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Do large mammals evolve faster than small mammals or vice versa?
Because the answer to this question contributes to our understanding
of how life-history affects long-term and large-scale evolutionary
patterns, and how microevolutionary rates scale-up to macroevolu-
tionary rates, it has received much attention. A satisfactory or con-
sistent answer to this question is lacking, however. Here, we take a
fresh look at this problem using a large fossil dataset of mammals
from the Neogene of the Old World (NOW). Controlling for sampling
biases, calculating per capita origination and extinction rates of
boundary-crossers and estimating survival probabilities using cap-
ture-mark-recapture (CMR) methods, we found the recurring pattern
that large mammal genera and species have higher origination and
extinction rates, and therefore shorter durations. This pattern is
surprising in the light of molecular studies, which show that smaller
animals, with their shorter generation times and higher metabolic
rates, have greater absolute rates of evolution. However, higher
molecular rates do not necessarily translate to higher taxon rates
because both the biotic and physical environments interact with
phenotypic variation, in part fueled by mutations, to affect origina-
tion and extinction rates. To explain the observed pattern, we
propose that the ability to evolve and maintain behavior such as
hibernation, torpor and burrowing, collectively termed “sleep-or-
hide"” (SLOH) behavior, serves as a means of environmental buffering
during expected and unexpected environmental change. SLOH be-
havior is more common in some small mammals, and, as a result, SLOH
small mammals contribute to higher average survivorship and lower
origination probabilities among small mammals.

body size | environmental buffering | metabolism | Neogene
mammals | turnover

volution operates at different scales of time and levels of the

biological hierarchy (1). Body size covaries with many individual
and species level traits (2), each of which could influence the tempo
of evolution at population, species and clade levels. Multiple studies
have shown that smaller sized mammals have higher molecular rates
of evolution in absolute time, possibly because of a generation time
effect and/or metabolic rate effect (3-8). Higher molecular rates
may translate to higher rates of phenotypic changes (9 but see 10,
11) and a greater chance of reproductive isolation, which could
ultimately lead to higher speciation rates (12) and higher rates of
pseudoextinction, which could be observed as higher extinction
rates among fossil taxa. As such, small mammals could be expected
to have higher origination and extinction rates as observed in the
fossil record. However, empirical studies on historical extinctions
show that large mammals are at higher risk of extinction and have
been selectively removed (13-17), as is also indicated by the
Pleistocene megafauna extinction literature (18, 19), even though
body size per se may not always be a good predictor of extinction risk
(20-22). Neither molecular studies nor research on historical
extinctions and extinction in the shallow fossil record gives us direct
insight into the distribution of taxon durations and long-term
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turnover rates. Previous studies show mixed results on mammal
size-biased selectivity. Three possible scenarios have been de-
scribed, namely, as no size bias (23, 24), greater survivorship in large
mammals versus small (25, 26), and greater survivorship in small
mammals versus large (27, 28). However, little is known about
mammal body size biases in origination rates in the fossil record.
The uncertainty in both the simple existence of a body size bias in
origination and extinction rates, as well as the direction in which the
bias should manifest itself, is considerable. On average, compared
within groups, species with larger body sizes often have wider
geographic ranges (24, 29), need greater patch sizes (30), have
smaller population sizes/lower densities/abundances (31), have
longer generation times (32), have lower fecundity (33), have lower
specific production rates (34), and have longer individual life spans
and lower metabolic rates (35). These traits potentially push
survivorship and the propensity to generate new species and genera
in opposing directions: larger mammals have wider geographic
ranges and potentially greater dispersal abilities that could lower
their extinction risk (36). Conversely, the longer generation times
and smaller population sizes of larger mammals might increase
extinction risk (37). Similarly, the smaller effective population size
of larger mammals may confer higher speciation and origination
rates, but, simultaneously, their ability to disperse and encourage
gene flow may dampen these rates.

Here, we use a large Neogene Old Word (NOW) fossil mammal
dataset (38) to study whether there are body size biases in taxon
durations, survivorship, and originations. Common problems en-
countered in studying fossil lineages are the heterogeneous quality
of localities and the uncertain endpoints of taxon durations. In
addition, although taphonomic differences among mammals of
different body sizes have long been recognized (39, 40), the bias
introduced into preservation rates has not been incorporated in
analyses in a comprehensive fashion. We embrace these issues and
clearly demonstrate, using various analytical approaches, that large
mammals have both higher extinction and origination rates and
therefore a duration distribution that has a more truncated right
tail.

Results and Discussion

Among mammal genera with shorter durations, there is a predom-
inance of large mammals (Artiodactyla, Carnivora, Creodonta,
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Fig. 1. Histogram of durations of extinct small and large mammal genera.
This histogram represents the full dataset (All); for subsets, see Fig. S1. Pro-
portions are calculated for small (®) and large (O) mammals separately.
One-million-year bins are plotted.

Hyracoidea, Perissodactyla, Primates, Proboscidea, and Tubuliden-
tata) whereas, among those with longer durations, there is an excess
of small mammals (Insectivora, Rodentia, and Lagomorpha) (Fig.
1 and supporting information (SI) Fig. S1). Mean and median
durations of large and small mammal genera reflect the same
tendency: small genera have greater mean and median durations
than large ones (Kolmogorov-Smirnov test, P < 0.05, Mann-
Whitney U test < 0.05; Table S1 in Dataset S1). At species level, the
same difference is present in duration means, although it is not
statistically significant (Table S1 in Dataset S1). This difference in
durations could be due to only a lower rate of extinction, but we find
that large mammal genera have both higher per capita rates of
origination and extinction than small mammals (Table 1 and Table
S2 in Dataset S1; Mann—Whitney U test < 0.05). The differences in
extinction rates are greater than in origination rates, in general
(Table S2 in Dataset S1). Using a capture-mark-recapture (CMR)
approach, we conclude similarly that large animals have compar-
atively lower survivorship (Table S3 in Dataset S1). The best models
in each case from CMR analyses always include a body size effect,
and the weights for these top models are high (Table S3 in Dataset
S1), regardless of the sub-setting or temporal binning of the data.
The estimates for body size effect, and their lower confidence limits,
are positive (Table 2), indicating that large mammals survive with
a lower probability. Species results are statistically weaker or
insignificant, because species occurrences are sparse, but neverthe-

