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Highlights

•	 Global variation in vertebrate community energy use 
is quantified for the first time.

•	 There are strong biogeographic differences in energy 
use in all groups.

•	 Contrasting patterns in ecology and metabolism 
produce the observed differences.

•	 Individual metabolic rates directly impact energetics 
at higher organisational levels.

Abstract

Energy is a fundamental macroecological property as 
it governs all ecological processes and interactions. 
Understanding variation in community energy use and 
its correlations is crucial to knowing how communities 
function across the globe. As an organism’s metabolic 
rate equates to its rate of energy flow, individual rates 
can predict community-level functioning. Here, daily 
rates of community energy flow are calculated for 
118 bat, 109 bird, and 196 non-volant small mammal 
inventories from around the world. These were scaled 
up from individual metabolic rates that were obtained for 
the 416 bat, 1880 bird, and 562 small mammal species 
present in the samples. While controlling for spatial 
autocorrelation, rates were contrasted and compared 
to various ecological, environmental, geographic, and 
anthropogenic variables, using a method of sequential 
regression that renders the variables orthogonal to each 
other, thus addressing the issue of collinearity. In all 
groups, there is a strong positive correlation between 
community energy use and community mass, with 
biomass being the primary determinant of community 
energy flow. More surprisingly, there are strong 
biogeographic differences within and between groups. 
Bat communities have consistently higher rates of energy 
flow in the Neotropics, while small mammal communities 
have higher rates relative to mass in Holarctic realms. 
Investigations of individual-level patterns reveal that 
these differences are a direct result of contrasting patterns 
of abundance, average individual mass, and metabolic 
rates. These results indicate that community energy use is 
strongly linked to differences in ecology and evolutionary 
history within and among groups.

Introduction
Large-scale spatial patterns are fundamental in 

ecology. Understanding the causes of variation in 
the abundance, diversity, and distribution of species 
across the globe is crucial for predicting the effects of 
global change and anthropogenic impacts (Kerr et al. 
2007). The core drivers of such macroecological and 
biogeographical patterns usually fall into one of two 
main categories: ecological effects, which relate 
to differences in climate and other environmental 

factors, and historical effects, which primarily involve 
differences in evolutionary history. While several 
studies have reported that a combination of ecological 
and historical factors likely drive species-level patterns 
(Fraser and Currie 1996, Crisci et al. 2006, Schuldt 
and Assmann 2009), here we investigate how these 
factors influence community-level energetics. By doing 
so, we show that strong historical and ecological 
biogeographic patterns affect the spatial structure 
and function of ecological communities.

Keywords: bats, biogeography, birds, community ecology, energy use, macroecology, metabolic rate, small mammals
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Energy is a fundamental property of nature that 
governs all ecological processes and interactions 
(Odum 1968, Hannon 1973). On the individual level, 
an organism’s metabolic rate equates to its rate of 
energy use. The most common and widely studied 
rate measure is basal metabolic rate (BMR), the rate 
of energy consumption of an adult organism while 
at rest in a thermo-neutral environment and post-
absorptive state (McNab 1997, Hulbert and Else 2000). 
BMR is well-known for its strong relationship with body 
mass, typically scaling as an allometric power function 
in multicellular organisms (West et al. 1997, White 
and Seymour 2003, 2005, White et al. 2006, McNab 
2008). Although there is often considerable variation 
in the value of the scaling exponent within and among 
major groups (Glazier 2005, White et al. 2009), larger 
organisms nevertheless have higher metabolic rates, 
with rates lower relative to body size in large organisms 
due to the hypoallometric relationship.

While metabolic rate is an important measure of 
energy use on the individual level, it also has relevance 
to higher levels of organisation. Metabolic rate 
ultimately dictates the flow of energy at all levels from 
individuals to populations, communities, and entire 
ecosystems (Enquist et al. 2003, Brown et al. 2004, 
Allen et al. 2005, Schramski et al. 2015). Consequently, 
individual metabolic rates can be scaled up to measure 
the energy usage of populations and communities 
(Marquet et al. 2005). As the sum of individual rates 
of a community represents its rate of energy flow, 
variation in individual metabolism is a key driver of 
community metabolism. Previous research scaling 
community metabolism up from individual metabolic 
rates has shown that it can predict whole community 
functioning (Barneche  et  al. 2014, Ghedini  et  al. 
2018). Understanding how energy use varies on 
the community level, the underlying causes of this 
variation, and how rates of energy flow correlate with 
and are impacted by various factors such as biomass, 
abundance, and other ecological and environmental 
attributes, is crucial to knowing how communities 
function across the globe.

Despite being an active area of research, most 
studies quantifying energy use at higher levels are 
usually either limited to a specific community from 
one location (e.g. Russo et al. 2003, Hayward et al. 
2009, Williams et al. 2010, Sewall et al. 2013), are 
based on communities grown experimentally (e.g. 
Ghedini  et  al. 2018, 2020), or are concerned with 
communities on a continental scale (e.g. Ernest 2005, 
Fristoe 2015). Furthermore, while global analyses have 
been conducted assessing spatial variation in density 
and energy use of populations of different groups 
(Currie and Fritz 1993, Silva et al. 1997, Santini et al. 
2018), no study has yet quantified spatial variation in 
community energy use across the globe using real-
world abundance data.

