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Understanding how different biodiversity components are related across different environmental conditions is a major goal
in macroecology and conservation biogeography. We investigated correlations among alpha and beta taxonomic (TD),
phylogenetic (PD), and functional diversity (FD) in ant communities in the five biogeographic regions most representative
of western Europe; we also examined the degree of niche conservatism. We combined data from 349 ant communities
composed of 154 total species, which were characterized by 10 functional traits and by phylogenetic relatedness. We
computed TD, PD, and FD using the Rao quadratic entropy index, which allows each biodiversity component to be
partitioned into o and B diversity within the same mathematical framework. We ran generalized least squares and multiple
matrix regressions with randomization to investigate relationships among the diversity components. We used Pagel’s A test
to explore niche conservatism in each biogeographic region. At the alpha scale, TD was consistently, positively related to
PD and FD, although the strength and scatter of this relationship changed among the biogeographic regions. Meanwhile,
PD and FD consistently matched up across regions. Accordingly, we found similar degrees of niche conservatism across
regions. Nonetheless, these alpha-scale relationships had low coefficients of determination. At the beta scale, the three
diversity components were highly correlated across all regions (especially TD and FD, as well as PD and FD). Our results
imply that the different diversity components, and especially PD and FD, are consistently related across biogeographic
regions and analytical scale. However, the alpha-scale relationships were quite weak, suggesting environmental factors
might influence the degree of association among diversity components at the alpha level. In conclusion, conservation
programs should seek to preserve functional and phylogenetic diversity in addition to species richness, and this approach

should be applied universally, regardless of the biogeographic locations of the sites to be protected.

Understanding biodiversity patterns is a primary goal in
community ecology and conservation biology. Much of our
current understanding of biodiversity patterns comes from
analyses of taxonomic diversity (TD), notably species rich-
ness and turnover. However, current measures of species
diversity treat all species as functionally equivalent and evo-
lutionarily independent (Swenson 2011), thereby ignoring
the fact that the loss of certain species can have a greater
impact on ecosystem functioning and evolutionary legacy
(Tilman 2001). To address these limitations, new biodi-
versity estimates have recently been proposed that describe
the functional (Petchey and Gaston 2006) and phyloge-
netic (Webb et al. 2002, Faith 2008) characteristics of the
community. While phylogenetic diversity (PD) reflects the
accumulated evolutionary history of a community (Webb
et al. 2002, Lessard et al. 2012), functional diversity (FD)
reflects the diversity of morphological, physiological, and
ecological traits found therein (Petchey and Gaston 20006).
However, compared to taxonomic diversity, these other
components have faced relatively less scrutiny and their
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properties are currently poorly understood (Pavoine and
Bonsall 2011).

Nonetheless, it is increasingly acknowledged that examin-
ing PD and FD can shed new light on temporal and spatial
changes in community structure and composition for at least
three reasons (Pavoine and Bonsall 2011). First, preserving
as many types of biological diversity as possible is essentially
a rule of thumb in conservation biology (Devictor et al.
2010). As a result, and because it is difficult to optimally pre-
serve all types of biodiversity simultaneously, it is important
to understand how diversity components relate to each other
and the dynamics associated with each (Zupan et al. 2014).
For instance, species diversity hot spots do not necessarily
coincide with functional or phylogenetic diversity hot spots
(Mazel et al. 2014), which raises questions about using TD
as the sole criterion when establishing conservation strate-
gies. Secondly, PD and FD may better predict ecosystem
productivity and stability than TD (Cadotte et al. 2009,
Mouillot et al. 2013). PD may reflect a system’s capacity
to either generate new evolutionary solutions in the face of



environmental changes or to persist despite those changes
(Forest et al. 2007, Faith 2008). Similarly, FD reveals the
functional response of species assemblages to environmen-
tal filters, as well as assemblages’ functional impact, or their
ability to occupy functional niche space in such a way as to
optimize ecosystem functioning (Dfaz et al. 2007, Cadotte
et al. 2009). Finally, understanding how both PD and FD
are correlated with TD can provide insights into the role of
deterministic or stochastic processes in community assem-
bly (Cavender-Bares et al. 2009, Pavoine and Bonsall 2011,
Purschke et al. 2013). Using TD, PD, and FD in tandem is
useful since it allows us to explicitly test predictions about
the differential effects of competition and environmental
filtering on PD and FD. A priori, we expect a positive cor-
relation between TD and PD or FD just by chance, since
the presence of more species should mean that more lineages
and functional traits are represented (Losos 2008). However,
two communities with equal TD might nonetheless greatly
differ in PD and FD (Safi et al. 2011, Hermant et al. 2012,
Tucker and Cadotte 2013), because of different evolution-
ary histories and/or contrasting environmental conditions.
Therefore, for a given level of TD, environmental filtering
will generally tend to decrease functional and phyloge-
netic distances among species (PD or FD clustering), while
competition will tend to increase these distances (PD or FD
overdispersion) (Webb et al. 2002, Kraft et al. 2007).

