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Taxon-free metrics of biodiversity health are crucial for present and future conservation efforts in the face of
current global change. We investigated the distribution of species in combined diet and body size functional
groups over the past 16 Ma in the Northern Great Plains to establish a pre-Holocene (before 11,000 ya, when
humans arrived in North America) and pre-industrial baseline (11,000–500 ya) of this measure of community
structure. Functional group distributions were compared on two scales to gauge the impact of time-averaging
onpatterns of community structure change: 1)North American LandMammal Ages (NALMAs), and 2) individual
diverse localities. Distributions were statistically compared using pairwise Fisher's exact tests with Monte Carlo
P-value simulations and Holm P-value adjustment, and qualitatively assessed using correspondence analysis.
When averaged over entire NALMAs, major changes in functional group distribution only take place in the
Hemphillian, and at the start of the Holocene. Locality-level patterns also indicate long periods of stasis in the
metric (Barstovian–Clarendonian and Hemphillian–Holocene). A threshold of global climate change is one
possible explanation for the change that began in the Hemphillian, but further study is needed in that regard.
Extinction of megaherbivores (>44 kg) is the primary driver of apparent differences between the Holocene
and previous time periods. Although the extent of time-averaging and other taphonomic biases affect the details
of observable patterns per time period, overall, proportional diversity of functional groups is a promisingmetric
for assessingmammalian community health because it is remarkably stable through time and changes onlywith
major external perturbations to ecosystems.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Rapid climate change today is causing local and regional habitats to
shift across the landscape (Burrows et al., 2011). However, species are
often prevented from tracking their preferred abiotic conditions be-
cause of the human-modified landscapes (e.g. urbanization, ranching)
that surround protected lands. Consequently, managing for individual
species is becoming increasingly problematic, and mandates strategies
that focus on managing for ecosystem properties and functions. In
light of these conservation needs, it is critical to identifymetrics of com-
munity structure that can bemeasured andmonitored through the past
to establish baselines of “normal,” which can provide management
benchmarks today and into the future. The fossil record is invaluable
in this regard because it chronicles community structure and change
over meaningful time scales and through past natural environmental
changes.
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Community structure has been approached quantitatively from a
number of different angles: taxonomic composition (Hadly, 1996;
Grayson, 1998; Grayson and Madsen, 2000; Hadly and Maurer, 2001;
McGill et al., 2005; Blois et al., 2010), relative abundance (Hadly,
1996; Hadly and Maurer, 2001; Barnosky et al., 2004; Hadly et al.,
2004), species richness (Grayson, 1998; Barnosky and Carrasco, 2002;
Barnosky et al., 2003), evenness (Blois et al., 2010; Harnik, 2009),
species–area relationships (Barnosky et al., 2005; Carrasco et al., 2009),
and size and trophic structure (Badgley and Fox, 2000; Barnosky and
Shabel, 2005; Rodríguez et al., 2006). Suchmetrics have already provid-
edmajor insights. For example, “ecometrics” that relate functional traits
like average community tooth height (Fortelius et al., 2002; Eronen et
al., 2010b) or carnivoran locomotor morphology (Polly, 2010) to envi-
ronment type (Eronen et al., 2010a; Polly et al., 2011) are useful for
predicting response of communities to climate change. Another exam-
ple is that Great Basin and RockyMountain species follow a nested sub-
set pattern in both space and time, meaning that species' identities and
relative abundances are non-random (Hadly and Maurer, 2001): this
information can be used to predict which species are most likely to de-
cline or face extirpation in a given region based on how common they
are.

http://dx.doi.org/10.1016/j.palaeo.2012.04.019
mailto:astegner@berkeley.edu
http://dx.doi.org/10.1016/j.palaeo.2012.04.019
http://www.sciencedirect.com/science/journal/00310182


Table 1
Categories used to define diet and body size.

Functional category Example

Herbivore Elk—Cervus canadensis
Carnivore Coyote—Canis latrans
Omnivore Ringtail—Bassariscus astutus
Granivore Flying Squirrel—Glaucomys sabrinus
Insectivore Shrew—Blarina brevicauda
>44 kg “XL” Bison—Bison bison
8–44 kg “L” American beaver—Castor canadensis
0.5–8 kg “M” American marten—Martes americana
b0.5 kg “S” Ord's kangaroo rat—Dipodomys ordii
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The term functional group, sometimes also called “guild”, is used to
describe organisms that fill the same ecological roles with respect to
one or several important attributes, like diet, body size, or locomotor
type. The utility of the functional group concept is largely due to the
fact that these functional attributes cross taxonomic, geographic, and
temporal boundaries. Functional groups are common as a means of
portraying modern mammal communities (Badgley and Fox, 2000;
Reed et al., 2006; Rodríguez et al., 2006; Muldoon and Goodman,
2010; Rowe et al., 2011; Terry et al., 2011), but have been used in
palaeontology as well. One particularly well-studied example is the
replacement of browsing with grazing ungulates as aridity increased
and C4 grasslands became wide-spread during the Miocene (Janis
et al., 2000; Janis et al., 2004; Wang et al., 1994). The idea of functional
groups has also been relevant for the study of extinction selectivity
(e.g., Quaternary megafauna: Koch and Barnosky, 2006; end-Triassic
infaunal versus epifaunal bivalves: McRoberts and Newton, 1995) and
for identifying palaeo habitat types (e.g., carnivore locomotor mode:
Polly, 2010; leaf margin analysis: Burnham et al., 2001; Greenwood,
2005).