Here, daily rates of community energy flow are 
calculated for 423 ecological samples from around the 
world. They represent three highly important terrestrial 
endothermic groups: bats, birds, and non-volant small 
mammals. The rate of energy flow for each community 

is scaled up from individual BMR and compared to 
various climate, environmental, geographic, and 
anthropogenic variables. Rates of energy flow are also 
compared to community mass, with additional metrics 
examined to explore how variation in community 
energy use relates to differences in abundance, 
individual mass, and metabolism.

It is hypothesised that community energy use 
will vary in relation to these attributes in a way that 
depends on variation in individual-level patterns of 
BMRs, together with the specific ecological patterns 
seen in the three groups. While body size is the 
primary determinate of BMR, and community mass 
is predicted to be strongly correlated with community 
energy use as a result, there is large residual variation 
in individual metabolism, with rates strongly influenced 
by ecological factors (McNab 2015). One of the most 
important correlates is environmental temperature, 
which is usually negatively associated with BMR in these 
groups (Lovegrove 2003, White et al. 2007, Jetz et al. 
2008, Naya et al. 2013, Luna et al. 2017). Temperature 
should therefore impact rates of community energy 
flow along with other environmental variables that 
covary with temperature. In addition, rates also 
likely vary geographically, due to reasons other than 
temperature, given the contrasting patterns seen 
with BMR in different biogeographic realms among 
the three groups: birds and small mammals have 
higher BMRs in Holarctic zones (Lovegrove 2000, 
Londoño et al. 2015), while bats have higher BMRs in 
tropical realms (Speakman and Thomas 2003). Lastly, 
community energy use is expected to be impacted by 
anthropogenic factors due to the strongly detrimental 
effects human activities have on species diversity 
and composition, and on ecosystem functioning and 
well-being (Maurer 1996, Jetz et al. 2007, Revilla et al. 
2015, Newbold et al. 2015, Alroy 2017).

Regardless of the differences in individual metabolic 
variation and its possible effects on community energy 
use, community metabolism is likely to be strongly 
impacted by differences in biomass and abundance. 
Quantifying how biomass and abundance affect 
community energy use is important for understanding 
higher-level scaling relationships, how these differ to 
those on the individual level (Ghedini et al. 2018), and 
how relative differences in biomass and abundance 
impact rates of energy flow. It is expected that group-
specific patterns in biomass and abundance across the 
globe will drive patterns of community energy use, 
along with variation in metabolism.

Materials and Methods

Samples
Ecological inventories were downloaded between 

27 and 29 January 2020 from the Ecological Register 
(http://ecoregister.org, see Alroy, 2015, 2017, 2019). 
Samples for bats, birds, and non-volant small mammals 
– which include rodents, lagomorphs, lipotyphlan 
insectivores, marsupials, and other groups – were 
downloaded separately. For bats and birds, only 
samples collected using mist netting were included. 
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For small mammals, all sampling methods were 
included with the exception of camera trapping. 
Samples from small oceanic islands were excluded. 
Duplicate samples, meaning those from the same 
published paper that had the same habitat type, 
altered habitat, and disturbance category, as well as 
identical area coordinates (0.1 by 0.1 degrees across), 
were also excluded: only the largest sample (in terms of 
total abundance) of each set of duplicate samples was 
downloaded. Of the 713 samples downloaded in total, 
only the 423 with abundance data recorded in count-
per-day units were used in the subsequent analyses. 
This brought the totals down to 118 bat, 109 bird, and 
196 small mammal samples (Appendix S1).

Bat and bird communities are primarily restricted 
to understory species due to the fact that mist nets 
are usually placed close to the ground. Canopy 
species and non-passerine birds are less represented, 
although not missing entirely. Likewise, non-volant 
small mammal communities are mainly restricted to 
ground-dwelling species because traps are normally 
placed on the ground, but do also include some 
facultatively arboreal species.

The species pool of each sample is drawn from 
one location and habitat type, with the abundances 
reflecting the number of captures per day, per trap, for 
each site. This is analogous to standard line transects. 
The difference is simple. For line transects, an observer 
walks out a literal transect with a particular radius 
over a fixed period of time. For the data utilised here, 
the animals themselves walk into the radius of the 
traps over a fixed period of time. As such, each trap 
corresponds to a separate virtual transect, and so 
the number of trap days effectively standardises by 
area. The fact that the sample points are scattered 
throughout a site of a specific habitat type is actually 
advantageous because this averages out small-scale 
variation in population density. For these reasons, 
and as each sample is representative of a single, local 
community, the samples are fully comparable with 
each other.

BMR and body mass
BMR values were obtained through an intensive 

search of the primary scientific literature and the 
Dryad Data Repository (https://datadryad.org/). 
Of the 416 species of bats, 1880 species of birds, and 
562 species of small mammals that were present in 
the samples, BMR data were obtained for 70, 384, 
and 184, respectively (Appendix S2). The BMRs of 
the remaining species were predicted based on mass 
using three separate regression models (one per 
group) constructed using R v.4.1.2 (R Core Team 2021). 
Ordinary least squares (OLS) regression was used as it is 
preferred when predicting BMR from body mass (White 
2011). All BMR measurements were recorded in units 
of millilitres of oxygen consumption per hour (ml O2 h

-1); 
for studies in which BMR was recorded in other units 
(e.g., watts), BMR values were converted first into 
kJ hr-1 and then into ml O2 h

-1 using the conversion factor 
1 kJ hr-1 = 47.8 ml O2 h

-1 (Fristoe et al. 2015, Supporting 

Information). Once BMR measurements were obtained, 
they were converted from ml O2 h

-1 into kJ day-1.
A large majority of species had body mass 

measurements already recorded in the Ecological 
Register, which were obtained from primary sources. 
Remaining values were obtained from either the same 
papers as the BMR measurements; online databases 
and encyclopedias such as the Handbook of the Birds 
of the World Alive (Del Hoyo et al. 2018) for birds and 
the Encyclopedia of Life (https://eol.org, Parr et al. 
2014) for mammals; and the primary literature. If no 
reliable mass measurement could be obtained for a 
particular species, its mass was calculated by taking the 
geometric mean of the masses of all the other species 
of its genus that were present in the Ecological Register. 
Masses were calculated for one bat, 21 bird, and five 
small mammal species in this way (Appendix S2).

