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Abstract

Global ecosystems are facing a deepening biodiversity crisis, necessitating
robust approaches to quantifying species extinction risk. The lower limit of the
macroecological relationship between species range and body size has long been
hypothesized as an estimate of the relationship between the minimum viable
range size (MVRS) needed for species persistence and the organismal traits that
affect space and resource requirements. Here, we perform the first explicit test
of this assumption by confronting the MVRS predicted by the range-body size
relationship with an independent estimate based on the scale of synchrony in
abundance among spatially separated populations of riverine fish. We provide clear
evidence of a positive relationship between the scale of synchrony and species body
size, and strong support for the MVRS set by the lower limit of the range-body size
macroecological relationship. This MVRS may help prioritize first evaluations for
unassessed or data-deficient taxa in global conservation assessments.
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INTRODUCTION

Extinction risk estimates are essential for prioritizing
conservation actions (Joseph et al., 2009). Geographic
range size, the area across which a species occurs,
consistently emerges as a key correlate of extinction
risk in vertebrates (Cardillo et al., 2008; Gaston, 1994;
Lee & Jetz, 2011), with species occupying smaller geo-
graphic ranges being often associated with a higher
extinction risk due to lower total population sizes (e.g.
Purvis et al., 2000). Geographic range size is also con-
sidered as a proxy of extinction risk in the TUCN Red
List of Threatened species (criterion B), where minimum
thresholds on range area are set to define threat levels
(e.g. Collen et al., 2016).

However, occupying small geographic ranges does
not necessarily imply that species will face similar
extinction risk. The geographic range necessary for
long-term persistence likely depends on species traits
that determine their populations' local and regional
abundance (Gaston & Blackburn, 1996a). Body size is
associated with many species attributes that influence
geographic ranges (e.g. population density, individ-
ual home range size and dispersal capacity; Schmidt-
Nielsen, 1984; Tamburello et al., 2015). In particular, the
energetic constraints shaping the relationship between
body size and metabolic requirements (Jetz et al., 2004;
Swihart et al.,, 1988) cause larger species to have
higher individual resource allocation and hence lower
population densities, which can be compensated by
broader geographic ranges (Brown & Maurer, 1987,
Damuth, 1981). Consequently, large species with small
ranges are more likely to become extinct, because of
low effective population sizes and high vulnerability to
catastrophic events associated with demographic and
environmental stochasticity. Conversely, small-bodied
species can maintain higher population abundances in
smaller areas (Gaston, 1994).

The above mechanisms have been proposed to explain
the triangular relationship between species' geographic
range and body size. This pattern is among the earliest
documented in macroecology (Brown & Maurer, 1987,
1989) and has been reported in all vertebrate groups at
various geographic scales and within different biogeo-
graphic regions (e.g. Agosta & Bernardo, 2013; Carvajal-
Quintero et al.,, 2017; Gaston & Blackburn, 1996b;
Newsome et al., 2020). The range-body size relationship
depicts a triangular shape defined by three boundar-
ies in bivariate space (Figure la). The spatial extent of
the biogeographic area studied defines the maximum
range size (i.e. the upper limit), whereas physiological
constraints of biological organisms define the minimum
body size (i.e. the left limit). The third limit defines the

minimum range size (i.e. the lower limit) occupied by a
species and thus is considered as the minimum viable
range size (MVRS) necessary for a species of a given
body size to maintain viable populations (Brown &
Maurer, 1987, 1989). This lower boundary has been asso-
ciated with a high probability of extinction and used to
define the MVRS (hereafter called ‘distribution-based
MVRS’, see Figure 1a) for species given their body size
(Gaston & Blackburn, 1996a, 2000). Hence, from a con-
servation perspective, this boundary is of utmost im-
portance as it potentially constitutes a viability limit
below which species would display a low probability
of persistence (Brown & Maurer, 1987, 1989; Gaston &
Blackburn, 1996a).

Despite three decades of research, surprisingly few
studies have offered empirical evidence that species ex-
tinction risk may be higher for large-bodied species with
small ranges than expected based on range size alone.
Furthermore, past studies assessing whether the lower
boundary of the range-body size relationship could be
used as a suitable predictor of threat status have focused
on extinction risk categories (itself already informed by
species range sizes), potentially suffering from circular-
ity issues (Le Feuvre et al., 2016; Newsome et al., 2020;
Rosenfield, 2002).

Temporal coherence or synchrony in abundances
among spatially separated populations is related to
species long-term persistence and extinction prob-
ability (Allen et al., 1993; Heino et al., 1997; Liebhold
et al., 2004). Among the mechanisms underlying spatial
synchrony patterns, the dispersal of individuals between
populations is known to be a key synchronizing factor at
short spatial distances, whereas correlated environmen-
tal forcing (e.g. spatially homogeneous climatic condi-
tions) can synchronize population dynamics over greater
distances (Heino et al., 1997; Liebhold et al., 2004).
Synchronous population dynamics can increase spe-
cies vulnerability to spatially correlated stochastic
events, leading to simultaneous population extirpations
and global extinction (Allen et al., 1993; Liebhold
et al., 2004). Indeed, several populations simultaneously
experiencing low densities are more likely to be extir-
pated by stochastic events because of the reduced ability
of one population to rescue another through migration
(i.e. rescue effect; Heino et al., 1997; Earn et al., 2000).
In contrast, locally adapted populations are more likely
to display asynchronous population dynamics, diver-
sifying the species response to environmental changes
and disturbances and leading to increased regional per-
sistence and ecosystem stability (i.e. the portfolio effect;
Moore et al., 2010; Schindler et al., 2010).

Population synchrony has been studied in a wide
range of taxa, almost invariably documenting a decay of
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FIGURE 1

Schematic framework applied to define the distribution- and synchrony-based MVRS (minimum viable range size) for two

species with different body sizes. (a) the distribution-based MVRS is defined by the geographic range size—body size triangular relationship
proposed by Brown and Maurer (1987, 1989), where the two theoretical species SI and S2 with different body sizes have the same range size
RS, =RS,. (b) the synchrony-based MVRS is defined by distance d, which is the scale of synchrony in population abundances from a set of
monitoring sites (i.e. the maximum distance at which synchrony is still detected), then used to provide circular areas A; and A,.

synchrony with increasing geographic distance between
populations (Bjernstad et al., 1999; Liebhold et al., 2004;
Ranta et al., 1995). Thus, the negative relationship be-
tween synchrony and the distance separating popula-
tions can be used to define a limit of synchrony or ‘scale
of synchrony’ (Figure 1b), the maximum distance where
synchrony can still be observed between populations
(Bjernstad et al., 1999). Beyond this scale of synchrony,
population present compensatory mechanisms may
occur, reducing the probability of local and regional ex-
tinctions (Heino et al., 1997; Liebhold et al., 2004). Hence,
the scale of synchrony can be used as an independent
estimate of the MVRS that a given species needs for its
long-term persistence (hereafter called ‘synchrony-based
MVRS’, see Figure 1b).