Diet and body size are important functional attributes of species
that are independent of species identity, and are easy to define for
both extinct and extant species. Gross diet categories can be deter-
mined from tooth morphology (Hillson, 2005), and linear skeletal di-
mension/body size relationships are well established for most major
mammalian groups (Damuth and McFadden, 1990). These attributes
are taxon independent, which facilitates comparisons between commu-
nities at different points in time or space that may not share the same
species. Here, we use such criteria to investigate the proportion of spe-
cies in body size and trophic categories in the Northern Great Plains
(NGP) over the past 16 Ma. Other studies have documented relation-
ships between environmental clines or abiotic factors and spatial differ-
ences in the distribution of species in diet and body size groups (Badgley
and Fox, 2000; Terry et al., 2011); however, using combined diet and
body size functional groups, as we have done in this study, is less com-
mon (but see Eisenberg, 1981; Rodríguez et al., 2006).

We established both a pre-Holocene (prior to 11,000 ya, i.e. before
humans were abundant in North America) and pre-industrial baseline
(between 11,000 and 500 ya, or Holocene) for comparison to the mod-
ern NGP mammalian fauna, in order to address two primary questions:
1) has mammalian community structure changed over the last 16 Ma;
and 2) are differences in community structure driven by particular
functional groups?We expect that climate change through time should
be correlated with changes in the mammalian community structure
based on spatial trends (Eisenberg, 1981; Badgley and Fox, 2000;
Rodríguez et al., 2006; Terry et al., 2011). Because modern and fossil
data are subject to different sampling biases, we also discuss how
sampling differences affect our interpretations.

2. Study area and climate

The fossil record in the NGP is fairly complete for the period of our
study, which encompasses the BarstovianNALMA though theHolocene.
The geographic boundaries of theNGP follow Carrasco et al. (2009). The
province has been tectonically stable through the Cenozoic, and has
remained faunally distinct from other biogeographic provinces for
more than 16 Ma (Prothero, 1998; Carrasco et al., 2009). It is bordered
by the foothills of the Rockies on the west and the North Platte River
to the south. The northern and eastern boundaries are defined by the
geographic extent of the mammalian fauna characteristic of the NGP.
Generally speaking, themodern NGP is an arid grasslandwith scattered
patches of badlands andwoodland. Precipitation seasonality in the NGP
is high, with most rain falling between April and September, and
drought during the winter months. Multi-year drought cycles are also
characteristic of the Plains. Annual temperatures are seasonal, with
very hot summers (commonly >37.8 °C) and extremely cold winters
(as low as−40 °C) (Barker and Whitman, 1988).
The earth experienced high overall temperatures from 18 to 14 mya,
a period called the Mid-Miocene Climatic Optimum (MMCO); this was
followed by a long-term cooling trend that began suddenly around
14mya. From 8 to 6 mya, the replacement of C3 by C4 grasslands indi-
cates not only a major floral change but also increased and widespread
aridity (Axelrod, 1985; Cerling et al., 1997; Janis et al., 2000). Around
6 mya, world climate experienced a major perturbation that had wide-
spread effects, like the Messinian Salinity Crisis; also near this timewas
one of the four most pronounced extinction peaks for mammals during
the Cenozoic. The cooling trend continued until themid-Pliocene, when
there was another period of sustained warmth from 4.5 to 3 mya;
temperatures at this time were only slightly warmer than today, but
the temperature gradient from pole to equator was less extreme.
Continued cooling initiated the high-amplitude glacial–interglacial
cycles that characterize the Quaternary (Cronin, 2010). Much of the
northern reach of the Plains (primarily Canada) was glaciated during
the Pleistocene (Barker and Whitman, 1988).
3. Methods

