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Abstract

Globally, large mammals are in decline. Biological traits
including low population densities and longer generation
times make them particularly susceptible. Their losses
can have wide-ranging ecological consequences, including
dramatic reductions in total heterotrophic energy use.
To determine the key drivers of variation in energy use,
we calculated daily rates of energy flow across the globe
for 241 ecological communities, encompassing 441 large
mammal species, using camera trap inventories. These were
scaled up from individual metabolic rates and compared with
various climate, anthropogenic, geographic, and species
richness variables using three analytical methods: model
selection, spatial autoregression, and a multiple regression
method that completely removes multicollinearity known
as least-squares orthogonalization. Community energy
use is significantly lower in the Neotropics and Australasia
than in the Afrotropics and Eurasia. This pattern mirrors
the spatial distribution of megafaunal extinction intensity
during the Late Pleistocene. Rates not being greatly reduced
in the Nearctic is a notable exception to this pattern, and
is likely due to the high abundances of certain species not
present in the other highly-impacted realms. There are also
strong negative correlations between community per-gram
rates of energy flow and species richness, indicating that
megafauna persist mainly in more speciose communities.
The strong geographic differences that dominate energy
use patterns indicate that past mammal extinctions are
the ultimate cause of modern energetic variation in
large mammal communities. If so, then ongoing losses
of large mammals will greatly impact community and
ecosystem functioning.

Highlights

e lLarge mammals are essential in maintaining
community and ecosystem functioning as they dictate
the total amount of heterotrophic energy use in
natural systems.

e We quantified global variation in energy use
of modern large mammal communities using
241 ecological camera trap inventories.

e The spatial distribution of modern-day energy
use patterns largely matches the variation seen
in megafaunal extinction intensity across the Late
Pleistocene, with more greatly impacted regions
exhibiting consistently lower rates of community
energy flow.

e The apparent lack of recovery in certain regions
suggests that current large mammal extinctions will
have long-lasting impacts on community energetics
around the globe.

Keywords: camera traps, community energy use, macroecology, megafauna, metabolic rate, large mammals, Pleistocene

extinctions

Introduction

The Earth is in the midst of an ongoing biodiversity
crisis with rapid and unprecedented rates of species
declines (Barnosky et al. 2011, Dirzo et al. 2014).
Conservative estimates suggest that vertebrate species
losses alone are up to a hundred times faster than the
usual background extinction rate (Ceballos et al. 2015).
Larger species are particularly vulnerable, primarily
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due to their lower population densities, reduced
reproductive rates, and increased generation times
(Brook and Bowman 2005). Anthropogenic impacts
such as hunting, habitat destruction, and land use
disproportionately impact larger organisms (Ripple et al.
2019) and are further exacerbated by these traits,
leading to even greater extinction risk for mammals
weighing over three kilograms (Cardillo et al. 2005).
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As ecosystem engineers, megafauna have
outsized effects on communities. Their reduction
or extirpation can have considerable cascading
effects on trophic interactions, overall ecosystem
function, and biogeochemical cycles (Estes et al.
2011, Smith et al. 2016, Forbes et al. 2019). Indeed,
global simulations predict continued losses of large
organisms will lead to significant reductions in global
ecosystem productivity, heterotrophic biomass, and
energy use (Enquist et al. 2020).

Energy is especially important as it is the fundamental
property of natural systems (Odum 1968). Furthermore,
the amount of total energy flux of an ecosystem is
highly correlated with the maximum size of individual
organisms; heterotrophic energy flux is predicted to
scale superlinearly with total heterotrophic biomass by
a power of 1.25 (Enquist et al. 2020). Since community
and ecosystem energy use is ultimately dictated by
individual metabolism (Enquist et al. 2003, Brown et al.
2004, Marquet et al. 2005, Schramski et al. 2015), the
disproportionate amount of energy taken up by large
organisms in ecosystems is a direct result of their higher
total metabolic rates (McNab 2008), a consequence of
their greater energy requirements. As large mammal
species are most at risk from extinction, and as their
losses have the greatest effects on energy use, it is
imperative to understand how energy usage of large
mammal communities varies around the world. This
knowledge can be used to forecast future ecosystem
energetics and prioritize conservation efforts.

Here, daily rates of energy flow of terrestrial large
mammal communities are calculated for 241 ecological
camera trap inventories across the globe. Community
energy flow is here defined as the total metabolic
output of all terrestrial mammalian species in an
ecological community with an average body mass of
1 kg or more. As with previous studies (Ernest 2005,
Barneche et al. 2014, Carter and Alroy 2022), rates of
community energy flow are scaled up from individual
metabolic rates and compared to factors including
biogeography, species richness, and various climate
and anthropogenic variables.

