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1 | INTRODUCTION

The similarity between two local species assemblages tends to be
higher when they are close together, and decrease with spatial dis-
tance. This is because the closer two sites are, the higher the prob-
ability that a given species is present in both assemblages (Nekola &
McGill, 2014). The decay of assemblage similarity with spatial distance
is a widespread pattern across taxa and regions (Soininen et al., 2007).
It has a central role in macroecology (Morlon et al., 2008), as this
pattern is among the major predictions derived from any of the al-
ternative biodiversity theories (McGill, 2010) that emphasise different
causal processes (i.e. dispersal limitation vs. niche processes). This is
because the decay of assemblage similarity can be driven either by dis-
persal limitation or by species sorting across environmental gradients
via niche processes (Nekola & White, 1999). Distance-decay models
are thus basic tools to understand how biological assemblages vary
in space, and to infer the processes underpinning variation in commu-
nity composition. With this aim, multiple studies have compared the
relative explanatory power of climatic and spatial distances for spe-
cific biological groups, as dispersal limitation is predicted to produce
higher correlations of assemblage similarity with spatial than with cli-
matic distance, while species sorting via ecological niches is predicted
to produce higher correlations with climatic than with spatial distance
(e.g. Condit et al., 2002; Tuomisto et al., 2003).

Another approach to infer the processes behind assemblage
variation is to compare distance-decay patterns across biological
groups, and using the cross-taxon variation in the relationship be-
tween assemblage similarity and climatic distance to infer the de-
gree of equilibrium between assemblages and climatic conditions
(Aradjo & Pearson, 2005; Lenoir et al., 2012; Thuiller et al., 2019).
These studies assume that the higher the degree of equilibrium be-
tween assemblage composition and climatic conditions, the higher
the correlation between assemblage similarity and climatic distance.
This relationship at the assemblage level derives from the fact that
species ranges are either (a) constrained by their climatic niches and
hence at equilibrium with their suitable climatic conditions or, on the
contrary, (b) constrained by dispersal limitation and therefore not in
equilibrium with their suitable climatic conditions. As a result, when
species are fundamentally constrained by their climatic niches, as-
semblage composition is controlled by deterministic, niche-based
processes, while stochastic processes gain relevance otherwise
(Chase & Myers, 2011). In real assemblages, the relative relevance of

both type of processes lies in a continuum between both extremes

6. Our results suggest that the degree of equilibrium decreases from marine to ter-
restrial realms, and is markedly different between vertebrates and beetles. This
has profound implications on the expected ability of different groups to track their

suitable climates, and thus on the impact of climate change on biodiversity.

anisotropy, beta diversity, climatic niches, dispersal limitation, equilibrium, isotropy, turnover

(Leibold & McPeek, 2006). This is a central question to understand
how species will be able to track their suitable climatic conditions in
the future (Svenning & Skov, 2004), and thus how climate change will
affect the distribution of biodiversity (Faurby & Araujo, 2018; Lenoir
et al., 2020; Thuiller et al., 2019). Previous research has shown that
the degree of equilibrium between species ranges and climatic con-
ditions varies across biological groups (Arautjo & Pearson, 2005) and
realms, being higher in marine than in terrestrial realms (Burrows
et al., 2011; Poloczanska et al., 2013; Sunday et al., 2012).

The decay of assemblage similarity with spatial distance is usu-
ally modelled as an isotropic pattern, even though the assumption is
rarely made explicit (but see Baselga, 2007; Tovo & Favretti, 2018;
Vellend, 2001) or tested (Burley et al., 2012; Svenning et al., 2011).
Isotropic spatial patterns are spatially symmetric, and the magnitude
and range of spatial autocorrelation do not vary with direction (Dale
& Fortin, 2014). That is, from any focal point, the measured attribute
varies with the same strength in any direction. In contrast, anisotro-
pic spatial patterns are those in which the variation is more marked
in one particular direction than in others. This is the case, for exam-
ple, of environmental space (Soberdn & Peterson, 2011), as environ-
mental gradients are usually stronger in particular directions. This is
especially true for climatic gradients at large spatial scales, because
climate is mostly structured in latitudinal belts (Peel et al., 2007). This
leads to the prediction that, if climatic niches were the major driv-
ers of species distributions, then species ranges would tend to be
constrained within these bands via their climatic niches, and spatial
assemblage turnover (i.e. species replacement) should be faster in
North-South direction (following the climatic gradients) than in East-
West direction (within climatic belts). On the contrary, in an ideal-
ised scenario with a continuous land mass and no effect of climatic
niches, species assemblages separated by a given spatial distance are
expected to be equally similar in the East-West and North-South di-
rections (isotropic distance-decay of similarity). Additionally, besides
the general tendency of macroclimatic structure to favour anisotropy
by leading to steeper decays of similarity in the North-South than
the East-West direction, the specific spatial disposition of dispersal
barriers (e.g. landmasses shape) can produce idiosyncratic anisotro-
pic pattern in any direction. Therefore, we here introduce a novel di-
rectional distance-decay approach. We propose that assessing how
the relationship between assemblage similarity and spatial distance
varies across directions can help inferring the degree of equilibrium
between assemblage variation and climatic gradients at macroeco-

logical scales (Figure 1).