3.1. Diet and body size distributions

Fossil data were obtained from the NEOMAP database (FAUNMAP
Working Group, 1994; Carrasco et al., 2005; Graham and Lundelius,
2010) for the Barstovian through the Holocene, and modern data were
extracted in ArcGIS using Digital Distribution Maps of the Mammals of
the Western Hemisphere Version 3.0 (Patterson et al., 2003). We
resolved species synonymies using the synonymy tables in the Paleobi-
ology Database (Alroy, 2003), removed records for species considered
nomen dubium, nomen vanum, or nomen nudum, and also excluded
chiropterans. The geographic location of the NGP was determined
according to Carrasco et al. (2009). Diet and body size were defined
according to Table 1, and designationswere based on information avail-
able in the Paleobiology Database, Mammalian Species Index, and other
literature sources (Appendix 1). We used these body size categories for
continuity with Barnosky and Shabel (2005) and Koch and Barnosky
(2006). All species in a genus were assigned the same diet and body
size class. We recognize that it is possible for congeneric species to
have different diets and body sizes, but this is relatively uncommon in
modern mammals and our categories are general enough as to render
this possibility negligible in affecting our conclusions.

For differences between communities averaged over long time-spans,
we binned fossil occurrence records for the Barstovian, Clarendonian,
Hemphillian, and Rancholabrean NALMAs, and for the Holocene and
modern. The Irvingtonian and Blancan fossil records for the NGP are too
poor—both species richness and number of localities are low compared
to other time periods (Table 2)—to yield meaningful information regard-
ing community structure. Modern data are subject to very different
sampling biases (discussed in Section 5) (Carrasco, 2013-this issue) and
so it is included here for exploratory purposes only.



Table 2
Number of fossil localities and species richness per NALMA for the Northern Great
Plains.

Time period Interval length No. sites Species richness

Holocene 0.011 Ma 100 110
Rancholabrean 0.229 57 125
Irvingtonian 3.1 15 81
Blancan 3.5 28 83
Hemphillian 4.4 66 122
Clarendonian 3.3 283 134
Barstovian 3.4 200 179
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Wealsowanted to examine these patterns on afiner scale. However,
commonly-used million year bins were insufficiently suited to this task
for a number of reasons. First, million year bins may over-estimate the
actual dating precision of localities in our dataset because the difference
between theminimum andmaximum age estimates for each locality in
our dataset is greater than 1 my for the majority of records; also, the
error bars around a locality's age may bridge two or more time bins.
Furthermore, NALMAs represent biologically meaningful groupings
that do not change markedly from beginning to end—million year
bins, in contrast, are arbitrary delineations with arguable biological
Table 3
Species richness by functional group, as number of species (top) and proportional richness (b
herbivores; LH: 8–44 kg herbivores; MH: 0.5–8 kg herbivores; SH: b0.5 kg herbivores; LC: >
MO: 0.5–8 kg omnivores; SO: b0.5 kg omnivores; SG: b0.5 kg granivores; MI: 0.5–8 kg inse