In addition, there were 80 indeterminate species 
records across the three groups, denoted with a ‘sp.’ 
or ‘spp.’ following the genus name (Appendix S2). 
These species also had their mass values calculated by 
taking the geometric mean for congeners present in 
the Ecological Register, and their BMRs were predicted 
using the respective regression models for each group.

Community energy flows
Once BMR and mass values were obtained for all 

species in all samples, the total rate of community 
energy flow (EFcom) for each ecological sample was 
calculated using the equation

( ) 1 2
1

*    kJ trap  day
n

com i ii
EF N M − −

=
 =   ∑ 	 (1)

where n is the number of species in the sample, Ni 
is the abundance of species i, measured by count 
per trap per day, and Mi is the metabolic rate of a 
species, measured in kilojoules per day (kJ day-1). In 
other words, the rate of community energy flow for 
an ecological sample was calculated as the product of 
the abundance and metabolic rate of each species in 
the sample summed across all species in the sample 
(Fig.  1). The total community mass (measured in 
grams per trap per day; g trap-1 day-1) was calculated 
in the same way and was analysed alongside total 
energy flow.

In addition to the total rate of energy flow and 
total mass, several other metrics were also calculated 
(Fig. 1). To determine the strength of energy flow 
relative to a community’s mass, the per-gram (or 
mass-specific) rate of community energy flow 
(kJ g-1 trap-1 day-1) was calculated by taking the ratio 
between total community energy flow and total 
community mass. 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 also examined in order to distinguish between 
the effects of abundance and body size on rates of 
energy flow. These were an abundance-weighted 
average individual rate of energy flow (kJ trap-1 day-1) 
and an abundance-weighted average individual 
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mass (g). These were both 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. They represent the typical rate 
of energy flow or mass of an average individual in 
that community. The subsequent analyses were thus 
performed on a total of five dependent variables: total 
community energy flow, total community mass, per-
gram rate of community energy flow, average individual 
energy flow, and average individual mass (Fig. 1).

Climate, anthropogenic, and geographic variables
Climate variable data, including mean annual 

temperature (MAT), mean annual precipitation (MAP), 
temperature annual range (TAR), and precipitation 
seasonality (PS) 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. 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. Other environmental variables, such as 
soil nitrogen content, actual evapotranspiration (AET), 
and net primary productivity (NPP), were respectively 
obtained from the ORNL Distributed Active Archive 
Center (https://daac.ornl.gov, Global Soil Data Task 
Group 2000), TerraClimate (Abatzoglou et al. 2018), and 
SEDAC (Imhoff et al. 2004, Imhoff and Bounoua 2006). 
Anthropogenic factors including human population 
density, per capita GDP based on purchasing power 
parity (PPP), and various land use data were also 
downloaded from SEDAC (Nordhaus 2006, Nordhaus 
and Chen 2016, Ellis and Ramankutty 2008a, 2008b). 
The land use data were simplified into five categories: 
urban, village, cropland, rangeland, and forest areas. 
Each sample’s value was the proportion of 25 evenly 
spaced points within each surrounding 1 x 1° cell that 

Figure 1. A flow diagram showing the different metrics analysed and how they were calculated. The five dependent 
variables are colour-coded: the orange boxes represent the three community metrics, while the blue boxes indicate the 
individual-level metrics that were also examined. The species abundance (n) data correspond to individual species records 
for each site downloaded from the Ecological Register. These were then summed (Σ) across all species in each sample to 
obtain the primary community metrics, including total abundance (N), from which the others are derived. The units for 
each metric are in parentheses.
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fell within the relevant category. Lastly, five binary 
geographic variables were created, representing 
each of the six main biogeographic realms, with 
the Indomalyan and Australasian realms combined 
(dubbed “Indo-Australasia”) due to the paucity of 
samples in Australasia for most groups. This resulted 
in a combined total of 19 predictor variables.

Statistical analysis
All analyses were conducted using R v.4.1.2 (R Core 

Team 2021). Due to the large number of predictor 
variables and the issue of collinearity, which can 
often bias analyses with many confounding factors 
(Dormann et al. 2013), the data were analysed using 
Graham’s (2003) “sequential regression” method, 
which we term predictor residuals regression (PRR) 
to avoid confusion with several other methods called 
“sequential regression”. The PRR analyses were 
conducted using functions from package ‘spdep’ 
(Bivand 2022).

Unlike more traditional methods such as model 
selection and regular multiple regression, PRR 
determines which underlying latent variables are the 
strongest predictors of Y, even when the predictor 
variables are collinear. By identifying the best predictor 
of Y, regressing each subsequent predictor against the 
best predictor, replacing each relevant X variable with 
its residuals, and then regressing Y against the best 
predictor plus the residuals of the other predictors, 
PRR effectively carries out a geometric rotation of the 
variable coordinates. This is analogous to a principal 
components analysis (PCA), although unlike PCA, PRR 
retains the identity of the original variables. As the 
residual predictors are orthogonal to one another, 
the collinearity between the variables is completely 
removed (Dormann et al. 2013).