Estimating a synchrony-based MVRS is extremely
data-demanding, requiring long time-series of popu-
lation abundances in a number of sampling locations
(see Figure 1b). These stringent data requirements
have certainly hindered using the scale of synchrony
approach to building a general MVRS-body size rela-
tionship. Still, a synchrony-based MVRS set by spa-
tiotemporal population dynamics, if estimated for a
sufficient number of species, could provide a compar-
ative assessment of the validity of less data demand-
ing distribution-based MVRS (i.e. observing similar
shapes for both red lines in Figure la,b). Comparing
these two independent approaches to estimating
the MVRS may also provide novel insights into the

spatiotemporal dynamics of population abundances
involved in the origin and maintenance of the range-
body size macroecological pattern.

We applied this comparative framework to na-
tive riverine fishes from three biogeographic realms
(Nearctic, Palearctic and Australian), where moni-
toring programs are sufficiently developed to provide
robust and spatially extensive population abundance
time-series needed to estimate the synchrony-based
MVRS. We estimated the distribution-based MVRS
from a global compilation of freshwater fish spe-
cies distribution and body size (Carvajal-Quintero
et al., 2019), and the synchrony-based MVRS from
the RivFishTIME database, a global compilation of
population abundance time-series (Comte et al., 2021).
Our findings show a strong relationship between spe-
cies body size and the scale of synchrony, thus clearly
supporting the use of the distribution-based MVRS
derived from macroecological range-body size rela-
tionships as a vulnerability limit to identify species
with higher extinction risk. By testing for statistical
associations between this macroecological boundary
and species long-term probability of persistence, our
findings have broad implications for the evaluation
of the conservation status of poorly studied species
and regions as well as forecasting species extinction
risk arising from human-induced changes on species
distribution ranges (Carvajal-Quintero et al., 2017;
Herrera-R et al., 2020).
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MATERIALS AND METHODS
Distribution-based MVRS

We collated data on the geographic range size of na-
tive freshwater fish species from three biogeographic
realms, the Nearctic, Palearctic and Australian (Carvajal-
Quintero et al., 2019), to quantify range-body size trian-
gular relationships and estimate the distribution-based
MYVRS. These species' geographic range sizes represent the
historical extent of occurrence (km?) falling within the oc-
cupied sub-basin areas (see Carvajal-Quintero et al., 2019
for more details). The maximum observed body length (a
measure of body size) for each species was sourced from
FishBase (Froese & Pauly, 2020). Both range size and
body size were log-transformed. To be consistent with
the time-series of population abundances we used in our
analysis (see below), we only included species inhabiting
flowing water ecosystems (i.e. streams and rivers), exclud-
ing those with a marine or brackish life stage and those
restricted to lacustrine (standing water) environments. We
also excluded threatened species (i.e. those classified from
“Vulnerable’ to ‘Extinct’ according to the TUCN Red List;
TUCN, 2021) because current estimates of the range size
may not reflect their complete undisturbed native range.

We estimated the distribution-based MVRS follow-
ing the boundary-line procedure suggested by Blackburn
et al. (1992) and used in previous studies (e.g. Agosta &
Bernardo, 2013) to define linear boundaries in polygonal
relationships. This method involves dividing the data-
set into several body size classes, selecting the lowest (for
lower boundary) y-values (in our case, range size), and
applying a least squares regression line through them.
Analysing various empirical and simulated datasets,
Blackburn et al. (1992) suggested dividing the dataset into
6-15 body size classes, depending on the number of spe-
cies, with a larger number of size classes appropriate for
datasets with more species. We applied this procedure to
estimate the distribution-based M VRS for all species glob-
ally, as well as separately for species in each biogeographic
realm. To select the points used, we divided the range-body
size plot (on a log scale) into 15 equal body size classes for
the entire dataset (760 species when the three realms were
considered) as well as the Nearctic realm (515 species), 12
size classes for the Palearctic realm (198 species), and eight
size classes for the Australian realm (47 species). We then
selected the lowest value of geographic range in each size
class. To verify the robustness of this procedure, we per-
formed a sensitivity analysis applying different numbers of
body size classes (Figure S4).

Synchrony-based MVRS

Thetime-series of population abundances (210 years) used
to estimate the synchrony-based MVRS were obtained
from the RivFishTIME database (Comte et al., 2021).

Abundance time-series of populations obtained via field
sampling are known to be potentially affected by sev-
eral biases, including differences in detectability among
species, sampling gear selectivity and species stocking,
among others (see below). For this reason, a data filter-
ing process was performed before analysis to maximize
the robustness of our dataset to estimate the synchrony-
based MVRS. First, we included only time-series sam-
pled through electrofishing, as an effective and less
selective fish sampling technique (e.g. Smith et al., 2015),
excluding other techniques such as trapping or seining.
These selection criteria resulted in species occurring
in temperate and sub-temperate regions exclusively.
Second, we only retained time-series sampled during the
warm season (i.e. between April and September in the
Northern hemisphere, and between September to April
in the Southern hemisphere) to ensure using comparable
samples that integrate two major drivers of fish popu-
lation abundance, namely reproductive and movement
events (Wootton, 1990). Third, non-native populations
were excluded according to the global freshwater fish
distribution database provided by Tedesco et al. (2017).
If an occurrence was not reported for a given river basin
in this database, we assigned the population nativity
status (native or non-native) of the closest river basin
belonging to the same country. When species were not
included in Tedesco et al. (2017), we used nativity status
from FishBase (Froese & Pauly, 2020) which is defined
at the country level. Two species from North America
(Micropterus salmoides and Ictalurus punctatus) were
excluded because both are actively managed through
stocking programs (Heitman et al., 2006; Siegwarth &
Johnson, 1998). Fourth, to ensure reliable estimates of
the synchrony-based MVRS, we applied a sample size
criterion retaining only species with at least 10 locations
that (1) belonged to the same monitoring program, and
(2) were sampled during the same period of 10years or
more. If two monitoring programs provided time-series
for the same species, we retained the group of time-series
with the highest number of sampled sites (this occurred
only for two species). Lastly, all abundance values greater
than the 99.9th percentile were considered potential data
errors and excluded. Additionally, we focused on the
20% most abundant species (based on average abun-
dances) to ensure robust estimates of population dynam-
ics (note that all species within the 20% most abundant
had less than 50% zero counts). Indeed, including species
with low abundances or many zero counts would pre-
vent having an accurate image of population changes in
time, thus providing spurious synchrony estimates. This
data filtering procedure resulted in 21 species (Table SI)
having sufficient and robust time-series data to maxi-
mize the reliability of estimates of the synchrony-based
MVRS (eight for the Palearctic, seven for the Nearctic
and six for the Australian realms).

