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INTRODUCTION

Identifying what drives the dynamics of species distribu-
tion is a fundamental question in ecology and evolution, 
especially for understanding how species interact with 
their environment in a changing world (Grinnell, 1917; 
Holt, 2003; Sutherland et al., 2013). In particular, gener-
alist species, which have a wide niche, are often expected 

to occupy large geographical ranges (Böhm et al., 2017; 
Brown, 1984; Jocque et al., 2010; Olalla-Tárraga et al., 
2015; Slatyer et al., 2013). However, a disconnect between 
the range dynamics at different levels of biological organ-
isation is suggested by contrasting expectations. While 
species range size is expected to increase with niche 
breadth, average individual home range size is expected 
to decrease with increasing niche breadth, because larger 
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Abstract

One of the most general expectations of species range dynamics is that widespread 

species tend to have broader niches. However, it remains unclear how this rela-

tionship is expressed at different levels of biological organisation, which involve 

potentially distinctive processes operating at different spatial and temporal scales. 

Here, we show that range sizes of terrestrial non-volant mammals at the individual 

and species level show contrasting relationships with two ecological niche dimen-

sions: diet and habitat breadth. While average individual home range size appears 

to be mainly shaped by the interplay of diet niche breadth and body mass, species 

geographical range size is primarily related to habitat niche breadth but not to 

diet niche breadth. Our findings suggest that individual home range size is shaped 

by the trade-off between energetic requirements, movement capacity and trophic 

specialisation, whereas species geographical range size is related to the ability to 

persist under various environmental conditions.

K E Y W O R D S
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home range and niche specialisation have respectively 
been found to be associated with larger average body 
size in previous comparative work (Costa et al., 2008; 
Lindstedt et al., 1986; McNab, 1963). With potentially 
distinctive processes operating at different spatial and 
temporal scales, the reconciliation of the individual- and 
species-level dynamics is essential for identifying scale-
dependent mechanisms, but rarely done (McGill, 2010). 
Here, we present a global study to compare the role of 
niche breadth in shaping distribution at the individual 
and species level in terrestrial mammals, a classic model 
system in macroecology owing to their critical roles in 
ecosystems and the abundant data for their geographic 
distribution and biological traits (Fritz et al., 2009; Jones 
et al., 2009; Tucker et al., 2018).

Niche breadth generally refers to the range of abi-
otic and biotic conditions under which a species is able 
to persist (Elton, 1927; Grinnell, 1917; Hutchinson, 1957; 
MacArthur & Levins, 1967). This idea is often concep-
tualised as the fundamental niche (i.e. the full range of 
conditions for persistence given physiological constraints) 
but empirically represented by the realised niche (i.e. the 
range of conditions with actual occurrence), especially in 
macroecological studies (Soberón, 2007). Although indi-
viduals of the same species might differ in their physio-
logical tolerance and resource requirements, the collective 
species niche is an important concept in ecology and evo-
lution (Wake et al., 2009), fundamental to understanding 
the distribution and diversity of life (Colwell & Rangel, 
2009; Leibold, 1995; Levine & HilleRisLambers, 2009; 
Wake et al., 2009). Motivated by the urgent need to an-
ticipate the impact of projected climate change, climatic 
tolerance (most often represented by the realised climatic 
niche) has been intensively studied for its role in shaping 
species distribution patterns (e.g. Comte & Olden, 2018; 
Eyres et al., 2017; Hawkins & Felizola Diniz-Filho, 2006; 
Saupe et al., 2019; Tomašových et al., 2016). In comparison, 
ecological specialisation, that is, the range of resources or 
habitats a species can use, has received relatively little at-
tention, but is also crucial for understanding species per-
sistence in changing environments (Fernández & Vrba, 
2005; Harcourt et al., 2002; Pyron, 1999; Schleuning et al., 
2020; Sol et al., 2002). The loss of preferred resources and 
habitats might intensify climatic impacts (Peters et al., 
2019; Pineda-Munoz et al., 2021), or pose bigger threats to 
biodiversity than climate change per se, especially to en-
dotherms like mammals (Khaliq et al., 2017). Therefore, 
we intend to fill this gap by directly focusing on ecologi-
cal specialisation of terrestrial mammals along two niche 
axes related to the use of resources and habitats: the diet 
and habitat niche breadth.