Locality NALMA Age (ma) XLH LH MH SH

Modern 500 ya–present 5 2 10 26
0.049 0.020 0.098 0.255

Holocene 0.011–present 13 2 15 26
0.118 0.018 0.136 0.236

Rancholabean 0.011–0.15 32 3 13 26
0.256 0.024 0.104 0.208

Hemphillian 5.9–9 36 8 8 22
0.295 0.066 0.066 0.189

Clarendonian 9–12.5 46 10 16 12
0.343 0.104 0.090 0.090

Barstovian 12.5–15.9 57 11 15 22
0.318 0.061 0.084 0.123

Schmidt Holocene 795–830 ya 2 2 4 6
0.061 0.061 0.121 0.182

Beaver Creek Shelter Holocene 2220–3890 ya 2 0 2 10
0.077 0.000 0.077 0.385

Jones-Miller Rancholabrean 0.01 1 0 2 10
0.028 0.000 0.056 0.278

North Cove Rancholabrean 0.01 3 0 3 10
0.107 0.000 0.107 0.357

Little Box Elder Cave Rancholabrean 0.01–0.02 9 2 5 14
0.173 0.038 0.096 0.269

Kanopolis Local Fauna Irvingtonian 1.8–1.5 7 1 3 4
0.269 0.038 0.115 0.154

Sand Draw Blancan 4.7–1.8 5 1 3 11
0.143 0.029 0.086 0.314

Devil's Nest Quarry Hemphillian 4.7–5.9 8 1 3 8
0.296 0.037 0.111 0.296

Bluejay Quarry Clarendonian 9.5–11.5 9 2 4 3
0.333 0.074 0.148 0.111

Pratt Quarry Clarendonian 9.5–11.5 3 1 5 7
0.115 0.038 0.192 0.269

Annie's Geese Cross Barstovian 12.5–13.6 7 1 1 6
0.226 0.032 0.032 0.194

Myers Farm Barstovian 12.5–13.6 8 4 1 6
0.242 0.121 0.030 0.182

Egelhoff Quarry Barstovian 13.6–14 3 2 0 7
0.12 0.08 0 0.28

Immense Journey
Quarry

Barstovian 13.6–14 7 1 2 6
0.250 0.036 0.071 0.214

Carrot Top Quarry Barstovian 13.6–14 11 1 1 3
0.423 0.038 0.038 0.115

Norden Bridge Quarry Barstovian 13.6–14 16 4 2 10
0.276 0.069 0.034 0.172
basis (Barnosky et al., 2005). Finally, million year bins do not contain
enough data on the geographical scale of biogeographic provinces
(Barnosky et al., 2005; Carrasco et al., 2009; Carrasco, 2013-this issue).
Instead, we based our finer-scale analysis on selected individual locali-
ties with aminimumof 25 species, at least 10 of which are small-bodied
(see Table 3). Localitieswere also compared to theNALMAdistributions
fromwhich theywere drawn, to determine if a given localitywas signif-
icantly different from the NALMA overall; i.e., is the locality typical for
the time period?

We summed the number of species in each diet and body size cate-
gory for each time interval, and standardized by total species richness
per interval. Generic occurrences without species-level identifications
(where the specimen was identified to genus but not to species) were
only included for intervals where the genus was not represented by
other occurrences with species-level designations (Alroy, 1996;
Barnosky and Carrasco, 2002). We used pairwise Fisher's exact tests
(with a Monte Carlo P-value simulation, 5000 replicates, and Holm
p value adjustment for multiple comparisons) on the uncorrected dis-
tributions of functional groups (raw counts of species per group per
locality or per NALMA) to compare community structure at different
time intervals and among localities. Monte Carlo analysis randomly
reassigns group membership of the observed data in order to test the
ottom, bold) for individual localities, the modern, Holocene, and NALMAs. XLH: >44 kg
8 kg carnivores; MC: 0.5–8 kg carnivores; SC: b0.5 kg carnivores; LO: >8 kg omnivores;
ctivores; SI: b0.5 kg insectivores.

LC MC SC LO MO SO SG MI SI Total
richness

3 8 4 1 3 2 22 2 14 102
0.029 0.078 0.039 0.010 0.029 0.020 0.216 0.020 0.137
9 6 5 4 2 6 14 1 7 110
0.082 0.055 0.045 0.036 0.018 0.055 0.127 0.009 0.064
12 7 3 2 0 1 11 1 14 125
0.096 0.056 0.024 0.016 0 0.008 0.088 0.008 0.112
19 5 3 3 1 2 5 0 10 122
0.156 0.041 0.025 0.025 0.008 0.016 0.033 0.000 0.082
16 9 0 0 3 1 13 0 8 134
0.119 0.067 0.000 0.000 0.022 0.007 0.097 0.000 0.060
21 17 1 4 4 0 19 0 8 179
0.117 0.095 0.006 0.022 0.022 0.000 0.106 0.000 0.045
5 2 2 0 0 1 5 1 3 33
0.152 0.061 0.061 0.000 0.000 0.030 0.152 0.030 0.091
0 0 0 0 0 2 8 0 2 26
0.000 0.000 0.000 0.000 0.000 0.077 0.308 0.000 0.077
2 4 2 0 0 1 6 1 7 36
0.056 0.111 0.056 0.000 0.000 0.028 0.167 0.028 0.194
0 2 0 0 0 1 5 0 4 28
0.000 0.071 0.000 0.000 0.000 0.036 0.179 0.000 0.143
7 4 2 1 0 2 2 1 3 52
0.135 0.077 0.038 0.019 0.000 0.038 0.038 0.019 0.058
2 0 0 0 1 0 5 1 2 26
0.077 0.000 0.000 0.000 0.038 0.000 0.192 0.038 0.077
5 3 1 0 0 0 3 0 3 35
0.143 0.086 0.029 0.000 0.000 0.000 0.086 0.000 0.086
2 1 2 0 0 1 0 0 1 27
0.074 0.037 0.074 0.000 0.000 0.037 0.000 0.000 0.037
1 0 0 0 0 0 5 0 3 27
0.037 0.000 0.000 0.000 0.000 0.000 0.185 0.000 0.111
2 0 0 0 0 1 5 0 2 26
0.077 0.000 0.000 0.000 0.000 0.038 0.192 0.000 0.077
2 1 1 0 1 0 6 0 5 31
0.065 0.032 0.032 0.000 0.032 0.000 0.194 0.000 0.161
2 4 0 1 0 0 2 0 5 33
0.061 0.121 0.000 0.030 0.000 0.000 0.061 0.000 0.152
0 1 1 1 0 0 6 0 4 25
0 0.04 0.04 0.04 0 0 0.24 0 0.16
0 1 0 0 0 0 6 0 5 28
0.000 0.036 0.000 0.000 0.000 0.000 0.214 0.000 0.179
0 0 0 0 1 0 5 0 4 26
0.000 0.000 0.000 0.000 0.038 0.000 0.192 0.000 0.154
4 6 1 0 1 0 9 0 5 58
0.069 0.103 0.017 0.000 0.017 0.000 0.155 0.000 0.086