The relationship between PD and FD is also complex.
A strong correlation between these two diversity compo-
nents is expected if the functional traits that allow species
to persist in the environment are evolutionarily conserved
(Webb et al. 2002). Likewise, if both PD and FD are cor-
related with TD, then they are also expected to be corre-
lated with each as a side effect (Safi et al. 2011). Surprisingly,
however, the few studies that have looked at the relation-
ship between PD and FD have usually found that phyloge-
netic and functional patterns do not match up (Losos 2008,
Devictor et al. 2010, Safi et al. 2011). In fact, different
assembly processes may create the same phylogenetic pat-
terns (Losos 2008, Mayfield and Levine 2010, Pavoine and
Bonsall 2011). Blomberg et al. (2003) even suggested that
situations where phylogenetic and trait variation are tightly
linked may be the exception rather than the rule. Other stud-
ies have found that PD and FD may covary in different ways
along geographic and environmental gradients (Devictor
et al. 2010, Bernard-Verdier et al. 2013, Purschke et al.
2013), which suggests that the environment may strongly
condition the relationship between different diversity com-
ponents (Safi et al. 2011, Hermant et al. 2012).

Finally, the relationship between the different diversity
components might also depend on spatial scale (Emerson and
Gillespie 2008, Devictor et al. 2010, Bernard-Verdier et al.
2013) because the processes that may influence biodiver-
sity are different at different scales. At the community scale,
biotic interactions, environmental filtering, and stochastic
processes play major roles in determining (alpha) diversity
whereas, at more regional scales, historical and evolution-
ary processes may largely drive (beta) diversity (Graham and
Fine 2008, Cavender-Bares et al. 2009).

In this study, we examined the relationships between tax-
onomic, phylogenetic, and functional diversity in European
ant communities in various biogeographic regions. First, we

quantified and compared alpha and beta taxonomic, phy-
logenetic, and functional diversity at the continental scale
and then within the five different biogeographic regions
(Mediterranean, Continental, Atlantic, Boreal, and Alpine)
most representative of Europe. As rates of trait evolution
and speciation may differ among biogeographic regions
(Weir and Schluter 2007, Cooper and Purvis 2010; but see
Jetz et al. 2012, Rabosky and Slater 2014), biogeographi-
cal comparisons would reveal if different diversity patterns
were the product of different environmental and historical
conditions. Ants are an ideal study system with which to
examine large-scale, biodiversity patterns because they are
among the most diverse, abundant, and dominant organ-
isms on earth; have colonized nearly all the terrestrial
habitats of the world; are taxonomically well described (at
least at the genus level); have relatively well documented
functional traits; and perform a great variety of critical eco-
system functions (Hélldobler and Wilson 1990, Del Toro
et al. 2012, 2015, Arnan et al. 2014). We used data from
349 ant communities comprising a total of 154 ant species,
and we examined 10 functional traits that are important
to ant autecology and/or that relate to ecosystem function-
ing. Given that there are close to 600 native ant species in
Europe (Czechowski et al. 2002) and that our study sites
mostly covered western and central Europe, our species pool
provides a good representation of overall ant diversity in
the area. Our study sites spanned a range of biogeographic
regions that vary in growing season length, mean annual
temperature, and precipitation. We used all this information
to test the following two predictions: a) since the degree of
niche conservatism differs in each biogeographic region, the
relationship between TD, PD, and FD may also be differ-
ent in each region and deviate from the overall relationship;
and b) since environmental heterogeneity differs among
biogeographic regions, the relationship between the differ-
ent diversity components will also differ, depending on the
spatial scale considered (i.e. alpha or beta).