Specialisation on specific resources and habitats can 
play various roles in shaping patterns of distribution at 
the individual and species level. The geographical range 
of a species is shaped by the collective distribution of its 
individuals (Jablonski, 2000), and the movement of in-
dividuals maintaining gene flow (Burgess et al., 2016; 

Kokko & López-Sepulcre, 2006; Stevens et al., 2014). 
These movements can range from daily foraging within 
home ranges to natal dispersals and migrations, driven 
by a variety of factors including resource distribution, 
mating partners, competitors and predators (Alerstam 
& Bäckman, 2018; Altizer et al., 2011; Riotte-Lambert & 
Matthiopoulos, 2020; Stevens et al., 2014) and thus might 
show strong relationships with diet and habitat speciali-
sation. For example, classic cost-benefit theory predicts 
a specialisation-dispersal trade-off, in which dispersal 
ability (e.g. ability of moving among habitats) is expected 
to be higher in generalists than in specialists, with higher 
costs for specialists (e.g. for finding suitable resources), 
but higher benefits for generalists (e.g. for avoiding com-
petition) (Jacob et al., 2018; Jocque et al., 2010; Nurmi & 
Parvinen, 2011; Vasconcelos & Rueffler, 2020). However, 
empirical evidence of this trade-off is mixed (e.g. 
Jakobsson & Eriksson, 2003; Laube et al., 2015; Martin & 
Fahrig, 2018; Stevens et al., 2014), potentially due to the 
lack of clade-wide comparisons to display broad-scale 
patterns not apparent for subsets of taxa (Jablonski, 2007).

Individual-level distribution patterns can be captured 
by the average individual home range size (Bowman et al., 
2002; Whitmee & Orme, 2013), which is maintained by 
short-term (e.g. daily) movements of individuals (Tucker 
et al., 2018; Tucker et al., 2019). Collectively, individual 
home ranges form a species’ geographical range yet might 
be shaped by different mechanisms specific to the individ-
ual level. In particular, the average home range size of a 
species has long been recognised as a strong correlate with 
average body size (Lindstedt et al., 1986; McNab, 1963). It 
is possible that body size is a metabolic proxy (see their 
tight link studied by Brown et al., 1993; West et al., 1997) 
that connects the ecological niche to individual and species 
ranges through energetic mechanisms (Brown & Maurer, 
1989; Jetz et al., 2004; Teitelbaum et al., 2015; Tucker et al., 
2019). For example, the capacity for a specialised species 
to efficiently use a narrow range of resources, combined 
with a larger body size, might provide a large energy bud-
get for the movement necessary to maintain large home 
ranges (McNab, 1963; Ofstad et al., 2016). Higher special-
isation might only be possible for larger bodied species 
which can obtain specific resources across larger areas. 
The resulting pattern of larger home ranges in specialists 
contradicts the specialisation-dispersal trade-off, but it 
remains unclear whether such individual-level dynamics 
affect the species geographical range size, given the oppo-
site effect from dispersal (increasing species range size in 
generalists).

In this study, we investigated the relationship between 
(realised) ecological niche breadth and range size at the 
individual and species level to identify the potential 
mechanisms acting at these two levels of biological organ-
isation. Specifically, we compared species geographical 
range size and average individual home range size to first 
assess their relationship across mammal species. We then 
evaluated the role of species ecological specialisation, 
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focusing on diet and habitat breadth, while controlling 
for species body size, in shaping species and average 
individual range size. Considering the dramatic spatial 
variation in abiotic conditions at broad scales (Anderegg 
& HilleRisLambers, 2019; McGill, 2010; Slatyer et al., 
2013), we expected habitat breadth to be more related 
to geographical range size than to average home range 
size, while species’ diet breadth could be related to com-
mon behaviours and physiological characteristics shared 
across individuals and thus more related to average indi-
vidual home range size (Hertel et al., 2018; McNab, 1963; 
Ofstad et al., 2016; Tucker et al., 2018). Within the same 
context, we also assessed the links of ecological special-
isation to two important modes of movements, which 
respectively support species geographical range size and 
average individual home range size: the average distance 
of natal dispersals and the average distance of more reg-
ular (or routine) movement (in adults) on an hourly to 
10-day basis. Overall, our study demonstrates a complex 
role of the ecological niche in terms of resource and hab-
itat use in driving spatial dynamics of animal species, 
suggesting strong dependency of the mechanisms on the 
level of biological organisation, where different biologi-
cal processes act at different spatial and temporal scales.