PRR was favoured for these reasons. Furthermore, 
due to its ordination-style rotation, the fitted and 
r-squared values produced by PRR are identical to 
those produced by regular multiple regression. PRR is 
therefore equally interpretable. Graham (2003) and 
Dormann et al. (2013) did not provide an objective 
criterion for ordering the independent variables during 
the sequential calculation. We solved this problem 
by using a fast algorithm to find the orderings that 
maximise the sum of the absolute values of the slopes 
produced by the multiple regression, which guarantees 
that the contributions of the variables are as distinct 
as possible (J. Alroy unpublished). This procedure is 
analogous to the varimax rotation criterion used in 
factor analysis (Kaiser 1958).

Another common issue that needs to be controlled 
for in analyses involving spatial data is spatial 
autocorrelation (Lichstein et al. 2002). To account for 
any potential spatial pattern in the data, the nearest 
neighbour (nn) great circle distances for each sample 
were calculated and added to the analyses as an extra 
predictor variable. Samples located less than 1° away 
from each other were excluded from the nn calculations 
as these have effectively the same environmental 
characteristics, so including them would make it hard to 
discern spatial and environmental effects. Calculating 

nn distances is effectively the same as the procedures 
used by other methods that control for autocorrelation, 
such as spatial autoregression (Bivand and Piras 2015), 
which also depends on identifying nearest neighbours. 
Identification of nns was required for computational 
reasons: spatial autoregression is not easily combined 
with PRR calculations, which are intensive.

The five dependent variables were each compared 
to the now 20 predictors for each group, with each Y 
variable being regressed first on the best predictor, 
followed by the residuals of all the other predictors. 
The significance level was set at α = 0.001, and p-values 
between 0.001 and 0.01 were considered marginal. 
Each dependent variable was log-transformed, and 
the MAP data were square-root transformed because 
this normalised the data better than log-transforming. 
To test the effectiveness of the nn predictors, Moran’s 
I tests were conducted on both the raw data and 
the residuals that resulted when nns were included 
for each of the 15 total comparisons. Regardless of 
whether there was any spatial autocorrelation in 
the underlying data, the tests on the nn residuals 
all returned non-significant results, indicating the 
nn calculations adequately controlled for spatial 
autocorrelation.

Finally, total community energy flow and community 
mass were regressed on each other to show how 
community- and individual-level relationships between 
mass and energy use compare. Total rates of energy 
flow were also compared to average community 
mass to further explore these relationships. Here, 
standardised major axis (SMA) regressions with the 
package ‘smatr’ (Warton  et  al. 2012) were used. 
SMA regression was preferred to OLS regression as 
SMA is more suitable when characterising structural 
relationships between two closely-related variables, 
especially when both variables have measurement 
error (Warton et al. 2006, 2012) and when prediction 
is not an issue. To test for any potential circularity in 
the data, these regressions were conducted a second 
time with communities consisting of only species with 
properly measured BMR values.

Results

Community energy flow and mass
As expected, community mass was a highly 

significant predictor of total community energy flow 
across all three groups (Table 1, Fig. 2), akin to how 
individual body mass is the best predictor of BMR. 
However, unlike the allometric scaling relationship 
between body mass and BMR, the community scaling 
relationships are far more isometric (i.e., with slopes 
closer to one) except for small mammal communities, 
which retain an allometric scaling relationship (Table 1, 
Fig. 2). This pattern is also presented by the regressions 
against average community mass (Table 1, Fig. 2), and 
the results were replicated when using only species 
with measured BMR values. These strong correlations 
explain the overall connection observed between 
community energy flow and the predictor variables 
(see discussion).
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Residual regressions
Total energy flow and mass

For bats, the results of the total energy flow and 
total mass regressions were identical. The Indo-
Australasia and Nearctic variables both negatively 
correlate, with bat communities in these realms having 
lower total rates of energy flow and mass than those 
in other regions (Table 2, Figs. 3-4). The rangelands 
variable also negatively correlates in both (Table 2). 
For birds, positive correlations were seen with the 
Palearctic and Urban variables for total energy flow 
and mass, respectively (Table 2). For small mammals, 
the Indo-Australasia and NPP variables were both 
positive correlates in the community mass regression, 
while AET was a positive correlate in the total energy 
flow regression (Table 2).

Per-gram rate of energy flow
The per-gram rate of energy flow (total energy 

flow divided by total mass) regressions yielded further 
group-specific results. For bats, there was a strong 
negative correlation with the Afrotropics variable: 
Afrotropical bat communities have extremely low 
per-gram rates of energy flow (Table 2, Fig. 5). This 
was contrasted with the positive correlation seen 
with the Palearctic variable (Table 2). Birds and small 
mammals both exhibited negative correlations with 
the Indo-Australasia variable. In addition, birds showed 
a negative correlation with the Urban variable, with 
further strong negative correlations seen with MAT 
and NPP in small mammals (Table 2).

Abundance-weighted individual energy flow and 
mass

For the average abundance-weighted individual 
rate of energy flow variable (total energy flow divided 

by total community abundance), there were mostly 
positive correlations seen in each group. These include 
strong correlates with the Afrotropics and Neotropics 
variables for bats, as well as with the Urban and AET 
variables for birds and small mammals, respectively 
(Table 2). The Neotropics variable was also significant 
in the bird regression, being the only negative correlate 
(Table 2).