BASELGA ano GOMEZ-RODRIGUEZ

Journal of Animal Ecology 3

Isotropic

Anisotropic
(e)

(©

High similarity

Low similarity

()

= (d)a
SN\ e 5[\ .
[} [ ]
Spatial dist. Spatial dist.
(9)
S ko
£ £
n n

Spatial dist. Spatial dist.

FIGURE 1 Schematic representation of isotropic and anisotropic patterns of decay of assemblage similarity with spatial distance. For
simplicity in the visual representation, only some of all possible pairs are considered, identifying the pairs separated in angles of 0° (blue),
45° (orange) and 90° (red) (a). If distance-decay of similarity is isotropic (b-d), similarity with a focal site would decrease at the same rate

in all directions (b), so residuals of a distance-decay model would not be correlated with the angle (c) and the distance-decay curves fitted
only with pairs separated in a specific direction (e.g. 0° or 90°) would be similar. However, if distance-decay of similarity is anisotropic (e-g),
similarity with the focal site would decrease faster in some directions than in others (e), so residuals of a distance-decay model would be
correlated with the angle (f), and the distance-decay curves fitted only with pairs separated in a specific direction (e.g. 0° or 90°) would

be different. In this hypothetic example, residuals would be positive for site pairs separated in East-West direction and negative for pairs
separated in North-South direction, and the slope of a distance-decay model fitted for pairs separated in North-South direction would by

steeper than the slope in East-West direction (g)

Taking this into account, measuring anisotropy in distance-decay
patterns and comparing it with the one observed along climatic
gradients would allow inferring the relative importance of climatic
gradients or dispersal limitation as drivers of assemblage variation.
If a similar anisotropic pattern is observed in the climatic gradient
and the decay of assemblage similarity, a major role of climatic gra-
dients would be inferred. On the contrary, if the decay of assem-
blage similarity is isotropic or anisotropic in a different orientation
than the climatic gradients, a major role of dispersal limitation would
be inferred. Therefore, across biological groups, we expect that the

degree of anisotropy will vary in accordance to their taxon-specific

niche characteristics and dispersal abilities. To test this, we intro-
duce two methods for assessing anisotropy in distance-decay mod-
els and address the following questions: (Q1) whether anisotropy in
distance-decay models varies across biological groups, realms and
geographical regions, (Q2) whether it differs from the anisotropy
of climatic gradients in these regions, pointing to disequilibrium
between assemblage composition and climatic conditions and (Q3)
whether the degree of anisotropy in distance-decay patterns is re-
lated to morphological characteristics of the biological group associ-
ated with its dispersal ability (flight capacity and body size) or their

ecological strategies (trophic level and habitat preference).
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2 | MATERIALS AND METHODS
2.1 | Data

Two different types of data are used in this study. Differences in ani-
sotropy among biological systems, taxonomic groups and geographi-
cal regions were first assessed with presence/absence data of marine
plankton (Australian phytoplankton and copepods) and terrestrial ver-
tebrates (amphibians, mammals and birds in Europe, North America
and South America). The regular grid and high spatial resolution of this
data (1° squares) provide high statistical power to detect and quantify
anisotropy. However, because few biological groups are considered
and they have disparate morphological traits, these data cannot be
used to assess the relationship between the degree of anisotropy and
the biological characteristics of the groups. With this aim, additional
analyses were conducted based on presence/absence data of 21 bee-
tle groups in continental European territories. These data allow com-
paring the degree of anisotropy among biological groups with different
ecological requirements and dispersal ability (Baselga et al., 2012;
Goémez-Rodriguez & Baselga, 2018; Gomez-Rodriguez et al., 2015), al-
though the distance-decay patterns in each group are estimated with
smaller sample size, lower spatial resolution and irregular size of sam-
pling units, compared to vertebrate data.

The marine plankton data were downloaded from the Australian
Ocean Data Network (https://portal.aodn.org.au/). We built two
separate presence/absence tables for phytoplankton (Richardson,
Coman, Davies, McLaughlin, et al., 2020) and copepods (Richardson,
Coman, Davies, Slotwinski, et al., 2020), respectively. To do this,
we used the subset of species in the cited databases for which real
presence/absences were recorded (i.e. we removed all species with
no observations in any of the sampling points). We then aggregated
observations in 1° x 1° cells, so we got two presence/absence ta-
bles in these 1° cells, for phytoplankton and copepods, respectively
(hereinafter referred as ‘marine plankton datasets’, n = 2).