Energy use in large mammal communities should
vary biogeographically, as seen with individual
metabolic rates (Lovegrove 2000). The primary
driver of biogeographic patterns is expected to be
the current geographic distribution of the largest
mammal species. Realms with a greater number
of extant megafaunal species (e.g. the Afrotropics
and Indomalaya) are predicted to have higher
rates of community energy flow because very large
species have high total metabolisms (McNab 2008,
Enquist et al. 2020). Notably, megafaunal species
were previously widespread across all geographic
realms before many went extinct during the Late
Pleistocene, severely altering continental body size
distributions around the world (Sandom et al. 2014,
Smith et al. 2018).

Relationships with species richness are predicted
to be mixed. More speciose communities should have
higher rates of community energy flow, especially those
with a greater number or abundance of larger species.

However, while larger mammals have higher whole-
organism metabolic rates (McNab 2008), they have
lower mass-specific rates, i.e., their overall metabolic
intensity, or rate in which energy and resources
are processed, is reduced (Hulbert and Else 2000,
Savage et al. 2007). This negative relationship should
be replicated on the community level. Communities
with lower total rates of energy flow should have higher
per-gram rates and vice versa. Therefore, less diverse
communities with predicted low rates of total energy
flow should have high per-gram rates, particularly if the
lack of large species in a community is compensated
by increased abundances of smaller species with high
mass-specific metabolisms (Ernest and Brown 2001).
Lastly, community energy flows are predicted
to vary with several climate and anthropogenic
variables. Temperature, seasonality, and other factors
associated with the tropical-temperate gradient will
likely correlate, particularly as strong climate-energy
relationships have been observed in small mammals
at both the species and community levels (Lovegrove
2003, Naya et al. 2013, Carter and Alroy 2022).
In addition, anthropogenic factors including human
population density, economic health, and different
land use categories may also correlate due to the
overall detrimental effects humans have on ecological
communities (Maurer 1996, Newbold et al. 2015).

Materials & Methods

Samples and species

Ecological cameratrap inventories were downloaded
on 10June 2022 from the Ecological Register database
(http://ecoregister.org, see Alroy 2015, 2017, Carter
and Alroy 2022). Each sample corresponds to one
inventory consisting of a list of species with a matching
count of photographs from a particular geographical
location. Samples were entered into the register
from published camera trap studies, with species
names taxonomically standardised across samples
by carefully consulting the most recent published
taxonomic research. Photo counts are routinely
corrected for multiple occurrences of the same
individuals in the camera trap literature (Sollmann
2018). Upon entry, each species was assigned to a
distinct ecological group such as ‘carnivore’, ‘rodent’,
or ‘other large mammal’. The initial download
consisted of 246 samples that contained any species
of carnivores, primates, rodents, ungulates, other
large mammals, or other small mammals. These six
ecological groups correspond to one or more different
taxonomic groupings; species belonging to less diverse
taxonomic orders are combined into larger non-
taxonomic groupings based on their similar ecological
roles. The first three categories represent the orders
Carnivora, Primates, and Rodentia, respectively.
The ungulates include perissodactyls, terrestrial
artiodactyls, and proboscideans. The other large and
other small mammals include various other groups
such as marsupials, lagomorphs, lipotyphlans, hyraxes,
pangolins, and xenarthrans. All terrestrial non-volant
mammal groups were thus included in the download.
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Across the six ecological groups, only species with
an average adult body weight of 1 kg or more were
included. The was done because large mammal
communities were the focus of this study, and
horizontally-mounted camera traps do not reliably
detect small species (Thomas et al. 2020). This cutoff
brought the raw species count of 612 down to 447
(see Appendices S1-S3).

When there were instances of replicate samples —
usually representing different seasons or years of a
single camera trap survey — only the largest sample
(in terms of total abundance) was downloaded.
Specifically, samples were deemed replicates if they
were from the same published paper and had the
same habitat type, altered habitat, and disturbance
category plus identical area coordinates (0.1 by
0.1 degrees across). In order to standardise for variation
in sampling effort among sites, the number of records
per species was divided by the total number of trap
nights for each sample. It was possible to calculate
these ‘count-per-day’ units for all but five of the
downloaded samples. Excluding them brought the
total number of analysed samples to 241.

