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Abstract: Using data from two palaeontological databases, MIOMAP and FAUNMAP (now
linked as NEOMAP), we explore how late Quaternary species loss compared in large and small
mammals by determining palaeospecies-area relationships (PSARs) at 19 temporal intervals
ranging from c. 30 million to 500 years ago in 10 different biogeographical provinces in the
USA. We found that mammalian diversity of both large and small mammals remained
relatively stable from 30 million years ago up until both crashed near the Pleistocene–Holocene
transition. The diversity crash had two components: the well-known megafaunal extinction that
amounted to c. 21% of the pre-crash species, and collateral biodiversity loss due to biogeographical
range reductions. Collateral loss resulted in large mammal diversity regionally falling an additional
6–31% above extinction loss, and small mammal diversity falling 16–51%, even though very few
small mammals suffered extinction. These results imply that collateral losses due to biogeographi-
cal range adjustments may effectively double the regional diversity loss during an extinction event,
substantially magnifying the ecological ramifications of the extinctions themselves. This is of inter-
est in forecasting future ecological impacts of mammal extinctions, given that c. 8% of USA
mammal species, and 22% of mammal species worldwide, are now considered ‘Threatened’ by
the IUCN.

Previously, we determined that throughout the
Holocene (from c. 11 000 to 500 years ago) biodi-
versity of mammals in the USA has been 15–42%
too low, depending on biogeographical province,
with respect to the pre-Holocene baseline that had
existed for millions of years (Carrasco et al.
2009). The Holocene biodiversity decline was asso-
ciated with the widely-recognized Late Quaternary
Extinction (LQE) event, which affected primarily
mammals (and a few birds and reptiles) .44 kg in
body weight and was globally time-transgressive.
The LQE began in Australia some 50 000 years
ago, became most intense in temperate (our study
area) and high latitudes near the Pleistocene–Holo-
cene boundary, and then diminished into the early,
middle, and late Holocene (Martin 1966; Martin &
Wright 1967; Martin & Klein 1984; Barnosky
et al. 2004; Wroe et al. 2004; Koch & Barnosky
2006; Wroe & Field 2006; Brook et al. 2007; Bar-
nosky & Lindsey 2010). Today extinction appears
to be accelerating again, as indicated by elevated
extinction rates over the past few centuries, and
high numbers of species threatened with extinction
due to human activities (Myers 1990; Leakey &

Lewin 1992; May et al. 1995; Pimm et al. 1995;
Dirzo & Raven 2003; Wake & Vredenburg 2008;
Barnosky et al. 2011).

Whether or not humans were the primary cause
of the onset of LQE in various regions still engen-
ders debate, but recent treatments tend to recognize
at least some role for Homo sapiens as a driver, with
details of timing and intensity being controlled by
complex synergies between human population sizes,
timing and magnitude of climate change, and eco-
logical attributes of species (Barnosky et al. 2004;
Wroe et al. 2004; Koch & Barnosky 2006; Wroe &
Field 2006; Brook et al. 2007, 2008; Barnosky
2008; Field et al. 2008; Barnosky & Lindsey 2010).

Whatever the ultimate cause of the LQE, it offers
a natural experiment to assess ecological effects
that result from extinction (Blois et al. 2010).
Here we examine some of those effects, by using
palaeospecies-area relationships to more fully char-
acterize the diversity loss that occurred on a conti-
nental scale and at regional scales. Exploring these
details is pertinent to understanding the biotic
impacts that would ensue if currently threatened
species (particularly mammals), as defined by the
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International Union for Conservation of Nature
(IUCN) (Mace et al. 2008; IUCN 2010), in fact
did go extinct.

We focus on mammals from the lower 48 states
of the USA for several reasons. First, mammals were
the primary victims at the LQE near the end of the
Pleistocene, and once again are at risk of extinc-
tion in significant numbers: the IUCN has assessed
all 5490 known species and classified c. 22%
worldwide and c. 8% of the 439 USA species as
threatened (Mace et al. 2008; IUCN 2010). For
comparison, during the LQE c. 5% of species world-
wide, and 19% of USA species, went extinct. Third,
and critically for our purposes, there is a relatively
good fossil record of mammals from the USA that
is accessible through palaeobiological databases
for past times up to 500 years ago, and which can
be adjusted for spatial and temporal sampling incon-
sistencies (FAUNMAP Working Group 1994;
MIOMAP 2010; NEOMAP 2010; NEOTOMA
2010; PaleoDB 2010). Finally, mammal taxonomy,
both fossil and modern, has been relatively stable
compared to many other kinds of organisms, and
different species concepts produce broadly overlap-
ping results, thus facilitating comparison of deep-
time and near-time samples.

Methods

Our general approach was to construct palaeospecies-
area relationships (PSARs) for a variety of time-
intervals from c. 30 million to 500 years ago
(Table 1) and biogeographical provinces (Fig. 1).
We then compared the PSARs from the Holocene
time interval (‘anthropogenic’ interval of Carrasco
et al. 2009) to baseline PSARs derived from pre-
Holocene time intervals (‘pre-anthropogenic’ of
Carrasco et al. 2009, in the sense of lacking substan-
tial numbers of humans in our study area). We did
this for all mammals in the USA, for large mammals
only (as defined below), and for small mammals
only, using unnested PSARs that analyzed the data
using methods detailed below.

