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ABSTRACT

We present the results of the first analysis of distributional patterns of the same taxa across
thousands of kilometres and thousands of years, which demonstrate that the exponents for the
power relationships in space and time are similar. In both space and time, the distribution of
mammalian taxa of the Great Basin and Rocky Mountains follows a ‘nested subset’ pattern.
We conclude that species identities and their relative abundances are non-random properties of
communities that persist over long periods of ecological time and across geographic space. This
is consistent with species abundance contributing heavily to evolutionary patterns, and allows
predictions of how species within communities will respond to future global change.
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INTRODUCTION

It has long been known that the number of species found in a discrete patch of habitat
such as an island increases with the area of the patch (MacArthur and Wilson, 1967,
Rosenzweig, 1995). Furthermore, the number of species counted in a community increases
with the length of time over which sampling occurs, number of sites that are sampled
and number of specimens in a sample (Preston, 1960; Hansen, 1980; Rosenzweig, 1995,
1998; Gaston, 1996; McKinney and Frederick, 1999). A relationship between patterns of
species accumulation in time and in space (Preston, 1960) has been suspected, but no clear
explanation has materialized (Rosenzweig, 1998). The common pattern of species identities
associated with species—area relationships is the ‘nested subsets’ pattern. This pattern arises
when species that appear on few islands occur only on the islands with the most species,
while only the most widespread species are found on the islands with few species (Wright
et al, 1998).

The nested subset pattern arises because species differ in their distributions across space.
Some species use a wider range of resources or persist across a wider range of habitats than
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others (Brown, 1984; Brown et al., 1996; Hanski and Gyllenberg, 1997). Generally, species
that use a wide range of resources or tolerate a variety of abiotic conditions can establish
more populations in more places than comparable species with relatively narrow niches
(Brown, 1995; Cook and Quinn, 1995). Differences in the ability of species to distribute
themselves across space have distinct consequences for the structure of communities. Sites
that encompass a greater area tend to have more species (Rosenzweig, 1995). This is because
large areas include a subset of species not found elsewhere. Therefore, the nested subset
pattern of species distribution in space is thought to reflect the gradient in abundance
among species (Gaston, 1996; Leitner and Rosenzweig, 1997; Maurer, 1999). Consequently,
a relationship emerges between the patterns of distribution and abundance of species
in space and the power function describing the species—area relationship (Hanski and
Gyllenberg, 1997; Harte et al., 1999; Maurer, 1999).

Assuming that the ecological characteristics that determine a species’ distribution in
space are conservative over evolutionary time (Peterson et al., 1999), the distribution of a
species in space should reflect its ability to persist over time (Jackson, 1974; Boucot, 1979;
McKinney, 1997). Species that are widespread and abundant during most of their time on
earth should tend to persist over a long period of geological time, whereas species that have
relatively narrow ecological tolerances should persist for shorter periods of time. When a
series of geological strata randomly sample the same ecological community repeatedly,
species that are most abundant should have higher probabilities of appearing in any given
stratum, while rare species should appear with lower frequencies (Koch, 1987; Collins and
Benning, 1996).

If the distribution and abundance of multiple species in geographic space affect their
distribution and abundance through time, one expects to see a relationship between the
structure of species assemblages in space and time. In particular, the power function
describing a species—area relationship should be similar to that describing the species—time
relationship when both samples are drawn from the same regional species pool. The nested
subset patterns underlying the species—area and species—time relationships should also be
similar. Although palaeontological data sets are consistent with this postulate, it has been
difficult to link temporal and spatial patterns quantitatively because few opportunities
exist to compare the same species in both space and time. The data presented in this study
provide an unprecedented opportunity to examine simultaneously the spatial and temporal
distributions of species from the same regional species pool.

METHODS

In the Great Basin of North America (427,000 km? 36-41° N), many mountain ranges have
isolated islands of boreal vegetation at high elevations (> 2300 m) (Brown, 1971). The
mammalian taxa that occupy these 19 mountaintops show the expected species—area and
nested distributional patterns typical of such insular habitats (MacArthur and Wilson,
1967; Rosenzweig, 1995; Wright et al., 1998). This same set of boreal mammals inhabits the
Yellowstone ecosystem in northwestern Wyoming, USA. A recent analysis of fossiliferous
deposits found in Lamar Cave (1900 m, at 45°N), Yellowstone National Park, showed that
these same species have co-existed in that ecosystem for the past 3000 years (Hadly, 1996).
Lamar Cave has 16 strata of organic deposits that accumulated over varying temporal
periods, providing ‘islands in time’ analogous to the spatial samples represented by the 19
Great Basin mountaintop islands. Similar species have also been documented in Quaternary
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archaeological and palaeontological deposits of the Great Basin (Heaton, 1985; Grayson,
2000).