Table 1. Per capita rates of origination and extinction

Rates Data subsets Large Small M-W N
p All 0.40 0.25 0.008 18
5_occ 0.23 0.13 0.003 17
5_taxa 0.35 0.27 0.094 18
10_occ_10_taxa 0.17 0.16 0.078 17
q All 0.30 0.15 0.103 18
5_occ 0.35 0.15 0.059 17
5_taxa 0.23 0.13 0.103 18
10_occ_10_taxa 0.34 0.13 0.045 17

Mean per capita rates of origination, p, and extinction, g, per million years for
large and small mammal genera. All, the entire dataset; 5_occ, data subset where
only genera with at least five occurrences were included; 5_taxa, subset where
only localities with at least five genera were included 10_occ_10_taxa, subset
where first all genera with fewer than 10 occurrences were excluded and then
localities with fewer than 10 genera excluded. M-W, P values for paired, two-
tailed Mann-Whitney U tests. N, number of 1-M.y. time bins for which compar-
isons were possible. See Table S2 in Dataset S1 for alternative binning schemes.
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less point in the same direction (CMR species results not
presented).

Large mammal genera from NOW (Artiodactyla, Carnivora,
Creodonta, Hyracoidea, Perissodactyla, Primates, Proboscidea,
and Tubulidentata), for which we have body mass estimates via a
nearest living relative approach, truly have greater body mass (Fig.
2; Kolmogorov—Smirnov test P < 0.0001) compared with small
mammals (Insectivora, Rodentia, and Lagomorpha). Unfortu-
nately, because the duration distributions of these genera are based
on truncated durations, we cannot distinguish their duration dis-
tribution from that of small mammals for which we have similar
body mass estimates (Kolmogorov—Smirnov test P = 0.43). Body
size is indeed a general predictor of mammal taxon durations (this
study) even though there are certainly short-duration small and
long-duration large mammal species and genera (see SI Text for a
discussion).

How much of this detected difference is due to preservation
differences? Small and large mammals have different modes of
preservation and are often collected in the field and processed in
the laboratory with different methods (25, 41). Specifically, large
mammals are often preferentially preserved and recorded (39);
therefore, they should have greater apparent durations. Despite the
prediction of this preservation bias, we find that large mammals
have on average shorter durations. However, taxonomic practices
could have an influence in the opposite direction. For example,
large mammal species might be preferentially described as new
(e.g., more “splitters” among large mammal researchers), which
could potentially bias large mammal durations toward being
shorter. Unfortunately, no available data allow us to address such
potential factors. We were, however, able to model body size as a
covariate in preservation rate and found that its effect is inconsis-
tent (Table 2). In cases where body size had an effect on preser-
vation rate, the effect of body size on survivorship remained strong
(Table 2). In other words, large mammals may have a somewhat
higher preservation rate, but their survival probability is lower than
that of small mammals even after accounting for differential
preservation.

Why do our results differ from other mammalian body size
turnover rate studies mentioned in the introduction? Mufioz-Duréan
(23) and Viranta (24) found no size bias in survivorship, but their
studies involved only carnivores and these are all considered large
mammals in our analyses; therefore, there is no direct contradiction
(see SI Text for a discussion on carnivores). Van Valen (26)
demonstrated that large mammal taxa have a longer half life than
mammals in general in a semi-global genus dataset, but mammal
taxonomy and chronology have improved over time. An indepen-
dent lower latitude fossil mammal dataset from Miocene deposits
in Pakistan, known as the Siwaliks (25, 41), also shows opposing
results. The Siwaliks dataset has a broad taxonomic coverage, but
amore limited temporal and geographic coverage. Also, differences
in collecting strategies not taken into account could have played a
part in opposite conclusions. A real biological signal may also be
present: the Siwaliks assemblages represent a subtropical fauna and
differ from NOW taxa, which were derived from a largely temper-
ate fauna. The disadvantages of being a large mammal may not be
felt under conditions of a more dependable (tropical or subtropical)
environment. Consequently, the effects of a shorter generation time
and species competition (42) as local small mammal diversity
increases could lead to more rapid turnover of small mammals in
the (sub)tropics (43).

Although shorter generation times and higher metabolic rates of
small mammals may increase molecular rates of evolution (8, 11),
and even if we were to assume that molecular changes translate
substantially to phenotypic changes (12), these shorter-term, gen-
erational changes do not seem to translate to higher turnover rates
as we have shown here (but see ref. 44). The study of evolutionary
rates should therefore embrace different levels of the biological
hierarchy. We emphasize that this discrepancy does not imply

Liow et al.
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Table 2. Body size effects on survivorship and preservation

Bin data 1-M.y. bins 1.5-M.y. bins 2-M.y. bins

subsets Estimate Beta SD L V] Beta SD L U Beta SD L U

All [ 0.664 0.181 0.309 1.018 0.600 0.170 0.267 0.932 1.208 0.000 1.208 1.208

5_occ [ 0.783 0.191 0.409 1.157 0.678 0.161 0.363 0.993 1.931  0.000 1.931 1.931
pr —-0.449 0.211 -0.864 —-0.035 —-0.434 0.244 -00913 0.045 -0.542 0.260 —-1.052 —0.031

5_taxa [ 0.824 0.233 0.368 1.281 0.669 0.218 0.243 1.096 0.817 0.304 0.220 1.413
pr -0.473 0.212 -0.889 -0.058 —-0.544 0.296 —1.124 0.036 —-0.685 0.405 —1.478 0.108

10_occ_10_taxa [ 0.969 0.280 0.420 1.518 0.617 0.252 0.123  1.1M NA NA NA NA

Group effect for each of the best models from the four data subsets, using 1-, 1.5-, and 2-M.y. bins. Estimates presented are survivorship (&) and preservation
(pr). Beta, estimates for body size effect; SD, standard deviations; L, lower of the 95% confidence interval; U, upper of the 95% confidence interval.

micro- and macroevolution discontinuity, but that using different
observational scales and units reveals basal and emergent processes
in turn.