Databases

Species occurrence data were extracted from
three databases: MIOMAP (Carrasco et al. 2007;
MIOMAP 2010), FAUNMAP I (FAUNMAP Work-
ing Group 1994), and FAUNMAP II (as of August,
2010) (NEOMAP 2010). MIOMAP spans the period
from 5 to 30 million years ago, FAUNMAP II from
40 000 to 5 million years ago, and FAUNMAP I
from 500 to 40 000 years ago. We combined
FAUNMAP I and FAUNMAP II data into a single
database and served it through the Neogene Mam-
mal Mapping Portal (NEOMAP 2010), which we

created to facilitate uniform searches and output
from MIOMAP and FAUNMAP (http://ucmp.
berkeley.edu/neomap/use.html). We used the
online routines in NEOMAP to generate species
counts and geographical areas that were ultimately
used in the analysis (a slightly different version of
the FAUNMAP data also is served online as part

Table 1. Temporal bins into which species
occurrences were sorted

Time interval Age boundaries Interval
duration

Holocene c. 11 500–500 c. 11 000
Rancholabrean 0.15 Ma–c. 11 500 c. 140 000
Irvingtonian 1.8–0.15 Ma 1.65 Ma
Blancan 4.7–1.8 Ma 2.9 Ma
Late late

Hemphillian
5.9–4.7 Ma 1.2 Ma

Early late
Hemphillian

6.7–5.9 Ma 0.8 Ma

Late early
Hemphillian

7.5–6.7 Ma 0.8 Ma

Early early
Hemphillian

9–7.5 Ma 1.5 Ma

Late Clarendonian 10–9 Ma 1.0 Ma
Middle Clarendonian 12–10 Ma 2.0 Ma
Early Clarendonian 12.5–12 Ma 0.5 Ma
Late Barstovian 14.8–12.5 Ma 2.3 Ma
Early Barstovian 15.9–14.8 Ma 1.1 Ma
Late Hemingfordian 17.5–15.9 Ma 1.6 Ma
Early Hemingfordian 18.8–17.5 Ma 1.3 Ma
Late late Arikareean 19.5–18.8 Ma 0.7 Ma
Early late Arikareean 23.8–19.5 Ma 4.3 Ma
Late early

Arikareean
27.9–23.8 Ma 4.1 Ma

Early early
Arikareean

30–27.9 Ma 2.1 Ma

Fig. 1. Biogeographical provinces used in this study.
Central California (CC); Columbia Plateau (CP);
Colorado Plateau (CRP); Great Basin (GB); Gulf Coast
(GC); Mojave (MJ); Northern Great Plains (NGP);
Northern Rockies (NR); Southern Great Basin (SGB);
Southern Great Plains (SGP).
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of the NEOTOMA database effort (NEOTOMA
2010), which combines several Quaternary fossil
databases).

Biogeographical provinces

Although Quaternary mammal fossils are distribu-
ted essentially continent-wide, most of the Cenozoic
North American mammalian fossil record is best
represented in the USA west of the Mississippi
River (Tedford et al. 1987, 2004). Therefore, we
concentrated on this region, dividing it into 10 bio-
geographical provinces (Fig. 1). Today, these pro-
vinces are considered biogeographically distinct
from one another (Hagmeier & Stults 1964;
Hagmeier 1966; Janis et al. 1998; Lugo et al.
1999), and it is likely that the same held true back
through the Oligocene (Tedford et al. 1987; Storer
1989; FAUNMAP Working Group 1996; Barnosky
& Carrasco 2002; Tedford et al. 2004). This is espe-
cially true in those provinces with the most complete

fossil record (e.g. Northern Great Plains), as they
have undergone limited topographic change over
the past 30 million years (Prothero 1998; Condon
2005).

Large v. small mammal samples

The species data from each time interval and bio-
geographical province were divided into two separ-
ate groups: large mammals and small mammals
(Table 2). Small mammals included all members
of the mammalian orders Rodentia, Insectivora,
and Lagomorpha, that is, animals with body mass
generally ,2 kg (though a few rodents and lago-
morphs exceed 2 kg). Large mammals comprised
all other non-volant, terrestrial mammalian orders.
Because of their limited representation in the data-
bases, Chiropterans were eliminated from the analy-
sis. For counts of extant species in the USA, we used
IUCN data (IUCN 2010) as summarized in Table 2.
Counts of extinct species and their approximate

Table 2. Extant USA species per clade and total extinct USA species since 50 thousand years
ago

Size Clade Species

Large extant Carnivora 53
Large extant Cetartiodactyla 62
Large extant Cingulata 1
Large extant Didelphimorpha 1
Small extant Eulipotyphla 43
Small extant Lagomorpha 19
Small extant Rodentia 211
Not included Chiroptera 49

Totals
Extant Minus Chiroptera 390
Large extant Minus Chiroptera 117
Small extant Minus Chiroptera 273
Extant With Chiroptera 439
Large extant With Chiroptera 117
Small extant With Chiroptera 322
Extinct Minus Chiroptera 106
Large extinct Minus Chiroptera 100
Small extinct Minus Chiroptera 6

% Extinct
Extant + extinct With Chiroptera 545 19.45
Large extant + extinct With Chiroptera 217 46.08
Small extant + extinct With Chiroptera 328 1.83
Extant + extinct Minus Chiroptera 496 21.37
Large extant + extinct Minus Chiroptera 217 46.08
Small extant + extinct Minus Chiroptera 279 2.15

Small 1/4 less than c. 2 kg body mass; Large 1/4 greater than c. 2 kg.
Data for extant mammals are from the IUCN Red List of Threatened Species, Version 2010.4, www.iucnredlist.org,
downloaded 13 Dec. 2010 (IUCN, 2010). Not included in this table are Sirenia (2 spp.) and Primates (1 sp.). The
IUCN lists 37 (includes chiropterans) or 32 (excludes chiropterans) USA species as Threatened.
Data for extinct species primarily from references in Barnosky et al. (2011) and Smith et al. (2003). The IUCN lists 2
spp. extinct in historic times; these are included in the totals, of extinct species.
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body sizes were compiled from references detailed
in previous publications (Smith et al. 2003;
Barnosky et al. 2011).