We measured the synchrony-based MVRS for each
species using the distance set by the first intercept
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FIGURE 2 Examples of spline correlograms for three different species analysed (see Figure S2 for the spline correlograms of all species).
The lines and grey areas represent the spline correlogram and 95% confidence intervals, respectively.

with the x-axis (i.e. the x-intercept) of a spline cor-
relogram (Bjernstad & Falck, 2001). This approach
uses a smoothing spline to regress synchrony in
abundance against the distance between populations
(see Figure 1b and Figure 2). Spline correlogram dif-
fers from commonly used spatial correlograms (and
Mantel correlograms) as it estimates dependence as a
continuous function of distance, rather than by group-
ing the observations into distance classes, providing
greater precision and the capacity to adapt well to
different underlying covariance structures (Bjornstad
et al., 1999; Bjornstad & Falck, 2001). The x-intercept
from the spline correlogram is the distance at which
populations are not more similar than that expected by
chance-alone across the region (Bjernstad et al., 1999;
Sokal & Wartenberg, 1983), and is commonly used
to estimate the spatial scale of synchrony (e.g. Jones
et al., 2007). Riverine organisms are distributed along
hydrological networks, typically making watercourse
distances a pertinent choice to describe relationships
between populations in adjacent tributaries of the
same drainage basin (Larsen et al., 2021). However,
here we purposely used Euclidean distances to define
the x-intercept for each species to provide areas com-
parable to the distribution-based MVRS, whose range
areas are not restricted to hydrological networks. We
then estimated the area under which populations of
the same species will fluctuate asynchronously and
thus enhance its long-term persistence, that is, the
synchrony-based MVRS, based on the area of a circle
with the diameter defined by the x-intercept distance.
We chose a circular delineation as the most appropri-
ate way to represent the minimal area, ensuring that
we encompass the limit of population synchrony in any
direction across the geographical space. Importantly,
no significant correlation was observed between the
convex-hull areas delineated by the coordinates of the
time-series sampling sites, or the number of sampling
sites, and the corresponding synchrony-based MVRS
values (Figure S1). This indicates that more widespread

sampling sites, or a higher number of sampled locali-
ties, are not biasing the synchrony-based MVRS esti-
mates towards larger or smaller values.

Lastly, we compared the distribution- and synchrony-
based MVRS estimates as a function of species
body size. Given the limited number of species with
synchrony-based MVRS estimates by realm, we com-
bined the three biogeographic realms, and tested for
statistical differences in the regression slopes and inter-
cepts between both MVRS regressions with an Analysis
of Covariance (ANCOVA). A non-significant interaction
between the covariate (body size) and the factor (the
MVRS method of estimation) would provide evidence
that the slopes are similar between regressions. Next, we
separated the datasets by realms to visually verify that
the species-specific synchrony-based MVRS estimates
were congruent with the prediction intervals given by
the realm-specific distribution-based MVRS. In linear
regression statistics, a prediction interval defines a range
of values within which a response is likely to fall, given a
specified value of a predictor (and is thus different from
a confidence interval). Finally, we tested the lower limit
of the range body-size relationship as a limit of inherent
vulnerability by checking if the species listed as threat-
ened in the [UCN Red List (i.e. Vulnerable, Endangered,
Critically Endangered and Extinct) fell within or close
to the confidence interval predicted by the distribution-
based MVR. To do so, we used the I[UCN range maps
that represent the best available estimates of species' his-
torical native distributions before major human impacts.

All data analyses were performed in R (R Core
Team, 2021). For details on the R packages used, see
Supporting Information Appendix, Table S2.

RESULTS

We found that the distribution-based MVRS mani-
fests as a triangular association between species'
range size and maximum body size, with a clear lower
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boundary (positive slope) demonstrating that larger spe-
cies typically display larger ranges (Figure 3, Table 1).
The synchrony-based MVRS estimated from the species
spline correlograms (Figure S2) also resulted in a posi-
tive and significant relationship with body size (Figure 3,
Table 1), suggesting that body size is a strong predictor of
the spatial scale of synchrony (R? = 0.60). The two rela-
tionships showed very similar regression coefficients and
confidence intervals (Table 1), a result confirmed by the
finding of no significant difference between the distri-
bution- and synchrony-based MVRS regressions along
species body size (ANCOVA F-value, ,=0.79, p = 0.380).
Besides being statistically similar, the slopes of these
two relationships are not significantly different from the
value of 1 (Table 1).

Repeating the analysis by realms confirmed the tri-
angular association between species' range size and
maximum body size (Figure S3) with positive-slope
lower boundaries (Table S3). We also found that the

17.5-
15.0-
12.5-

10.0-

Range size in km? (log)

7.5-

Body size in cm (log)

FIGURE 3 Comparison between the distribution- and
synchrony-based MVRS patterns. Blue dots depict the species-
specific range-body size relationship of the three realms (i.e.
palearctic, Nearctic and Australian). The blue solid line represents
the regression defining the distribution-based MVRS (i.e. the lower
boundary of the range-body size triangular relationship, based

on the blue diamond dots), with the grey envelope showing the
confidence intervals of the regression parameters, and the dashed
lines the prediction interval (with a tolerance level of 0.85). The

red dots show the species-specific values of the synchrony-based
MVRS (see Table S1) as a function of body size and the red line the
associated regression line, together with its confidence interval (grey
envelope).

species-specific estimates of the synchrony-based MVRS
fell within the prediction intervals of the corresponding
distribution-based MVRS regressions (Figure S3). These
results remained unchanged when applying different
numbers of equal (log-transformed) body size classes to
define the distribution-based MVRS (Figure S4).

Lastly, the placement of the species listed by the
IUCN threatened categories within the range size-
body size space showed that the majority of species fell
within or below the prediction interval estimated for the
distribution-based MVRS (Figure 4). This showed the
overall consistency of the distribution-based MVRS as
a limit of inherent vulnerability. Note that this pattern is
also observed when using only species listed with [UCN
criteria A, C, D and E, excluding those listed with crite-
ria B defined by narrow range distributions.