Lamar Cave is a palaecontological site that was excavated in natural stratigraphic units
to a depth of 3 m. Calibrated radiocarbon dates span the present (Beta-24418) to 3000
years B.P. (CAMS-20356) at the base of the excavation. Species abundance data are derived
from the identification of approximately 11,000 mostly cranial elements representing 40
mammalian taxa (Hadly, 1996). Bones from Lamar Cave were accumulated by Neotoma
cinerea (bushy-tailed woodrat), which collects raptor pellets, mammalian carnivore scats
and material from carcasses near the cave. The faunal collections in the cave approximate
random sampling of the community of mammals in the local environment (Hadly, 1999).

Data on extant distributions of species from the Great Basin are from a comprehensive
faunal list of small mammals (< 3 kg) from the 19 mountaintops above 2286 m spanning
approximately 5° of latitude (Brown, 1971). The faunal list from Lamar Cave com-
prises genera and species whenever possible. The data sets were compared at the species level
for six species (i.e. Marmota flaviventris, Neotoma cinerea, Zapus princeps, Mustela
erminea, Lepus townsendii and Ochotona princeps) and at the genus level for the remaining
five taxa (i.e. Microtus spp., Spermophilus spp., Tamias spp., Sorex spp. and Sylvilagus spp.).
Great Basin ground squirrels include Spermophilus beldingi and S. lateralis; S. beldingi is
extralocal to the Yellowstone area but is replaced by S. armatus in the Lamar Cave sample.
Sorex spp. from the Great Basin includes S. vagrans and S. palustris. The Lamar Cave
data for Sorex spp. include all shrews found in the region (possibly six species) because
isolated cranial elements are difficult to identify to species. Although it is possible that
M. longicaudus is present in the Lamar Cave deposits, most Microtus specimens probably
represent M. montanus with a small percentage of M. pennsylvanicus (Hadly, 1996).

The relationship between species abundance and distribution can be represented by
a variety of functions, none of which has any preferred theoretical basis. We assumed that
the relationship is non-linear (Hanski and Gyllenberg, 1997) and fitted an arbitrary three-
parameter model describing an exponential approach to a maximum number of levels in
Lamar Cave in which a species might be found. For each taxon, we counted the number
of levels containing at least one specimen of the taxon. We then averaged the number of
specimens for each taxon across all levels in which at least one specimen was obtained. We
then fitted the three-parameter exponential model to the resulting data using non-linear
least squares (Conover, 1971).

The relationships between species number and area and time were described using power
functions. To fit the parameters for a power function relationship between species number
and area of the Great Basin boreal habitats, we log-transformed both variables and
calculated parameter estimates and standard errors using simple linear regression (Neter
et al., 1985). To estimate the length of time represented by a particular sampling level,
we assumed a constant rate of deposition of specimens across the 3000 years over which
deposition occurred. Sampling of the bones from the environment has not been interrupted
throughout the past 3000 years (Hadly, 1996). The relative abundance of the primary agent
of faunal collection, Neotoma cinerea, is constant throughout the time spanned by the
deposit. Additionally, the radiocarbon chronology follows an exponential regression con-
cordant with compaction with depth and organic decay (Hadly, 1999). The average rate
of deposition thus calculated was about 2.3 specimens per year. The total number of
specimens deposited in a given level at a constant rate was assumed to be proportional to
the length of time over which deposition had taken place. To obtain a power relationship
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between species number and time, we log-transformed the number of taxa in each level and
plotted it against the logarithm of the estimated time span represented by each level. Simple
linear regression was used to obtain parameter estimates and standard errors. Because the
exponents of a power relationship are scale-independent (Rosenzweig, 1995), we tested for
equality of exponents using a two-sample Student’s #-test.