Fig. 1. Distributions show the proportion of species in each functional group for time
bins in the NALMA-scale analysis. XLH: >44 kg herbivores; LH: 8–44 kg herbivores;
MH: 0.5–8 kg herbivores; SH: b0.5 kg herbivores; LC: >8 kg carnivores; MC: 0.5–8 kg
carnivores; SC: b0.5 kg carnivores; LO: >8 kg omnivores; MO: 0.5–8 kg omnivores;
SO: b0.5 kg omnivores; SG: b0.5 kg granivores; MI: 0.5–8 kg insectivores; SI: b0.5 kg
insectivores.
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null hypothesis that the true difference between groups is no more
different than if the data were randomly shuffled. In this way, it uses
the observed data to estimate how extreme the test statistic is, and
adjusts the P-value accordingly.
We also compared the corrected distributions of functional groups
(proportions of species per interval) visually using correspondence
analysis (CA) with Bray–Curtis distances (Figs. 2A,B and 3A,B) using
the vegan package in R (Oksanen et al., 2011). Modern data were not
included in the CA because differences in the modern overpower the
overall scatter of points in multivariate space, obfuscating relationships
among the other time periods. All analyses were performed in the R
program for statistical computing (R Development Core Team, 2011).

3.2. Examining body size biases

The species richness of megaherbivores (>44 kg) is much higher
than other functional groups throughout most of the last 16 Ma (be-
tween 25 and 34% of all species from the Barstovian through the
Rancholabrean fall into this category) and fluctuations in their richness
might mask subtle but genuine trends within other functional groups.
To better understand the impact of megaherbivores we excluded
them from the data and repeated all steps detailed above.

4. Results

4.1. NALMA diet and body size distributions

Diet and body size distributions for the modern, Holocene, and
NALMAs are shown in Fig. 1, and results of the pairwise Fisher's tests
are provided in Table 4. The mammalian communities during the
Barstovian and Clarendonian, though not significantly different from
one another, are different from all other time periods. These differences
are characterized by a greater proportion of large carnivores, large
herbivores, and megaherbivores, but fewer small herbivores, small
carnivores, and small omnivores in the Clarendonian and Barstovian.
The modern is different from all time periods, but only marginally dif-
ferent (at the α=0.1 level) from the Holocene. Likewise, the Holocene
is significantly different from all time periods, but only marginally so
from the modern and Rancholabrean. When megaherbivores are
removed from the analysis (Table 5), differences between the modern,
Holocene, and Rancholabrean break down, and the Holocene is no
longer different from the Hemphillian.

In the CA, time periods and taxonomic groupings are ordinated si-
multaneously, so functional groups that are uniquely abundant are plot-
ted in close proximity to the time period during which they are richest.
Groups that have relatively the same species richness through time plot
near the middle of the ordination. The displacement of functional
groups from the dashed lines (y=0 and x=0) describes their relative
loadings in the ordination—groups that are furthest from the axes are
more important in differentiating time periods from one another. In
the case of Fig. 2A,B, small omnivores (SO), medium insectivores (MI),
and small carnivores (SC) plot near the Holocene, when their propor-
tional species richnesses are highest. Likewise, medium omnivores
(MO) and large herbivores (LH) are most rich in the Barstovian and
Clarendonian. Functional groups at the center of the plot—for example,
megaherbivores (XLH), medium herbivores (MH), and large carnivores
(LC)—have less impact on the ordination axes that are plotted, and so
they are less informative regarding the unique differences in communi-
ty structure at different times.

CA of NALMAs shows three distinct groups: the Barstovian and
Clarendonian, the Hemphillian and Rancholabrean, and the
Holocene (Fig. 2A,B). Fig. 2A,B illustrates the “arch”, an artifact of
many ordination techniques that results from the simplex geometry
of CA—however, this is not a defect in the data, and we chose to inter-
pret our CA without detrending, a common method that is only appro-
priate when gradients are linear (not the case in this study). If data are
non-linear, detrending leads to potentially spurious interpretations
(Gotelli and Ellison, 2004). In our dataset, Barstovian/Clarendonian
and Holocene likely represent endpoints along a U-shaped curve—the
arch is apparent when the endpoints are no more different from one



Table 4
P-values of pairwise Fisher's exact test (Monte Carlo P-value simulation with Holm P-value adjustment) on functional group distributions. Dark gray boxes indicate significance
with Holm correction; light gray boxes indicate significance if P-values are uncorrected.
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Carrot Top Quarry 0.0094 0.0092 0.0030 0.0372 0.0114 0.7690 0.0216 0.0228 0.8212 0.0526 0.8660 0.2000 0.1506 0.8214