DISCUSSION

We report a positive relationship between the scale of
synchrony and body size as well as strong evidence of
congruence between the distribution- and synchrony-
based MVRS approaches. To do so, we used two inde-
pendent datasets and frameworks to calculate the two
MVRS (one based on species occurrences shaping dis-
tribution ranges and the other on temporal dynamics of
spatially-scattered population abundances). These re-
sults support previous findings of positive links between
the spatial scale of synchrony and body size or other re-
lated traits (e.g. generation time, territory size) (Marquez
et al., 2019; Toms et al., 2005). We also found clear sup-
port for the lower boundary of the macroecological
range—body size relationship (i.e. the distribution-based
MVRS) as a vulnerability limit established by the mini-
mum viable range size required for the long-term per-
sistence of species. These findings extend the current
understanding of the processes shaping the lower bound-
ary of the range-body size relationship, thus offering a
powerful mechanistic construct to estimate, monitor and
forecast the long-term persistence of species according
to their geographic range and body size.

The increase of MVRS with body size observed in
our comparative framework establishes a vulnerabil-
ity limit whereby large-bodied species require large
geographic areas to enhance their long-term viabil-
ity and minimize their risk of extinction. Brown and

TABLE 1 Coefficient estimates,

- . Std. C1 . I . standard errors and confidence intervals of
Coefficient Estimate error 2.5% 97.5% the linear regressions displayed in Figure 3
Distribution-based Intercept 54555 1113 3.050 7.860 for the distribution-based h:VRS and the
MVRS synchrony-based MVRS when grouping
Slope 1.343%** 0.296 0.704 1.982 the three realms
Synchrony-based MVRS  Intercept 5.972%%% 0.650 4.611 7.333
Slope 1.043%** 0.197 0.631 1.455

Note: ***p <0.001.
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FIGURE 4 Range-body size relationship for the three

realms studied (i.e. Palearctic, Nearctic, and Australian), and the
corresponding distribution-based MVRS regression (blue line;

see Figure 3). Species listed by the [IUCN red list as threatened

(i.e. vulnerable, endangered, critically endangered and extinct) are
highlighted with different colours. Range sizes (in km?) represent
the best available estimates of species historical native distributions
before major human impacts allowing to estimate the overall ability
of the distribution-based MVRS to be used as a limit of inherent
vulnerability. Note that the same pattern is observed when using
only species listed with [TUCN criteria a, ¢, d and e, excluding those
listed with criteria (b) defined by narrow-range distributions. Also
note that our study focuses on riverine species, not accounting for
those restricted to lakes (see methods section), excluding threatened
lacustrine species with narrow distributions.

Maurer (1987, 1989) proposed that this limit is a con-
sequence of constraints on individual and population
traits that restrict the species' abilities to obtain re-
sources and occupy geographic space. For example, in-
dividuals of large-bodied species require more energy,
which in turn indicates that the total energy available
for the species is used to support fewer individuals
(Blackburn & Gaston, 2001). This results in higher food
requirements per individual and lower densities (Brown
& Maurer, 1987, 1989; Kleiber, 1975). Consequently, by
having more extensive geographic ranges, large-bodied
species ensure enough resources to fulfil their energy
demands, thus reducing the high probability of extinc-
tion associated with low population density (Diniz-
Filho et al., 2005; Legendre et al., 2008; MacArthur &
Wilson, 1967).

Large-bodied species' high dispersal capacities
allow them to occupy large geographic ranges and for-
age widely to cope with temporal and spatial variation
in resource availability (Brown & Maurer, 1987; Hein
etal., 2012; Kleiber, 1975; Radinger & Wolter, 2014). This
higher dispersal can stabilize local dynamics through
the influx of immigrants (Abbott, 2011). However, dis-
persal is a ‘double-edged sword’ since it can also increase

the risk of global extinction by spatially synchronizing
local populations (Abbott, 2011; Liebhold et al., 2004)
over greater distances (Marquez et al., 2019). Thus, oc-
cupying broad geographic ranges allows large-bodied
species to avoid synchronizing dynamics caused by their
high dispersal. Besides, species with broad geographic
range sizes are commonly associated with wider en-
vironmental niches and habitat-generalist strategies
(Cardillo et al., 2019; Slatyer et al., 2013). Large species
with a broad geographic range may also be less sensitive
to climate-synchronizing drivers by occupying habitats
with different environmental conditions (Loreau & de
Mazancourt, 2008; Pandit et al., 2016) where populations
display asynchronous dynamics.

At the other end of the body size spectrum, small-
bodied species have low energetic requirements per in-
dividual, allowing them to maintain viable populations
at low and high densities (Brown & Maurer, 1989). This
allow toenhance long-term persistence in both small and
broad geographic ranges (Gaston & Blackburn, 1996a;
Figures la, 2). However, small-bodied species occupy-
ing small geographic ranges may still be more sensitive
to catastrophic events, especially for species with low
population sizes (Cardillo et al., 2008; Gaston, 1994;
Lee & Jetz, 2011) and/or ecological traits related to
high population synchrony (i.e. specialist-habitat strat-
egies and restricted environmental niches; Liebhold
et al., 2004; Slatyer et al., 2013; Cardillo et al., 2019).
Still, small-bodied species with small ranges may dis-
play highly-abundant populations and short life histo-
ries, thus reducing the probability of local extinction
(Gaston, 1994; Gaston & Blackburn, 1996a) and di-
minishing the scale of spatial synchrony (Liebhold
et al., 2004; Marquez et al., 2019).

In addition to supporting the lower boundary of the
range body-size relationship as an MVRS limit, we pro-
vide empirical evidence of a positive link between spe-
cies body size and spatial population synchrony. Few
intrinsic factors (or species traits) have been identified
as drivers of population synchrony, with extrinsic fac-
tors (such as climate) being mainly supported in the
literature (Bjornstad et al., 1999; Hansen et al., 2020;
Liebhold et al., 2004). This positive relationship be-
tween body size and synchrony matches the trend re-
ported by Marquez et al. (2019), showing that species
with slow life histories are synchronized over greater
distances than species with fast life histories (since
body size correlates with the slow-fast continuum of
life history variation; Sibly & Brown, 2007; Jeschke &
Kokko, 2009).