Small mammals have on average lower turnover rates at both
species and genus levels, even though noisier species data did not
allow us to infer species level results with statistical confidence. We
take this result one step further and present a hypothesis that to our
knowledge has never been analyzed: it is not just being smaller per
se that allows greater survivorship (many small mammals also have
short species and genus durations) (Fig. 1 and Fig. S1). Rather, a
greater proportion of small mammals may be more apt at hiding
(e.g., in burrows or tree holes) or going into low metabolic rate
modes (e.g., hibernation and torpor). We call such behavior “sleep-
or-hide” (SLOH). Taxa that demonstrate the ability to buffer
themselves from environmental stress in this manner are here
termed SLOH taxa.

We used living species to infer the presence/absence of SLOH
behavior in fossil genera. Of the 50 large NOW mammal genera for
which we have the nearest living relative estimates, 15 exhibit SLOH
behavior whereas, for 67 small NOW mammals genera (i.e., genera
from the orders Insectivora, Lagomorpha, and Rodentia), 41
exhibit SLOH behavior (see Table S4 in Dataset S1). This bias is
significant (x* test P = 0.0001).

More genera inferred to have SLOH behavior in our dataset have
smaller body mass estimates (Fig. 3; Kolmogorov—-Smirnov test P <
0.001). There is also a group of small mammals that does not display
SLOH behavior (Fig. 3). Therefore, some, but not all, small
mammals may be better buffered against environmental changes
than larger mammals.

As discussed in more detail in SI Text, there is good evidence that
the longest-lived small mammal genera have SLOH traits, as
inferred from their nearest living relatives. Thus, for the most
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Fig. 2. Histograms of In body mass of NOW mammal genera designated
large (Upper) and small (Lower). Body masses are inferred by using a nearest
relative approach. N, sample size;m, mean natural log (In) body mass (in
grams).
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inclusive dataset (All) we find in the longest living 16-million year
(M.y.) class a mole, two gliding squirrels, and two dormice. In the
15-M.y class, there is a shrew, a hedgehog, a ground squirrel, a
hamster, and a burrowing field mouse. The 14-M.y class comprises
two shrews, a mole, a gliding arboreal squirrel, and a burrowing
mole rat. Apart from two eomyid rodents with unknown lifestyles,
all genera in these highest range classes are likely to exhibit one or
more SLOH traits. The sole large mammal in these duration classes
is the tapir, genus Tapirus (extinct in the study area and therefore
included in the analysis).

Body masses of large mammals increased over the Neogene (Fig.
S2; see also ref. 45), and this temporal trend corresponds to a
decrease in the ability to sleep and/or hide (Fig. S2). In contrast,
there are no such trends over the Neogene for small mammals (Fig.
S2). Incidentally, this body size constraint on SLOH behavior could
explain an old paradox: the European Miocene—Pliocene boundary
is well defined by a turnover event in the large mammal fauna but
not that of small mammals (46).

We interpret the patterns in our data to indicate that the ability
of a species or genus to shield itself from environmental fluctua-
tions lowers turnover rates, and that the ability to “sleep-or-hide”
is constrained by body size (47). We suggest that SLOH genera are
less extinction prone and experience less selective pressure to evolve
to cope with environmental change. Whether species are seasonal
or facultative in the hibernation—torpor continuum (48), this be-
havior is associated with decreased food resources, lower ambient
temperatures, and lowered oxygen availability (49). Because this
behavior is in part plastic (48, 50-52), species that display it are
expected to cope better with (un)expected climate variation. It is
typical for mammals to take shelter in burrows, holes, or caves,
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Fig. 3. Histograms of In body mass of SLOH (Upper) and non-SLOH (Lower)
genera. N, sample size; m, mean In body mass (in grams). See Fig. S3 for an
alternative plot of this figure.
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during hibernation or torpor, in part to maintain a more constant
ambient environment. In fact, burrowing could have evolved as an
adaptation to deteriorating conditions (53, 54), in combination with
the exploitation of underground resources. In addition to providing
a more constant ambient environment, such hiding places can also
double as refuges from predators (17, 55, 56), including human
hunters (21).

Climate and environment both have a large part to play in the
evolutionary theater, even though the play must also depend on
life-history and biotic interactions. Which taxa survive may be
strongly influenced by the number and scale of climate reversals
(57). However, in a similar environmental backdrop (Neogene of
Europe), large mammals survive at lower rates than small mam-
mals. Large mammals suffer from compound disadvantages. They
have more deleterious mutations (37), smaller population sizes
(31), and longer generation times (32) and are, in addition, probably
constrained by their size from being apt at hiding or shutting down
or lowering their metabolic rates temporarily. They may also
require more energy to survive during periods of environmental
stress (58, 59). However, we show that some small mammals are at
an advantage because of “intrinsic traits,” in contrast to claims that
small mammal extinctions are driven only by environmental factors
(16). But it is not just bad news for large mammals: they enjoy higher
origination rates, and therefore their overall diversity is maintained.
Even though community energy use is independent of body size (60,
61), large and small mammals, with their different specific produc-
tion rates and life styles (34), respond differently to the same
general environment. Paleobiological analyses (this study), com-
bined with analyses clarifying how life history affects evolutionary
and ecological patterns (34) inform us with greater confidence
which kinds of species are more vulnerable to climatic fluctuations
and trends, not the least of which are seen in the current climate
crisis.