For the average abundance-weighted individual 
mass variable (total mass divided by total community 
abundance), all correlations were positive. 
The Neotropics result for individual energy flow was 
repeated for bats, as was the Urban result for birds 
(Table 2). Otherwise, the correlations differed. Both 
MAT and the Indo-Australasia variable were correlates 
for birds, while MAT and NPP were correlates for small 
mammals (Table 2).

Discussion
In this discussion we will address the following 

aspects of community energy use: (1) its relationship 
with community mass, the most important predictor 
of rates of energy flow, (2) the strong group-specific 
relationships seen with per-gram rates of energy flow, 
and (3) the abundance-weighted mass and energy 
use patterns seen on the individual level for each 
group, specifically discussing how these determine 
the patterns seen on the community level.

Total energy flow and mass
In all groups, there is a strong positive relationship 

between community mass and total community 
energy flow (Table  1, Fig. 2). Rates of community 
energy flow are, first and foremost, clearly dependent 
on the overall mass of a community, with a greater 
community biomass resulting in a higher rate of 

Table 1. R2, slope, and p-values for the regressions between body mass and BMR on the individual level (top) and those 
between mass and energy flow on the community level (bottom) for each group. OLS and SMA statistics are given for the 
species-level analyses. The two sets of community regressions contrast the rate of total energy flow with (1) total and 
(2) average community mass and are both calculated using SMA. BMRs of individual species lacking data were predicted 
using the OLS coefficients.

Individual 
regressions Bats (OLS) Birds (OLS)

Small 
mammals 

(OLS)
Bats (SMA) Birds (SMA)

Small 
mammals 

(SMA)
n 70 384 184 70 384 184
R2 0.7624 0.8059 0.7988 0.7624 0.8059 0.7988

Slope 0.7693 0.5928 0.6069 0.8811 0.6603 0.6790
p-value < 2e-16 < 2e-16 < 2e-16 < 2.22e-16 < 2.22e-16 < 2.22e-16

Community 
regressions Bats (Total) Birds (Total)

Small 
mammals 

(Total)

Bats 
(Average)

Birds 
(Average)

Small 
mammals 
(Average)

n 118 109 196 118 109 196
R2 0.9873 0.9530 0.8610 0.7762 0.6685 0.7888

Slope 0.9822 0.9626 0.8738 0.9113 0.9760 0.8176
p-value < 2.2e-16 < 2.2e-16 < 2.2e-16 < 2.2e-16 < 2.2e-16 < 2.2e-16
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energy flow (Fig. 2). This relationship held when 
community energy flow was compared to average 
community size (Table 1), with larger populations in 

communities also yielding higher rates of energy flow 
(results not illustrated). This suggests that different 
sized communities do not have relatively equal 

Figure 2. Linear models regressing log total community energy flow against both log total (a to c) and log average (d to f) 
community mass for the three groups. In each panel, the black line shows the relationship for the focal group and the 
grey lines show those for the other two groups. Thus, the same three lines appear in each panel in each column. The 
regression slopes and R2 values are reported in Table 1. n = 118 for bats, 109 for birds, and 196 for small mammals.
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rates of energy flow, as would be expected based on 
the energy equivalence rule for individual species 
(Isaac et al. 2013). While energy equivalence has been 
shown for entire feeding guilds (Sewall et al. 2013), 
as well as for communities grown under experimental 
conditions (Ghedini et al. 2020), studies of population 
energy use in natural communities that do not 

support energy equivalence (e.g. Russo et al. 2003, 
Hayward et al. 2009) suggest this is likely also the case 
for communities here, despite them corresponding to 
taxonomically defined assemblages. While presences of 
other, unstudied taxa may alter the observed pattern, 
these would have to systematically cancel out the 
signal to support energy equivalence. Since larger 

Table 2. The statistically significant independent variables yielded by the predictor residuals regressions for all response 
variables and all three groups. NN = nearest neighbour values; when listed, this indicates there is a significant spatial 
autocorrelation pattern. SM = small mammals. Non-significant variables are not included. n = 113 for bats, 104 for birds, 
and 184 for small mammals, when omitting samples with incomplete data.

Dependent variable 
(units) Group Predictor R2 Slope p

Total energy flow  
(kJ day-2)

Bats Indo-Aust. 0.1200 -0.2968 0.0012
Nearctic 0.1200 -0.2541 0.0051

Rangelands 0.1200 -0.2514 0.0056
Birds NN 0.0941 -0.3078 0.0015

Palearctic 0.0941 0.3233 0.0009
SM AET 0.0541 0.2076 0.0044

Total mass (kg day-1) Bats Indo-Aust. 0.1263 -0.2694 0.0030
Nearctic 0.1263 -0.2654 0.0034

Rangelands 0.1263 -0.2795 0.0021
Birds NN 0.0638 -0.2794 0.0044

Urban 0.0638 0.2633 0.0071
SM Indo-Aust. 0.1674 0.3066 <0.0001

NPP 0.1674 0.2378 0.0005
Per-gram energy flow 
(kJ g-1 day-1)

Bats Afrotropics 0.4099 -0.5197 <0.0001
Palearctic 0.4099 0.4186 <0.0001

Birds Indo-Aust. 0.2569 -0.5039 <0.0001
Urban 0.2569 -0.2982 0.0007

SM NN 0.4571 0.5806 <0.0001
Indo-Aust. 0.4571 -0.1572 0.0044

MAT 0.4571 -0.3145 <0.0001
NPP 0.4571 -0.2183 <0.0001

Individual energy 
flow (kJ day-1)