To analyse patterns of distribution of all taxa across both space and time for ‘nested
subset structure’ (Wright et al., 1998), we used two different metrics designed to detect such
a structure and to test the null hypothesis that the observed distributional pattern was
significantly different from a random assignment of species to locations or levels. The first
measure describes the degree of disorder of the distributional patterns of a set of species as
a ‘temperature’ (Atmar and Patterson, 1993) scaled to be between 0° and 100°. A perfectly
ordered matrix of distributions (species X sites) has a temperature of 0°. Randomization
tests were used to compare the observed temperature of matrices obtained from our spatial
and temporal samples to those generated by randomly assigning species to sites within the
matrix. The second measure is based on the conditional probabilities of species being
present on species-rich sites given their presence on species-poor sites (Wright and Reeves,
1992). This measure is standardized so that a value of 0 indicates a randomized distribution
of species among sites and a value of 1 indicates perfect nestedness. Means and variances
for the distribution of this statistic were calculated under the null hypothesis of random-
ness; significance tests were constructed using estimates of these statistics. For each taxon,
its distribution across space was taken as the number of Great Basin mountaintops on
which it was found. A taxon’s distribution over time was measured as the number of levels
containing at least one specimen in Lamar Cave. We plotted a relationship between these
two variables and used Pearson’s, Kendall’s and Spearman’s correlation measures (Conover,
1971) to estimate the strength of the relationship between them. A linear relationship was
fitted using simple linear regression (Neter et al., 1985).

RESULTS

In the 16 stratigraphic levels of Lamar Cave, species that are represented on average by
many specimens within a given level also are found in the most stratigraphic levels (Fig. 1).
Hall (1946) provided verbal descriptions of the relative abundances of these species in
Nevada, which generally agree with the quantitative estimates of abundance in Lamar Cave
deposits. Additionally, a correlation of rank order abundance between the most abundant
Lamar Cave fossils and those from Crystal Ball Cave, a late Pleistocene deposit from
the central Great Basin (Heaton, 1985), is significantly positive (Spearman’s rho = 0.83;
n=12; P>0.01).

In Lamar Cave, depositional layers that accumulated over the longest periods of time had
the most species in them (Fig. 2A), as would be expected from sampling considerations.
Interestingly, the exponent of the power law that describes the relationship between species
number and time is statistically indistinguishable from the analogous exponent obtained
from the species—area relationship for the Great Basin (Fig. 2B) and is concordant with
predictions made by Preston (1962) for isolated habitat ‘islands’. Thus, depositional layers
in the Lamar Cave are like ‘islands in time’, because they sample the diversity of the same
community over time in much the same way that islands in space represent samples from
a pool of species with geographic ranges overlapping those islands.
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Fig. 1. Relationship between average abundance over depositional layers in which a species was found
and the number of layers occupied. Note that this relationship is curvilinear (Hanski and Gyllenberg,
1997). Each point represents a small mammal taxon that occurs both in Yellowstone National Park
and on Great Basin mountaintops.

DISCUSSION

The similarity between spatial and temporal islands of small mammals in the Great Basin
goes beyond the similarities in the exponents of the power law describing species number.
Both sets of data show the same nested subset pattern of distribution. Both nested dis-
tributions are statistically distinguishable from a random allocation process that would
distribute species indiscriminantly among mountaintops or depositional layers (Table 1).
More important, the frequency with which a species is found on mountaintops in the Great
Basin is positively correlated with the number of levels it is found in within Lamar Cave
(Fig. 3). Thus, communities of small mammals inhabiting boreal habitats in the western
United States are non-randomly structured. The temporal and spatial distribution of
species is determined by the natural histories of the species involved. Species with life cycles,
ecological needs, dispersal abilities and tolerances that allow them to occur at high densities
in local ecological communities also dominate the regional species pool. Examples include
the woodrat (Neotoma cinerea), chipmunks (Tamias spp.), marmot (Marmota flaviventris),
voles (Microtus spp.) and ground squirrels (Spermophilus spp.).

Table 1. Nestedness calculations of mammalian species from number of
mountaintops in the Great Basin and number of levels in Lamar Cave

Nestedness measure Lamar Cave Great Basin
Atmar and Patterson (1993) (7) 8.26°% 9.02°%
Wright and Reeves (1992) (C) 0.69* 0.67*

*Significantly different (P >0.001) from value expected from random allocation
of species among samples.
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Fig. 2. (A) Relationship between the span of time sampled by a given depositional layer in Lamar
Cave and the number of taxa of boreal small mammals. Each point represents a single depositional
layer. (B) Relationship between area of boreal habitat on 19 mountaintops of ranges in the Great
Basin and the number of boreal small mammal taxa. Each point represents a single Great Basin
mountain range. The two slopes are not significantly different (#;, = 0.07, P > 0.05).