Materials and Methods

Data. The data we used are species occurrences of Neogene Old World land
mammals from the NOW database (38) accessed on June 26, 2007. These data are
based on published accounts of species occurrences at named sites (localities),
vetted for taxonomic inconsistencies. We exclude localities east of 60°E, localities
in Afro-Arabian countries, for the purpose of including only European Neogene
localities for which we have greater confidence in both age estimates of localities
and taxonomic identifications of samples. The occurrence data we used include
specimens unidentified at the species level (i.e., with the suffixes sp., cf., and
indet.), but any discussion of species results reflects only species that are fully
identified. Our resulting dataset covers the longitudes 9.13°W to 58.9°E and
latitudes 30.86°N to 55.0°N. Volant and marine mammals were excluded, but all
trophic levels are represented.

Locality ages in the NOW database are recorded as minimum and maximum
age estimates based on various combinations of direct dates (e.g., radiometric)
and time units (62-66). In our analyses, locality ages are the means of minimum
and maximum age estimates. However, we remove all localities with maximum
minus minimum ages greater than the duration of the MN-unit into which the
mean age falls, according to the chronology of Steininger et al. (62).

We have used both the full dataset as described in the previous paragraphs
(All) and various subsets of it in our analyses. In the subset 5_occ, we include only
genera that appear at least five times in the data, in which case we lose some
localities that are potentially taxon rich. Conversely, in 5_taxa, we exclude local-
ities that have fewer than five genera. Therefore, some genera could have been
removed from analyses simply by association with those poorer localities. Simi-
larly, 10_occ_10_taxa is the data subset where, first, only genera that appear at
least 10timesinthe data are retained, and then those sites with atleast 10 genera.
We ran analogous analyses for species but do not present all results for economy
and clarity.

Durations. For the calculation and comparisons of untruncated taxon durations
(in Fig. 1, Fig. S1, and Table 1), we used the following approach to remove
potentially extant taxa in our fossil data. We first excluded taxa that appear at
localities thatare 0.5 M.y. old and younger and then further excluded taxa known
to be living today (see SLOH) within the geographic bounds of the NOW data we
are using. This is a highly conservative approach to removing extant or very
recently extinct taxa. However, less conservative approaches (e.g., doing only the
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second sweep of exclusion) do not change results. Note that the analyses de-
scribed in the next sections do not require any removal of extant taxa because
one-side truncation of stratigraphic ranges is not a problem in rate calculations,
as it is in duration calculations.

Per Capita Rates. For each data subset, we tabulated whether a genus was
recorded as present or absent during time bins that span 1, 1.5, or 2 M.y. These
alternative binning schemes were done to check for the robustness of our results
with respect to the variability in the uncertainty of locality ages. If a genus was
absentduring one or more time bins, but was present in some time bin before and
after those absences, it was assumed to have survived those time intervals. We
calculated per capita extinction (g) and origination (p) rates (67) for large and
small mammals separately in each dataset, where

p = In(N/Ny)/At,
q= ln(Nb/th)/At

and Nyt is the number of taxa that cross both the earlier (bottom) and the later
(top) boundary of a time bin, N is the number of genera that cross only the later
of the time bins, Np the number that cross only the earlier boundary of the time
bins, and Atis the width of the time bins, following ref. 67. We use per capitarates,
based on boundary crossers, because they are relatively insensitive to secular
trends in the quality of preservation (67). Even though the observed first and last
occurrences of taxa may be temporally quite far removed from the true time of
origination and extinction, even in densely sampled datasets (68), there isastrong
positive correlation between the ranks of observed ranges and estimates of true
durations (see ref. 69).

CMR Estimates. Capture-mark-recapture (CMR) methods have many powerful
applications in ecology (70, 71) and are gradually finding their way into the
paleobiological literature (70-72). Our purpose of employing CMR methods is to
estimate both survivorship and preservation probabilities with the aim of inves-
tigating the effect of body size on both probabilities. By using a CMR approach,
we also control for differences in preservation among large and small mammals.
We compared time-varying estimates of survival (®) and preservation (pr) prob-
abilities with either no body size effect, or additive or multiplicative effects of
body size using a model selection approach (73) (see S/ Text for more details).

Body Size Groups. Body size estimates for individual genera are not available for
a substantial portion of fossil taxa in the NOW database. Therefore, we assigned
to each genus one of two size classes, based on their taxonomic identity. All
genera belonging to the orders Insectivora, Rodentia, and Lagomorpha are
designated “small.” All remaining genera are regarded as “large,” namely Ar-
tiodactyla, Carnivora, Creodonta, Hyracoidea, Perissodactyla, Primates and Pro-
boscidea, and Tubulidentata (74). In the absence of body size estimates for a large
proportion of species in NOW, we justify our use of this coarse classification as
follows. Bimodality in the body size distribution of mammals (26, 75, 76) has
existed and intensified since the Eocene (45, 77). Moreover, body sizes are
constrained by phylogeny with mammalian taxa having characteristic sizes over
both space and time (78, 79). In addition, we used a nearest living relative
approach to estimate mean body masses for the genera in the NOW database
where possible (see next section for details).