Species abundances therefore reflect the number
of captures per day and per trap for each site. Note
that the species pool of each sample is drawn from
a single location and habitat type, with each camera
trap corresponding to a virtual line transect: the core
difference being that here the animals themselves walk
into the radius of the traps over a fixed period of time,
instead of an observer walking out literal transects
with a particular radius over a fixed period of time. As
such, the number of trap days effectively standardises
by area. Because the sample points (camera traps)
are scattered throughout a site of a specific habitat
type, small-scale variation in population density is also
averaged out. Furthermore, while species detection
rates likely vary across samples, complete inventorying
of all species present in a community is not required
as the data are abundance-weighted. Any rare species
that happened not to have been captured would have
had a low abundance even if it was detected, and thus
would have had little effect on the calculated rate of
community energy flow. Therefore, each sample is
representative of a single, local community, and samples
are fully comparable with each other. Indeed, there are
only very weak negative correlations between sampling
effortand calculated per-day and per-trap rates of energy
flow and mass (see Fig. 1, R* < 5% in all comparisons).

Body mass and metabolic rate

Most species (327) had an average body mass
measurement already recorded in the Ecological Register.
These were all taken from published measurements of
wild, adultindividuals. For the remaining species, masses
were obtained from the primary literature or from the
Encyclopedia of Life online database (https://eol.org,
Parretal. 2014). In addition to the 447 identified species,
36 indeterminate species (denoted with ‘sp.” or ‘spp.’)
were also included. Their masses were calculated by
taking the geometric mean for congeners present in
the Ecological Register (Appendix S2).

Basal metabolic rate (BMR) — the rate of energy
consumption of a resting, post-absorptive adult in
a thermo-neutral environment (McNab 1997) — was
obtained from primary literature. BMR is by far the
most common and available rate measure, and is a
highly useful signal that correlates with other rate
measures including field metabolic rate (White and
Seymour 2004). Furthermore, BMR allometrically
scales with body mass with exponent values ranging
from 2/3 to 3/4 (White and Seymour 2005), similar to
other rates (Nagy 2005, Hudson et al. 2013). As a result,
while the subsequent rates of community energy flow
calculated only represent the community at basal
metabolic levels, the significant relationships and
variation in rates recovered should not considerably
differ to those scaled up from other rate measures.

In total, BMR was directly obtained for 141 out
of the 447 species (Appendix S2). The BMRs of the
remaining species, including the indeterminate
ones, were estimated from body mass based on
observed allometric scaling relationships (White
2011). To account for the effects of phylogeny, BMRs
for the majority (297) of the 306 species without
directly obtained measures were estimated using
the PHYLACINE phylogeny (v. 1.2.1, Faurby et al.
2018, 2020) and PhyloPars web server tool
(ibi.vu.nl/programs/phylopars/, Bruggeman et al.
2009, see Supporting Information). For the remaining
nine species, BMRs were predicted based on an
ordinary least squares regression model calculated
for the 141 species with direct mass and BMR
measurements (Table S1, Fig. S1, Supporting
Information). The model was calculated with life
form (i.e. ecological group) as a second predictor,
with BMRs for the remaining nine species, plus
the 36 indeterminate sp. records, predicted using
the specific model coefficients of their respective
ecological groups (Table S1, Supporting Information).
Mass and BMR were both log, -transformed, and all
BMRs were predicted in units of ml O, h™. These were
converted into kJ day® using the conversion factor
1kJ hrt=47.8 ml O, h** (Supporting Information in
Fristoe et al. 2015).

Sample records and community energy flows

Before rates of community energy flow were
calculated, the sample records file was screened
to remove all records of domesticated or invasive
species. This was done so rates of energy flow would
be indicative of ‘natural’ communities before the
introduction of domesticates and non-native species by
humans. Furthermore, while such species undoubtedly
contribute to community energy flows, there is
substantial variation in the number of domesticated
and invasive species that are recorded between camera
trap surveys, depending on where they are conducted.
For example, many Australian samples contain high
abundances of domesticates and invasives as there
are more surveys from highly anthropogenically-
altered landscapes, such as cattle ranches, than in
southeast Asia, where the majority of surveys are
from natural tropical rainforests. Thus, these species
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Figure 1. Calculated rates of community energy flow (A and B) and community mass (C and D) compared with the total
numbers of camera trap nights (A and C) and total numbers of camera traps (B and D) for all 241 samples. All variables
are logged. The point and line colours separate the regions with high rates of energy flow and mass (black) from those
with low rates and masses (red). The former regions are the Nearctic, Afrotropics, Indomalaya, and the eastern Palearctic
(n = 146) and the latter are the Neotropics, Australasia, and western Palearctic (n = 95).

were removed to also control for such variation.
Five domesticates (Bos taurus, Bubalus bubalis, Equus
africanus asinus, Felis catus, Ovis aries) and one
invasive species (Ammotragus lervia, found only in
North America in this dataset) were removed entirely,
and a further 13 species were partially removed based
on geography. All indeterminate records were also
removed. Thus, the final analysis consisted of 441
species, 241 samples, and 2981 species-plus-sample
combinations (Appendices S1-S3).