Species counts

Species data were tabulated using the MIOMAP
EstimateS (Colwell 2009) web service function
via the Berkeley Mapper (http://berkeleymapper.
berkeley.edu), which produced a table of the
minimum number of individuals (MNI) for each
taxon by locality. After exporting the EstimateS
table to Microsoft Excel, the MNI data were adjusted
to occurrence (presence/absence) data. Within indi-
vidual localities, generic or higher level occurrences
were eliminated when a more precise taxonomic
assignment in that locality was present (e.g. the
occurrence Canis sp. would be eliminated from a
locality if Canis dirus was known from the same
locality). Thus we used minimum counts of species.
Occurrence data were then added across all local-
ities for the given time period and geographical
province. Only minimum counts as opposed to max-
imum counts (all specimens identified to genus or
higher taxon assigned to a new species) were
employed here as previous work showed little
difference among these two counting methods
(Barnosky et al. 2005).

Geographical area calculation

For each time interval, the geographical area encom-
passed by the sample was determined by using the
routines in NEOMAP to zoom in to a scale that
included all pertinent localities, trace the mini-
mum convex polygon that would include all the
localities of interest, and calculate the area enclosed
by the polygon. Geographical areas were calculated
using the Berkeley Mapper mapping interface.

Temporal binning

Methods based on taxon co-occurrences have
been developed to sort fossil occurrences into one
million year intervals (Alroy 1992, 1996, 1998,
1999, 2003). However, these methods were not
appropriate for our study because they reduce the
number of localities per time slice such that not
enough data exists for many time slices when divid-
ing the record into discrete biogeographical regions,
and also can introduce false precision for localities
that are not well dated and that have few taxa.
Therefore, we assigned fossil occurrences to one
of 19 subdivisions of the North American Land
Mammal Ages (Table 2) as specified in Tedford
et al. (2004) for pre-Blancan time intervals and
FAUNMAP I (FAUNMAP Working Group 1994)
for post-Blancan temporal bins.

Durations of temporal bins are not equal, but we
determined this has little influence on diversity
counts per time period because (i) there is no corre-
lation between bin length and number of localities
(Barnosky et al. 2005) or species richness (Carrasco
et al. 2009); (ii) the localities do not span the entire
time represented by each bin but instead subsample
discrete times within bins, thus correcting for
number of localities as described below also to
some extent corrects for temporal variations; and
(iii) bins of the sort used here, based on maximum
taxon associations, are best suited to comparisons
of diversity through time, as they produce a series
of biologically meaningful groupings that do not
change much within each bin (Tedford et al. 2004).

We limited our Holocene sample to contain
localities older than 500 years, in order to use only
fossil data and therefore make the Holocene
sample comparable to the pre-Holocene sample.
Therefore, both Holocene and pre-Holocene data
were assembled in the same way: primarily
through fossils reported over the past century by
scientists employing similar collecting method-
ologies. Nevertheless, Holocene samples were
often larger, which would be expected to result in
a greater number of total species in each biogeogra-
phical province. Because prior statistical analyses
have demonstrated a significant correlation within
each temporal bin between the total number of
species and the rarefied species richness as well as
the total number of occurrences (Carrasco et al.
2009), the palaeospecies-area relationships from
the Holocene bin should have higher diversity if
this bias were present. Therefore, any results that
reveal a reduction in species diversity during the
Holocene should be particularly robust.

Sampling biases and sample

standardization

There are well-recognized sampling problems that
must be adjusted for when using fossil data to
assess diversity, including differences in sampling
intensity and geographical areas sampled for each
time slice (Barnosky et al. 2005). To standardize
samples, we computed species richness values per
time slice and per geographical area (for both
small and large mammals) by rarefaction using a
richness value of 75 taxon occurrences. Rarefaction
of the raw minimum species counts was accom-
plished with S. Holland’s analytical rarefaction soft-
ware (http://www.uga.edu/!strata/software/). A
review of the development of rarefaction method-
ology can be found in Tipper (1979) while the pro-
grams we used were ultimately based on the
rarefaction work of (Raup 1975), and originally
derived by Hurlbert (1971) and Heck et al. (1975).
The data was rarefied by occurrences instead of
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the number of individual specimens to remove the
effect of high-graded localities and missing data
(Barnosky et al. 2005). We set the rarefaction occur-
rence value at 75 because that value provided an
adequate number of data points while at the same
time eliminating samples that were based on
spotty data.

Constructing palaeospecies-area

Relationships (PSARs)

The rarefied species richness data were plotted
against sampled area to determine palaeospecies-
area relationships (PSARS) (Barnosky et al.
2005). PSARs were determined at two different geo-
graphical scales: continental and provincial. The
continental analysis plots continental species rich-
ness per time interval against area per time interval
for all intervals for which data existed (Figs 2–4).
The provincial analysis plots species richness per
biogeographical province against sampled area
within the province for each time interval for
which data were available (Figs 5 & 6). Thus each
data point in the graphs represents a single time
slice for either all 10 provinces combined (Figs 2–
4) or for individual provinces (Figs 5 & 6).

