-axis. See text for sources of
distance data. R2Z0.114, reflecting the large spread of the data relative to the regression line.
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the significance of the differences between the two distance

matrices, I performed a standard Mantel test (Mantel

1967), and I used the program Congruence among

distance matrices (CADM) (Legendre & Lapointe 2004)

to perform a rank-based Mantel test (Mantel &

Valand 1970).
3. RESULTS
The regression of Euclidian climate distance against

ML distance from Steppan et al. (1999) for all included

species of Marmota produces an R2 of 0.114 (figure 3).

Significance of correlation between the distance data

cannot be properly estimated with linear regression

because the points are interdependent. Following the

methods of Mantel (1967), I calculated ZZ35.51G0.33

(valueGs.e.) for the two matrices. The predicted

ZZ34.76; consequently tZ2.27, and with 11 d.f.,

pZ0.022, which rejects the null hypothesis of incong-

ruence between the matrices. The program CADM

(Legendre & Lapointe in press) produced a similar result.

A Mantel test on ranked distances with 9999 permutations

produced pZ0.038.
4. DISCUSSION AND CONCLUSIONS
These results mean that the association between the two

distance matrices is significantly higher than would be

expected at random; however, the low R2 of the regression

would not adequately predict the climate distance of

a species of known evolutionary distance, eliminating its

usefulness for predicting the climate distances of extinct

taxa.

On the basis of the results of the Mantel and CADM

tests, I can reject the null hypothesis of no relationship

between evolutionary distance and climate distance.

This means that marmot sister species live in more similar

environments than would be expected by chance, implying

that daughter species of marmots live in environments
Proc. R. Soc. B (2005)
similar to those of their parent species. Thus, the answer

to my first question, ‘Do organisms evolve randomly

with respect to climate?’ is no, at least for marmots.

The considerable noise in the correlation indicates that,

while climate does play a role, it may not be the most

important factor shaping the evolutionary history of

marmots. This conclusion fits well with the marmot life

history traits described in the introduction, because the

habitat choices of individuals are constrained by their

physical environments, and individuals also endure pre-

dation and competition, two factors not accounted for by

my analysis.

This result has implications for palaeobiological

research, conservation ecology of marmots and

palaeoclimatology. My study agrees with other studies

of modern systems that tend to find a connection

between climate and evolution, and with some

palaeobiological studies (Vrba 1985, 1993), but not

with other palaeobiological research (e.g. Prothero

1999; Alroy et al. 2000). This may be because (i) the

taxon-sampling of the clade in this study is nearly

complete, as for many modern studies, but unlike

many palaeobiological studies; or (ii) changes at the

species level do not project to the level of higher taxa

that are often studied in palaeobiology. I can assess

the importance of incompleteness (the first point) by

artificially degrading the data through jack-knifing the

analysis: removing three species (75% coverage)

results in non-significant results. Incomplete taxon-

sampling in the fossil record could account for the

discrepancy between modern and fossil studies. More

research on temporal, geographic and taxonomic

scaling issues would clearly be profitable in resolving

conflicting results.

The implication for the conservation ecology of

marmots concerns marmot range change and popu-

lation-level extinction in the face of predicted global

warming. The results of Inouye et al. (2000) indicate

that marmots are already affected by global climate

change. My result suggests that closely related species
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of marmots share similar climate spaces. Thus, extreme

climate shifts might be expected to similarly affect

closely related species. This fits with the North Amer-

ican faunal record from the last 40 000 years, which

indicates that geographic range change is a common

response to climate change among mammalian taxa,

especially small mammals (Graham et al. 1996). If

deeper time is any indication, however, the majority of

mammalian species may not be so directly tied to the

physical environment that a rapid climate change will be

disastrous (Alroy et al. 2000); again, attention to scaling

issues is needed.

An important implication for palaeoclimatology is the

answer my results provide to my second question, ‘Can

taxonomic methods reasonably reconstruct palaeo-

climate?’ The positive correlation between marmot climate

preferences and evolutionary relatedness indicates that

taxonomic methods may be valid, at least with organisms

like marmots that are closely linked to their physical

environments. The presence of M. monax through several

glacial–interglacial cycles at Porcupine Cave, Colorado

(Polly 2003; Barnosky et al. 2004) is support for this

conclusion, as palaeoclimate reconstructions for Porcupine

Cave based on other mammals (Wood & Barnosky 1994)

indicate that the temperature and precipitation were within

the observed range for modern occurrences of M. monax.

The correlation between evolutionary relatedness and

climate preference for these data is not tight enough to

provide a reliable basis for extrapolating palaeoclimate

reconstructions from extant species to extinct. That is,

one could not determine precisely how similar the

climate preference of an extinct species of marmot

would be to an extant species based on its evolutionary

similarity. My results suggest that, to avoid false

precision, palaeoclimate reconstructions based on evol-

utionary relatedness should be made only on a

qualitative basis.

Productive future research should include analyses

similar to this one on other animal and plant taxa that

exhibit different life history traits and ecological

settings, and that are less obviously tied to their

physical environments. Such studies are important to

assess whether the association between climate simi-

larity and evolution that I found here is the exception

or the rule. It would be an important advance if it were

possible to use point occurrence data for both

evolutionary similarity and local climate to more

precisely define the environments that individual

organisms experience. Finally, studies that focus on

bridging the temporal and geographic gaps that

separate neontology and palaeontology (Hadly 2003)

would be profitable in resolving the apparent conflict

between studies such as the present one, which

supports a climate–evolution connection, and palaeo-

biological work that commonly does not support such a

connection.

APPENDIX A See table 1.

APPENDIX B See table 2.
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