As camera trap data are often biased by variation
in detection probability among species (Rowcliffe et al.
2008, Wong et al. 2019), which are notably higher for

carnivorous and larger bodied species as they move
greater distances (Cusack et al. 2015), the abundances
were further corrected by dividing per-day trap rates by
estimated daily path lengths (i.e. the average distance
travelled by an animal in a day). As there were only
75 large mammal species with path lengths (PLs) available
in the primary literature, most species had their PL
estimated from body mass. The same procedure used
to predict BMRs described above, was used to predict
PLs, with the majority (370) being estimated using the
PhyloPars website. The remaining 12 species had their PL
calculated using OLS regression coefficients, again with life
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form as a second predictor, if they did not already have

a direct PL measurement (see Supporting Information).
The rate of community energy flow (EF_ ) was

calculated for each sample using the equation:

n
EF.om= zi—l(Ni *Mi) [thrapf1 dayfz}

where n is the number of species in the sample, N is
the abundance of species i, measured by count per
trap per day and corrected by path length, and M is the
metabolic rate of a species, measured in kilojoules per
day (kJ day?). In other words, the rate of energy flow
of a community is the product of the abundance and
metabolic rate of each constituent species summed
across all species in the sample.

In addition, the per-gram rate of community
energy flow (kJ g* trap™ day?) was calculated for each
sample by taking the ratio between total community
energy flow and total community mass. Community
mass was calculated using the same total energy flow
equation above, only with mass being substituted
for metabolic rate, and was measured in grams per
trap per day (g trap® day?). As the per-gram rate of
community energy flow is analogous to the individual
mass-specific metabolic rate, which is greater in smaller
organisms due to the allometric scaling of BMR, two
more metrics were calculated to distinguish between
the effects of body size and abundance: an abundance-
weighted average individual rate of energy flow (kJ
trap® day?) and an abundance-weighted average
individual mass (g). These represent the typical rate
of energy flow and mass, respectively, of an average
individual in that community. Both were calculated
by dividing the total community energy flow or total
community mass by the total abundance (total count
per trap per day) of the community. All five calculated
metrics were analysed separately (see Fig. 1 in Carter
and Alroy (2022) for an illustration of how each metric
was calculated).

Predictor variables

There were four climate variables, two
environmental variables, seven anthropogenic
variables, six binary geographic variables, and one
species richness estimate variable, for a total of
20 independent predictors. The climate data were
obtained from the WorldClim database (https://www.
worldclim.org, Fick and Hijmans 2017) if such data
could not be drawn directly from the primary literature.
This included mean annual temperature (MAT), mean
annual precipitation (MAP), temperature annual
range (TAR), and precipitation seasonality (PS). MAT
and MAP are recorded in the Ecological Register, and
pertain to the individual sample locations whenever
possible. If not, climate values for the closest possible
locations are often recorded. The MAP data were
square-root transformed because this normalised
the data better than log-transforming. The two
environmental variables, actual evapotranspiration
(AET) and net primary productivity (NPP), were
obtained from TerraClimate (Abatzoglou et al. 2018)
and SEDAC (Imhoff et al. 2004, Imhoff and Bounoua

2006), respectively. The anthropogenic variables
comprised human population density (HPD), per
capita GDP based on purchasing power parity (PPP),
and four land use categories: urban, village, croplands,
and rangelands. These were also obtained from SEDAC
(Nordhaus 2006, Nordhaus and Chen 2016, Ellis and
Ramankutty 2008a, 2008b). PPP was log-transformed,
and the population density data were Yeo-Johnson
transformed (Yeo and Johnson 2000) because they
included zero values and so they could not be logged.
The value for the four land use variables for each
sample was the proportion of 25 evenly spaced points
within each surrounding 1 x 1° cell that fell within
the relevant category. A binary ‘protected’ variable,
representing whether a given site is legally protected
from disturbance (e.g. within a national park), was also
included. Lastly, the six binary geographic variables
represented each of the six main biogeographical
realms: the Afrotropics, Australasia, Indomalaya,
Nearctic, Neotropics, and Palearctic.