Material and methods
Ant community data

We compiled species composition data from local ground-
dwelling ant communities in Europe from as many sites
as possible. Our data consisted of primary data collected
by the authors and data gleaned from an exhaustive search
of the literature. We only took into account studies that
contained species abundance or presence—absence data.
We eliminated data from highly disturbed and urbanized
sites and poorly sampled communities. Overall, the data-
set encompassed 349 sites spanning a latitudinal gradi-
ent from approximately 36.8° to 72.0°N and from 7.1°
to 24.0°W (Fig. 1). These communities comprised a total
of 154 ant species (Supplementary material Appendix 1)
belonging to 29 genera and 5 subfamilies. We focused our
analyses on presence—absence data because they are more
comparable among sites than abundance data, which can
be measured in different ways (i.e. number of nests, indi-
viduals at baits, or individuals in pitfall traps) and are thus
difficult to compare. Moreover, if the aim is to compare the
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Figure 1. Map of the study area showing the distribution of sites.

relative contribution of several diversity components, then
including abundance is not necessarily helpful (Devictor
et al. 2010).

Ant trait data

The 154 ant species were scored for 10 traits that reflect dif-
ferent dimensions of the functional niche (i.e. morphology,
life history and behavior). Because ants are social insects,
functional traits may be quantified at the level of both the
individual worker and that of the colony. The following traits
were used: worker size, worker polymorphism, colony size,
food resource type exploited (i.e. relative consumption of
seeds, insects, or liquid food), daily period of activity, posi-
tion in the behavioral dominance hierarchy, foraging strat-
egy (how a species searches for and exploits food resources),
number of queens per colony, number of nests per colony,
and colony foundation type. Note that these traits may be
continuous, ordinal, or binary (Supplementary material
Appendix 2). They are also traits considered to be important
in ants because they help define ant autecology and influence
ecosystem functioning (Hélldobler and Wilson 1990, Arnan
et al. 2014). Trait data are provided in Supplementary mate-
rial Appendix 1.
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Ant phylogeny

We built a complete phylogeny for the 154 ant species
considered (Supplementary material Appendix 3). This tree
was the product of a super tree derived from a genus-level
phylogeny created using a molecular dataset (Moreau and
Bell 2013). We then added species to this basal tree using
both molecular and morphological data. While we rec-
ognize that, ideally, a phylogeny should be reconstructed
solely from molecular data, such data were not universally
available. We gathered information from 38 references
(Supplementary material Appendix 3); 23 (60.5%) of them
provided molecular data. For the 154 taxa considered,
we found molecular data for 74 species (48%); however,
this information was unavailable for the other 80 species
(52%). The tree was reconstructed with Mesquite ver. 3.0
(Maddison and Maddison 2014) by manually combining
the Moreau and Bell (2013) genus-level phylogeny with
information about different species-specific phylogenetic
relationships taken from those 38 references (see the phy-
logenetic tree in Supplementary material Appendix 3). For
this phylogeny, reliable estimates of branch length and node
ages were unavailable. First, to solve the polytomies, we
used ‘multi2di’ from R package ‘phytools’. Second, the tree
was ultrametrized applying Grafen’s Rho transformation to



branch lengths (Carneiro et al. 2014), we used the function
‘compute.brlen’ from R package ‘ape’. Although it would
have been preferable to have consistent branch length esti-
mates, these relationships remain unresolved for most insect
groups, as well as for most animal and plant groups. It is
likely that our community phylogeny captures most of the
phylogenetic structure of the community, even if there is
noise within genera. Although our tree is clearly not without
its flaws, it is the most complete species-level phylogeny for
European ants to date.

Delineation of biogeographic regions

Sites were assigned to different biogeographic regions using
a map provided by the European Environment Agency
(<www.eea.europa.eu/>). Our communities were found in
one of five regions: Mediterranean (199 sites), Continental
(71, including 10 sites from the Pannonian region, with
similar climatic conditions), Atlantic (27), Boreal (29), and
Alpine (23). These biogeographic regions differ in tempera-
ture and precipitation (Fig. 2; see also Supplementary mate-
rial Appendix 4 for the main characteristics of these regions
and how they differ in mean annual temperature and pre-
cipitation).