SLOH. We used MammalBase, a database of living mammal attributes, based on
refs. 80-83, compiled by one of us (K.L.), to extract SLOH information on extant
species. SLOH attributes for genera used in this article are attached in Table S4 in
Dataset S1 but further information is available on request. We coded all known
extant species for SLOH behavior according to whether they (i) are hibernators,
(ii) go into torpor, (iii) can be dormant, (iv) can go into aestivation mode, (v) make
or use burrows or are fossorial, (vi) make or use tunnels or chambers, (vii) live in
tree holes, or (viii) are cave dwellers. If one of these eight nonmutually exclusive
traits is present for a given species, we coded it as 1 for its SLOH value and 0 if none
was observed (Table S4in Dataset S1). However, for data analyses, we treated the
absence of mention of these traits as zeros instead of “NA" as coded, because of
the common practice of not noting absent traits. If a NOW genus has any living
species for which any one of the SLOH attributesis tabulated as present, we assign
a SLOH value of “1" to that NOW genus and therefore to all of the NOW species
that are members of the genus (nearest living relative approach). Additionally,
one of us (L.F.) manually checked the entries described above and presented in
Table S4 in Dataset S1, to ensure the quality of the data. L.F. provided alternative
coding, and we show results based on amended assignments in Table S4 in
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Dataset S1. These amendments, however, do not change our qualitative results
or general conclusions.

Body Mass Estimates. With reference to the previous sections, for NOW genera
with living species for which body masses are known from MammalBase, we
similarly calculated the mean body mass from these living species and used these
as mean body mass estimates for these genera. To supplement body mass data
from MammalBase, we used body mass data compiled by two National Center for
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S| Materials and Methods

Taxonomy. Our text makes use of familiar ordinal level groups of
mammals as a shorthand (Artiodactyla, Carnivora, Creodonta,
Hyracoidea, Perissodactyla, Primates, Proboscidea, Tubuliden-
tata, Insectivora, Rodentia and Lagomorpha). However, note
that cetaceans are not part of the dataset, so technically, either
Cetartiodactyla or Artiodactyla could be used. Among small
mammals, bats, being spottily represented in the NOW database,
are excluded from the analysis. Insectivora is used as a higher
taxon, although Lipotyphla would be more precise.

Survivorship and Preservation Probabilities. To grasp the dynamics
of a population, ecologists often trap, mark, release and attempt
to recapture those animals over a few subsequent sampling
intervals (1, 2). Marked individuals, if not recaptured, can either
be dead, have left the study site, or just did not enter the trap.
The survival rates of the population can be estimated while
formally taking into account sampling probabilities, estimated
from the distribution of absences flanked by presences for an
individual. Extending the capture-mark-recapture (CMR) ap-
proach to the fossil record (3, 4) implies that we assume that each
species is equivalent to an individual and that we treat whole
faunas as if they were a population (see ref. 5 for more details
and references).

The models we present in our results are time-varying esti-
mates of survival (®) and preservation (pr) probabilities with
either no body size effect, or additive or multiplicative effects of
body size. ®{gr*t} pr{gr*t} is the global model where both
survival and preservation included interaction between group
(gr, large and small) and time (t, where, if the observation
windows are 1, 1.5, and 2 M.y. in length, then we have 22, 15, 11
occasions, respectively). We first ran all possible models with
different combinations of ® and pr and the two classes of body
size as covariates. This strategy resulted in 25 models. However,
the non-time-varying models performed very poorly and are
therefore ignored for the rest of the analyses. Thus only 9
different combinations of survival and preservation with time
effect are presented, namely:

d{gr*t}pr{gr*t} Global model
d{gr+t}ipri{gr*t}

d{gr*t}prigr+t}
d{gr+tiprigr+t}

d{t}pri{grt}

P{gr*t}prit}

P{t}pr{gr+t}

d{gr+tipr{t}

®{t}pr{t} pure time varying model.

We constrained our estimates of survival and preservation
probabilities to lie between 0 and 1 using a logit link function (8).
The CMR approach makes assumptions (1, 7) that are usually
not strictly met by data. The lack of fit can be adjusted however,
by estimating a variance inflation factor (¢) and adjusting the
ranks of models accordingly (1). We estimated ¢ using “Test.2”
and “Test.3” as detailed in ref. 7 and used the mean of the

Liow et al.|www.pnas.org/cgi/content/short/0709763105|

estimated ¢’s for each global model for each data subset. We
compared the models in each data subset using a model selection
approach, as advocated by Burnham and Anderson (8). Akaike
Information Criteria (AICs) were converted to QAICs such that

QAIC = — {21og(L(6)/¢)] + 2K,

where L() is the likelihood of the parameters given the data and
K is the number of parameters estimated.
The model weight for the kth model is calculated as

exp(—0.5(QAIC, — QAIC,,;,))
k

> exp(—0.5(QAIC; — QAIC )

i=1

where QAIC, is the QAIC for the best model given a data
subset. Therefore, model weights sum to one for all nine models
compared.

Discussion

As mentioned in the text, there are certainly exceptions to the
rule of large mammals having truly greater body masses and vice
versa. Moreover, body size is a trait that can evolve within clades.
For example, extant beavers (Rodentia: Castoridae) are quite
large, despite their being considered small mammals. However,
many fossil beaver species were smaller. Other extant large
“small” mammals are dominantly subtropical and tropical or
outside our longitudinal limits and therefore not considered in
our dataset.

There are, however, a few SLOH genera in the NOW dataset
that are assigned a large body size category, and these are namely
some carnivores (see Table S4 in Dataset S1) such as Crocuta
(hyenas) and Meles (European badgers) that both dig or use
burrows or dens. These exceptions do not, however, change our
general conclusions.