Species richness was estimated using the geometric
series (GS) index (Kerr and Alroy 2023, Appendix S4).
Like other indices, the GS index estimates the number
of missing species by extrapolating on the basis of
counts of individuals per species. For example, Chao
1 (Chao 1984) focuses on species that have counts of
one or two (i.e. singletons or doubletons). Unlike other
methods, the GS index considers all species counts at
once to estimate richness, and it extrapolates more
strongly when the counts are closer to zero. The index
also assumes that counts are unevenly distributed,
whereas Chao 1 assumes counts are uniformly
distributed (Alroy 2017). A full breakdown of the GS
index along with analytical tests comparing it to other
richness metrics are provided in Kerr and Alroy (2023).
Richness was calculated for 230 of the 241 samples.
The remainder all had less than four count classes and
so richness could not be reliably estimated.

Statistical analyses

All analyses were conducted using Rv.4.2.2 (R Core
Team 2022). Each of the five dependent variables were
logged and compared to the 20 predictors using three
separate analytical methods: model selection, least-
squares orthogonalization regression (see below),
and spatial autoregression. Model selection was
performed using the package BeSS (Wen et al. 2020).
All possible counts of predictors were enumerated,
with each model selecting the subset of all linear
model scores with the lowest Bayesian information
criterion (BIC) value.

Least-squares orthogonalization (LSO) regression
(see Gibson 1962, Johnson 1966, Green et al. 1978) was
conducted to account for the high level of collinearity
between several of the predictors (e.g. MAT and TAR),
an issue that can often bias analyses with many
confounding factors (Dormann et al. 2013). LSO
regression rotates the predictor variables to render
them mutually orthogonal, meaning that each pair
ends up being entirely uncorrelated. The method
is distinctive because the predictors are rotated
minimally, preserving their values as much as possible.
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The rotated predictors can be interpreted as latent
variables analogous to those produced by factor
analysis, but they are much more easily interpretable.
The total variance explained by LSO regression is
exactly the same as that explained by the original
variables, with the slopes being more interpretable.
The method is completely distinct to other methods
that involve orthogonalization such as the Gram—
Schmidt process, or to Graham’s (2003) sequential
regression method that was used in Carter and Alroy
(2022). Lastly, in order to control for the potential
influence of spatial autocorrelation (Lichstein et al.
2002), the orthogonalized variables were also
analysed using spatial autoregression with the package
spatialreg (Bivand and Piras 2015). Thus, there were
a total of 15 separate analyses. Due to the large
number of predictors, the significance level was set at
o =0.001 and p-values between 0.001 and 0.01 were
considered marginal.

Results

Total energy flow and mass

The results for total community energy flow and
community mass were highly similar across all analyses
due to their strong and positive mutual relationship.
The total energy use of a community is primarily
determined by its overall mass, with energy flow of
large mammal communities scaling to mass with an
exponent 0f 0.922 (R?=0.9752, p < 0.0001, Fig. 2), as
defined by computing a standard major axis regression
constructed with package smatr (Warton et al. 2012).
The Neotropics variable was the most consistent in
explaining each one, presenting a strongly negative
slope in all analyses (Tables 1-2, S2-S3, Fig. 3). These
were contrasted by strong positive relationships
with the Afrotropics variable in the LSO and spatial
regressions for both metrics, in addition to positive

relationships with TAR (Tables 2, S2-S3). Richness was
also selected in the BeSS model for community mass
alongside the Afrotropics variable (Table 1).

Per-gram rate of energy flow

For per-gram rate of energy flow (total energy
flow divided by total mass), the most striking result
across all analyses was a strong negative relationship
with species richness (Tables 1-2, S4). Less speciose
communities have higher rates of energy flow relative
to mass than those with a greater number of species.
Alongside richness, there were positive relationships
with the Neotropics variable in all analyses (strong in
the case of LSO) and with human population density,
although the latter was only marginal in the LSO and

12
1

10

In community energy flow (KJ per day)

In community mass (g)

Figure 2. A standard major axis regression of log community
energy flow and log community mass for all 241 ecological
samples (p < 0.0001, slope =0.922, R = 0. 9752).

Table 1. The slopes, t-values, p-values, and R?s for the variables selected in BeSS analyses of total energy flow, total mass,
per-gram energy flow, individual energy flow, and individual mass.