M ATERI A LS A N D M ETHODS

Data and variables for range size and niche 
breadth

We combined data of mammalian species traits from 
multiple sources that are publicly available (summa-
rised in Table 1). In particular, our focal response vari-
ables, average individual home range size and species’ 

geographical range size (both in km2), were available for 
626 and 4668 mammalian species respectively. Following 
Fritz et al., (2009), we re-assigned species identities in 
the Red List database by the International Union for 
Conservation of Nature (Schipper et al., 2008; IUCN 
2020), to follow the mammalian taxonomy by Wilson 
and Reeder (2005), which is also followed by all the other 
data sources. We excluded the order Cetacea and fami-
lies Phocidae, Otariidae and Odobenidae to focus on pri-
marily terrestrial mammals. Information on home range 
size was not available for bat species (Order Chiroptera) 
in the PanTHERIA database (Jones et al., 2009).

The original datasets on species diet and habitat use 
included a total of 10 types of dietary materials (from 
Wilman et al., 2014) and 17 primary habitat categories 
(from IUCN 2020). We did not use spatial datasets of 
global habitat distribution that can be overlaid by species 
range maps to estimate species habitat occupancy (e.g. 
Tuanmu & Jetz, 2015) due to recently raised concerns over 
the accuracy and precision of range maps based on expert 
opinions (e.g. Herkt et al., 2017; Hurlbert & Jetz, 2007).

We summarised the number of different types of di-
etary materials (originally measured in percentage of 
total diet) and primary habitats observed to be used by 
each species (hereafter, diet count and habitat count), as 
commonly done in broad-scale comparative analyses (e.g. 
Forister et al., 2015). This is to avoid overinterpreting the 
precision of proportional diet composition data, which 
were based on semiquantitative estimates from verbal 
description (Wilman et al., 2014; but see below on addi-
tional measures). The mammalian species in our dataset 
consumed 1–6 different dietary materials and occurred 
in 1–12 different primary habitats. Although habitat use 
is partly related to the use of specific food resources, 
it is also driven by factors such as nesting and mating 

Data Unit
Original 
N

Focal 
N Data sources

Individual home range 
size

km2 626 573 PanTHERIA by Jones et al., 
(2009)

Geographical range 
size

km2 4668 4175

Adult body mass g 3542 3117

1-hour &10-day 
movement distance

km 44a  44 Tucker et al., (2018)

Natal dispersal 
distance

km 75 75 Whitmee and Orme (2013)

Diet type % 5400 4483 EltonTraits by Wilman et al., 
(2014)

Habitat type binary 4598b  4483 The IUCN Red List (IUCN 
2020)

Phylogeny myr 5020 4483 Bininda-Emonds et al., 
(2007); Fritz et al., (2009)

aThe original data were at the individual level, including 784 individuals from 57 species.
bThe sample size after converting the IUCN Red List taxonomy for terrestrial mammals to the more widely 
respected taxonomy by Wilson and Reeder (2005), which is followed by all the other data sources.

TA B L E  1   A summary of our data 
sources for terrestrial mammal species and 
the sample sizes (N) in the original datasets 
and in our final analyses (after excluding 
non-terrestrial species)
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opportunities (Brown, 1999; Morris, 2003; Rosenzweig, 
1991). The two measures of ecological niche breadth do 
not covary among species (confirmed based on phyloge-
netic generalised least square analysis [PGLS, see below]; 
N = 543, λ = 0.57 [0.39, 0.71], R2 = 0.00, p = 0.84).

Most species used a limited number of dietary materi-
als and primary habitats causing heterogeneity in model 
residuals and variance. For statistical robustness, we 
created binary categorical variables from diet and hab-
itat count. We used the median diet count (two dietary 
materials) and the median habitat count (three primary 
habitats) to classify species as specialists (< median) or 
generalists (≥ median). To assess the robustness of our 
conclusions, we evaluated several alternative metrics of 
diet and habitat niche breadth (see Sensitivity analyses).