It is also worth looking at the genera falling in the tail of the
histogram presented in Fig. 1 (reproduced in Fig. Sla). In the
16-M.y. class, we have Miodyromys, Glirulus, Blackia, and Mio-
petaurista, arboreal to bush-loving dormice and gliding squirrels,
which exhibit varying degrees of dormancy and probably use
thermo-regulated hiding places. Desmanella is an extinct mole
and so can be inferred to be a burrower. Without exception, these
extinct small-bodied genera can be thought of as SLOH taxa.
One extant genus, Glirulus, was not removed by our procedure
because it is represented by a species that lives only in Japan
today.

In the 15-M.y. class, Parapodemus, is a burrowing field mouse,
Galerix, a standard nonderived erinaceid that is likely to have
burrowed and to have been capable of dormancy; Democricet-
odon, a hamster predecessor; Spermophilinus, a ground squirrel
and burrower; and Paenelimnoecus, a shrew (all small mammals
and very likely all to have some form of SLOH behavior).

The 14-M.y. class includes Miosorex and Allosorex, both
shrews; Pliospalax, a spalacid burrower; Scaptonyx, a mole;
Keramidomys and Armantomys, both extinct eomyid rodents with
unknown lifestyles but that were probably forest dwellers; and
Hylopetes, a gliding arboreal squirrel. All these small mammals
are again probably capable of SLOH behavior as far as we know.
Two extant genera were not removed by our procedures because
they are extinct in Europe: Scaptonyx, found today in China; and
Hylopetes, found in South East Asia. The only large mammal we
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have in this class is Tapirus, an extant genus retained in our
“extinct” dataset because its occurrence is very rare, especially
in Pleistocene deposits. In fact, Tapirus contributes to Fig. 1 and
Fig. Sla but not Fig. S1d, where only well sampled taxa and sites

1. Lebreton JD, Burnham KP, Clobert J, Anderson DR (1992) Modeling survival and testing
biological hypotheses using marked animals: A unified approach with case-studies.
Ecol Monogr 62:67-118.

2. Nichols JD, Boulinier T, Hines JE, Pollock KH, Sauer JR (1998) Estimating rates of local
species extinction, colonization, and turnover in animal communities. Ecol Applic
8:1213-1225.

3. Nichols JD, Morris RW, Brownie C, Pollock KH (1986) Sources of variation in extinction
rates, turnover, and diversity of marine invertebrate families during the Paleozoic.
Paleobiology 12:421-432.

Liow et al.|www.pnas.org/cgi/content/short/0709763105|

were retained. Moreover, Tapirus is not found in Europe today
and therefore was not removed by our procedure for producing
Fig. 1 and Fig. S1 and Table 1.

[
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Fig. S1. Histograms of genus durations of extinct small and large mammal genera from the NOW database. Proportions are calculated for small and large

mammals separately. The x axes are in millions of years (M.y.), and 1-M.y. bins are shown, with data points plotted at the higher limit. Solid circles and lines
represent small mammals, and open circles indicate large mammals. (a-d) Data subsets for All, 5_occ, 5_taxa, and 10_occ_10_taxa, respectively.
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Fig. S2. The change in the proportion of SLOH genera and body mass over the Neogene. (Upper) The mean SLOH values of small and large genera over the
four approximate time intervals with one standard deviation. MiE, early Miocene; MiM, middle Miocene; MiL, late Miocene; Plio-R, Pliocene to Recent. (Lower)
Boxplots of the change in average In body mass over the same period for small and large genera. In all cases, the data are for NOW genera for which there are
still living species from which we could estimate average body masses and code SLOH values.
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Table S1: Average durations of small and large extinct mammals.

Average durations are calculated for genera and species that are found no later than 0.5 Ma in our datasets and are not

known to be alive today within our geographic region of focus. Localities are the number of localities represented in the data subsets. N =
taxon sample size, Dur (mean) and Dur (med) are mean and median durations respectively (M.y.) . KS = p values from 2-tailed Kolmogorov-
Smirnov tests determining if durations of small and large mammals arise from the same underlying distribution. MW = p values from 2-tailed
Mann-W hitney U tests determining if the duration distributions of small and large mammals have equal medians. P-values < 0.05 are in bold.

Genera Large Small

Data subs Localities N Dur (mean) Dur (med) N Dur (mean) Dur (med) KS MW
All 1102 308 3,94 2,90 246 5,34 4,04 0,007 0,011
5 occ 522 298 3,81 2,90 225 5,54 4,20 0,002 0,001
5 taxa 1076 156 5,20 5,15 122 7,06 6,25 0,002 0,002
10_occ_1C 227 110 5,15 4,25 87 6,94 6,55 0,005 0,005
Species

All 1106 887 2,17 1,50 868 2,40 1,50 0,872 0,670
5 occ 515 845 2,14 1,50 789 2,42 1,50 0,677 0,462
5 taxa 1015 247 3,26 2,70 247 3,71 2,90 0,587 0,406

10_occ_10C 149 124 3,26 3,05 122 3,60 2,40 0,606 0,986




Table S2: Per capita rates of origination and extinction for large and small mammal species and genera

Mean per capita rates of origination, p and extinction, g in per millions years (darker cells are medians) for data subsets. Bins are in M.y. and MW are
p-values for paired, 2 tailed Mann-Whitney U tests and with those which are significant at p < 0.05 marked in bold. N = number of time bins for which
comparisons were possible. Because boundary crossers are used, the rates cannot be calculated for time bins at the “edges” of the time series.
Genera