Model (BIC) Variable Slope t p R?
Total energy flow (176.97) Neotropics -1.6376 -7.310 <0.0001 0.1925
Total mass (213.55) Afrotropics 0.3918 1.162 0.2464 0.2293
Neotropics -1.7951 -7.127 <0.0001
Richness 0.4948 2.414 0.0166
Per-gram energy flow (-585.69)  Neotropics 0.2263 5.696 <0.0001 0.3208
HPD 0.0308 3.385 0.0008
Richness -0.2644 -8.502 <0.0001
Individual energy flow (-57.38)  Neotropics -1.0258 -7.427 <0.0001 0.3104
TAR 0.0181 2.786 0.0058
Urban -1.7249 -1.955 0.0518
Richness 0.4893 4.225 <0.0001
Individual mass (37.00) Neotropics -1.3788 -8.555 <0.0001 0.3036
Urban -2.8825 -2.634 0.0090
Richness 0.5995 4.545 <0.0001
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Table 2. The statistically significant independent variables yielded by each of the least-squares orthogonalization regressions.
Non-significant variables are excluded. The beta coefficients are the slopes standardised by the standard deviations of

the variables.

Dependent variable (units) Predictor Beta coefficient t p R?
Total energy flow (kJ day?) Afrotropics 0.2077 3.427 0.0007 0.2650
Neotropics -0.3572 -5.892 <0.0001
TAR 0.1824 3.010 0.0029
Total mass (g day?) Afrotropics 0.2271 3.813 0.0002 0.2905
Neotropics -0.3695 -6.203 <0.0001
TAR 0.1707 2.865 0.0046
Per-gram energy flow (k) g* day?) Afrotropics -0.2091 -3.7206 0.0002 0.3680
Neotropics 0.2394 4.259 <0.0001
HPD 0.1457 2.592 0.0102
Urban 0.1968 3.502 0.0005
Richness -0.4008 -7.131 <0.0001
Individual energy flow (kJ day?) Indomalaya 0.1845 3.302 0.0011 0.3756
Neotropics -0.3839 -6.870 <0.0001
TAR 0.1839 3.291 0.0011
Urban -0.1520 -2.720 0.0071
Richness 0.1993 3.567 0.0004
Individual mass (g) Afrotropics 0.1446 2.586 0.0104 0.3751
Indomalaya 0.1677 3.000 0.0030
Neotropics -0.3678 -6.579 <0.0001
TAR 0.1524 2.727 0.0069
Urban -0.1709 -3.057 0.0025
Richness 0.2594 4.641 <0.0001
spatial regressions (Tables 1-2, S4, Fig. 3B). Thesewere ~ Discussion

accompanied by positive and negative relationships
with the Urban and Afrotropics variables, respectively,
in the LSO and spatial regressions (Tables 2, S4).

Abundance-weighted individual energy flow and mass

There were four consistent relationships involving
abundance-weighted individual rate of energy
flow (total energy flow divided by total community
abundance): positive relationships with species
richness and TAR, and negative relationships with the
Neotropics variable and the proportion of urban area
(Tables 1-2, S5). The Neotropics signal was very strong
in the LSO analysis (Table 2). There were also positive
relationships with the Indomalaya variable in the LSO
and spatial regressions (Tables 2, S5).

For abundance-weighted individual mass (total mass
divided by total abundance), the observed relationships
with individual energy flow were mostly repeated in
all analyses (Tables 1-2, S6). There were only a few
differences: TAR was not selected in the BeSS model
(Table 1) and there was a marginally positive slope for
the Afrotropics variable in the LSO regression (Table 2).
Otherwise, the results were largely identical to those
seen with individual energy flow. The strongest results,
based on the LSO analyses, are the much lower average
individual rates and masses in the Neotropics (Table 2).

This discussion is structured to address the
main hypotheses about each of the broad variable
categories outlined in the introduction. These relate
to biogeography, species richness, climate, and
anthropogenic factors. Overall, the main finding is that
community energy flow and mass are relatively low in
the Neotropics and high in the Afrotropics.

Biogeographic patterns

Total energy flow and mass

Geographic variation in total community
energy use is a primary signal in the data (Fig. 3).
Biogeographic variables are the only consistent
predictors across all sets of analyses (Tables 1-2).
Furthermore, the results match the predictions,
with rates being significantly higher in a realm where
megafauna are still common (the Afrotropics) and
significantly lower where megafauna are absent or
much less abundant (the Neotropics: Tables 1-2,
Fig. 3A). These patterns are mirrored by total
community mass because it closely tracks community
energy flow (Fig. 2). Notably, similar Afrotropical—
Neotropical splits have been recovered in previous
studies, for instance in an analysis of phylogenetic
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Figure 3. The relative strength of (A) total energy flows and (B) per-gram energy flows for 241 large mammal communities.
The colour and size of the circles represent the strength of energy use, with small blue circles indicating low values and
large red circles indicating high ones. The circle colour and sizes are based on logged and scaled data.

and functional trait diversity in tropical large mammal
communities (Rowan et al. 2020). Crucially, these
patterns bear no relationship to variation in sampling
effort among realms (Fig. 1).