Bats NN 0.5714 0.5735 <0.0001
Afrotropics 0.5714 0.3796 <0.0001
Neotropics 0.5714 0.3128 <0.0001

PS 0.5714 0.1960 0.0021
Birds Neotropics 0.1579 -0.2437 0.0085

Urban 0.1579 0.4346 <0.0001
SM AET 0.2228 0.4609 <0.0001

Individual mass (kg) Bats NN 0.5279 0.5367 <0.0001
Neotropics 0.5279 0.4725 <0.0001

Birds Indo-Aust. 0.1850 0.2433 0.0076
MAT 0.1850 0.2955 0.0013

Urban 0.1850 0.4063 <0.0001
SM NN 0.3420 0.4385 <0.0001

MAT 0.3420 0.3658 <0.0001
NPP 0.3420 0.2455 <0.0001
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species have higher metabolic rates (McNab 2008, 
2009) and populations of larger organisms use far more 

energy than those of smaller ones (Isaac et al. 2011), 
communities with greater relative abundances of larger 

Figure 3. The relative strength of total community energy flows for (a) bats (n = 118), (b) birds (n = 109), and (c) small 
mammals (n = 196). The colour and size of the circles represent the strength of energy flow, 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.
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organisms will have increased rates of energy flow 
compared to those with higher relative abundances 
of smaller organisms.

Bats are a good example. Total energy flow and mass 
negatively correlate with both the Indo-Australasia 

and Nearctic variables, which together suggests that 
bat communities in certain tropical realms are highly 
distinct, such as in the Neotropics (Table 2, Figs. 3-4). 
This is due to the extraordinarily high species richness 
and phylogenetic diversity of Neotropical bats (Stevens 

Figure 4. The relative size of community masses for (a) bats (n = 118), (b) birds (n = 109), and (c) small mammals (n = 196). 
Colour and size of the circles are scaled as in Fig. 3. Community masses correspond well with total rates of community 
energy flow (Fig. 3).
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and Willig 2002, López-Aguirre et al. 2018, 2019) and 
the increased abundance, density, co-occurrence, 
and diversity of groups such as the phyllostomids, 
which include large-bodied nectarivore and frugivore 

species (Willig and Selcer 1989, Villalobos and Arita 
2010, Rojas et al. 2012, Alroy 2019). The high diversity 
and overall abundance of Neotropical bats is a direct 
consequence of a rapid evolutionary radiation that 

Figure 5. The relative strength of per-gram rates of community energy flow for (a) bats (n = 118), (b) birds (n = 109), and 
(c) small mammals (n = 196). Colour and size of the circles are scaled as in Fig. 3.
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produced a great diversity of dietary habits and 
foraging strategies (Rojas et al. 2012, Rossoni et al. 
2017). The consequently high biomass and rates of 
energy flow of bat communities in this region is a prime 
example of how communities with greater abundances 
of larger organisms have higher rates of energy flow.

While biomass is clearly the primary determinate 
of community energy flow, akin to how individual 
body mass is the best predictor of BMR (White and 
Seymour 2005, McNab 2008), there are interesting 
differences in the scaling relationships between 
the individual and community levels. Specifically, 
the scaling relationship on the community level is 
considerably more isometric (Table 1). This is to be 
expected considering community energy flow is more 
a function of total abundance rather than individual 
scaling relationships. For instance, if two communities 
were composed of exactly the same single species with 
the same average BMR and body mass values, but one 
had exactly double the number of individuals, then 
its mass and total energy flow would also be doubled 
regardless of the allometric species-to-species scaling 
relationship between body mass and BMR.

In other words, differences in abundance explain 
the isometric scaling of mass and energy flow on the 
community level, despite these scaling allometrically on 
the individual level (Ghedini et al. 2018). Notably, small 
mammals exhibit a considerably lower community 
scaling exponent than the other two groups (Table 1). 
This is likely due to the low alpha diversity and high 
spatial turnover of small mammal communities: the 
same species are not found in each place and there 
are too few species in any one of them to obscure 
scaling relationships, so species-level allometry is 
more visible. The relationships between community 
abundance, mass, and energy use also explain the fact 
that total energy flow for birds and small mammals 
correlates with hardly anything, as these all vary rather 
homogenously across the globe in both cases. The bats 
seem to be the exception, having clearly increased 
rates of energy flow and mass in certain realms (e.g., 
the Neotropics) than in others (e.g., Indo-Australasia) 
(Figs. 3-4). While the Indo-Australasia variable was 
a positive predictor of community mass for small 
mammals, likely due to the greater prevalence of 
larger-bodied rats and marsupials in these regions, a 
similar result was not seen in the corresponding total 
energy flow regression (Table 2).

Per-gram rates of energy flow
While the total energy flux of communities is 

mostly homogenous around the world (Fig. 3), per-
gram (or mass-specific) rates are more varied, showing 
interesting group-specific differences. Indo-Australasia 
was a negative correlate of per-gram rates for both 
birds and small mammals, with MAT and NPP also 
being negative predictors for small mammals (Table 2). 
Bats, meanwhile, have similarly lower rates in the 
Afrotropics, and higher ones in the Palearctic (Table 2, 
Fig. 5). As per-gram rates are greater when total rates 
of energy flow are higher relative to the community’s 

mass, these patterns are likely due to the contrasting 
patterns of BMR seen in these groups.