PSARs in this paper correspond to Type IV
unnested species-area relationships (SARs) (Schei-
ner 2003). They simply plot species richness
against geographical area for each area sampled.
These differ from nested Type I SARs, in that they
do not represent species accumulation curves, an
important distinction in interpreting the data. In a
nested Type I SAR, the expectation is that adding
more area will always result in adding more
species, because as new species are encountered as
one expands the sampling into new habitats, the
species are added to the list that has already accumu-
lated by previous sampling efforts. Thus, as beta
diversity (the difference in species composition
between sites) increases, so does the slope of the
nested SAR. In contrast, in unnested Type IV
curves, which we use here, the relationship shows
how many species are in a given sampling area,
but the species in one area may be entirely the
same as those in another, entirely different, or some-
where in between. Therefore the slope of an
unnested Type IV curve does not reflect beta diver-
sity in a straightforward way, because there is no
embedded information about species identity. Like-
wise, the slope of the unnested SAR may deviate
from positive, if, for example, different biogeogra-
phical provinces are being compared, and diversity
is markedly different within each because of provin-
cial environmental constraints. One might imagine,
for example, equally sized areas, one in a pro-
ductive, topographically diverse mountainous area

Fig. 4. Type IV palaeospecies-area relationship for
small mammals at the continental scale. Black symbols
are pre-Holocene time intervals, white symbol is
Holocene. Each point represents one time interval and
encompasses all fossil localities known from that
time interval.

Fig. 2. Type IV palaeospecies-area relationship for all
mammals at the continental scale. Squares ! large
mammals, black from pre-Holocene time intervals, white
from Holocene. Diamonds ! small mammals, grey from
pre-Holocene time intervals, white from Holocene. Each
point represents one time interval and encompasses all
fossil localities known from that time interval.

Fig. 3. Type IV palaeospecies-area relationship for large
mammals at the continental scale. Black symbols are
pre-Holocene time intervals, white symbol is Holocene.
Each point represents one time interval and encompasses
all fossil localities known from that time interval.
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with overall high species richness, and the other in
an adjacent flat desert, with overall low species rich-
ness. In that case, a larger area in the desert may still
sample fewer species than a smaller area in the

mountains. For that reason the key information in
unnested analyses that compare different provinces,
as we do in some cases, is not the slope of the SAR,
but whether the diversity values per area for a given
time slice are higher or lower than for comparative
time slices.

For Type IV SARS within a biogeographical
province, one would expect an increase of species
with an increase of area, up until a large enough
part of the province was sampled to include most
species, at which point adding area no longer adds
species and the curve flattens. Therefore, a series
of samples all from areas that are larger than that
critical value, even within a province, would be
expected to produce a flat SAR, even if there was
variation in sampling area.

We plotted separate PSARs for the Holocene
data; these are the PSARs that characterize the
time humans were abundant in our study area. We
then compared the Holocene PSARs to correspond-
ing ones for pre-Holocene (pre-anthropogenic)
times. This separation of the data is justified by pre-
vious work (Carrasco et al. 2009), which through
analysis of nested Type I and unnested Type IV
PSARS demonstrated that PSARs for various pre-
Holocene time intervals did not differ significantly
from one another, but Holocene PSARs plotted sig-
nificantly lower than pre-Holocene PSARs.

Results

The continental-scale analysis highlights that prior
to the Holocene, PSARS for both small and large
mammals were similar (Figs 2–4). However, while
Holocene large mammals demonstrate a prominent
diversity crash (Fig. 3) at this scale, the small mam-
mals maintain diversity similar to that predicted
from pre-Holocene PSARs (Fig. 4). This is consist-
ent with previous knowledge about the LQE, long
recognized to have caused extinctions primarily of
the megafauna (Martin 1966; Martin & Wright
1967; Martin & Klein 1984; Barnosky et al. 2004,
2008; Koch & Barnosky 2006; Barnosky &
Lindsey 2010).

The LQE worldwide took place largely between
c. 50 000 and 8000 years ago and in our study
area seems concentrated mostly between 13 500–
11 000 years ago. During the LQE the USA lost
c. 106 of c. 545 total species (c. 19%) estimated to
have inhabited the continent prior to the extinction
episode (Table 2). This estimation of total species
is simply 106 extinct by the Pleistocene–Holocene
transition (c. 11 000 years ago), plus 439 extant
today (including Chiropterans), which are presumed
also to have been on the continent during the late
Pleistocene. However, the fossil sample excludes
Chiropterans; extracting them from the extant

Fig. 5. Type IV palaeospecies-area relationship for large
mammals per biogeographical province. Black symbols
are pre-Holocene time intervals, grey symbols are
Holocene. Each point represents one species richness
value from a single time interval within a single
biogeographical province. MCL, Middle Clarendonian
from Central California; LHMF, Late Hemingfordian
from the Northern Rocky Mountains; RLB,
Rancholabraean from the Colorado Plateau.

Fig. 6. Type IV palaeospecies-area relationship for
small mammals per biogeographical province. Black
symbols are pre-Holocene time intervals, grey symbols
are Holocene. Each point represents one species richness
value from a single time interval within a single
biogeographical province.
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sample as well results in an extinction percentage of
c. 21% (Table 2).