As noted above, megafauna (species > 45 kg)
were common in all major biogeographic realms
before the Late Pleistocene extinctions (Martin 1967,
1984, Smith et al. 2018, 2019). These extinctions
were unique both in their extreme selectivity with

respect to body size (Alroy 1999, Smith et al. 2018)
and in their variable severity across continents
(Barnosky et al. 2004, Koch and Barnosky 2006).
South America was the most impacted, with a loss
of around 50 megafaunal genera, 62 large mammal
species, and three entire orders weighing over
10 kg (Koch and Barnosky 2006, Sandom et al. 2014).
In Australia, 23 terrestrial megafaunal genera died
out in total (Roberts et al. 2001), including 26 large
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mammal species (Sandom et al. 2014) and entire
ecological guilds. In contrast, Africa and Eurasia each
only lost around 10 megafaunal genera, or about
20 large mammal species (Koch and Barnosky 2006).
The greater extinction severity in the Americas and
Australia has long been attributed to the naiveté
of prey to human hunters following their arrival on
these continents (Martin 1967, 1984). This contrasts
with the much longer period of hominin-megafauna
coevolution in Africa and Eurasia (Stiner 2002). These
patterns are therefore consistent with a human cause
of the extinctions (Martin 1967, 1984, Sandom et al.
2014, Saltré et al. 2016, Araujo et al. 2017).

In general, the biogeographic patterns of community
energy use match the spatial distribution of megafaunal
extinction intensity (Fig. 3A). In addition to the striking
contrast between the Neotropics and Afrotropics, total
rates are also consistently lower in Australasia (Fig. 3A),
although the effect was not statistically significant
likely because there were few Australasian samples,
and several had to be omitted from the analyses. The
omitted samples only contained two or three native
species over 1 kg in weight, making it impossible to
compute meaningful species richness estimates. The
lack of surviving megafauna and low abundances of
native species explains why Australasian rates are
visibly low, although are not significant (Tables 1-2).
Furthermore, within Eurasia, energy use is lower in
Europe (Fig. 3A), which becomes a notable extinction
hotspot when later Holocene extinctions of large
mammals are included (Sandom et al. 2014). Indeed, the
regions that have experienced the greatest proportion
of large mammal extinctions over the past 130,000 years
generally have the most consistently reduced rates
of community energy flow (Fig. 3A, see also Fig. 1 in
Sandom et al. 2014). This strongly suggests that large
mammal extinctions are the ultimate and fundamental
determinant of modern community energy use patterns.

However, there is an interesting anomaly. Despite
numerous terminal Pleistocene species extinctions,
the Nearctic realm does not present reduced rates
of community energy use or lower total masses
(Tables 1-2). In North America, 38 mostly megafaunal
genera and 43 species went extinct, obliterating two
entire orders (Koch and Barnosky 2006, Sandom et al.
2014, Meltzer 2020). The discrepancy is probably due
to the high contemporary abundances of certain large
species such mule deer, white-tailed deer, and caribou
(Appendix S3). These highly abundant species have
no equivalents in the Neotropics and Australasia, and
their presence clearly results in Nearctic communities
having greater variation in rates of energy use when
compared to the former two realms (Fig. 3A). Indeed,
considerable variation in rates should be present
within each realm that reflects continental variation
in mammalian communities, as is clearly seen in Africa
and Eurasia (Fig. 3A). The surprising uniformity of rates
in Australasia and the Neotropics therefore highlights
the severely homogenizing effects the absence of
abundant large mammals has had in these regions.
Notably, deer populations in North America were
severely reduced by overhunting in the 19th and early
20th centuries (McCabe and McCabe 1984). Thus, the

energy use and mass of Nearctic communities would
likely be similar to the other highly-impacted regions if
not for the successful introduction and implementation
of hunting regulations and conservation programs.

Per-gram rates and individual metrics

Per-gram rates of community energy flow also
indicate differences between regions that mirror
Pleistocene extinctions. Specifically, per-gram rates
are low in the Afrotropics and high in the Neotropics
(Tables 1-2, Fig. 3B). The relationships are reversed
relative to those involving total energy flow, just as
they are on the organismal level (Hulbert and Else
2000, Savage et al. 2007). Per-gram rates are high
in the Neotropics because communities include
many smaller individuals with high mass-specific
metabolisms, in contrast to Afrotropical communities,
which comprise greater abundances of larger species
(Table 2, Appendix S3).