We focused our main analyses on the final dataset 
containing 543 species of terrestrial non-volant mammals 
from 91 families in 21 orders in which data for all focal 
variables were available. By excluding missing values in 
the data sources, this subset represents those mamma-
lian species that have received intense study effort (see 
comparison and sensitivity tests of our main results in 
Supporting Information). We did not estimate missing 
values using imputation in light of recently raised concern 
over the reliability of such estimation when data coverage 
is not randomly distributed (Johnson et al., 2021).

Statistical analyses of range size and 
niche breadth

To investigate the relationships between individual-level 
and species-level range size as well as their respective as-
sociations with niche breadth, we fitted four multivariate 
models in a Bayesian framework (BM). In all four mod-
els, average individual home range size and species geo-
graphical range size were treated as a bivariate response 
(both transformed to their natural logarithm to achieve 
homoscedasticity). We incorporated the phylogenetic 
relationship among species by including the variance–
covariance matrix as a random factor (Hadfield & 
Nakagawa, 2010; Housworth et al., 2004; de Villemereuil 
& Nakagawa, 2014).

We first fitted two simple models (SBM) without 
predictor variables to estimate the variance attribut-
able to phylogeny in the two range variables and their 
covariance owing to shared evolutionary history. Both 
models included an unstructured phylogenetic variance–
covariance matrix, with the phylogenetic covariance 
constrained to be zero in SBM1 but estimated in SBM2.

To evaluate the effects of ecological niche breadth, we 
fitted two full models (FBM) that include three predictors 
as fixed effects: diet breadth (binary variable), habitat 
breadth (binary variable) and body mass (natural-log-
transformed and z-standardised), as well as their pair-
wise interactions in explaining home range size and 
geographical range size. Similar to SBMs above, both 

FBMs included the phylogenetic variance–covariance 
matrix but only FBM2 assessed the phylogenetic cova-
riance between average individual home range size and 
species geographical range size, and the covariance was 
constrained to 0 in FBM1.

We used weakly informative normal priors (N(0,1)) 
for all fixed effects (when included) and random ef-
fects, and an LKJ correlation prior (Lewandowski et al., 
2009) for the correlation of random effects (McElreath, 
2020). For each model, we ran four chains of 6,000 it-
erations, excluding the first 2,000 as warm-up in each 
chain and applied a thinning interval of 10. Therefore, 
all estimated model coefficients and credible intervals 
were based on a total of 1,600 posterior samples, and all 
estimates showed satisfactory convergence (R̂ < 1.05), 
and had effective sample sizes >400. Posterior predic-
tive checks recreated the underlying distribution of the 
response variables. We compared the performance of the 
models using the widely applicable information criterion 
(WAIC, Watanabe, 2010).

Sensitivity analyses for range size and 
niche breadth

To assess the robustness of our findings, we conducted 
a series of sensitivity analyses. We reanalysed the pat-
terns with (a) several alternative quantifications of 
niche breadth including measures based on counts (log-
transformed), Shannon's index and distance-based di-
versity (Figure S1–3, Table S1–3), (b) larger sample sizes 
for the effect of niche breadth on geographical range size 
(up to 4175 species; Table S4) including a comparison of 
bats and non-bat species (Table S5; Figure S6) and (c) 
counter-factual maps of inferred natural distribution of 
species without human influence (Faurby et al., 2018; 
Tables S6). We complemented (c) with analyses of the 
species with low extinction risk according to the IUCN 
Red List (Tables S7 & S8), thereby excluding species 
whose geographical ranges might have contracted due 
to human impact (Cardillo et al., 2008; Schipper et al., 
2008; see comparisons in Figure S6 & S7). We found con-
sistent patterns across all supplementary assessments 
(Supporting Information).

We also compared the BM analyses with the more 
widely used and computationally less demanding phy-
logenetic generalised least squares analysis (PGLS; see 
more discussion by Freckleton et al., 2011; Housworth 
et al., 2004) and found consistent results (Tables S9 & 
S10, Figure S4 & S5). Because it is not straightforward 
to use PGLS models to explicitly account for the cor-
relation between individual-level and species-level range 
size in an integrative framework, we highlight the re-
sults from the BM analyses in the main text. We used 
PGLS for most of our supplementary analyses to ensure 
robustness of our results with computational efficiency 
(Supporting Information).
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Links of ecological specialisation to two types of 
individual movement

We also assessed the links of ecological specialisation to 
two important modes of movements, which, respectively, 
support species geographical range size and average in-
dividual home range size. Specifically, we analyzed the 
average distance of natal dispersals and the average dis-
tance of more regular movement (in adults) on an hourly 
to 10-day basis (see details in Supporting Information). 
Data for these two factors are limited (Table 1), but our 
results, when interpreted with caution, can illuminate 
how niche breadth is related to range size at the individ-
ual and species level.