For both birds and small mammals, BMR is 
considerably lower at lower latitudes where mean 
annual temperatures are greatest (Lovegrove 2003, 
White et al. 2007, Naya et al. 2013, Londoño et al. 
2015). Conversely, at higher latitudes, these organisms 
have higher BMRs, a likely consequence of the greater 
energy requirements of living in colder climates 
(Naya et al. 2013, Swanson et al. 2017). Thus, Holarctic 
realms present higher per-gram rates than do tropical 
realms, as seen most evidently in non-volant small 
mammals (Fig. 5). The strong pattern here also likely 
results from the increased biomass seen in tropical 
regions (Table 2, Fig. 4), further decreasing the rate of 
energy flow relative to mass in tropical small mammal 
communities, resulting in their consistently low per-
gram rates (Fig. 5). In addition, while this per-gram 
energy flow gradient is not as strong in birds (further 
discussed below), the strong negative result seen 
with Indo-Australasia is likely due to these same 
mechanisms: increased biomass in tropical realms 
coupled with low BMRs of tropical species (Table 2, 
Figs 4-5).

For bats, the per-gram rate regressions showed a 
similar pattern, with rates being lower in the tropical 
Afrotropics and higher in the temperate Palearctic 
(Table  2). However, despite this, there is no clear 
and straightforward latitudinal gradient, as seen in 
other groups. This is particularly evident in Figure 5a: 
Afrotropical bat communities have far lower per-gram 
rates than in other tropical realms, especially the 
Neotropics, while Nearctic rates are lower than those 
of the Palearctic. This also matches the patterns seen 
with BMR in this group. The lack of a clear latitudinal 
gradient in bat BMRs is likely due to their particular life 
habits, such as roosting behaviours and highly energetic 
foraging flights, which may alleviate the demand for the 
greater thermogenic capacities associated with higher 
BMRs at higher latitudes (see Speakman and Thomas 
2003). Conversely, the higher per-gram rates seen in 
the Neotropics are to be expected as BMRs for this 
group are mainly associated with diet and phylogeny, 
being particularly high in frugivorous and nectarivorous 
species (Cruz-Neto et al. 2001). As these guilds are 
particularly abundant in the Neotropics (Rojas et al. 
2012, Alroy 2019), bat communities in the Neotropics 
have higher rates of energy flow relative to their mass, 
and thus, have higher per-gram rates (Fig. 5).

Abundance-weighted energy flow and mass
The results for average abundance-weighted 

individual energy flow and average abundance-
weighted individual mass further highlight the strong 
biogeographic differences in rates of community 
energy flow within and between groups, and reveal 
how these are impacted by differences in abundance, 
average individual size, and metabolism.

Bats
Bats have higher total and per-gram rates of 

community energy flow in the Neotropics (Figs. 3, 5). 
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This is evidenced by the fact that total energy flow is 
lower in Indo-Australasia, while per-gram rates are 
lower in the Afrotropics (Table 2).

Bat communities in the Afrotropics have far 
lower per-gram rates of energy flow, whilst their 
rates of total energy flow are more similar to those 
in the Neotropics (Figs. 3, 5). This difference is likely 
because Afrotropical bat communities have low 
total abundances and more large-bodied individuals. 
The Afrotropics are known to have far lower rates of 
species co-occurrence and abundance than other 
tropical realms (Herkt et al. 2016, Peixoto et al. 2018), 
while the greater relative abundance of large-bodied 
individuals is due to the prevalence of large, almost 
entirely frugivorous pteropodids (Dumont and O’Neal 
2004). The exceptionally high BMRs of the frugivorous 
pteropodids likely compensate for the greatly reduced 
abundances of Afrotropical bat communities, resulting 
in similar rates of total energy flow to those seen in 
the Neotropics (Fig. 3). Meanwhile, the low per-gram 
rates are due to the lower total abundances in the 
Afrotropics, resulting in lower rates of community 
energy flow relative to mass when compared to the 
Neotropics (Fig. 5).

The highly positive correlations seen with the 
Neotropics and Afrotropics in the individual mass and 
energy flow regressions supports this interpretation: 
the Afrotropics result was not replicated in the 
individual mass regression (Table 2). The Afrotropical 
pattern therefore reveals how individual metabolism 
is a key contributing factor to rates of community 
energy flow despite the primary effects of abundance. 
The Neotropics results are not surprising given the 
high abundances of the large-bodied, high-BMR 
phyllostomids in this realm (discussed above). Although 
both the average abundance-weighted rate of energy 
flow and average abundance-weighted mass of 
individuals is higher in this region, Neotropical bats 
still have higher BMRs than expected based on their 
size, resulting in the higher per-gram rates seen on 
the community level (Fig. 5). Conversely, Nearctic 
and Palearctic communities have clearly reduced 
average rates of individual energy flow and mass due 
to a greater prevalence of the small insectivorous 
vespertilionids (Stevens 2004; Figs. S1-S2), in turn 
resulting in lower total rates of energy flow (Fig. 3). The 
overall greater per-gram rates seen in the Palearctic 
(Fig. 5) is likely due to the generally greater abundances 
of Palearctic bat communities compared to those of 
the Nearctic.

Small mammals
While non-volant small mammals present fewer 

geographic differences, the individual mass regression 
returned strong positive correlations with MAT and 
NPP, while the individual energy flow regression 
presented a similarly strong positive correlation AET 
(Table 2). The average abundance-weighted mass, and 
consequently energy flow, of individual small mammals 
(primarily rodents) is larger in regions with increased 
MAT and other variables associated with tropical 
environments (Rodríguez et al. 2008, Maestri et al. 