The vertebrate data derive from species distribution maps of
amphibians and terrestrial mammals from the IUCN (2013), and the
breeding distributions maps of birds from the BirdLife International
and NatureServe (2013) database. For each biological group (am-
phibians, mammals, birds) and in each land mass (Europe, North and
South America), polygonal range maps were converted into pres-
ence/absence tables of 1° x 1° cells (hereinafter referred as ‘verte-
brate datasets’, n = 9). In both plankton and vertebrate datasets, cell
geographical coordinates were converted into UTM coordinates to
allow computing Euclidean spatial distances among cells.

The beetle data include species presence/absence tables for 21
beetle supra-specific taxa (large genera, tribes, subfamilies or families;
4,648 species in total) in 34 continental European territories (mostly
countries > 2000 km?; extent: 11°W-60°E longitude and 36°N-72°N
latitude) and was compiled from Lobl and Smetana (2003, 2004, 2006,
2010) and the Fauna Europaea Web Service (Fauna Europaea version
1.1, available online at https://fauna-eu.org/). The 21 supra-specific
taxa (see Table 1) are representative of the major beetle lineages (super-

families Caraboidea, Staphylinoidea, Scarabaeoidea, Chrysomeloidea

and Curculionoidea) and include a wide spectrum of ecological strate-
gies and dispersal abilities. Detailed information about this data can be
found in Baselga, Lobo, Svenning, Aragén, et al. (2012). Supraspecific
taxa were categorised according to their main habitat (epiedaphic,
edaphic, aquatic and epiphytic) and trophic specialisation (copropha-
gous, zoophagous, xylophagous, phytophagous), and the proportion of
apterous species (i.e. without functional wings) and species mean size
were extracted from taxonomic monographs, as described in Baselga,
Lobo, Svenning, Aragodn, et al. (2012), Gomez-Rodriguez et al. (2015)
and Gémez-Rodriguez and Baselga (2018).

2.2 | Q1. Measuring anisotropy in distance-
decay models across biological groups, realms and
geographical regions

Distance-decay patterns were estimated from the relationship
between the Simpson index of similarity and spatial distance.
Simpson similarity (i.e. 1—Simpson dissimilarity) is independent
of richness differences, thus reflecting only assemblage turnover
(Baselga, 2010; Koleff et al., 2003; Simpson, 1960). Simpson simi-
larity was computed with function beta.pair() in R package BETAPART
(Baselga & Orme, 2012). The relationship between pairwise similari-
ties and Euclidean spatial distance (between centroids of countries
or square cells, depending on the dataset) was modelled as a nega-
tive exponential function with function decay.model() in betapart,
which fits a GLM with log link and Gaussian error to the similarity
matrix (Gomez-Rodriguez & Baselga, 2018). All calculations were
done in R (R Development Core Team, 2018).

We introduce two procedures to assess anisotropy in distance-
decay patterns. In the first approach (angle-based method), anisot-
ropy is measured as the correlation between the residuals of a
distance-decay model and the angle in which pairwise dissimilari-
ties and spatial distances are measured, from 0° in pairs of localities
separated in East-West direction to 90° in pairs of localities sepa-
rated in North-South direction. Under the hypothesis of isotropy in
distance-decay patterns, there should be no relationship between
residuals and the angle in which localities are separated (Figure 1b),
while if the distance-decay is anisotropic, residuals would tend to
be larger in a particular direction (angle), making residuals and an-
gles to be correlated (Figure 1d). The robustness of this approach
derives from the large sample size used in distance-decay computa-
tion (i.e. all pairwise distances are used). However, its power could
be low if anisotropy occurs in a particular direction and the signal
is lost among the noise. To account for this, a second approach
(latitude-versus-longitude method) maximises the contrast between
dissimilarities computed in bands following orthogonal directions
(North-South and East-West in our case), as pairwise cases that are
separated in intermediate angles (e.g. cases in the diagonal) are not
considered. Thus, two different distance-decay models are built for
each dataset, one using pairwise cases that are mostly separated on
North-South direction and another one using pairwise cases that

are mostly separated on East-West direction. North-South versus
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TABLE 1 Relationship between the
distance-decay residuals and the angle in
which the assemblages were separated
(Spearman rho and p value), difference
between N-S and E-W slopes of the
relationship between climatic and spatial
distance, and difference between N-S and
E-W distance-decay slopes, for Australian
marine plankton, American and European
vertebrates and European beetles

Dataset

Marine plankton

Australian phytoplankton

Australian copepods

Terrestrial vertebrates

European amphibians
European mammals
European birds

North American amphibians
North American mammals
North American birds
South American amphibians
South American mammals