Space use by animals is strongly related to body
size and has been a focal point of ecological research,
leading to the formulation of scaling rules—power
law relationships between body size and animal
area use (e.g. Jetz et al., 2004). The positive relation-
ships observed here between body size and both the
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distribution- and synchrony-based estimates of the
MVRS provided slope values close to 1. Previous stud-
ies reporting on the lower boundary of the range-body
size relationship do not usually provide regression co-
efficients to compare with (see e.g. for freshwater fish
Pyron, 1999; Rosenfield, 2002), neither does the only
study we are aware of that explored the relationship
between the scale of synchrony and body size (Toms
et al., 2005). However, this slope value is similar to
a pattern commonly observed between body mass or
size and individual home range size on a log scale,
usually indicating a home range scaling also close to
1 (e.g. Minns, 1995; Jetz et al., 2004 and see Tucker
et al., 2014 and Tamburello et al., 2015 for examples
on fish species). The body size-dependent energetic re-
quirements have been suggested to explain both pat-
terns, the body size scaling of individual home range
size and the species' minimum viable geographic
range size (Brown & Maurer, 1987, McNab, 1963). The
increase of energetic demands and individual space
needs with body size (Jetz et al., 2004; Kleiber, 1975)
may scale up from individuals to populations and
species resulting in similar slope values. Home range
studies, and the finding of an allometric scaling close
to 1 with body size, have been historically biased to-
ward terrestrial species (but see Minns, 1995 and
Tamburello et al., 2015), and it is unclear whether the
factors driving home range size are the same for spe-
cies in other environments. Our results for riverine
fishes suggest that similar forces may be acting in both
terrestrial and riverine ecosystems.

Beyond the theoretical importance of our results,
the validation of the lower limit of the range—body
size relationship has important applied implications.
Perhaps most notably, this limit could help with the
main challenges faced by extinction risk assessments
(see Bachman et al., 2019; Cazalis et al., 2022 for more
details in red listing challenges). For example, through
the Barometer of Life initiative (Stuart et al., 2010), the
TUCN is increasing the number of assessed species to
evaluate the conservation status of global biodiversity
and provide a more robust basis to inform conserva-
tion decisions. However, budgetary limits require the
ITUCN to prioritize efforts to improve its assessments'
coverage, updating and consistency (Cazalis et al., 2022;
Rondinini et al., 2014). Although our approach could
not be directly integrated into new species assessments,
as it does not conform to the Red List criteria already
set (Cazalis et al., 2022), it would be possible to use
the lower limit of the range—body size relationship as
a “low-data approach” to rapidly identify potentially
imperilled species (i.e. species below the distribution-
based MVRS limit) and prioritize first assessments and
reassessments of conservation status, and data collec-
tion for data-deficient taxa. The usefulness and valid-
ity of this “low-data approach” to prioritize species are

supported by recent studies showing that most species
listed as threatened or extinct by the TUCN lie along
the distribution-based MVRS (Le Feuvre et al., 2016;
Newsome et al., 2020). We confirm this finding for
freshwater riverine fish species, highlighting the inher-
ent low viability of species near or below this bound-
ary to range size reductions (e.g. habitat loss or climate
change; Carvajal-Quintero et al., 2017).

Our study shows a strong congruence between
a species-level macroecological pattern (i.e. the
distribution-based MVRS) and a pattern arising from
the temporal dynamics of populations on ecological
time scales (i.e. the synchrony-based MVRS). Although
we show clear congruence between the distribution- and
synchrony-based MVRS, it is based on a limited num-
ber of species. Evidence for this similarity is limited to
riverine fishes from temperate biogeographic realms,
suggesting the need for additional investigations in other
climatic and geographic contexts. Long-term climati-
cally unstable regions (i.e. temperate) harbour lower pro-
portions of small-ranged species because those species
usually have narrow climatic niches and poor dispersal
capacity, two factors that increased their extinction risk
under past climate changes (Blanchet et al., 2013; Sandel
et al., 2011). Besides, the higher resource availability and
climatic stability of tropical ecosystems should allow
for the maintenance of species with smaller range sizes,
compared to their temperate counterparts, thus sug-
gesting a different distribution-based MVRS pattern, at
least in terms of the intercept parameter. This question
remains to be formally tested. The triangular shape of
the macroecological range - body size relationship has
been widely documented across multiple vertebrate taxa
(e.g. Newsome et al., 2020) and our empirical validation
of the lower bound as a vulnerability limit is based on
freshwater fish data across the world. Testing the validity
of this limit in other major vertebrate groups offers excit-
ing research opportunities to test the broader generality
of our findings.

AUTHOR CONTRIBUTIONS

JC-Q, PAT and FV conceived the study. JC-Q and PAT
implemented the statistical analysis and wrote the initial
draft. All authors contributed to the final version of the
manuscript.

ACKNOWLEDGEMENTS

This paper is a joint effort of the international work-
ing group ‘sYNGEO — The Geography of Synchrony
in Dendritic Networks’ kindly supported by sDiv, the
Synthesis Centre of the German Centre for Integrative
Biodiversity Research (iDiv) Halle-Jena-Leipzig, funded
by the German Research Foundation (FZT 118). This
work was also supported by the Evolution & Diversité
Biologique Laboratory through the LABEX TULIP and
CEBA (ANR-10-LABX-41, ANR-10- LABX-25-01). FV.

85U80|7 SUOWWOD 3A 81D 3(cedljdde aup Aq peusenob ase sspie YO ‘88N JO s8Nl 10} ArIqiT8UIUO 8|1 UO (SUOPUCD-pUR-SLUBIALI0D A8 1M Ae1q 1 BU1 [UO//SANY) SUOIPUOD pue swie | 8y 88S *[£20z/T0/TE] Uo AfeiqiTauljuo 8|1 ‘Ude N punwp3 auoizepuod Aq ZGTHT@R/TTTT OT/I0pA0D A8 IM AleIq Ul Uo//:Sdny WOy pepeojumod ‘Z ‘€202 ‘8vZ0TorT



CARVAJAL-QUINTERO ET AL.

299

was supported by CONACYT (Ciencia Basica project
A1-S-34563) and Instituto de Ecologia A.C., Mexico.
We are grateful to Victor Cazalis, Thierry Oberdorff
and Bernard Hugueny for the constructive discussions
on previous versions of this work. Open Access funding
enabled and organized by Projekt DEAL.