Partitioning taxonomic, functional, and phylogenetic
ant diversity

We used the Rao quadratic entropy index, which allows each
biodiversity component (TD, FD, and PD) to be partitioned
into a, B, and 7y diversity; it is also a standardized method
that can be used to compare these components within
the same mathematical framework (Pavoine et al. 2004,
de Bello et al. 2010, Devictor et al. 2010, Meynard et al.
2011). Overall gamma diversity was additively partitioned
into within (alpha) and among (beta) community diversity.
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Figure 2. Distribution of Europe’s broadly defined biogeographic
regions, which differ in temperature and precipitation. To draw this
plot, we used the mean annual temperature and mean annual pre-
cipitation for each 1-km cell within each biogeographic region. The
area of each biogeographic region on the plot is delimited by
smooth curves and encompasses the temperature and precipitation
values associated with a high density of cells (60% of values) in this
region.

Within each community 4, alpha diversity was calculated
using Rao’s coefficient of diversity (Rao 1982, Pavoine et al.
2004) modified for presence—absence data:

n
ORao(k) =YY dij
=1 j=1

where d; is the distance between species 7 and j, which can
be taxonomic, functional, or phylogenetic. This index rep-
resents the expected dissimilarity between two individuals
of different species chosen at random from the community.
Between communities 4 and /, beta diversity was computed
using the Rao’s dissimilarity index (Rao 1982, Pavoine et al.
2004):

BRao (b]) = Yoern ~ Oy

e M)

where ¥, , ; is the gamma diversity of the pair of communi-
ties (calculated using the same equation as for alpha diver-
sity, except that all the species in the two communities are
included) and @y, is the mean alpha diversity of the two
communities. This index is the expected distance between
two individuals of different species chosen at random
from two distinct communities. To properly quantify beta
diversity independently of alpha diversity, we applied Jost’s
correction (Jost 2007) to y and o values prior to determin-
ing the Rao indices (de Bello et al. 2010). Calculations were
performed using the ‘rao’ function (de Bello et al. 2010) in
R (R Development Core Team).

Several distance measures can be used to calculate the
Rao quadratic entropy index, depending on the diversity
component of interest. Taxonomic distances between spe-
cies were measured as d;= 1, where 7 # j and d; = 0 when
i=j. To determine functional distances between species, we
first conducted principal component analysis (PCA) on the
standardized (mean =0, SD =1) trait data to correct for
the effect of highly correlated traits on the distance matrix
(Devictor et al. 2010, Purschke et al. 2013). The result-
ing PCA axes were used to calculate Euclidean distances.
Phylogenetic distances between species were measured using
the cophenetic distances from the phylogeny. To make the
taxonomic, functional, and phylogenetic distances compa-
rable, we transformed all the distances by dividing each type
of distance by its maximum value, which resulted in values
ranging between 0 and 1 (de Bello et al. 2010).

Statistical analyses

To investigate the relationships among the alpha diversity
components in ant assemblages across Europe and in differ-
ent biogeographic regions, we used generalized least squares
(GLS) regressions implemented in R. We used GLS mod-
els because there was likely to be a substantial amount of
spatial autocorrelation in the values of the diversity indices
across sites. These models can account for correlated errors,
and therefore spatial autocorrelation. We used AIC-based
model comparison to determine the optimal spatial correla-
tion structure, and upon inspecting the residuals, we found
that spatial effects had been almost entirely removed from all
our models. GLS models use simultaneous autoregression to
estimate means. When appropriate, we used multiple con-
trasts to test whether the slopes of the relationships between
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the different biodiversity components were significantly
different for different biogeographic regions. Since the
relationship between TD and PD or FD might be better
described by a quadratic function, we also included the qua-
dratic term in our models. Although we obtained a better fit
with the quadratic term, the coeflicient of determination was
only slightly improved (by less than 7% in both cases), and
we decided to proceed using only linear terms to make all
the analyses more comparable. We analyzed the relationships
among the ant beta diversity components while controlling
for the influence of geographic distance on beta dissimilar-
ity using multiple matrix regression with randomization
(MMRR) analyses (999 permutations); we employed the
‘MMRR’ function (Wang 2013) in R. This function takes a
set of distance matrices, calculates the regression coefficients
and coeflicient of determination, performs the randomized
permutation, and estimates significance values for all the
parameters. Since only distance matrices can be included
in these models, we ran one model for each biogeographic
region; the slopes were then qualitatively compared among
regions. Since taxonomic diversity intrinsically influences
functional and phylogenetic diversity and their turnover (see
Results), taxonomic diversity was a covariate in all our analy-
ses of the relationship between FD and PD (Devictor et al.
2010, Pavoine et al. 2013).