Our regional species pool posits that, even in the face of a certain amount of spatial and
temporal heterogeneity, species with larger ranges will be found in more places and more
time periods than those that have small ranges. We do not believe that the patterns emerge
from ‘statistical sampling effects’. There are two null models that might be suggested by the
phrase ‘statistical sampling effects’. First, one could assume that the presence of a species in
any particular place or time is completely arbitrary and random. Our nestedness results
alone contradict this null model. Second, one could assume that the same community is
always present in the time samples, and it is only the length of time that determines the
species actually counted. To detect whether the ‘same community’ null model explains our
temporal data, we calculated Fisher’s alpha (Rosenzweig, 1995) for each of the depositional
layers. In fact, we plotted alphas against length of sampling interval (as in Fig. 2A, but this
time with alpha), which results in a positive relationship between alpha and time with a
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Fig. 3. Nestedness relationship between the number of mountain ranges occupied in the Great Basin
and the number of levels containing specimens for 11 taxa of boreal small mammals.

slope of about 0.11 and an #* value of 0.27 (much poorer fit). This contradicts the ‘same
community’ null model. It is consistent with the regional species pool model because the
concept doesn’t require local communities to be the same at different points in time (or
space). It does predict, however, that when a species is lost, it will be one that has low
abundance (small geographic range).

CONCLUSIONS

The stability of relative abundances of species through the last several thousand years
has several important consequences for ecology, evolution and global change. We have
demonstrated that only montane communities of sufficient spatial extent and which have
been accumulating taxa for an ecologically long period of time can include species with
specialized life cycles and low dispersal abilities, such as the western jumping mouse (Zapus
princeps), pika (Ochotona princeps) and ermine (Mustela erminea). That the statistical dis-
tribution of relative abundance of small mammals has persisted in the Yellowstone eco-
system for 3000 years, despite changes in climatic conditions and local habitat fluctuations,
implies that this distribution should be considered a relatively stable attribute of the boreal
small mammal community (Riddle, 1998). This spatial and temporal stability in community
structure over this time period suggests that ‘non-analog’ communities, where pairs of
species that have non-overlapping contemporary distributions occurred together in the
past (Graham, 1986), arose from distributional changes in a few taxa. Species that demon-
strate remarkable individual responses to changing climatic conditions do not alter to a
large extent the community structure that persists through time if they are a minor com-
ponent of the local community and of the species pool from which they are drawn. Thus,
over ecological time, differential abundance among species produces communities that are
more similar than would occur by chance.

Abundance also has a direct influence on evolutionary patterns. If abundance is
correlated with geographic range size (Brown and Maurer, 1987), which in turn is correlated
with persistence in evolutionary time (Jablonski, 1986; Gaston and Chown, 1999), then
abundant species should become extinct less often than rare species. Our quantitative
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analysis supports this often cited intuitive observation. Abundant species with large geo-
graphic ranges thus should give rise to greater numbers of species (Rosenzweig, 1975;
Maurer, 1999), which may explain such remarkable radiations as Rodentia. Preliminary
data from a middle-Pleistocene montane site, Porcupine Cave, Colorado (E.A.H. and A.D.
Barnosky, in prep.), demonstrate support for this contention. The temporal distribution
of small mammal taxa tabulated as of 1998 in these deposits demonstrate a significantly
nested pattern (7'=15.9°) (Atmar and Patterson, 1993). The taxa in Porcupine Cave are
comparable to those in Lamar Cave at the generic level. If such patterns are relatively
general, then differences in abundance among taxa may lead to taxanomic sorting (Vrba
and Gould, 1986) and may, therefore, determine patterns of taxonomic diversity within
clades.

Finally, our analyses have important implications for conservation biology. Species
diversity has a strong deterministic component that is a consequence of the distribution
of abundance among species. Although future global change is likely to bring species
together that did not previously co-exist (either directly through species introductions or
indirectly through environmental change), we should be able to predict the species most
likely to decline based on their commonness and rarity in insulate communities and on their
occurrence in temporal records.
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