Looking only at the large mammal subset of our
data (that is, larger than rabbits) there are 100 spe-
cies that went extinct during the LQE out of 217
total species (extinct plus extant). Thus, c. 46% of
large mammal species suffered extinction during
the LQE. The PSARs for the large mammal subset
of the total data indicates that diversity dropped by
45% then (Table 3; this is the percentage difference
between the species richness value expected from
the pre-Holocene PSAR v. the observed Holocene
value). These two different ways of calculating
extinction intensity agree well, and indicate that
essentially all of the diversity drop recognized from
the large-mammal PSAR analysis can be accounted
for by actual extinction of large mammals during
the LQE.

However, the large-mammal PSARs constructed
at the provincial level (Fig. 5) suggest loss by
extinction did not evenly affect biogeographic pro-
vinces across the continent. Depending on the pro-
vince, large mammal diversity is 27% to 52%
(average 39%) lower than one would expect based

on the pre-Holocene PSARs (Table 3). This is
6–31% more reduction, depending on province,
than the loss predicted by extinction alone.

The pre-Holocene large-mammal PSAR at this
scale exhibits flattening, probably for reasons elab-
orated in the Methods section. It is also notable
that points for the MCL (see Fig. 5 for abbrevi-
ations) in Central California, the RLB in the Color-
ado Plateau, and to a lesser extent the LHMF in the
Northern Rockies are more characteristic of the
Holocene PSAR than the pre-Holocene PSAR.
The LHMF previously was shown to have both a
relatively small sampling area, and low overall
diversity, in both the Northern Rockies and Great
Plains (Barnosky et al. 2005). Also the boundary
between the LHMF and the preceding Early
Hemingfordian marks one of the most impressive
faunal turnover events in the northern Rockies in
the last 30 million years, including high extinction,
immigration, and emigration (Barnosky 2001). It is
unclear whether the LHMF decline in large mammal
diversity is related to this faunal turnover event, or
to the small sampling area. Sampling area cannot
account for the low large-mammal diversity in the

Table 3. Expected v. observed rarefied species richness values for large and small
mammals per province and for the continent

Province Expected Actual % Decline

Small mammals
CC 32.7 16.1 50.8
Colorado 36.6 25.5 30.3
CP 36.5 24.4 33.2
GB 36.5 29.3 19.8
GC 37.0 21.0 43.2
NGP 37.4 23.5 37.1
NR 38.1 28.8 24.4
SGB 36.2 30.5 15.7
SGP 37.8 27.2 28.0
Continental 45.7 40.3 11.8
Province average 31.4
Province regression S ! 19.117A0.0515

Continental regression S ! 5.5673A0.1382

Large mammals
CC 31.8 15.7 50.6
Colorado 30.8 18.0 41.6
CP 30.8 20.1 34.8
GB 30.9 20.7 32.9
GC 30.7 14.6 52.4
NGP 30.6 17.9 41.6
NR 30.4 21.4 29.7
SGB 30.9 22.5 27.3
SGP 30.6 17.5 42.7
Continental 42.0 23.1 45.0
Province average 39.3
Province regression S ! 36.293A20.013

Continental regression S ! 15.585A0.0651
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MCL of Central California, because this time is
characterized by one of the largest sampling areas,
yet one of the lowest diversity values. Whether
this anomalously low point indicates a real, biologi-
cally significant provincial diversity decline, or
some sort of taphonomic bias, remains to be deter-
mined. While the RLB low point could indicate
that large mammal diversity declined in the Color-
ado Plateau slightly earlier than the Holocene
decline elsewhere, it is more likely due to an anom-
alous sampling situation, in which many localities
consist of a single occurrence, generally of a large
mammal such as Bison or Mammuthus (Carrasco
et al. 2009).

Only six small mammal species went extinct
during the LQE (1.1% of the small plus large
species and 2.2% of the small species subset). The
loss by extinction is so small that in the PSARs a
diversity drop is barely apparent (and not statistically
below expectations) at the continental scale (Figs 2 &
4), yet the diversity drop at the provincial level is
dramatic, between 16% and 51% (average 31%),
depending on province (Fig. 6, Table 3). This suggests
that geographical range changes accompanying
extinction episodes may dramatically reduce biodi-
versity provincially even in mammal groups that are
little culled by extinction itself, as anticipated from\
previous studies (Graham 1976, 1985).

Discussion

Spurious results introduced by sampling problems
are always an issue in using palaeontological data
as we have. In our study, perhaps the largest red
flag is that most of the pre-Holocene time intervals
are so much longer than the Holocene one. If
species were accumulating through evolutionary
replacement in the time averaged by the samples,
one might expect higher diversity in the longer
time intervals. For reasons outlined in the methods,
this does not seem to be the case for the compos-
ite large-mammal plus small-mammal sample
(Carrasco et al. 2009). To further explore this possi-
bility for the separated large- and small-mammal
samples, we examined the correlation between tem-
poral duration and diversity for the non-Holocene
continental sample and for the provincial sample in
each of the two body-size classes, using a power
function (given the order-of-magnitude differences
in lengths of time bins), for time intervals ranging
from 4.3 million to 140 000 years. We found no sig-
nificant correlation between diversity and bin length
for either large or small mammals at the continental
or provincial scale, with P-values of 0.12 and 0.28
for large mammals (continental and provincial
scales, respectively) and 0.99 (continental) and
0.49 (provincial) for small mammals. Further
verifying that temporal interval is not the best

explanation for our results is the much more com-
prehensive sample and more highly resolved taxon-
omy for Holocene mammals; as noted in the
Methods section, one would expect this to elevate
Holocene diversity, so depressed Holocene diver-
sity is a particularly robust result.