South American birds

European beetles
Amara
Apionidae
Carabus
Cerambycinae
Chaetocnema
Chrysomelinae
Cryptocephalinae
Hydraenini
Lamiinae
Lepturinae
Limnebiini
Ochtebiini
Otiorhynchus
Phyllobiini
Polydrusini
Pselaphinae
Pterostichus
Scarabaeidae
Scolytinae
Silphidae

Trechus

East-West directions were selected because climatic niche differ-
ences are expected to be stronger in the North-South direction due
to latitudinal climatic gradients. In an isotropic distance-decay pat-
tern, we would observe the same slopes in both models (Figure 1c)
while in an anisotropic scenario, we would expect significantly dif-
ferent slopes in these distance-decay patterns (Figure 1e), given that
higher turnover in species composition would be observed following
the direction of stronger environmental variation (i.e. North-South).

For the angle-based method, a distance-decay pattern was fitted
using all pairwise similarities in each dataset. The degree of anisot-

ropy was computed as the Spearman rank correlation between the

Difference Difference
in climatic in distance-
rho p slopes decay slopes
-0.30 <0.01 0.00463 -0.00053
-0.41 <0.01 0.00468 -0.00075
0.20 <0.01 0.00044 0.00015
-0.29 <0.01 0.00044 -0.00012
-0.15 <0.01 0.00044 -0.00004
-0.20 <0.01 0.00014 -0.00019
-0.43 <0.01 0.00014 -0.00033
-0.21 <0.01 0.00014 -0.00007
-0.21 <0.01 0.00008 -0.00025
-0.22 <0.01 0.00008 -0.00015
-0.22 <0.01 0.00008 -0.00010
0.01 0.420 0.00074 -0.00001
0.04 0.179 0.00074 -0.00002
0.21 <0.001 0.00074 0.00019
0.10 0.008 0.00074 -0.00001
0.04 0.191 0.00074 -0.00003
0.16 0.001 0.00074 0.00010
0.13 <0.001 0.00074 0.00008
0.15 0.001 0.00074 0.00014
0.08 0.035 0.00074 0.00001
-0.16 <0.001 0.00074 -0.00005
-0.05 0.865 0.00074 0.00003
-0.02 0.703 0.00074 0.00002
0.17 <0.001 0.00074 0.00038
0.08 0.031 0.00074 0.00010
0.10 0.009 0.00074 0.00006
0.21 <0.001 0.00074 0.00020
0.19 <0.001 0.00074 0.00016
0.20 <0.001 0.00074 0.00002
-0.22 <0.001 0.00074 -0.00013
-0.20 <0.001 0.00074 0.00001
0.33 <0.001 0.00074 0.00044

decay model residuals and the angle in which site pairs were sep-
arated. Angles were computed as the arcsine of the ratio between
North-South distance and the Euclidean distance (note that the
former is the opposite cathetus and the latter the hypotenuse, so
this ratio is the sine of the angle). The significance of the correla-
tion was empirically assessed by comparing the observed correla-
tion value with the distribution of null-model correlations resulting
from a permutation test randomising distance-decay model residu-
als (n = 1,000 times for beetles, and 100 times for vertebrates and
marine plankton, due to computational constraints derived from the

high number of cases).
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For the latitude-versus-longitude method, we fitted two separate
distance-decay models for each dataset, one for the North-South
distances (North-South distance-decay) and one for the East-West
distances (East-West distance-decay). North-South distances and
East-West distances were calculated as the difference between lat-
itude coordinates (in km) and the difference in longitude coordinates
(in km), respectively. To minimise the confounding effect of North-
South distances on East-West distances, and vice versa, we restricted
the East-West distance matrix to the subset of pairs with North-South
distance <300 km and the North-South distance to the subset of pairs
with East-West distance <300 km. This reduced the number of pairs
considered, which still remained >100 in the beetle datasets (n = 102
in E-W bands, n = 111 in N-S bands) and >17,000 in all other datasets.
The degree of anisotropy was computed as the difference between
the slopes of the North-South and East-West decay models (Ab).

2.3 | Q2. Differences in anisotropy between
distance-decay and climate

Climatic gradients are expected to be steeper in North-South than
in East-West direction. We tested this assumption by (a) assessing
the relationship between climatic distance and North-South and
East-West spatial distances, respectively and (b) assessing the rela-
tionship between assemblage similarity and climatic distance using
the same subsets (North-South vs. East-West distance-decay pat-
terns) as defined above. Climatic data for terrestrial vertebrates and
beetles, originally at 2.5 arc-minutes resolution, were downloaded
from the WorldClim database (Hijmans et al., 2005) and rescaled to
a 1° resolution grid, the same as the vertebrate data. To compute cli-
matic distance, we submitted Mean Annual Temperature and Annual
Precipitation to a PCA using command principal() in R package psycH
(Revelle, 2018), and computed climatic distance as the Euclidean dis-
tance between the scores of sites in the two-dimensional climatic
space. In the case of marine datasets, climate was characterised with
monthly average sea surface temperature (downloaded from NOAA
Global Surface Temperature database at https://psl.noaa.gov/).
Then, climatic distance was regressed against North-South and East-
West distances. In addition, assemblage similarity was modelled as
a negative exponential function of climatic distance in North-South
and East-West bands as explained above for spatial distances. Given
the potential covariance between spatial and climatic distance, we
also built a model with both predictors and partitioned the explained
variation (pseudo-r?) into fractions uniquely explained by spatial or