Norden Bridge Quarry 0.1348 0.0118 0.0266 0.1260 0.1792 0.6165 0.4881 0.1480 0.5369 0.1302 0.9356 0.8618 0.3637 0.7499 0.5353

HOLOCENE 0.9668 0.1594 0.0930

RANCHOLABREAN 0.0250 0.2691 0.6153 0.0004 0.0678

HEMPHILIAN 0.7039 0.0002 0.0082 0.4991

CLARENDONIAN 0.6855 0.0330 0.0002 0.0006 0.0156 0.0502

BARSTOVIAN 0.1326 0.3417 0.0018 0.0866 0.1258 0.6247 0.0002 0.0010 0.0412 0.0972 0.7439
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another than from points in the middle of the U. The fact that these two
groups both pull away from the others along the y axis does not in this
case imply any special similarity in Holocene and Barstovian/
Clarendonian community structure, but rather suggests differences in
structure from the other NALMAs, which are also supported by the re-
sults of the pairwise Fisher's tests.

4.2. Individual locality diet and body size distributions

Several localities stand apart from the NALMAs during which they
were deposited: Jones-Miller (Rancholabrean, eastern Colorado), Pratt
Quarry (Clarendonian, northern Nebraska), Egelhoff Quarry (Late
Barstovian, northern Nebraska), and Immense Journey (Late Barstovian
westernNebraska). Jones-Miller, Pratt Quarry, and Immense Journey are
not significantwith theHolm P-value adjustment, and are no longer dif-
ferent when megaherbivores are removed. Egelhoff Quarry is missing
representatives of several groups that do inhabit the NGP during the
Barstovian: medium herbivores and omnivores, and large carnivores.
While it is possible that these gaps reflect biological reality, they are
more likely to be taphonomic and certainly drive the observed statistical
difference.

Some sites are unique (significant without a Holm P-value adjust-
ment) when compared to the others: Beaver Creek Shelter (Holocene,
southern South Dakota), Jones-Miller, Devil's Nest Airstrip (Hemphillian,
northeastern Nebraska), and Carrot Top Quarry (Barstovian, northern
Nebraska) (Table 4). Both Beaver Creek and Carrot Top Quarry lack
representatives of 7 and 6 functional groups respectively (Table 3),
and Devil's Nest Airstrip lacks large and medium omnivores, small
granivores, and medium insectivores—groups that, with the exception
of medium insectivores, are all present during the Hemphillian overall.
These gaps are not characteristic of the other localities, nor of the time
periods, and so are probably taphonomic signals. Differences between
Jones-Miller and Carrot Top Quarry disappear when megaherbivores
are removed from the analysis.

In the CA of diverse localities and time periods (Fig. 3A), Barstovian
and Clarendonian sites roughly group together on the upper left hand
side of the graph, with Hemphillian, Rancholabrean, and Holocene sites
on the lower right. There are two exceptions: Kanopolis (Irvingtonian,
central Kansas) associates with the older sites and Pratt Quarry
(Clarendonian, northern Nebraska) falls with the younger sites. Separa-
tion is driven by higher proportions of small omnivores and carnivores
among the younger sites, and concurrent higher proportions of medium
omnivores in the older sites (see Appendix 2 for CA loadings). When
megaherbivores are removed, this pattern disappears. There are few
sites from the Irvingtonian and Blancan (4.7–0.15 mya), so additional
sites from those time periods could potentially change the pattern in
our CA.
5. Discussion

Differences in the abiotic environment from one habitat to another
should lead to differences in resource availability, which in turn affect
the nature of species interactions in the community. As such, we
expected to see a relationship between large-scale environmental
change (e.g., global temperature change) and the proportion of the
community occupied by each major functional group. On the other
hand, there are obvious constraints on howmuch this particular aspect

Unlabelled image


Table 5
Fisher's exact test P-values (Monte Carlo P-value simulation with Holm P-value adjustment) of functional group distributions, excluding megaherbivores. Dark gray boxes indicate
significance with Holm correction; light gray boxes indicate significance if P-values are uncorrected.
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RANCHOLABREAN 0.6481 0.5621 0.7313 0.2088 0.2755
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of community structure can vary, due to simple energy pyramid/trophic
dynamics. Furthermore, the role of any functional group can be filled
either by many species each with low abundance of individuals, or
fewer species with higher abundances. In spite of this flexibility, our
analysis has shown remarkable stability in the relative number of spe-
cies in each functional group across millions of years.