To characterize the degree of niche conservatism in ant
species functional traits at the continental scale and the
biogeographical scale, we tested for the presence of a phy-
logenetic signal in each trait, first using all the species and
then using the subset of species found in each biogeographic
region. We used Pagel’s A test (Pagel 1999), which assumes
a Brownian motion (BM) model of trait evolution. Pagel’s
A was calculated using the ‘fitContinuous’ and ‘fitDiscrete’
functions (depending on whether the trait was continuous or
discrete) in the Geiger package in R. To test for the presence

of a significant phylogenetic signal, we used a likelihood ratio
test approximated by a chi-squared distribution to compare
the negative log likelihood obtained when there is no signal
(i.e. using the tree transformed A = 0) to that estimated from
the original topology.

Data available from the Dryad Digital Repository:
<http://dx.doi.org/10.5061/dryad.c763m> (Arnan et al.
2016).

Results
Continental patterns of ant diversity

Both PD and FD were positively correlated with TD
(Fig. 3a, b; Table 1), although the relationship was not very
strong (R? = 0.20 and 0.32 in PD and FD, respectively). The
relationship between FD and PD was positive (R2 = 0.34),
even when TD was added as a covariate (R2 = 0.46) (Fig. 3¢).
With regards to beta diversity, phylogenetic and functional
turnover were both positively correlated with taxonomic
turnover (Fig. 3d, ¢; Table 2). Functional and phylogenetic
turnover were also positively correlated and remained so even
after taxonomic turnover was controlled for (Fig. 3f). For
these continental patterns, the coeflicient of determination
was much higher for beta- than for alpha-level relationships

(Table 1).

Biogeographic patterns of ant diversity

The different components of alpha biodiversity differed sig-
nificantly among biogeographic regions (GLS model; TD:
F, ,=20.6, p<0.0001; PD: F, ,=27.3, p<0.0001; and
FD: F, ,=38.8, p<0.0001), and followed similar patterns.
Ant TD and FD were highest in the Mediterranean region,
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Figure 3. Relationships between the components of alpha and beta diversity at the continental scale (solid line, without controlling for
TD; broken line, controlling for TD). The gray diagonal line depicts a hypothetical relationship with slope() = 1. Abbreviations: TD,
taxonomic diversity; PD, phylogenetic diversity; FD, functional diversity; NS, non-significant; * p<0.05; ** p<0.01; *** p<0.001.

452



Table 1. Summary of the outputs from the GLS models for alpha diversity used to analyze the relationship between the different diversity
components, i.e. taxonomic diversity (TD), functional diversity (FD), and phylogenetic diversity (PD). The pseudo R2? (pR2) for the entire
model is provided. Different superscript letters indicate significant differences among biogeographic regions in the slopes of the relationships
between the different components of diversity (multiple contrasts; p<0.05).

PD FD
Estimate = SE t/F p pR? Estimate = SE t/F p pR2 DF
Europe
D 0.028 +0.003 9.3 <0.0001  0.20  0.013%0.001 129  <0.0001 0.32 349,347
PD 0.22+0.02 13.5  <0.0001 0.34 349,347
PD (+TD) 0.16 +0.017 8.7  <0.0001 0.46 349,346
Biogeographic regions
TD X Biome 17.0 <0.0001  0.44 6.8 <0.0001 0.48 349,339
Mediterranean 0.012 +0.0032 3.9 <0.0001  0.08  0.008=0.0012 6.3  <0.0001 0.17 199,197
Continental 0.102 +0.014¢ 7.5 <0.0001  0.46  0.025=*0.004b¢ 6.9  <0.0001 0.36 71,69
Atlantic 0.042 =0.014bd 3.1 0.005 0.31 0.027 = 0.004b¢ 6.2 <0.0001 0.64 27,25
Alpine 0.136 +0.000d 2.8 <0.0001  0.33  0.035=*0.009° 3.9 0.0008  0.29 23,21
Boreal 0.034 +0.0082 4.4 <0.0001 0.40  0.012+0.003ac 4.1 0.0004  0.31 29,27
PD X Biome 0.5 0.738 0.47 349,339
PD X Biome (+TD) 0.7 0.580 0.53 349,338