P g

Bins Data subs N Large Small MW Large Small MW
1 All 18 0,40 0,18 0,25 0,14 0,01 0,30 0,17 0,15 0,12 0,10
5_occ 17 0,23 0,18 0,13 0,14 0,00 0,35 0,18 0,15 0,11 0,06
5_taxa 18 0,35 0,12 0,27 0,14 0,09 0,23 0,12 0,13 0,09 0,10
10_occ_10 17 0,17 0,12 0,16 0,13 0,08 0,34 0,12 0,13 0,07 0,05
1,5 All 12 0,23 0,22 0,21 0,14 0,14 0,25 0,16 0,15 0,10 0,07
5 occ 12 0,23 0,24 0,21 0,14 0,20 0,25 0,16 0,14 0,09 0,08
5_taxa 12 0,19 0,16 0,18 0,12 0,45 0,21 0,13 0,12 0,08 0,08
10_occ_10 11 0,18 0,14 0,20 0,10 0,19 0,19 0,11 0,12 0,06 0,07
2 All 9 0,41 0,21 0,26 0,16 0,01 0,28 0,24 0,15 0,14 0,01
5_occ 8 0,24 0,20 0,14 0,15 0,03 0,28 0,25 0,15 0,13 0,02
5_taxa 9 0,36 0,15 0,23 0,14 0,08 0,25 0,20 0,13 0,10 0,01
10_occ_10 8 0,20 0,16 0,14 0,14 0,20 0,22 0,17 0,14 0,09 0,05

Species

P g

Bins Data subs N Large Small MW Large Small MW
1 All 18 0,61 0,43 0,49 0,33 0,05 0,55 0,36 0,40 0,38 0,10
5_occ 17 0,48 0,44 0,38 0,32 0,23 0,63 0,34 0,41 0,35 0,35
5_taxa 17 0,49 0,33 0,40 0,28 0,23 0,49 0,37 0,29 0,22 0,35
10_occ_10 14 0,34 0,31 0,34 0,21 0,23 0,40 0,28 0,45 0,25 0,35
1,5 All 11 0,44 0,26 0,46 0,33 0,20 0,54 0,22 0,40 0,25 0,05
5_occ 11 0,46 0,43 0,48 0,37 0,20 0,55 0,43 0,40 0,29 0,05
5_taxa 11 0,38 0,30 0,38 0,29 0,20 0,47 0,37 0,32 0,26 0,05
10_occ_10 9 0,37 0,31 0,36 0,31 0,20 0,42 0,31 0,47 0,27 0,05
2 All 9 0,62 0,37 0,50 0,26 0,20 0,57 0,33 0,40 0,19 0,05
5_occ 8 0,52 0,47 0,42 0,36 0,20 0,63 0,47 0,43 0,33 0,05
5_taxa 9 0,51 0,40 0,42 0,31 0,20 0,48 0,35 0,31 0,24 0,05
10_occ_10 5 0,24 0,29 0,19 0,20 0,20 0,37 0,28 0,26 0,29 0,05




Table S3. Best models from model selection

Top 3 models from each binning scheme (Bins in M.y.) and various data subsets. QAIC values are corrected with the stated average c-hat from Test 2 and 3 in each case.
W eights are model weights which sum to one for all 9 models (see S| Methods for details) although only the top 3 are shown.

Bins Data subsets
1 All 5 occ 5 faxa 10 occ_10 faxa
Model QAIC Weights Model QAIC Weights Model QAIC Weights Model QAIC Weights
P{gr+t}pr{t 1432,45 0,611 P{gr+t}pr{c 1479,751 0,776 P®{gr+t}pr{c 1285,151 0,809 P{gr+t}pr{t 947,4754 0,680
P{gr+t}pr{c 1433,36 0,387 P{gr+t}pr{t 1482,243 0,223 P{gr+t}pr{t 1288,075 0,188 P{gr+t}pr{c 949,0183 0,314
${t}pr{t} 1444,43 0,002 ®{t}pr{t} 1495,128 0,000 ®{t}pr{t} 1297,128 0,002 ®{t}pr{t} 957,6332 0,004
c-hat 3,12 c-hat 2,88 c-hat 2,41 c-hat 2,40
1,5 ®{gr+t}pr{t 1308,577 0,507 ®{gr+t}pr{c 1489,934 0,525 ®{gr+t}pr{c 955,8409 0,649 ®{gr+t}pr{t 747,3297 0,495
${gr+t}pr{¢ 1308,673 0,484 ®{gr+t}pr{t 1491,066 0,298 ${gr+t}pr{t 957,259 0,319 ®{gr+t}pr{¢c 748,3553 0,297
o{tipr{ty  1317,218 0,007 d{grtipr{t] 1492,584 0,140 o{tipr{tt  962,2637 0,026 o{tipr{t}  749,1989 0,195
c-hat 2,73 c-hat 2,30 c-hat 2,46 c-hat 2,42
2 ®{gr*t}pr{t] 1591,699 0,378 ${gr*t}pr{g 1656,516 0,491 ®{gr+t}pr{¢ 605,7544 0,574 ®{t}pr{t} 394,4703 0,815
${gr+t}pr{¢ 1592,183 0,297 ${gr*t}pr{t] 1656,825 0,421 ${gr+t}pr{t 606,6635 0,364 ®{gr+t}pr{t 398,6791 0,099
d{grt}pr{g 1593,373 0,164 o{gr+t}pr{¢c 1660,467 0,068 o{t}pr{t}  610,8268 0,045 d{gr+tipr{c 399,1409 0,079
c-hat 1,73 c-hat 1,58 c-hat 3,14 c-hat 3,45




Table S4. List of NOW genera for which SLOH behavior was estimable.
Genera for which SLOH behavior was estimable, their mean body masses, and type of SLOH behavior present/absent. The last column indicates
Mass (g) Hibernate Torpor DormancyAestivatior Fossorial Burrow  Tunnel ChambersTree Holes Caves Alternative