FUNDING INFORMATION

Consejo Nacional de Ciencia y Tecnologia; Deutsche
Forschungsgemeinschaft;  Laboratoire =~ d’Excellence
TULIP; Research Foundation; Consejo Nacional de
Ciencia y Tecnologia, Mexico, Grant/Award Number:
A1-S-34563

PEER REVIEW
The peer review history for this article is available at
https://publons.com/publon/10.1111/ele.14152.

DATA AVAILABILITY STATEMENT

No new data were collected and used for this study.
We obtained species body sizes and geographic range
sizes from FishBase (https:/www.fishbase.in/, Froese
& Pauly, 2020) and Carvajal-Quintero et al. (2019),
respectively; whereas the time series of species abun-
dances come from the RivFishTIME database (Comte
et al., 2021), which is publicly available through the
iDiv  Biodiversity Portal: https://doi.org/10.25829/
1div.1873-10-4000. The data used to calculate the range-
body size relationship and the code used to subset data
and analyses is on Zenodo (https://doi.org/10.5281/
zenodo.6520116).

ORCID

Juan Carvajal- Quintero
org/0000-0001-6758-8118
Julian D. Olden ©© https://orcid.org/0000-0003-2143-1187
Ulrich Brose ©© https://orcid.org/0000-0001-9156-583X

Claire Jacquet ‘© https://orcid.org/0000-0002-7913-0689
Stefano Larsen (@ https://orcid.org/0000-0002-6774-1407
Albert Ruhi @ https://orcid.org/0000-0003-4011-6457

https://orcid.

REFERENCES

Abbott, K.C. (2011) A dispersal-induced paradox: synchrony and
stability in stochastic metapopulations. Ecology Letters, 14,
1158-1169.

Agosta, S.J. & Bernardo, J. (2013) New macroecological insights into
functional constraints on mammalian geographical range size.
Proceedings of the Royal Society B: Biological Sciences, 280,
20130140.

Allen, J.C., Schaffer, W.M. & Rosko, D. (1993) Chaos reduces species
extinction by amplifying local population noise. Nature, 364,
229-232.

Bachman, S.P., Field, R., Reader, T., Raimondo, D., Donaldson, J.,
Schatz, G.E. et al. (2019) Progress, challenges and opportunities
for red listing. Biological Conservation, 234, 45-55.

Bjernstad, O.N. & Falck, W. (2001) Nonparametric spatial covariance
functions: estimation and testing. Environmental and Ecological
Statistics, 8, 53-70.

Bjornstad, O.N., Ims, R.A. & Lambin, X. (1999) Spatial population
dynamics: analyzing patterns and processes of population syn-
chrony. Trends in Ecology & Evolution, 14, 427-432.

Blackburn, T.M. & Gaston, K.J. (2001) Linking patterns in macro-
ecology. Journal of Animal Ecology, 70, 338-352.

Blackburn, T.M., Lawton, J.H. & Perry, J.N. (1992) A method of esti-
mating the slope of upper bounds of plots of body size and abun-
dance in natural animal assemblages. Oikos, 65, 107-112.

Blanchet, S., Reyjol, Y., April, J., Mandrak, N.E., Rodriguez, M.A.,
Bernatchez, L. et al. (2013) Phenotypic and phylogenetic cor-
relates of geographic range size in Canadian freshwater fishes.
Global Ecology and Biogeography, 22, 1083-1094.

Brown, J.H. & Maurer, B.A. (1987) Evolution of species assemblages:
effects of energetic constraints and species dynamics on the
diversification of the north American avifauna. The American
Naturalist, 130, 1-17.

Brown, J.H. & Maurer, B.A. (1989) Macroecology: the division of food
and space among species on continents. Science, 243, 1145-1150.

Cardillo, M., Dinnage, R. & McAlister, W. (2019) The relationship be-
tween environmental niche breadth and geographic range size
across plant species. Journal of Biogeography, 46, 97-109.

Cardillo, M., Mace, G.M., Gittleman, J.L., Jones, K.E., Bielby, J. &
Purvis, A. (2008) The predictability of extinction: biological and
external correlates of decline in mammals. Proceedings of the
Royal Society B: Biological Sciences, 275, 1441-1448.

Carvajal-Quintero, J., Villalobos, F., Oberdorff, T., Grenouillet, G.,
Brosse, S., Hugueny, B. et al. (2019) Drainage network position
and historical connectivity explain global patterns in freshwater
fishes' range size. PNAS, 116, 13434-13439.

Carvajal-Quintero, J.D., Januchowski-Hartley, S.R., Maldonado-
Ocampo, J.A., Jézéquel, C., Delgado, J. & Tedesco, P.A. (2017)
Damming fragments Species' ranges and heightens extinction
risk. Conservation Letters, 10, 708-716.

Cazalis, V., Di Marco, M., Butchart, S.H.M., Akcakaya, H.R.,
Gonzalez-Suarez, M., Meyer, C. et al. (2022) Bridging the
research-implementation gap in TUCN red list assessments.
Trends in Ecology & Evolution, 37, 359-370.

Collen, B., Dulvy, N.K., Gaston, K.J., Girdenfors, U., Keith, D.A.,
Punt, A.E. et al. (2016) Clarifying misconceptions of extinction risk
assessment with the [UCN red list. Biology Letters, 12, 20150843.

Comte, L., Carvajal-Quintero, J., Tedesco, P.A., Giam, X., Brose,
U, Erés, T. et al. (2021) RivFishTIME: a global database of fish
time-series to study global change ecology in riverine systems.
Global Ecology and Biogeography, 30, 38—50.

Damuth, J. (1981) Population density and body size in mammals.
Nature, 290, 699-700.

Diniz-Filho, J.A., Carvalho, P., Bini, L.M. & Torres, N.M. (2005)
Macroecology, geographic range size—body size relationship and
minimum viable population analysis for new world carnivora.
Acta Oecologica, 27, 25-30.

Earn, D.J.D., Levin, S.A. & Rohani, P. (2000) Coherence and conser-
vation. Science, 290, 1360-1364.

Froese, R. & Pauly, D. (2020) FishBase. Available at: https://www.
fishbase.org/. Last accessed 28 January 2020

Gaston, K. & Blackburn, T. (2000) Pattern and process In macroecol-
ogy. Pattern and process in macroecology.

Gaston, K.J. (1994) Rarity. London: Chapman & Hall.

Gaston, K.J. & Blackburn, T.M. (1996a) Conservation implications
of Georaphic range size—body size relationships. Conservation
Biology, 10, 638-646.

Gaston, K.J. & Blackburn, T.M. (1996b) Global scale macroecology:
interactions between population size, geographic range size and
body size in the Anseriformes. Journal of Animal Ecology, 65,
701-714.