intermediate in the Continental, Atlantic, and Boreal regions,
and lowest in the Alpine region (Fig. 4). Ant PD followed
the same pattern, with the only difference being that the
Boreal region also showed the lowest values (together with
the Alpine region). The interaction between the alpha diver-
sity components and biogeographic region was significant
for the relationships between PD and TD as well as between
FD and TD, but not for the relationship between FD and
PD, even after controlling for TD (Table 1). These results
highlight that the relationships between PD and FD with
TD vary across biogeographic regions, while the relationship
between FD and PD remain constant across biogeographic
regions.

Within each of the five biogeographic regions, both ant
PD and FD were positively correlated with TD (Table 1),
which was consistent with the overall pattern. However, there
was a significant interaction between TD and biogeographic

region, which suggests that the slopes of the relationships
differed between regions (Table 1, Supplementary mate-
rial Appendix 5). TD explained more variation in PD in
the Continental (46%) and Boreal (40%) regions than in
the Mediterranean region (8%), and TD accounted for
more variation in FD in the Atlantic (64%) than in the
Mediterranean (17%) (Table 1).

With regards to beta diversity, the values of the ant bio-
diversity components also differed among biogeographic
regions (one-way ANOVA; TD: F 4,5, = 846.5,p < 0.0001;
PD: Fy 4756 = 468.2, p<0.0001; and FD: F, ;755 = 330.2,
p<<0.0001). Furthermore, the patterns for beta diversity
differed from those for alpha diversity. Taxonomic turn-
over was highest in the Mediterranean, Continental, and
Alpine regions and lowest in the Adantic and Boreal regions.
Phylogenetic turnover was highest in the Continental and
Alpine regions, intermediate in the Mediterranean and

Table 2. Summary of the outputs from the multiple matrix regression with randomization (MMRR) models for beta diversity used to analyze
the relationship between the different diversity components, i.e. taxonomic diversity (TD), functional diversity (FD), and phylogenetic
diversity (PD). The coefficient of determination (R?) for the entire model is provided.

PD FD
Intercept Estimate t p Intercept Estimate t p R? n
D -3.81 0.283 112.4 0.001 0.25 -2.66 0.164 200.0 0.001 0.51 349
Mediterranean -4.16 0.288 85.1 0.001 0.29 -2.39 0.154 140.2 0.001 0.53 199
Continental -4.27 0.321 27.6 0.001 0.33 -0.71 0.119 45.9 0.001 0.51 71
Atlantic -0.13 0.115 9.0 0.001 0.39 0.20 0.080 29.2 0.001 0.73 27
Alpine 0.23 0.282 8.8 0.001 0.25 -0.45 0.169 22.0 0.001 0.67 23
Boreal -4.07 0.527 29.0 0.001 0.68 -1.32 0.175 32.7 0.001 0.73 29
PD 1.61 0.243 203.9 0.001 0.52 349
Mediterranean 1.18 0.273 136.6 0.001 0.52 199
Continental 1.86 0.197 55.2 0.001 0.59 71
Atlantic 1.19 0.205 13.1 0.001 0.39 27
Alpine 2.63 0.251 15.6 0.001 0.50 23
Boreal 0.38 0.269 30.8 0.001 0.71 29
PD (+TD) -2.00 0.173 154.9 0.001 0.65 349
Mediterranean -1.65 0.178 91.8 0.001 0.67 199
Continental -0.098 0.143 41.9 0.001 0.71 71
Atlantic 0.210 0.092 8.9 0.001 0.78 27
Alpine -0.488 0.144 11.9 0.001 0.79 23
Boreal -0.77 0.135 10.3 0.001 0.79 29
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Figure 4. Boxplots of alpha and beta taxonomic, phylogenetic, and functional diversity values for the five biogeographic regions. Letters
indicate significant differences (p <0.05) according to the Tukey post-hoc test.

Boreal regions, and lowest in the Atlantic region. Finally,
functional turnover was highest in the Alpine region, inter-
mediate in the Mediterranean and Continental regions, and
lowest in the Adlantic and Boreal regions (Fig. 4). In all five
biogeographic regions, the different ant diversity compo-
nents were always positively correlated, and there were no
substantial deviations from the continental patterns (Table 2,
Supplementary material Appendix 6). It is worth noting that
the results for alpha and beta diversity are quite similar to
how FD related to PD across biogeographic regions.