Although studies ofmodern communities have foundmarked differ-
ences in the mammalian community structure in different environ-
ments (FAUNMAP Working Group, 1996; Badgley and Fox, 2000), in
some cases the largest differences are in functional groups that cannot
be practically assessed in the fossil record (e.g., aerial insectivores). In
their study on Holarctic mammalian communities, Rodríguez et al.
(2006) found that a single habitat type (for example, temperate steppe
in North America and in Europe) could be characterized by several dif-
ferent functional group distributions, and that only the most extreme
environments (e.g., subtropical or subarctic) had community structures
thatwere both conserved and readily distinguished fromother habitats.
We have found evidence that the distribution of functional groups,
when averaged over severalmillion years, only experiences appreciable
changes after long periods of stasis. The shifts to new community struc-
ture occurred during the Hemphillian, and in the Holocene. The former
is broadly contemporaneous with the Messinian Salinity crisis, and
the local shift from C3 to C4 vegetations, and occurs after 4 Ma of a pro-
longed cooling trend that followed theMMCO. The Hemphillian shift in
community structure may indicate that as global cooling proceeded, it
crossed a threshold which then triggered substantial biotic change;
one can imagine a scenario inwhich global cooling led to greater habitat
diversity continent-wide, and more mosaic habitats. This in turn would
impact local resource availability and cause changes in body size
structure of the community. However, that idea remains to be rigorous-
ly tested. TheHolocene shift correlateswith rapid globalwarming as the
last glacial period gave way to the present interglacial, and also with a
rapidly growing human population, the combination of which initiated
megafaunal extinctions and substantial range shifts and abundance
changes in surviving species (Blois et al., 2010; Barnosky et al., 2011).

In an analysis of large (>5 kg) terrestrial North Americanmammals,
Figueirido et al. (2012) found six distinct faunal associations throughout
the Cenozoic. Relevant to our study, they detect turnover fromMiocene
to Pliocene fauna that was spurred by the transition from theMMCO to
long-term cooling at the end of the Miocene. In their study, Miocene
fauna peaked during the MMCO, around 16.5 Ma, while Pliocene
fauna were most diverse around 3.5 Ma. Unfortunately, Blancan (4.9–
1.8 Ma) data were too sparse to be included in our analysis and so we
cannot comment with regard to Figueirido et al.'s Pliocene fauna. How-
ever, faunal changes at the Miocene/Pliocene boundary (during the
Hemphillian) are in concordance with our results. Slight differences
between our study and Figueirido et al. (2012) with respect to the
timing of turnover and community change may be due to the fact that
Figueirido et al. did not include small mammals, and they divided the
NALMAs into biochron subdivisions, so our temporal scale is more
coarse. Nevertheless, our general conclusions are in agreement.

Both theNALMAand individual-locality analyses shownodifference
through most of the last 16 Ma (when megaherbivores are included).
However, a major difference between the NALMA and individual local-
ity results is that whenwe removemegaherbivores, though the NALMA
pattern does not change substantially, the individual locality groupings
in the CA are no longer present. Furthermore, while the NALMA analysis
suggests that the Holocene is markedly different from community
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structures that had been the norm since the Hemphillian, on a site-by-
site level, the Holocene localities are not especially (or detectibly)
unique. This lack of change could be caused by two factors. First, the dis-
tribution of sites through time in our NGP study area is uneven. We are
notably deficient in both Early Barstovian and Holocene diverse single
localities so we may be missing real changes that took place because
known individual localities at those times do not adequately sample
all body sizes. Second, at the NALMA scale the composite fauna accumu-
lates species through evolution over the course of the time period,
whereas individual localities offer a snapshot of the fauna that lived
during a temporal window too short for evolution to inflate species
counts. By the same token, the Holocene has not yet lasted long enough
to have gained species through evolution, unlike the other time periods
in this study. It may be that the difference between the Holocene and
other time binswould disappear in the future as new species are added.
There are several possible explanations for the groupings we
found in both NALMAs and localities; that is, similarity between
Barstovian–Clarendonian, and Hemphillian–Holocene: 1) there is
inertia in community structure that is independent of taxonomic
composition; 2) there is a critical temperature threshold, achieved
during the Hemphillian, atwhich point the community changes funda-
mentally—this is in keepingwith the results of the locality-level analysis
and Figueirido et al. (2012); and 3) sampling of fossils is differently bi-
ased for localities from 16 to 10 mya and from 10 mya to present.With-
out more localities in the Blancan and Irvingtonian of the NGP (4.7–
0.15 mya) it is unclear whether the functional group distributions we
see in single localities from those time periods are idiosyncratic or if
they represent the true distribution at those times. Despite the slight
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differences we see in analyses of NALMA-scale data and individual
localities, both methods suggest an underlying model for community-
level change: long periods of stasis, interrupted by rapid and apparently
irreversible shifts that introduce new community structures that in turn
persist for millions of years. Interestingly, this pattern conforms well to
the expectations of state-shift theory, andmatches observations of how
biotic systems change to new states when critical environmental
thresholds are crossed (Scheffer et al., 2009). However, without better
sampling during the Blancan and Irvingtonian, and finer time resolution
within the NALMAs, it is difficult to distinguish a stasis/rapid change
model from a more continuous change model.