Hansen, B.B., Grotan, V., Herfindal, I. & Lee, A.M. (2020) The Moran
effect revisited: spatial population synchrony under global
warming. Ecography, 43, 1591-1602.

85U80|7 SUOWWOD 3A 81D 3(cedljdde aup Aq peusenob ase sspie YO ‘88N JO s8Nl 10} ArIqiT8UIUO 8|1 UO (SUOPUCD-pUR-SLUBIALI0D A8 1M Ae1q 1 BU1 [UO//SANY) SUOIPUOD pue swie | 8y 88S *[£20z/T0/TE] Uo AfeiqiTauljuo 8|1 ‘Ude N punwp3 auoizepuod Aq ZGTHT@R/TTTT OT/I0pA0D A8 IM AleIq Ul Uo//:Sdny WOy pepeojumod ‘Z ‘€202 ‘8vZ0TorT


https://publons.com/publon/10.1111/ele.14152
https://www.fishbase.in/
https://doi.org/10.25829/idiv.1873-10-4000
https://doi.org/10.25829/idiv.1873-10-4000
https://doi.org/10.5281/zenodo.6520116
https://doi.org/10.5281/zenodo.6520116
https://orcid.org/0000-0001-6758-8118
https://orcid.org/0000-0001-6758-8118
https://orcid.org/0000-0001-6758-8118
https://orcid.org/0000-0003-2143-1187
https://orcid.org/0000-0003-2143-1187
https://orcid.org/0000-0001-9156-583X
https://orcid.org/0000-0001-9156-583X
https://orcid.org/0000-0002-7913-0689
https://orcid.org/0000-0002-7913-0689
https://orcid.org/0000-0002-6774-1407
https://orcid.org/0000-0002-6774-1407
https://orcid.org/0000-0003-4011-6457
https://orcid.org/0000-0003-4011-6457
https://www.fishbase.org/
https://www.fishbase.org/

300

MACROECOLOGICAL PATTERN DEPICTS SPECIES VULNERABILITY

Hein, A.M., Hou, C. & Gillooly, J.F. (2012) Energetic and biomechan-
ical constraints on animal migration distance. Ecology Letters,
15, 104-110.

Heino, M., Kaitala, V., Ranta, E. & Lindstrom, J. (1997) Synchronous
dynamics and rates of extinction in spatially structured popula-
tions. Proceedings of the Royal Society of London. Series B: bio-
logical sciences, 264, 481-486.

Heitman, N.E., Racey, C.L. & Lochmann, S.E. (2006) Stocking contri-
bution and growth of largemouth bass in pools of the Arkansas
River. North American Journal of Fisheries Management, 26,
175-179.

Herrera-R, G.A., Oberdorff, T., Anderson, E.P., Brosse, S., Carvajal-
Vallejos, F.M., Frederico, R.G. et al. (2020) The combined effects
of climate change and river fragmentation on the distribution of
Andean Amazon fishes. Global Change Biology, 26, 5509-5523.

TUCN. (2021) The IUCN red list of threatened species. Version 2021-3.
https://www.iucnredlist.org. Accessed on [22/01/2022]

Jeschke, J.M. & Kokko, H. (2009) The roles of body size and phy-
logeny in fast and slow life histories. Evolutionary Ecology, 23,
867-878.

Jetz, W., Carbone, C., Fulford, J. & Brown, J.H. (2004) The scaling of
animal space use. Science, 306, 266-268.

Jones, J., Doran, P.J. & Holmes, R.T. (2007) Spatial scaling of avian
population dynamics: population abundance, growth rate, and
variability. Ecology, 88, 2505-2515.

Joseph, L.N., Maloney, R.F. & Possingham, H.P. (2009) Optimal allo-
cation of resources among threatened species: a project prioriti-
zation protocol. Conservation Biology, 23, 328-338.

Kleiber, M. (1975) The fire of life: an introduction to animal energetics.
New York, NY: R. E. Krieger Pub. Co.

Larsen, S., Comte, L., Filipa Filipe, A., Fortin, M.-J., Jacquet, C.,
Ryser, R. et al. (2021) The geography of metapopulation syn-
chrony in dendritic river networks. Ecology Letters, 24, 791-801.

Le Feuvre, M.C.L., Dempster, T., Shelley, J.J. & Swearer, S.E. (2016)
Macroecological relationships reveal conservation hotspots and
extinction-prone species in Australia's freshwater fishes. Global
Ecology and Biogeography, 25, 176-186.

Lee, T.M. & Jetz, W. (2011) Unravelling the structure of species extinc-
tion risk for predictive conservation science. Proceedings of the
Royal Society B: Biological Sciences, 278, 1329-1338.

Legendre, S., Schoener, T.W., Clobert, J., Spiller, D.A., Wilson,
A.EW.G. & DeAngelis, E.D.L. (2008) How is extinction risk re-
lated to population-size variability over time? A family of mod-
els for species with repeated extinction and immigration. The
American Naturalist, 172, 282-298.

Liebhold, A., Koenig, W.D. & Bjernstad, O.N. (2004) Spatial syn-
chrony in population dynamics. Annual Review of Ecology,
Evolution, and Systematics, 35, 467-490.

Loreau, M. & de Mazancourt, C. (2008) Species synchrony and its
drivers: neutral and nonneutral community dynamics in fluctu-
ating environments. 7he American Naturalist, 172, E48—E66.

MacArthur, R.H. & Wilson, E.O. (1967) The theory of Island biogeog-
raphy. Princeton, NJ: Princeton University Press.

Marquez, J.F., Lee, A.M., Aanes, S., Engen, S., Herfindal, I,
Salthaug, A. et al. (2019) Spatial scaling of population syn-
chrony in marine fish depends on their life history. Ecology
Letters, 22, 1787-1796.

McNab, B.K. (1963) Bioenergetics and the determination of home
range size. The American Naturalist, 97, 133-140.

Minns, C.K. (1995) Allometry of home range size in lake and river
fishes. Canadian Journal of Fisheries and Aquatic Sciences, 52,
1499-1508.

Moore, J.W., McClure, M., Rogers, L.A. & Schindler, D.E. (2010)
Synchronization and portfolio performance of threatened
salmon: synchronization of salmon populations. Conservation
Letters, 3, 340-348.

Newsome, T.M., Wolf, C., Nimmo, D.G., Kopf, R.K., Ritchie, E.G.,
Smith, F.A. et al. (2020) Constraints on vertebrate range size

predict extinction risk. Global Ecology and Biogeography, 29,
76-86.