Per-gram rates are also different in the most
impacted regions. Australasian communities have
reduced total rates, as in the Neotropics, but do not have
correspondingly high per-gram rates (Fig. 3B). This is likely
due to differences in average abundances. Australasian
communities do not feature large numbers of small
individuals that are > 1 kg, as indicated by the absence
of relationships with individual mass (Tables 1-2). They
instead simply include fewer native individuals in general
(Appendix S3). Furthermore, marsupials are known
to have consistently low BMRs (McNab 1986, 2005).
As a consequence, Australasian communities should
have lower rates of energy flow relative to their mass,
and this likely results in the absence of high per-gram
rate communities despite exhibiting low total rates
(Fig. 3). Lastly, the positive slopes for the Afrotropics
and Indomalaya variables seen in the individual metrics
further indicates that the high community rates seenin
these realms are due to the relatively higher abundances
of true megafauna (Table 2).

Species richness patterns

Although there are no relationships between
species richness and total energy flow, richness bears
strong negative relationships with per-gram rates and
positive relationships with the two individual metrics
(Tables 1-2, S4-S6). Thus, reduced diversity is directly
associated with the absence of large species. In other
words, only the more species-rich communities contain
megafauna, and thus exhibit low per-gram rates. As
larger species are more prone to extinction (Brook
and Bowman 2005, Ripple et al. 2019) — and have
continued to go extinct since the Late Pleistocene
(Braje and Erlandson 2013, Smith et al. 2018) — their
loss not only results in reduced diversity, but their
outsized effects lead to strong increases in per-gram
rates when they are removed, as subsequently less
species-rich communities are comprised mainly of
smaller organisms (Tables 1-2).

Climate and anthropogenic patterns

The only significant climate predictor was TAR,
a marginal and positive term in the LSO and spatial
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regressions for the community-wide and individual-
based metrics (Tables 2, S2-S6). The lack of any truly
strong relationships means that climate is uncoupled
from energy flow in large mammal communities, unlike
small mammal communities (Carter and Alroy 2022).
While high rates occur in the Nearctic and eastern
Palearctic, likely resulting in the positive relationships
with TAR, they are consistently low in Europe (Fig. 3A).
Such clear differences among communities found at
similar latitudes, even within a single geographic realm,
further supports the idea that variation in energy use
reflects variation in large-mammal extinction intensity.
The main anthropogenic predictors were the
proportion of urban area and, to a lesser extent,
human population density, both relating positively to
per-gram rates (Tables 1-2). Urban area also relates
negatively to both of the individual-based metrics
(Tables 1-2). Thus, reduced individual rates of energy
flow and mass directly yield higher per-gram rates in
native urban communities. This could partly be a result
of urban domesticates or invasive species suppressing
the occurrences of natives to an extent that only a
handful of small native species are detected, thus
increasing per-gram rates. Surprisingly, there were no
significant relationships recovered with the protected
area variable on either the community or individual
levels (Tables 1-2, S2-S6). The lack of any effect of
protected areas is likely due to the persistence of
various anthropogenic stressors (Mora and Sale 2011,
Ferraro et al. 2013), and conversely the frequent
persistence of high species abundances in unprotected
areas. Despite the absence of a relationship with total
energy use, the urban area results still highlight the
detrimental effects of anthropogenic disturbances.

Conclusion

Biogeographic patterns are the primary control
on large mammal community energy use around the
world. These most likely relate to the megafaunal
extinctions of the Late Pleistocene, reflecting spatial
variation in their impacts. This study therefore adds to
a growing body of recent literature highlighting how
the varying intensity of Late Pleistocene extinctions has
altered modern macroecological patterns in various
ways, with others including latitudinal body mass
distributions and tropical community composition
(Faurby and Araujo 2017, Rowan et al. 2020). While
the most devastated regions continue to have the most
reduced rates of energy flow and biomass, there are
further differences in energy use patterns between
realms. These are driven by fundamental differences
in abundances, metabolism, and ecology. Geographical
differences greatly outweigh the impacts of other
factors, and they clearly result from the highly selective
extinction of large-bodied mammals (Brook and
Bowman 2005, Sandom et al. 2014, Smith et al. 2018).
The fragility and ecological importance of surviving
megafaunal species underscores the importance of
conserving them. If the largest ones are lost, then
rates of energy use will be substantially reduced across
the globe, which will have severe and wide-ranging
ecological consequences (Estes et al. 2011, Smith et al.

2019, Forbes et al. 2019, Enquist et al. 2020). The
fact that Pleistocene extinctions are mirrored by
current-day energy use patterns suggests that further
reductions will likely persist for thousands of years.
Thus, successful preservation of extant megafauna is
essential for limiting future impacts.
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