We fitted PGLS models to the subsets of species for 
which the traits of interest were available (Tables S11 
to S14), with natal dispersal distance and short-term 
(hourly and 10-day) movement distance (displacement) 
as response variables. We assessed diet and habitat niche 
breadth, adult body mass, individual home range size or 
species geographical range size as the predictor variables 
(Tables S11 to S14). The phylogenetic structure was esti-
mated in Pagel's λ based on maximum likelihood and was 
found to be significantly different from 0 in all models.

All data organisation and analyses were conducted 
in R 3.5.3 (R Development Core Team, 2020), with the 
packages ‘ape’ (Paradis et al., 2004), ‘phytools’ (Revell, 
2012) and ‘tidyr’ (Wickham & Henry, 2019) for dataset 
visualisation and transformation, ‘caper’ (Orme, 2012) 
for PGLS analyses, ‘brms’ (Bürkner, 2017, 2018) for BM 
analyses and ‘loo’ for model comparison (Vehtari et al., 
2016).

RESU LTS

Average individual home range size and species geo-
graphical range size in terrestrial (non-volant) mammals 
are positively correlated, with a major effect of phylog-
eny (SBM2: phylogenetic correlation rphylo =0.3 [0.05, 
0.51]; see all parameter estimates and model comparisons 

in Table 2). Phylogeny also accounts for 91% (R2
HR-phylo 

=0.91 [0.87, 0.94]) of the variance in average individual 
home range size and 49% (R2

GR-phylo =0.49 [0.36, 0.62]) 
of the variance in species geographical range size. These 
results suggest that variation in average individual home 
range size and geographical range size is constrained by 
the evolutionary history of the species.

Including niche breadth and body size in the model 
weakened the phylogenetic correlation between average 
individual home range size and geographical range size 
(FBM2, phylogenetic correlation rphylo  =  0.28 [−0.04, 
0.54]) and improved model performance (ΔWAIC =34 be-
tween FBM2 and SBM2; Table 2). Moreover, including 
the phylogenetic correlation parameter only slightly im-
proved the performance of models after accounting for 
the effects of niche breadth and body mass (ΔWAIC =4 
between FBM1 and FBM2). Therefore, the phylogenetic 
correlation between average individual home range size 
and geographical range size is likely mediated by adult 
body mass and other traits related to resource and hab-
itat use.

Based on our best model (FBM2), average individual 
home range size and species geographical range size are 
associated with niche breadth in different niche dimen-
sions (Figure 1, see consistent results across all supple-
mentary analyses in Tables S1–S10, Figures S4 & S5). 
Average individual home range size is shaped by the 
interactive effects of diet breadth and body size but not 
related to habitat breadth, while species geographical 
range size is related to habitat breadth but not to diet 
breadth or body size.

Specifically, average individual home range size in-
creases with body size, but this increase was more pro-
nounced for dietary specialists than for generalists, 
so that among small-bodied species, dietary general-
ists have larger home ranges than dietary specialists, 
whereas the opposite is the case among large-bodied 
species (Figure 2a). In addition, average individual home 
range size was positively associated with all measures of 
short-term movement distance (more closely with dis-
placements over 10 days than 1 h; p < 0.01 in all PGLS 

TA B L E  2   Comparison of, including two simple models (SBM) based on phylogenetic structure alone and two integrated models (FBM) 
based on phylogeny, niche breadth and average adult body mass. Model performance was summarized in the marginal R2 (R2 m), the 
conditional R2 (R2

c), the variance explained by the phylogeny (R2
phy), the Watanabe-Akaike Information criterion (WAIC) and the difference in 

WAIC to the best model (ΔWAIC). For the phylogenetic and residual correlation between the two response variables (rphy and rres respectively), 
the mean and 95% credible intervals are given. The sample size in this analysis was n = 543