Pandit, S.N., Cottenie, K., Enders, E.C. & Kolasa, J. (2016) The role of
local and regional processes on population synchrony along the
gradients of habitat specialization. Ecosphere, 7, ¢01217.

Purvis, A., Gittleman, J.L., Cowlishaw, G. & Mace, G.M. (2000)
Predicting extinction risk in declining species. Proceedings of
the Royal Society of London. Series B: Biological Sciences, 267,
1947-1952.

Pyron, M. (1999) Relationships between geographical range size,
body size, local abundance, and habitat breadth in north
American suckers and sunfishes. Journal of Biogeography, 26,
549-558.

R Core Team. (2021) R: a language and environment for statistical com-
puting. Vienna, Austria: R Foundation for Statistical Computing.
Available from: https://www.R-project.org/

Radinger, J. & Wolter, C. (2014) Patterns and predictors of fish disper-
sal in rivers. Fish and Fisheries, 15, 456—473.

Ranta, E., Kaitala, V., Lindstréom, J. & Lindén, H. (1995) Synchrony
in population dynamics. Proceedings of the Royal Society of
London. Series B: Biological Sciences, 262, 113-118.

Rondinini, C., Marco, M.D., Visconti, P., Butchart, S.H.M. & Boitani,
L. (2014) Update or outdate: long-term viability of the [UCN red
list. Conservation Letters, 7, 126—130.

Rosenfield, J.A. (2002) Pattern and process in the geographical
ranges of freshwater fishes. Global Ecology and Biogeography, 11,
323-332.

Sandel, B., Arge, L., Dalsgaard, B., Davies, R.G., Gaston, K.J.,
Sutherland, W.J. et al. (2011) The influence of late quaternary
climate-change velocity on species endemism. Science, 334,
660-664.

Schindler, D.E., Hilborn, R., Chasco, B., Boatright, C.P., Quinn, T.P.,
Rogers, L.A. et al. (2010) Population diversity and the portfolio
effect in an exploited species. Nature, 465, 609—-612.

Schmidt-Nielsen, K. (1984) Scaling: why is animal size so important?
Cambridge, UK: Cambridge University Press.

Sibly, R.M. & Brown, J.H. (2007) Effects of body size and lifestyle on
evolution of mammal life histories. Proceedings of the National
Academy of Sciences, 104, 17707-17712.

Siegwarth, G.L. & Johnson, J.E. (1998) Assessment of stocking
catchable-size channel catfish in the Buffalo River, Arkansas.
North American Journal of Fisheries Management, 18, 96-103.

Slatyer, R.A., Hirst, M. & Sexton, J.P. (2013) Niche breadth predicts
geographical range size: a general ecological pattern. Ecology
Letters, 16, 1104-1114.

Smith, C.D., Quist, M.C. & Hardy, R.S. (2015) Detection probabili-
ties of electrofishing, hoop nets, and benthic trawls for fishes in
two Western north American Rivers. Journal of Fish and Wildlife
Management, 6, 371-391.

Sokal, R.R. & Wartenberg, D.E. (1983) A test of spatial autocorrela-
tion analysis using an isolation-by-distance model. Genetics, 105,
219-237.

Stuart, S.N., Wilson, E.O., McNeely, J.A., Mittermeier, R.A. &
Rodriguez, J.P. (2010) The barometer of life. Science, 328, 177.

Swihart, R.K., Slade, N.A. & Bergstrom, B.J. (1988) Relating body
size to the rate of home range use in mammals. Ecology, 69,
393-399.

Tamburello, N., Co6té, .M., Dulvy, N.K., Kerkhoff, A.E.A.J. & Day,
E.T. (2015) Energy and the scaling of animal space use. The
American Naturalist, 186, 196-211.

Tedesco, P.A., Beauchard, O., Bigorne, R., Blanchet, S., Buisson, L.,
Conti, L. et al. (2017) A global database on freshwater fish spe-
cies occurrence in drainage basins. Scientific Data, 4, 170141.

Toms, J.D., Hannon, S.J. & Schmiegelow, F.K.A. (2005) Population
dynamics of songbirds in the boreal Mixedwood forests of
Alberta, Canada: estimating minimum and maximum ex-
tents of spatial population synchrony. Landscape Ecology, 20,
543-553.

85U80|7 SUOWWOD 3A 81D 3(cedljdde aup Aq peusenob ase sspie YO ‘88N JO s8Nl 10} ArIqiT8UIUO 8|1 UO (SUOPUCD-pUR-SLUBIALI0D A8 1M Ae1q 1 BU1 [UO//SANY) SUOIPUOD pue swie | 8y 88S *[£20z/T0/TE] Uo AfeiqiTauljuo 8|1 ‘Ude N punwp3 auoizepuod Aq ZGTHT@R/TTTT OT/I0pA0D A8 IM AleIq Ul Uo//:Sdny WOy pepeojumod ‘Z ‘€202 ‘8vZ0TorT


https://www.iucnredlist.org
https://www.r-project.org/

CARVAJAL-QUINTERO ET AL.

| 301

Tucker, M.A., Ord, T.J. & Rogers, T.L. (2014) Evolutionary predictors
of mammalian home range size: body mass, diet and the environ-
ment. Global Ecology and Biogeography, 23, 1105-1114.

Wootton, R.J. (1990) Ecology of teleost fishes. London: Chapman and
Hall.

SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Carvajal-Quintero, J.,
Comte, L., Giam, X., Olden, J.D., Brose, U. &
Er6s, T. et al. (2023) Scale of population synchrony
confirms macroecological estimates of minimum
viable range size. Ecology Letters, 26, 291-301.
Available from: https:/doi.org/10.1111/ele.14152

85U80|7 SUOWWOD 3A 81D 3(cedljdde aup Aq peusenob ase sspie YO ‘88N JO s8Nl 10} ArIqiT8UIUO 8|1 UO (SUOPUCD-pUR-SLUBIALI0D A8 1M Ae1q 1 BU1 [UO//SANY) SUOIPUOD pue swie | 8y 88S *[£20z/T0/TE] Uo AfeiqiTauljuo 8|1 ‘Ude N punwp3 auoizepuod Aq ZGTHT@R/TTTT OT/I0pA0D A8 IM AleIq Ul Uo//:Sdny WOy pepeojumod ‘Z ‘€202 ‘8vZ0TorT


https://doi.org/10.1111/ele.14152

	Scale of population synchrony confirms macroecological estimates of minimum viable range size
	Abstract
	REFERENCES