Phylogenetic signals in ant functional traits

Strong, significant phylogenetic signals were present in most
of the ant functional traits at the continental scale and the
biogeographical scale (Supplementary material Appendix 3),
which is evidence (albeit not definitive) for niche conserva-
tism at the two scales of study. Ant colony size in the Alpine
regions was the only trait that did not show phylogenetic
signal.

Discussion

Our results confirm that TD, PD, and FD do somewhat
covary in European ant communities. With regards to
alpha biodiversity, TD seems to predict both PD and FD
(albeit weakly); however, the strength of this relationship is
dependent on biogeography. PD and FD are also positively
correlated across ant communities. Contrary to our expecta-
tions, the strength of this relationship is constant across the
main European biogeographic regions, which is consistent
with the strong phylogenetic signal found in the functional
traits used in this study across the different biogeographic
regions. With regards to beta diversity, the three diversity
components demonstrated a high degree of congruence:
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very similar patterns emerged at continental and biogeo-
graphical scales and were associated with relatively large
coeflicients of determination. Interestingly, the highest lev-
els of alpha diversity, regardless of component, occurred in
the Mediterranean region (Fig. 3), which suggests that the
Mediterranean Basin is a hot spot not only for taxonomic
diversity (Médail and Quézel 1999), but also for phyloge-
netic diversity and functional diversity, at least in the case
of ants. Another study examining bird communities across
France found similar results (Devictor et al. 2010). The
Mediterranean Basin is an exceptional ecoregion containing
a fine and complex mosaic of habitats because of its paleo-
geography and historical disturbance regime (mainly land-
use changes and fire) (Médail and Quézel 1999), which
probably explain these high diversity levels. Nonetheless,
although the highest levels of taxonomic turnover are also in
the Mediterranean region, the highest levels of phylogenetic
and functional turnover are in the Continental and Alpine
regions (Fig. 3). All this together suggests that biogeographic
(gamma) diversity is highest in the Mediterranean region
when considering taxonomy, but this might not be the case
for functions and lineages.

Paying special attention to the alpha diversity patterns,
positive relationships between TD and both PD and FD
have been reported in other organisms, including mam-
mals across the globe (Safi et al. 2011), bird communities in
France (Devictor etal. 2010), and pteridophyte communities
in Costa Rica (Kluge and Kessler 2011) (but see Forest et al.
2007, Tucker et al. 2012). Such positive correlations are to
be expected (Pavoine et al. 2013) since, due to random sam-
pling only, increased ant species richness will be associated
with increased PD and FD. However, TD does not account
for all the variation in PD and FD, which means that a given
level of TD may be associated with higher or lower levels of
PD and FD than expected. This finding suggests that at least
partial congruence exists between TD and PD and between



TD and FD; it also implies that ecological factors other than
TD explain patterns of both PD and FD across the differ-
ent biogeographic regions of Europe. However, identifying
these factors is beyond the scope of this paper. The positive
relationship of TD with PD and FD at the continental scale
reflected the relationship observed within each of the biogeo-
graphic regions, although the slope and the scatter of these
relationships differed (Supplementary material Appendix
5). On the one hand, coefficients of determination varied
among regions, which suggests that one or more environ-
mental factors related to biogeography influenced the degree
of congruence between TD and PD and between TD and
FD. On the other hand, the slope of the relationship between
TD and FD was comparatively steeper in the Continental,
Atlantic, and Alpine regions than in the Mediterranean
and Boreal regions, while PD increased more rapidly with
TD in the Continental and Boreal regions than elsewhere
(Supplementary material Appendix 5). Interestingly, if all
these indices were measuring the same thing, they would
demonstrate a one-to-one correlation (slope of one, which
assumes the relationship is linear). However, this was never
the case; all the slopes were less than 1. This implies that,
regardless of biogeographic region, European ant communi-
ties are phylogenetically and functionally clustered (Zupan
et al. 2014), which might be the result of recent massive
diversification events (Slingsby and Verboom 2006).