Model performance Correlation estimates Model comparison

Home range size Geographical range size

rphy rres WAIC ΔWAICModels R2 
m R2

c R2
phy R2 

m R2
c R2

phy

BM1 0 0.90 0.91 0 0.40 0.47 0 0.23 [0.11, 0.35] 1895 42

BM2 0 0.90 0.91 0 0.41 0.49 0.3 [0.05, 0.51] 0.16 [0.02, 0.29] 1887 34

FBM1 0.53 0.88 0.71 0.11 0.44 0.44 0 0.18 [0.07, 0.27] 1857 4

FBM2 0.53 0.88 0.72 0.11 0.45 0.45 0.28 [−0.04, 0.54] 0.12 [0, 0.24] 1853 0



      |  1413HUANG et al.

analyses; Tables S11–S13), and thus can serve as an indi-
cator of adult moving distance during regular routines. 
Species that show greater displacements over 10-day pe-
riods also tend to be dietary specialists (N = 44, R2 = 0.13, 
p = 0.010), but 1-h displacement and long-distance dis-
placements (95% quantile) at the two timescales show 
different patterns, suggesting that drivers of movement 
vary at different temporal, and likely spatial scales (see 
further details in Supporting Information).

Our best model (FBM2) also suggests that habitat gen-
eralists tend to have larger geographical range sizes than 
specialists (Figure 2b). Similarly, longer natal dispersal 
distances are only (weakly) associated with broader hab-
itat niches (N = 69, R2 = 0.034, p = 0.069) but not to diet 
breadth (Table S14). This is despite natal dispersal having 
a strong positive correlation with both home range size 
and geographical range size, as well as adult body mass, 
as indicated by previous studies (Bowman et al., 2002; 

Whitmee & Orme, 2013) (also see Table S14). The simi-
larity in patterns suggests that our finding of a correla-
tion between geographical range size and habitat niche 
breadth is likely to be biologically meaningful rather 
than an artefact due to an area effect. Nevertheless, 
further investigation through spatial simulations using 
high-resolution habitat distribution maps will be use-
ful (e.g. following Saupe et al., 2019; Tomašových et al., 
2014).

DISCUSSION

By comparing how diet and habitat niche breadth are 
related to range size at the individual and species level, 
we identified different ecological mechanisms depend-
ing on the level of biological organisation and the re-
lated spatial and temporal scale. In general, a large 

F I G U R E  1   Comparison of the effect sizes based on 1600 posterior samples (a) from the best Bayesian multilevel model (FBM2, see model 
performance comparison in Table 2) shows that species average home range size (left) and geographical range size (right) are associated with the 
breadth on different niche axes. The results are also illustrated in a schematic diagram (b)
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for comparing specialist species (blue squares) and generalists (orange triangles). The lines and shaded areas in a) respectively represent the 
estimated slopes and their credible intervals. Note that the slopes deviate slightly from the raw data because the model also accounts for the 
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geographical range can be maintained through rare 
dispersal events (e.g. natal dispersal) by individuals 
that, on average, occupy small (or large) home ranges. 
This disconnect between range dynamics at the indi-
vidual and species level is further emphasised by their 
respective associations with niche breadth in different 
ecological niche dimensions. For terrestrial mammals, 
we only found partial support for the general expec-
tation that widely distributed species have broader 
niches, as species geographical range size was not re-
lated to diet niche breadth but only to habitat niche 
breadth. In comparison, average individual home 
range size was mainly shaped by the interplay between 
diet niche breadth and body mass, and generally unre-
lated to habitat niche breadth.

The positive association between geographical 
range size and niche breadth has received much atten-
tion partly because it was proposed as one of the mech-
anisms for the most pervasive biodiversity pattern, 
the latitudinal diversity gradient (Jocque et al., 2010; 
Stevens, 1989). Tropical species are often expected to 
have smaller ranges and narrower niches (reviewed 
in Mimet et al., 2019). However, our analyses showed 
that this apparent association only applies to habitat 
but not dietary niche breadth, complementing previ-
ous community network analyses that showed reduced 
rather than increasing animal dietary specialisation on 
flowering and fruiting plants towards lower latitudes 
(Schleuning et al., 2012; but see contrasting patterns 
at the assemblage level in Dalsgaard et al., 2017). The 
same association is also found with natal dispersal 
which can be a major factor for maintaining gene flow 
within a species’ geographical range (Briscoe et al., 
2019; Stevens et al., 2014; Whitmee & Orme, 2013). 
These results indicate that species occupying larger 
geographical ranges are not necessarily capable of 
using a larger variety of resources, at least not with 
regard to food, but they might be able to tolerate a 
larger variety of environmental conditions. Therefore, 
we do not consider our results as contradictory to the 
role of niche partitioning in explaining the rich biodi-
versity in the tropics, but rather, as an invitation for 
further investigation on additional niche axes. Fruitful 
directions may include specialisation with respect to 
symbiotic relationships, especially parasitism which is 
increasingly recognised as a key interaction in ecosys-
tems (Dunne et al., 2013; Frainer et al., 2018; Lagrue 
et al., 2014).