climatic distances, or jointly explained by both predictors.

2.4 | Q8. Relationship between anisotropy in
distance-decay patterns and dispersal and ecological
characteristics

Finally, using the European beetle data, we assessed whether the

anisotropy in distance-decay patterns could be predicted from

dispersal and niche characteristics of taxa. To do that, we regressed
the difference between the slopes of North-South and East-West
distance-decay models (Ab) against two dispersal-related char-
acteristics (proportion of apterous species and mean body size)
and two niche characteristics (trophic position and main habitat).
Independent models were fitted within each set of predictors (dis-
persal or niche) using a forward stepwise procedure based on the
F-statistic. If both dispersal and niche predictors explained a signifi-
cant proportion of variance in anisotropy (Ab), variance partitioning
was used to estimate the fractions of variance jointly or uniquely

explained by each set of predictors.

3 | RESULTS

3.1 | Q1. Measuring anisotropy in distance-
decay models across biological groups, realms and
geographical regions

The degree of anisotropy varied across biological groups and geo-
graphical regions. The relationship between distance-decay re-
siduals and the angle in which the assemblages were separated
(angle-based method, Table 1) was negative in the marine plankton
datasets, and all American and European vertebrate groups, with
the exception of European amphibians, for which the relationship
was positive. A negative correlation implies that the similarity
of sites separated in East-West direction tends to be larger than
expected from the distance-decay model, but similarity of sites
separated in North-South direction tends to be lower than ex-
pected. In other words, in the studied marine plankton datasets
and most vertebrate datasets similarity decays faster in North-
South than in East-West direction. In contrast, European beetles
showed a significant, positive correlation between the residuals of
the exponential decay model and the angle in 13 biological groups
(out of 21). That is, sites separated in East-West direction tend
to have lower similarity than predicted by the models, while sites
separated in North-South direction tend to have higher similar-
ity than predicted, that is, similarity decays faster in East-West
than in North-South direction. In the remaining beetle groups,
we found a significant negative correlation in three groups, and
a negligible, not significant correlation (i.e. suggesting a high de-
gree of isotropy) in five groups. The largest correlation values
(i.e. stronger anisotropy) corresponded to North American mam-
mals (Spearman rho = -0.43) and Australian marine copepods
(rho = -0.41) among the negative values, and the European beetle
genera Trechus (rho = 0.33) and Carabus (rho = 0.21), and the sub-
family Pselaphinae (rho = 0.21) among the positive values.

The latitude-versus-longitude method evidenced that in marine
plankton and in terrestrial vertebrates the slope of the North-South
distance-decay was significantly steeper (p < 0.01) than the slope of
the East-West decay, again with the exception of European amphibi-
ans (Figures 2 and 3). The difference in slopes between North-South

and East-West distance-decays was larger in the marine plankton
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FIGURE 2 North-South (red) versus
East-West (blue) distance-decay models
for Australian marine phytoplankton and
copepods. Lines are negative exponential
functions separately fitted for pairs of
sites separated in North-South (red) or
East-West (blue) direction. Goodness of
fit was assessed with pseudo-r2 values (i.e.
1 - model deviance/null deviance). North-
South decay slopes were significantly
steeper in both phytoplankton and
copepod datasets
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FIGURE 3 North-South (red) versus East-West (blue) distance-decay models for European, North and South American amphibians,
terrestrial mammals and birds. Lines are negative exponential functions separately fitted for pairs of sites separated in North-South (red) or
East-West (blue) direction. Goodness of fit was assessed with pseudo—r2 values (i.e. 1 - model deviance / null deviance). North-South decay
slopes were significantly steeper in all cases, except European amphibians, for which the East-West decay slope was significantly steeper
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assemblages than in the terrestrial vertebrates (Table 1). In contrast,
in nine groups (out of 21) of European beetles, the slope of the East-
West distance-decay was significantly steeper than the slope of the
North-South distance-decay (p < 0.01) while the slope of the North-
South distance-decay was significantly stepper in only three groups
and not significantly different in nine groups (Figure 4). In other words,
as already indicated by the angled-based method, in plankton and ver-
tebrate assemblages the decay in assemblage similarity tended to be
faster in North-South direction, while in European beetles the decay
of assemblage similarity tends to be faster in East-West direction, or

very similar in East-West and North-South directions.