The Holocene marks both the end of the last glacial maximum and
the first appearance of humans in North America (Grayson, 2011).
These factors together likely caused the Quaternary megafaunal extinc-
tions that took place at the Pleistocene–Holocene: in North America,
106 species of megafauna (mammals weighing >44 kg) went extinct
by the Holocene (Barnosky et al., 2011). Although this extinction was
strongly biased towards large-bodied mammals, the Pleistocene–
Holocene transition also impacted smaller mammals via extinction,
range changes (Barnosky et al., 2011), and changes to community struc-
ture, such as reductions in species evenness (Blois et al., 2010). Our
results seem at first glance to contradict those of Blois et al. (2010)
and Barnosky et al. (2011). However, the loss of smallmammal diversity
documented by Blois et al. (2010) was largely due to local extirpations
of species that are still present regionally and to changes in relative
abundance—neither of these would be detectible in our analysis. Like-
wise, Barnosky et al. (2011) consider species weighing 2 kg or less to
be small, and also did not divide small mammals by dietary group. Al-
though some small mammal groups increase in species richness during
the Holocene in our analysis (possibly a taphonomic signal), we did find
that species richness of small herbivores in theHolocenewas lower than
in almost any other time period, so the difference between our results
and those of Barnosky et al. (2011) may largely be due to differences
in how species are classified and grouped. Regardless, the Holocene
community is still marginally different from the Barstovian through
the Clarendonian in that, both in terms of proportion and raw number
of species, richness during the Holocene is higher for medium herbi-
vores (MH), small carnivores (SC), large omnivores (LO), small omni-
vores (SO), and medium insectivores (MI). It is unlikely that this is the
result of better sampling during the Holocene because species richness
is actually lower during theHolocene andnumber of localities in theHo-
locene NPG is average.

Direct comparison of modern to fossil data is inappropriate for our
analysis not only because sampling and time-averaging are so different,
but also because extant mammals are often defined by characteristics
that cannot preserve in the fossil record (e.g. pelage, genetic divergence,
etc.; Carrasco, 2013-this issue). However, it is worthmentioning that in
the modern sample, herbivores and carnivores larger than 8 kg decline
in richness, while insectivores, and small herbivores and granivores are
richer relative to theHolocene. If futureworkdoes not demonstrate that
sampling differences are the explanation, the patterns would suggest
that the modern is already perturbed from the Holocene baseline.

6. Conclusions

Distribution of functional group diversity is a suitable metric for
quantifying community baselines because it is taxon-free, can be ap-
plied topast time periods, and can bemeasured inmodern communities
andmonitored into the future. This makes it a useful tool for biodiversi-
tymonitoring and conservation planning. Furthermore, we have shown
that patterns of functional-group diversity remain remarkably stable
through long periods of time, meaning that significant changes in the
metric reveal that unusual perturbations are forcing faunal change.

Both the locality and NALMA-scale analyses show major struc-
tural differences between communities from Barstovian through
Clarendonian (about 7 Ma) and the Hemphillian through Holocene
(about 9 Ma). The major faunal shift took place about midway through
a 14-million year cooling trend that began at the end of theMMCO, and
may indicate that an environmental threshold was crossed, at which
point mammalian community structure was altered. The occurrence
of such large-scale climatic events as the Messinian Salinity Crisis in
Europe and local shift from C3 to C4 vegetations in North America
during the Hemphillian is consistent with this hypothesis.

TheNALMA-scale analysis supports the idea that a significant shift in
community structure occurred during the Holocene, an outcome of the
sudden loss of megaherbivores through the combined pressures of
human interactions and rapid climatic warming that occurred at the
end of the Pleistocene. The paucity of Holocene megaherbivores is un-
paralleled in comparison to the last 16 Ma. At present, it is unclear
whether the modern fauna is showing further departure from that
“new”Holocene baseline, largely because of uncertainties in how to ad-
equately compare the very differently-sampled modern and fossil data.
However, preliminary indications suggest declines in species larger
than 8 kg, and increases in insectivores, and small herbivores and
granivores. While sampling of modern and Holocene species data
needs to be standardized beforewe canmake accurate comparisons, ex-
tinctions and extirpations even in historic times seem to be biased to-
wards particular functional groups, like large carnivores and
herbivores (Weber and Rabinowitz, 2002; Schipper et al., 2008).

Understanding the nature and causes of the biotic turnovers and
structural changes that took place in the past takes on relevance today
aswe facemajor global change. As ecosystems on a local scale transform
such that new associations of species are assembled—either in response
to changing climatic patterns or human interventions—biodiversity
management and conservation will increasingly need to take heed of
the functional and structural indicators of community and ecosystem
health, rather thanmanaging solely for presence of certain species.Met-
rics such as the onewe examine here should prove useful in that regard.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.palaeo.2012.04.019.
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