It is worth pointing out that the positive relationship 
between geographical range size and environmental tol-
erance is found more often in terrestrial ecosystems than 
in the ocean (Olalla-Tárraga et al., 2015; Tomašových 
et al., 2016). This might indicate an important role of the 
type of ecosystem (i.e. aquatic or terrestrial) in shaping 
this pattern (e.g. due to fundamental differences in envi-
ronmental heterogeneity). For instance, large geograph-
ical ranges in marine taxa are often achieved by niche 

tracking in the tropical seas (Tomašových et al., 2014), 
so that widely distributed marine species might still be 
at great risk of extinction under severe climate change 
scenarios. In contrast, we showed that widely distrib-
uted terrestrial species might have relatively high toler-
ance towards changes in the physical environment such 
as habitat loss (see also Khaliq et al. 2014; Khaliq et al., 
2017; Lenoir et al., 2020). However, our results also indi-
cate that many widely distributed species have a special-
ised diet and thus may still be prone to extinction when 
climate change and human activities alter the resource 
landscape within their habitats (Barnes et al., 2017; Di 
Marco & Santini, 2015; Sévêque et al., 2020), or induce 
fine-scale restructuring of local communities (e.g. see 
Blowes et al., 2019; Bowler et al., 2017; Piano et al., 2017). 
Geographical range size thus may not be a reliable pre-
dictor of species extinction probability (Bowler et al., 
2019) as often expected (e.g. Cardillo et al., 2006; Collins 
et al., 2018; Finnegan et al., 2015; Fritz et al., 2009).

Moreover, our finding that habitat niche breadth 
was related to species geographical range size but not 
to individual home range size points to a mismatch be-
tween species and individual ability to tolerate a wide 
range of environmental conditions. In the absence of 
long-distance dispersal, the occurrence of individu-
als within a particular habitat is not only a result of 
habitat preference but also of historical contingency 
(Fukami, 2015; De Meester et al., 2016). Local adap-
tation over time might result in populations that are 
highly specialised to survive under specific conditions 
(Chardon et al., 2020; Kawecki & Ebert, 2004; Sanford 
& Kelly, 2010; Telfer & Kelsall, 1984). Therefore, a 
widely distributed species might actually possess large 
intraspecific variance in habitat preference rather than 
a general capability of persisting in a variety of condi-
tions (Edelaar & Bolnick, 2019; Jaenike & Holt, 1991; 
Wiegand et al., 2008). Given the popularity of niche 
modelling in conservation biology (Guisan et al., 2013; 
Pacifici et al., 2015), we urge further studies to consider 
the environmental niche at the individual level to bet-
ter predict future range dynamics under global changes 
(e.g. Benito Garzón et al., 2019; Tingley et al., 2016). We 
are also in great need of niche data resolved to the in-
dividual level for comparing intraspecific variation in 
niche breadth (e.g. Bolnick et al., 2003; Kernaléguen 
et al., 2015; Maldonado et al., 2019) across a wide range 
of taxa. This kind of data bears great potential for dis-
entangling the niche-related mechanisms underlying 
distribution patterns at different levels of biological 
organisation (e.g. Sánchez-Tójar et al., 2020).