2016). This contrasts with the low per-gram rates of 
small mammal communities seen in tropical regions, 
which tend to increase with latitude (Fig. 5). This 
suggests small mammals in more temperate regions 
have higher metabolisms than expected despite their 
smaller size due to the colder climate. This difference 
between average individual mass and metabolism 
is particularly evident in the Nearctic realm (see 
Supplemental Figs. S1 and S2). The higher mass-
independent metabolisms of small mammals in colder, 
high-latitude environments (Naya et al. 2013), together 
with their decreased size and reduced community 
biomass, further results in temperate communities 
having greater rates of energy flow relative to their 
mass, producing their correspondingly high per-gram 
rates (Fig. 5).

Birds
For birds, a primary result for both individual 

regressions were strong positive correlations with the 
proportion of urban area (Table 2). The similarly positive 
result for total community mass is likely due to the 
attendant increase in abundance-weighted individual 
masses of birds in urban areas. The contrasting 
negative correlation seen with community per-gram 
rates is in turn a probable result of the increase in 
avian biomass in urban habitats (Chace and Walsh 
2006, Ortega-Álvarez and MacGregor-Fors 2009). 
As urban habitats favour certain bird species over 
others (Kark et al. 2007), the increased abundances 
of common species with greater average individual 
masses and rates of energy flow produce the higher 
community masses and, consequently, reduce per-
gram rates of energy flow.

Similarly, the negative correlation with the Indo-
Australasia variable for per-gram rates is contrasted 
with a positive result for abundance-weighted 
individual mass (Table  2). This, together with the 
negative Neotropics and positive MAT results in 
the individual energy flow and mass regressions, 
respectively, further suggests that the low per-gram 
rates of bird communities in tropical realms (Table 2, 
Fig. 5) are due to a combination of the lower BMRs 
(White  et  al. 2007, Londoño et  al. 2015) and the 
greater abundance-weighted masses of birds in 
warmer habitats.

However, while per-gram rates of bird communities 
are lower in the tropics, the pattern is clearly not as 
strong as that seen in small mammals (Fig. 5). The 
overall more homogenous pattern of community 
energy use seen in birds is likely primarily due to 
long-distance migration and the consequently 
large seasonal fluctuations in local avian diversity 
and abundance across the globe. Variation in bird 
community composition due to migration – which is 
greatest in more northerly latitudes (Somveille et al. 
2013), possibly explaining the positive Palearctic 
result for total energy flow (Table 2) – likely reduces 
the usual differences in mass and energy use seen 
between tropical and temperate regions (Fristoe 
2015), explaining why the latitudinal pattern for 
birds is not as strong as in non-migratory groups. 
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In addition, migratory birds are commonly caught 
in mist netting, even in localities that may not have 
a resident population of such species at any time of 
the year (Komenda-Zehnder et al. 2010). However, 
despite abundances of bird communities fluctuating 
throughout the year, which leads to genuine changes in 
mass and energy use that homogenise these patterns 
across the globe, and considering migratory birds are 
typically well-represented in mist net samples, the still 
highly significant results of the bird regressions suggest 
that the patterns described above are accurate, and 
would likely be just as strong as in other groups if not 
for the impacts of migration.

Conclusions
Rates of community energy flow vary across the 

globe in fascinating ways. While total rates are fairly 
uniform and are primarily influenced by community 
mass, there are strong group-specific patterns in the 
strength of energy flow relative to community mass. 
These patterns vary both within and between groups, 
and result from clear differences in individual metabolic 
rate, size, and abundance, further illustrating that 
organismal patterns affect higher levels of organisation. 
The strong biogeographic results indicate that these 
are closely linked to specific differences in the ecology 
and evolutionary history of lineages in different regions. 
Bats are the best example: for them, historical effects 
are clearly more important than ecological effects in 
determining variation in energy use on the community 
level. For birds and small mammals, ecological 
effects, specifically differences between tropical and 
temperate environments, are more likely to produce 
the observed patterns, suggesting a combination of 
historical and ecological factors drive rates of energy 
flow in vertebrate communities across the globe.

As the energy flow rates calculated here are scaled 
up from BMR, they only represent what community 
rates would be if all individuals were constantly at 
basal metabolic levels. However, scaling community 
energy use up from different rate measures such as 
field metabolic rate (FMR) – an organism’s rate during 
regular activity – should not have any necessary 
implications. Like BMR, FMR also allometrically 
scales with body mass, with exponent values similar 
to those reported with BMR (Nagy et al. 1999; Nagy 
2005; Hudson et al. 2013). The similarity in the scaling 
relationships of both these measures (Koteja 1991) 
indicates that, while rates of community energy 
flow scaled up from BMR are far lower than if scaled 
up from FMR, the relationships between these and 
the variables tested should not differ considerably. 
Nevertheless, comparing rates of community energy 
flow using other rate measures and among other 
ecological groups would be beneficial in order to 
better determine how community energy use varies 
spatially, the underlining causes of this variation, and 
how it relates to other factors such as biomass and 
population density.

Finally, the ecological effects on energy use 
shown here suggest that community energetics will 
be greatly altered as a result of the current warming 

climate. For instance, per-gram rates of small mammal 
communities are likely to decrease in Holarctic realms if 
warming results in a significant reduction in metabolic 
rates. Further quantifying how energy use varies within 
and among real-world communities with different 
compositions, abundance levels, and population 
densities, may thus enable a greater understanding 
of how community energy use will be impacted by 
future ecological changes.
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