3.2 | Q2. Differences in anisotropy between
distance-decay and climate

Climatic data were highly anisotropic, as climatic distance was more
tightly related to North-South distance in all the regions: climatic
distance was well explained by North-South distances in both ter-
restrial (> = 0.42, 0.62 and 0.37 in Europe, North America and South
America, respectively) and marine systems (r* = 0.35 and 0.47 in
Australian phytoplankton and copepod datasets, respectively), but
not by East-West distances either in terrestrial (r2 =0.13, 0.20 and
0.15 in Europe, North America and South America) or, particularly,
in marine systems (r* = 0.03 and r? = 0.05 in Australian phytoplank-
ton and copepod datasets, respectively). The tighter relationship be-
tween climatic and North-South distances reflects the existence of
marked latitudinal climatic gradient in all the datasets. Contrary to
what would be expected if anisotropy of distance-decay patterns

was the result of anisotropy in climatic gradients, the difference

o

o - o
- Lon:r?=047 - Lon:r*=0.26 ~ Lon:r*=0.19 o  Lon: r*=0.44

between climatic North-South and East-West slopes was larger in
Europe than in North and South America (Table 1; Figure S1), but
the difference between North-South and East-West slopes of the
distance-decay in assemblage similarity were larger in North and
South America than in Europe.

The decays of assemblage similarity with climatic distance within
North-South and East-West bands showed steeper slopes and larger
pseudo-r? values in North-South than in East-West direction in all
datasets (Figures S2-S4). In the marine plankton datasets, climatic and
spatial distance-decay patterns showed virtually identical pseudo-r?
values, and the variation partitioning procedure revealed that assem-
blage similarity was jointly explained by spatial and climatic distances,
with negligible unique contributions (Figure 5; Figure S5). In terrestrial
vertebrates, pseudo-r? values were generally larger for spatial than
climatic distances, leading to unique contributions of spatial distances
larger than those of climatic distances (Figure 5; Figure S5), both in
North-South and East-West directions. In turn, in European beetles,
climatic distance explained less variation in assemblage similarity than
spatial distance, particularly in East-West direction. As a result, in
many beetle groups, the unique contribution of spatial distance was
the largest fraction, and the difference in pseudo-r? was usually larger

in East-West direction (Figure 5; Figure S5).

3.3 | Q8. Relationship between anisotropy in
distance-decay patterns and dispersal and ecological
characteristics

When we assessed whether anisotropy (i.e. the difference between

the slopes of North-South and East-West distance-decays, Ab)
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FIGURE 4 North-South (red) versus East-West (blue) distance-decay models for 21 European beetle groups. Lines are negative
exponential functions separately fitted for pairs of sites separated in North-South (red) or East-West (blue) direction. Goodness of fit was
assessed with pseudo-r2 values (i.e. 1 - model deviance/null deviance). East-West decay slopes were significantly steeper in nine cases
(marked with *), North-South decay slopes were significantly steeper in three cases (marked with #) and no significant differences were

found in the remaining nine cases
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FIGURE 5 Percentage of explained
variance accounted uniquely by spatial
and climatic distance, or jointly by both,

in North-South (left) or East-West bands
(right). Each dot represents a dataset:
colour denotes the biological system (blue
for marine plankton, red for terrestrial
vertebrates and orange for European
beetles), and size is proportional to the
total explained variance

North-south

100

East-west

oo
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across beetle groups was related to dispersal-related and niche char-
acteristics of these taxa, it turned out that only the proportion of
apterous species (r? = 0.60, Fi19=29.06,p< 0.001) and main habitat
(r* = 0.23, Fi19=553,p= 0.030) were significantly related to Ab.
A model including both variables (r* = 0.61, F,1=13.92,p <0.001)
explained almost the same amount of variance as the proportion of
apterous species alone, implying that main habitat had a negligible
unique contribution to the model (1% of the variance), while the pro-
portion of apterous species uniquely explained 38% of the variance
in Ab.