In contrast to the lack of relationship with habi-
tat breadth, average individual home range size shows 
a strong albeit complex relationship with diet breadth, 
consistent with our expectation that the use of specific 
resources is more related to behaviours and physiolog-
ical characteristics shared across individuals than hab-
itat use is. We found that large-bodied specialists tend 
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to have larger home ranges than generalists, whereas 
the opposite is the case for small-bodied specialists. 
Surviving on a limited variety of food resources likely 
comes with a generally higher demand than generalists 
in foraging success, which can be promoted through 
movements for searching (Jacob et al., 2018). This expla-
nation is also supported by our finding that dietary spe-
cialisation is associated with larger body sizes (Figure 
S5), which tend to support longer distance movements 
in mammals (see also Bowman et al., 2002; Tucker et al., 
2018). Importantly, we note that these effects strongly de-
pend on the temporal scale at which movement is quanti-
fied. We found that the link to diet niche breadth breaks 
down both for hourly movements and the once-in-a-
lifetime natal dispersal, which is not related to foraging.

The complex relationship we found between average 
individual home range and species diet breadth also 
suggests the availability of resources as a key factor 
for shaping distribution patterns. Resource availabil-
ity evidently drives patterns of individual movement, as 
abundant resources reduce the need for animals to move 
(McLoughlin et al., 2000; Tucker et al., 2018; Teitelbaum 
et al., 2015). In this study, we were only able to explore 
this at the individual level, but the results provide ad-
ditional support in that primary productivity explains 
a larger proportion of variance in movement distances 
than niche breadth and body mass (see Table S11–S13 
summarising data from Tucker et al 2018). Yet, questions 
remain on how these patterns at the individual level 
might contribute to patterns at higher level of biological 
organisation, such as species geographical distribution 
and spatial variation in community structure, which 
are clearly affected by resource availability in a general 
sense (e.g. see Brun et al., 2019; Jetz et al., 2004; Jetz & 
Rahbek, 2002; Santini et al., 2018). In addition, resource 
limitation can also restrict the realised individual diet 
breadth in species that have a wider fundamental diet 
niche (Robinson & Strauss, 2020), an effect that needs 
to be evaluated for the same taxa in differential resource 
landscapes. Moreover, exposure to novel resource land-
scapes might alter a species’ fundamental niche, such as 
the range of edible food types (Grant & Grant, 2006) 
through evolutionary processes. Therefore, the effect of 
distribution dynamics on species’ niche breadth should 
also be considered when assessing human influence on 
biodiversity.

Some recent work has suggested that the spatial con-
figuration and temporal fluctuation of resources may 
be more important than the overall resource availability 
in itself for shaping animal movement patterns (Fryxell 
et al., 2008; Riotte-Lambert & Matthiopoulos, 2020; 
Tucker et al., 2019), as well as the distribution of species. 
For example, migratory behaviour, which can effectively 
enlarge ranges at both the individual and species level, is 
often a consequence of animals tracking similar environ-
ments or resources (Eyres et al., 2017; Teitelbaum et al., 
2018; Teitelbaum & Mueller, 2019). The role of resource 

tracking in shaping species geographical ranges might 
also explain the lack of direct correlation between species 
range size and diet breadth in our results. The diversity of 
habitats a species can occur in, and the resulting species 
distribution patterns, might be determined by the distri-
bution of the particular resources needed and the species’ 
ability to track them. Therefore, the development of real-
istic accounts for the resources available across a species’ 
geographical range might be crucial for understanding 
larger scale distribution patterns of biodiversity.

Collectively, our results highlight the difficulty in 
synthesising empirical patterns concerning different 
levels of biological organisation. While we fully appre-
ciate the complex interactions among individual- and 
species-level processes, we emphasise that specific bi-
ological mechanisms might only operate at particular 
biological (organisational and taxonomic), spatial and 
temporal scales. Our comparisons of range size at the 
individual and species level pointed to specialisation 
in different aspects of a species’ ecological niche. We, 
thus, draw attention to an often-neglected challenge for 
transferring knowledge across scales, especially in in-
ferring general patterns and processes of biodiversity 
from individual behaviours. For example, the use of 
individual-based models to identify key mechanisms of 
biodiversity dynamics has shown great promise in recent 
years (e.g. Grimm et al., 2017; Pachepsky et al., 2001). 
This approach will undoubtedly benefit from a better 
understanding of the extent to which the processes that 
shape biodiversity's responses to environmental changes 
are expressed at different levels of biological organisa-
tion, ranging from individuals and species to communi-
ties and ecosystems (Keil & Chase, 2019; Pos et al., 2019; 
van der Sande et al., 2019).
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