Given these considerations, it seems likely that
geographical range shifts, especially contractions,
explain most of the apparent diversity crash of
small mammals at the provincial scale. In effect,
the diversity loss becomes apparent at the provin-
cial scale because even relatively small range
shifts (relative to the continental scale) can retract
a species distribution outside the province. This
finding is consistent with other studies that have
demonstrated dramatic geographical-range shifts
of mammals at the Pleistocene–Holocene transition
(Graham 1976; Graham & Grimm 1990; Graham
1997; Lyons 2003, 2005; Lyons et al. 2010), and
Holocene diversity declines in small mammals at
the local scale (Blois et al. 2010) and continental
scale (FAUNMAP Working Group 1996). At the
local scale, such declines have been related to abun-
dance increases in ‘weedy’ species as ecologically
restricted species move out of a given area (Blois
et al. 2010), whereas at the continental scale, the
explanations have revolved around decreasing
environmental heterogeneity (Graham & Lundelius
1984; Guthrie 1984). It is also tempting to speculate
a feedback between the removal of large mammals
and the distributional patterns of small mammals,
because large mammals act as ecosystem engineers
to help maintain mosaic habitats in landscapes
where they are abundant (Owen-Smith 1987).

Conclusions

Previous work (Carrasco et al. 2009) showed that
observed Holocene mammalian diversity (e.g. the
diversity baseline traditionally assumed to be the
‘normal’ one) in the USA is actually between 15%
and 42% too low, depending on biogeographical
province, with respect to diversity expected from
PSARs. That study did not differentiate how much
of the diversity decline was due to actual extinction,
and how much resulted from reducing the average
size of geographical ranges such that intra-
provincial diversity fell even though species may
have survived. Our results shed light on that distinc-
tion through separating the diversity reductions by
body size and by looking at them on both a continen-
tal and provincial biogeographical scale.

Our analyses suggest that at extinction events
such as those that took place during the LQE, diver-
sity declines in two ways. There is loss by extinc-
tion itself, but there also is collateral diversity loss
within biogeographical provinces as the surviving
fauna rearrange their geographical ranges. For small
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mammals, that collateral diversity loss reduced
modern mammalian diversity in every biogeogra-
phical province we analyzed to levels far below
the pre-Holocene baseline, coincident with the late
Pleistocene megafaunal extinctions, even though
very few small mammals went extinct. The result
is that contemporary mammal communities have
between 16 and 51% fewer small-bodied species
than was typical before the large-mammal extinc-
tion event (Table 3), as well as 6–31% fewer large-
mammal species than can be accounted for by
extinction alone.

Besides shedding light on how mammalian
diversity reduced in the USA during the LQE, our
data suggest that similar collateral biodiversity
loss should probably be anticipated as a by-product
of future mammal extinctions – a very real possi-
bility inasmuch as 8% of USA species and 22% of
species worldwide are currently regarded as threa-
tened. Should these species actually be lost, the
diversity decline at the scale of biogeographical pro-
vinces might well be much more than the percentage
of species-reduction caused by the extinctions them-
selves, if the LQE is any guide. The fact that future
extinctions will take place on a landscape much
more fragmented by human modifications than
was the case at the LQE would probably exacerbate
collateral losses on local and regional scales. We
qualify our conclusions by noting they are based
on a single large clade, mammals, from a single
large geographical region, the lower 48 states of
the USA. It will be of interest to learn whether
these inferences from our data agree with future
studies on other taxa from other regions.

We thank A. Smith and A. J. McGowan for making it poss-
ible for us to participate in this symposium. Research
funding was provided in part by the National Science
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nia Museum of Paleontology (UCMP), The Pennsylvania
State University, and the Illinois State Museum. This is
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References

Alroy, J. 1992. Conjunction among taxonomic distri-
butions and the Miocene mammalian biochronology
of the Great Plains. Paleobiology, 18, 326–343.

Alroy, J. 1996. Constant extinction, constrained diversifi-
cation, and uncoordinated stasis in North American
mammals: new perspectives on faunal stability in the
fossil record. Palaeogeography, Palaeoclimatology,
Palaeoecology, 127, 285–311.

Alroy, J. 1998. Equilibrial diversity dynamics in North
American mammals. In: McKinney, M. L. &
Drake, J. A. (eds) Biodiversity Dynamics, Turnover of
Populations, Taxa, and Communities. Columbia Uni-
versity Press, New York, 232–287.

Alroy, J. 1999. The fossil record of North American
mammals: evidence for a Paleocene evolutionary radi-
ation. Systematic Biology, 48, 107–118.

Alroy, J. 2003. Taxonomic inflation and body mass distri-
butions in North American fossil mammals. Journal of
Mammalogy, 84, 431–443.

Barnosky, A. D. 2001. Distinguishing the effects of the
Red Queen and Court Jester on Miocene mammal evol-
ution in the northern Rocky Mountains. Journal of
Vertebrate Paleontology, 21, 172–185.

Barnosky, A. D. 2008. Megafauna biomass tradeoff as a
driver of Quaternary and future extinctions. Proceed-
ings of the National Academy of Sciences USA, 105,
11543–11548.

Barnosky, A. D. & Carrasco, M. A. 2002. Effects of
Oligo-Miocene global climate changes on mammalian
species richness in the northwestern quarter of the
USA. Evolutionary Ecology Research, 4, 811–841.