4 | DISCUSSION

Our results show that distance-decay patterns in marine plankton,
vertebrates and beetles deviate from isotropy in strikingly different
ways. This has profound implications on our understanding of the
processes driving global macroecological patterns, because distance-
decay patterns are particularly informative about the spatial struc-
ture of ecological assemblages (Morlon et al., 2008). Moreover, we
show that the variation in anisotropy of distance-decay patterns
across datasets is not related to the anisotropy of climatic gradients,
a relationship that would be expected to exist if species distributions
were in equilibrium with climate (compare Figures 2-4 to Figure S1).
This suggests that the degree of equilibrium between biological as-
semblages and climate is not constant across realms (i.e. marine vs.
terrestrial), biological groups and land masses. Deviations from equi-
librium, as inferred from our analysis of anisotropy in distance-decay
patterns, seem much higher in European beetles than in terrestrial
vertebrates and marine plankton. Australian planktonic assemblages
and American and European terrestrial vertebrates tend to have
steeper distance-decay patterns in North-South than in East-West
direction, and the difference is more marked in marine than terres-
trial datasets. In contrast, most European beetles show the opposite
trend, with steeper decays in East-West than in North-South direc-
tion. This suggests that ecological niches are a greater constraint in
marine plankton and terrestrial vertebrates while dispersal limitation
is probably more relevant in European beetles, which is further sup-

ported by the strong relationship between assemblage similarity and

Joint

climatic distance in North-South bands, but not in East-West bands.
This interpretation is also consistent with previous results showing
(a) that the degree of equilibrium between species assemblages and
climate depends on the relative dispersal abilities of the biological
group (Araujo & Pearson, 2005) and (b) that marine species are able
to track their suitable climatic conditions much faster than terrestrial
species (Antdo et al., 2020; Burrows et al., 2011; Lenoir et al., 2020;
Sunday et al., 2012), which is probably also related to the greater
dispersal potential of species in the ocean than on land (Kinlan &
Gaines, 2003) and a smaller environmental heterogeneity in marine
than in terrestrial systems (Antdo et al., 2020). Therefore, our results
show that anisotropy of assemblage turnover at large spatial scales
is a relevant macroecological property that informs about the degree
of equilibrium of biological assemblages with climate. This is a crucial
parameter for predicting the effects of climate change on biodiver-
sity (Bellard et al., 2012; Thuiller et al., 2019), and our results suggest
that the degree of equilibrium of different biological groups can be
estimated from the anisotropy of their distance-decay patterns.
Within the terrestrial realm, amphibians, mammals and birds
have steeper distance-decays in North-South than in East-West
direction (except European amphibians), while most European bee-
tles show similar slopes in both directions or even have steeper
distance-decays in East-West than in North-South directions. Given
that climatic gradients are more marked in North-South direc-
tion in all datasets, our results thus suggest that the replacement
of vertebrate species with spatial distance is faster when climatic
differences are larger. However, many European beetle groups have
isotropic distance-decay patterns or show the opposite deviation
from distance-decay isotropy, with faster species replacement in
East-West than in North-South direction, even if climatic gradients
are much more marked in North-South direction. This is particularly
relevant because beetles are ectotherms so, if beetle species ranges
were not dispersal-limited, we would expect beetle assemblages to
be more constrained by climatic gradients than endotherms. We ob-
serve the opposite result, which suggests a major effect of dispersal
limitation on beetle assemblage similarity, as already pointed in pre-
vious studies (Gomez-Rodriguez & Baselga, 2018; Gomez-Rodriguez
et al., 2015). The lack of marked turnover gradients in North-South

direction is likely the result of incomplete post-glacial recolonisation
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(Svenning et al., 2008; Svenning & Skov, 2007), which in European
beetles leads to marked richness gradients and Northern assem-
blages being reduced subsets of Southern assemblages without
unique species (Gomez-Rodriguez & Baselga, 2018). Additionally, an
effect of the geographical configuration of Europe is also suggested
by the fact that amphibians in Europe, in contrast to North and
South America show steeper distance-decay patterns in East-West
than in North-South direction, as many beetle groups. All taken to-
gether, our results suggest that the degree of anisotropy is related
both to the geographical configuration of land masses and, probably
to a major degree, to the dispersal ability of the biological group.
For this reason, future research should address how anisotropy var-
ies in different systems. For example, freshwater organisms would
allow assessing the effect of different dispersal strategies (Bilton
et al., 2001) on the anisotropy of assemblage variation. In sum, de-
spite the marked underrepresentation of invertebrates in macro-
ecological studies (Beck & McCain, 2020; Titley et al., 2017), the
macroecological patterns of vertebrates do not seem representative
of other taxa, as already suggested by previous studies (e.g. Weiser
et al., 2018), and different processes seem to have contrasting rele-
vance in controlling macroecological patterns in different biological
groups.

European beetles provide the opportunity for assessing what
taxon characteristics most influence the degree of anisotropy in as-
semblage variation, because we can assess distance-decay patterns
for multiple groups (21 in our case) with high diversity each (c. 5,000
species in total) and with common morphologies and physiological
constraints (i.e. avoiding comparisons between groups with markedly
different life styles, as micro-organisms and mammals, for example).
Dispersal ability seems crucial in explaining differences in anisot-
ropy, as we found the proportion of wingless species to be the best
predictor of the difference between the slopes of North-South and
East-West distance-decays. The relevance of dispersal ability in ex-
plaining the variation in anisotropy is probably linked to the fact that
the strength of environmental control of distance-decay patterns via
niche processes varies with dispersal ability (Astorga et al., 2012).
Indeed, several previous studies have pointed the marked differ-
ences in distance-decay patterns across biological groups with dif-
ferent dispersal abilities (Gomez-Rodriguez & Baselga, 2018; Konig
et al., 2017; Qian, 2009; Saito et al., 2015).