Acinonyx 5,35E+04 0 0 0 0
Alcelaphus 1,67E+05
Alces 5,13E+05
Allactaga 1,81E+02
Anourosore 2,00E+01
Aonyx 1,68E+04
Apodemus 3,13E+01
Arvicola  1,60E+02
Atelerix 4,68E+02
Atlantoxeru 6,23E+02
Axis 6,51E+04
Bison 6,75E+05
Blarinella 1,25E+01
Bos 8,30E+05
Bubalus  4,25E+05
Calomyscu 2,25E+01
Camelus 4,95E+05
Canis 1,94E+04
Capra 8,23E+04
Capreolus 3,25E+04
Castor 1,85E+04
Ceratotheri 2,50E+06
Cervus 1,12E+05
Clethrionor 2,75E+01
Condylura 6,25E+01
Cricetulus 8,57E+01
Cricetus  5,10E+02
Crocidura 1,26E+01
Crocuta 6,30E+04
Cuon 1,55E+04
Dama 7,00E+04
Desmana 3,83E+02
Dicerorhint 1,40E+06
Diceros 1,10E+06
Dicrostony. 6,76E+01
Dinaromys 5,60E+01
Dryomys 2,60E+01
Elephas  4,06E+06
Eliomys  1,03E+02

o
o
o
o
o

Burrower

Burrower

Burrower

P OPRPOOO0OO0OO0O000O0ORFRPROO0ODO0ODO0ODO0DO0D0D0D000000000OFrPOO0OO0OORFR, OO
eNeN NeoNeoNeoNeoNoNoNoNeoNoNoNoNoNoloNoNoleoloNeoNeoNoNoNoNoNoNoNol S llelNeNeNol e Ne)
[eNeoNeoNoNeoNeoNeoNoNoNeoNoNoNoNoNoNoNoNoNooleoNeoNeoNeoNoNoNoNoNoNeNoNoNoNolNoNoNoNoNol
[eNeoNeoNoNeoNoNeoNoNoNoNoNoNoNoNoNoloNoNeoleoleoNeoNeoNoNeoNoNoNoNoNol lelNeNeNolN e Ne)
[eNeoNeoNeoNeoNoNeoNoNoNoNoNoNoNol elloeoeoleoleoNeoNeoNoNeoNoNoNoNoNoNoNoNoNol SlieNeNe)
P OOORFRPROO0OO0OO0OO0ORFRPRORFRPRORFRPOOODODOOFRPOFRPOOO0OO0OO0OOOR,REFRPPFPORFRPOO
[eNeNeNeoNeoNeoNeoNeoNoNeoNelN S SNell e e NeNe e e e Ne e Ne e Ne Neo e Neo Neo Neo il e NeoNeoNo Ne)
[eNeoNeoNeoNeoNoNeoNoNoNoNoNoNoNoNoNoNoNeol leleoeNeoNeoNeoNoNoNoNoNoNoNoNolNoNoNoNoNo)
oNeN NeoNeoNeoNeoNoNoNoNoNoNoNoNoNoNoNoNololeoNeoNeoNeoNeoNoNoNoNoNoNoNoNoNoNoNoNoNe)
[eNeoNeoNeoNeoNeoNeoNoNoNoNoNoNoNoNoNoNoNoNoNeoeoNeoNeoNeoNeoNoNoNoNoNoNoNoNoNolNoNoNoNe)



Ellobius  7,43E+01
Eolagurus 2,60E+01
Eozapus NA

Episoriculu 5,90E+00
Equus 2,96E+05
Erinaceus 7,50E+02
Felis 4,78E+03
Galemys 5,75E+01
Gazella  4,56E+04
Gerbillus  3,66E+01
Giraffa 1,24E+06
Glirulus  NA

Glis 1,25E+02
Hemiechini 2,60E+02
Hemitragus 7,50E+04
Herpestes 2,17E+03
Hexaprotoc 2,35E+05
Hippopotar 2,75E+06

Homo NA

Hyaena  4,14E+04
Hylopetes 1,66E+02
Hystrix 1,12E+04
Kobus 1,54E+05
Lagurus  3,00E+01
Lemmus 7,60E+01
Lepus 3,98E+03
Lutra 8,50E+03
Lynx 1,17E+04
Macaca  8,48E+03
Marmota 5,25E+03
Martes 1,74E+03
Meles 1,30E+04
Mellivora 1,00E+04

Meriones 7,72E+01
Mesocricet 1,28E+02
Micromys 6,00E+00
Microtus 4,82E+01
Muntiacus 2,10E+04
Mus 1,47E+01
Muscardini 2,75E+01
Mustela  5,86E+02
Myomimus NA
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Myosorex 1,33E+01
Nannospali 1,60E+02
Neomys  1,50E+01
Neurotricht 1,00E+01
Nyctereute 5,00E+03
Ochotona 2,62E+02
Orycteropu 7,00E+04
Oryctolagu 1,80E+03

Oryx 1,55E+05
Ovibos  3,05E+05
Ovis 1,13E+05

Panthera 1,39E+05
Parascalop 6,25E+01

Pelomys 1,08E+02
Phoca 1,15E+05
Prolagus NA

Puma 5,16E+04
Rangifer  1,89E+05
Rattus 1,76E+02
Ratufa 2,25E+03

Rhagamys NA

Rupicapra 3,70E+04
Scapanulu: 7,50E+01
Scaptonyx 3,00E+01
Sciurotamii 4,54E+02

Sciurus  6,00E+02
Semnopithi 1,45E+04
Sicista 1,00E+01
Sorex 1,00E+01
Soriculus  9,95E+00
Spalax 3,93E+02
Spermophi 5,43E+02
Suncus 1,45E+01
Sus 1,19E+05
Synaptomy 3,55E+01
Talpa 9,22E+01
Tamias 7,48E+01
Tapirus 2,50E+05

Thallomys 1,03E+02
Urotrichus 1,70E+01
Ursus 2,43E+05
Viverra 8,00E+03
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Vormela 5,43E+02
Vulpes 3,55E+03