Barnosky, A. D. & Lindsey, E. L. 2010. Timing of
Quaternary megafaunal extinction in South America
in relation to human arrival and climate change.
Quaternary International, 217, 10–29.

Barnosky, A. D., Koch, P. L., Feranec, R. S., Wing,
S. L. & Shabel, A. B. 2004. Assessing the causes of
late Pleistocene extinctions on the continents.
Science, 306, 70–75.

Barnosky, A. D., Carrasco, M. A. & Davis, E. B. 2005.
The impact of the species-area relationship on esti-
mates of paleodiversity. PLoS Biology, 3, 1356–1361.

Barnosky, A. D., Matzke, N. et al. 2011. Has the
Earth’s sixth mass extinction already arrived? Nature,
471, 51–57.

Blois, J. L., McGuire, J. L. & Hadly, E. A. 2010. Small
mammal diversity loss in response to late-Pleistocene
climatic change. Nature, 465, 771–774.

Brook, B. W., Bowman, D. M. J. S. et al. 2007. Would
the Australian megafauna have become extinct if
humans had never colonised the continent? Quaternary
Science Reviews, 26, 560–564.

Brook, B. W., Sodhi, N. S. & Bradshaw, C. J. A. 2008.
Synergies among extinction drivers under global
change. Trends in Ecology & Evolution, 23, 453–460.

Carrasco, M. A., Barnosky, A. D., Kraatz, B. P. &
Davis, E. B. 2007. The Miocene Mammal Mapping
Project (MIOMAP): an online database of Arikareean
through Hemphillian fossil mammals. Bulletin of
the Carnegie Museum of Natural History, 39,
183–188.

Carrasco, M. A., Barnosky, A. D. & Graham, R. W.
2009. Quantifying the extent of North American
mammal extinction relative to the pre-anthropogenic
baseline. PLoS One, 4, Article No.: e8331, doi:
10.1371/journal.pone.0008331.

Colwell, R. K. 2009. EstimateS: Statistical estimation of
species richness and shared species from samples.
Version 8.2. User’s Guide and application, http://
viceroy.eeb.uconn.edu/estimates

Condon, S. M. 2005. Geological studies of the Platte River,
south-central Nebraska and adjacent areas – geologic
maps, subsurface study, and geologic history. U. S.
Geological Survey Professional Paper, 1706, 1–63.

Dirzo, R. & Raven, P. H. 2003. Global state of biodiver-
sity and loss. Annual Review of Environment and
Resources, 28, 137–167.

LATE QUATERNARY MEGAFAUNAL EXTINCTIONS 187



FAUNMAP WORKING GROUP. 1994. FAUNMAP: A
Database Documenting Late Quaternary Distributions
of Mammal Species in the United States. Illinois
State Museum Scientific Papers, 25, 690.

FAUNMAP WORKING GROUP. 1996. Spatial response
of mammals to late Quaternary environmental fluctu-
ations. Science, 272, 1601–1606.

Field, J., Fillios, M. & Wroe, S. 2008. Chronological
overlap between humans and megafauna in Sahul
(Pleistocene Australia–New Guinea): a review of the
evidence. Earth-Science Reviews, 89, 97–115.

Graham, R. W. 1976. Late Wisconsin mammalian faunas
and environmental gradients of the eastern United
States. Paleobiology, 2, 343–350.

Graham, R. W. 1985. Diversity and community structure
of the late Pleistocene mammal fauna of North
America. Acta Zoologica Fennica, 170, 181–192.

Graham, R. W. 1997. The spatial response of mammals to
Quaternary climate changes. In: Huntley, B.,
Cramer, W., Morgan, A. V., Prentice, H. C. &
Solomon, A. M. (eds) Past and Future Rapid Envi-
ronmental Changes: the Spatial and Evolutionary
Responses of Terrestrial Biota. NATO ASI Series 1:
Global Environmental Change, 47. Springer, Berlin,
153–162.

Graham, R. W. & Grimm, E. C. 1990. Effects of global
climate change on the patterns of terrestrial biological
communities. Trends in Ecology and Evolution, 5,
289–292.

Graham, R. W. & Lundelius, E. L. Jr. 1984. Coevolu-
tionary disequilibrium and Pleistocene extinction. In:
Martin, P. S. & Klein, R. G. (eds) Quaternary
Extinctions: a Prehistoric Revolution. University of
Arizona Press, Tucson, 223–249.

Guthrie, R. D. 1984. Mosaics, allelochemics, and
nutrients: an ecological theory of Late Pleistocene
megafaunal extinctions. In: Martin, P. S. & Klein,
R. G. (eds) Quaternary Extinctions: a Prehistoric
Revolution. University of Arizona Press, Tucson,
259–298.

Hagmeier, E. M. 1966. A numerical analysis of the distri-
butional patterns of North American mammals. II.
Re-evaluation of the provinces. Systematic Zoology,
15, 279–299.

Hagmeier, E. M. & Stults, C. D. 1964. A numerical
analysis of the distributional patterns of North Ameri-
can mammals. Systematic Zoology, 13, 125–155.

Heck, K. L. J., Van Belle, G. & Simberloff, D. 1975.
Explicit calculation of the rarefaction diversity mea-
surement and the determination of sufficient sample
size. Ecology, 56, 1459–1461.

Hurlbert, S. 1971. The nonconcept of species diversity: a
critique and alternative parameters. Ecology, 52,
577–586.