Previous attempts to assess anisotropy in assemblage variation
have been very scarce. Ruggiero et al. (1998) used equiprobabilistic
maps (Rapoport, 1975) to estimate the shape of the isoline in which
50% of the species present in the focal cell were also present. The
shape of this isoline was used as a measure of assemblage anisotropy
surrounding the focal cell. Because this measure is based on the pro-
portion of species shared between cells, it is related to how dissim-
ilarity increases or decreases in different directions. Here we use a
related approach, but intended to measure anisotropy in the entire
system, rather than in a particular region around a focal cell. Such a
macroscopic measurement is very useful as it can be used to quan-
tify anisotropy across biological groups and/or geographical regions.

Ideally, future research could provide predictions of how anisotropy

should vary under different theoretical assumptions and different
strengths of driving processes, that is, selection, drift, dispersal and
speciation (Vellend, 2016). At the species level, anisotropy in distri-
bution ranges has been investigated analysing species range shapes.
The idea that under no extrinsic constraints (e.g. ecological niche)
the species ranges would tend to be circular was suggested long ago
(Brown & Maurer, 1989; Rapoport, 1975; Willis, 1922) and provides
an avenue to investigate range determinants. Following this ratio-
nale, previous studies have revealed that, globally, most taxa have
ranges that differ from isotropy but are not as anisotropic as pre-
dicted by their climatic niches (Baselga et al., 2012) and that anisot-
ropy increases towards high latitudes of the northern hemisphere
(Castro-Insua et al., 2018). How anisotropy in species range shape
and anisotropy in assemblage variation are related (or not) should be
investigated in the future.

A limitation of our study is the reduced number of marine data-
sets. Only two planktonic ectotherm taxa were analysed, so future
research could assess whether anisotropy varies across marine
taxa with different biological characteristics. Another potential
limitation of our inferences is the imperfect nature of our data.
Beetle data have different grain size compared to the plankton and
vertebrate datasets (i.e. 1 degree cells vs. countries, respectively),
and plankton data are based on site samplings while vertebrate
data are derived from range maps and beetle data from country-
level inventories. Grain size (Steinbauer et al., 2012) or data types
have undoubtedly observable effects on assemblage similarity.
For example, range maps increase similarity compared to sampling
sites because they interpolate distribution ranges that could be
discontinuous in reality. However, there is no reason to suppose
that any effects of grain size or data type on assemblage similar-
ity would not affect distance-decay patterns equally in all direc-
tions. Therefore, the differences in anisotropy we observe seem
to be related to biological differences across taxa and regions,
and not to differences in data type. This is further supported by
the large variation we observe within data of equal type, that is,
among vertebrate datasets, or among beetle datasets. Finally, our
study is limited to the assessment of anisotropy in taxonomic sim-
ilarity. The assessment of anisotropy in the functional (Anderson
et al.,, 2006; Villeger et al., 2013) and phylogenetic (Leprieur
et al., 2012; Swenson, 2011) facets of assemblage similarity could
provide additional insights about how the anisotropy of climatic
gradients impacts the functional and phylogenetic composition of
species assemblages.

In sum, our results show that deviations from isotropy in pat-
terns of assemblage variation vary markedly between marine
and terrestrial realms, consistent with the prediction of marine
biotas being more in equilibrium with climatic gradients (Antao
et al.,, 2020; Burrows et al.,, 2011; Lenoir et al., 2020; Sunday
et al., 2012). Within the terrestrial realm, anisotropy varies across
biological groups and regions, revealing again that the degree of
equilibrium between biological assemblages and climatic condi-
tions differs across systems. When dispersal limitation is a major

constraint, assemblage turnover can even be faster in East-West
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direction than in North-South direction, contrasting with the op-
posite trend of climatic gradients. This has profound implications
for predicting the effect of climate change on biodiversity, for if
assemblages are not in equilibrium with climate we should not ex-
pect them to be able to track their suitable climatic conditions in
the future. Therefore, in those biological groups far from equilib-
rium with climate, assemblages could either be resilient in situ to
climate change or would be decimated, but will probably not move
tracking their current climatic conditions (Bellard et al., 2012).
In turn, those biological groups close to equilibrium with climate
would be expected to have a higher ability to track their suitable
climates, but even this could not be taken for granted because
equilibrium could be lost if climate change is too fast, outpacing
their dispersal ability (Loarie et al., 2009).
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