IUCN. 2010. International Union for Conservation of
Nature Red List. International Union for Conservation
of Nature, http://www.iucn.org/about/work/
programmes/species/red_list/.

Janis, C. M., Scott, K. M. & Jacobs, L. L. 1998. Evol-
ution of Tertiary Mammals of North America.
Volume 1: Terrestrial Carnivores, Ungulates, and
Ungulatelike Mammals. Cambridge University Press,
Cambridge.

Koch, P. L. & Barnosky, A. D. 2006. Late
Quaternary extinctions: state of the debate. Annual
Review of Ecology Evolution and Systematics, 37,
215–250.

Leakey, R. & Lewin, R. 1992. The Sixth Extinction: Pat-
terns of Life and the Future of Humankind. Doubleday,
New York.

Lugo, A. E., Brown, S. L., Dodson, R., Smith, T. S. &
Shugart, H. H. 1999. The Holdridge life zones of
the conterminous United States in relation to eco-
system mapping. Journal of Biogeography, 26,
1025–1038.

Lyons, S. K. 2003. A quantitative assessment of the range
shifts of Pleistocene mammals. Journal of Mammal-
ogy, 84, 385–402.

Lyons, S. K. 2005. A quantitative model for assessing the
community dynamics of Pleistocene mammals. The
American Naturalist, 165, E1–E18.

Lyons, S. K., Wagner, P. J. & Dzikiewicz, K. 2010. Eco-
logical correlates of range shifts of Late Pleistocene
mammals. Philosophical Transactions of the Royal
Society B, 365, 3681–3693.

Mace, G. M., Collar, N. J. et al. 2008. Quantification of
extinction risk: IUCN’s system for classifying
threatened species. Conservation Biology, 22,
1424–1442.

Martin, P. S. 1966. African and Pleistocene overkill.
Nature, 212, 339–342.

Martin, P. S. & Klein, R. D. 1984. Quaternary
Extinctions: a Prehistoric Revolution. University of
Arizona Press, Tucson.

Martin, P. S. & Wright, H. E., Jr. 1967. Pleistocene
Extinctions: the Search for a Cause. Volume 6 of the
Proceedings of the VII Congress of the International
Association for Quaternary Research. Yale University
Press, New Haven.

May, R. M., Lawton, J. H. & Stork, N. E. 1995. Asses-
sing extinction rates. In: Lawton, J. H. & May, R. M.
(eds) Extinction Rates. Oxford University Press,
Oxford, 1–24.

MIOMAP. 2010. Miocene Mammal Mapping Project,
http://www.ucmp.berkeley.edu/.

Myers, N. 1990. Mass extinctions: what can the past
tell us about the present and future? Palaeogeography
Palaeoclimatology Palaeoecology, 82, 175–185.

NEOMAP. 2010. Neogene Mammal Mapping Portal,
http://www.ucmp.berkeley.edu/neomap/

NEOTOMA. 2010. Paleoecology Database, Plio-Pleisto-
cene to Holocene, http://www.neotomadb.org/

Owen-Smith, N. 1987. Pleistocene extinctions: the pivotal
role of megaherbivores. Paleobiology, 13, 351–362.

PaleoDB. 2010. The Paleobiology Database, http://
paleodb.org/cgi-bin/bridge.pl

Pimm, S. L., Russell, G. J., Gittleman, J. L. & Brooks,
T. M. 1995. The future of biodiversity. Science, 269,
347–350.

Prothero, D. R. 1998. The chronological, climatic, and
paleogeographic background to North American mam-
malian evolution. In: Janis, C. M., Scott, K. M. &
Jacobs, L. L. (eds) Evolution of Tertiary Mammals of
North America. Volume 1: Terrestrial Carnivores,
Ungulates, and Ungulatelike Mammals. Cambridge
University Press, Cambridge, 1, 9–36.

A. D. BARNOSKY ET AL.188



Raup, D. M. 1975. Taxonomic diversity estimation using
rarefaction. Paleobiology, 1, 333–342.

Scheiner, S. M. 2003. Six types of species-area curves.
Global Ecology & Biogeography, 12, 441–447.

Smith, F. A., Lyons, S. K. et al. 2003. Body mass of late
Quaternary mammals. Ecology/Ecological Archives,
84/E084-094-D1 3403/3401–3417, doi:10.1890/
02-9003

Storer, J. E. 1989. Rodent faunal provinces, Paleocene–
Miocene of North America. In: Black, C. C. &
Dawson, M. R. (eds) Papers on Fossil Rodents in
Honor of Albert Elmer Wood. Natural History Museum
of Los Angeles County, Los Angeles, 33, 17–29.

Tedford, R. H., Albright, L. B., III et al. 2004. Mamma-
lian biochronology of the Arikareean through Hemphil-
lian interval (Late Oligocene through Early Pliocene
Epochs). In: Woodburne, M. O. (ed.) Late Cretaceous
and Cenozoic Mammals of North America. Columbia
University Press, New York, 169–231.

Tedford, R. H., Skinner, M. F. et al. 1987. Faunal suc-
cession and biochronology of the Arikareean through
Hemphillian interval (late Oligocene through earliest
Pliocene epochs) in North America. In: Woodburne,

M. O. (ed.) Cenozoic Mammals of North America.
University of California Press, Berkeley, CA,
153–210.

Tipper, J. C. 1979. Rarefaction and rarefiction – the use
and abuse of a method in paleoecology. Paleobiology,
5, 423–434.
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