Meanwhile, alpha PD and FD were also positively cor-
related at the continental scale, and this pattern does not
seem to be only indirectly driven by TD: the relationship
between PD and FD was still significant when we controlled
for TD. Surprisingly, the relationship between PD and FD
was always positive and depicting similar slopes across the
different biogeographic regions. This is striking because the
few studies that have analyzed the relationship between PD
and FD have usually found that phylogenetic and functional
patterns do not match up (Losos 2008, Devictor et al. 2010,
Safi ecal. 2011). However, this is in agreement with the phy-
logenetic signal results, which contrary to our predictions,
displayed similar degrees of niche conservatism among the
different biogeographic regions. In spite of contrasted envi-
ronmental and historical conditions among biogeographic
regions that promoted different rates of trait evolution and
speciation (Weir and Schluter 2007, Cooper and Purvis
2010), our results show similar and high levels of niche con-
servatism across European ant communities. Consequently,
a strong correlation between PD and FD is expected (Webb
et al. 2002). However, this was not the case in our study
area — the relationship was weak, meaning that PD and FD
are congruent at some sites but not at many others. Such
spatial mismatches might be attributable to environmental
factors (Safi et al. 2011).

However, the mechanism that drives the consistent rela-
tionship between PD and FD across the biogeographic
regions is not clear. On the one hand, this pattern may have
more plausible explanations than niche conservatism, or at
least other factors could also account for it. It is possible that
the same result could manifest in different regions in spite of
the mechanism. For instance, the stress-gradient hypothesis
(Weiher and Keddy 1995) states that regional phylogenetic
or functional diversity is filtered to a greater degree in local
communities located in abiotically harsher habitats than in

benign habitats. If harsh conditions are filtering these two
diversity components at the same rates, that would explain
the relationship between PD and FD. On the other hand,
and considering that we might start from different pools
of species, it has been reported that different assembly pro-
cesses may create the same phylogenetic patterns (Losos
2008, Mayfield and Levine 2010, Pavoine and Bonsall
2011), so we might be caused to think that completely dif-
ferent mechanisms might be acting in the different regions
to account for the same pattern. Such mechanisms might
be, for instance, the phylogenetic conservation hypothesis
(Wiens and Graham 2005, Losos 2008), the abovemen-
tioned stress-gradient hypothesis (Weiher and Keddy 1995)
and colonization processes (Emerson and Gillespie 2008).
Whatever the case, and in spite of theoretical (Losos 2008,
Swenson and Enquist 2009) and empirical (Devictor et al.
2010, Safi et al. 2011, Hermant et al. 2012, Bernard-Verdier
et al. 2013, Purschke et al. 2013) criticism of the relation-
ship between PD and FD, we found a consistent positive
(albeit weak) relationship between PD and FD in European
ant communities in this study.

If we analyze the beta diversity patterns in detail, TD,
PD, and FD exhibited a relatively high degree of spatial
congruence at global and biogeographical scales, especially
as compared to the alpha diversity patterns. Our finding
of stronger correlations among beta diversity components
than among alpha diversity components is consistent with
some past work (Devictor et al. 2010, Bernard-Verdier et al.
2013). It also supports our second hypothesis because the
diversity components demonstrated some biogeographi-
cal differences in their relationships at the alpha, but not
at the beta, scale; this raises the question as to why these
differences show a seemingly universal scale-dependence.
We do not have a conclusive explanation, but what seems
clear is that differences in phylogenetic composition among
communities are closely related to differences in functional
composition. This finding underscores that similar heteroge-
neity exists in both phylogenetic and functional composition
in European ant communities, even within biogeographic
regions. Interestingly, the slope of the relationship between
PD and FD was less than 1 at the continental scale and in
all biogeographic regions, both for alpha and beta diversity.
This result suggests that local communities had an FD ‘defi-
cit’ (s. str. Safi et al. 2011), where species in a community
share more functional traits than expected for a given PD.
The presence of such an FD ‘deficit’ in our communities is
supported by the phylogenetic signal results, which suggest
that a high degree of niche conservatism exists in European
ant communities.

Similar to the other studies, our conclusions are obviously
contingent on the reliability of the estimated relationships
between phylogenetic and functional diversity (Petchey and
Gaston 2002). However, even though our analyses might be
somewhat flawed because we lacked molecular data for some
species, we did use the most complete phylogeny available
thus far for extant European ants and exploited a wide array
of functional traits, which were explored within the same
mathematical framework — the Rao quadratic entropy index
(de Bello et al. 2010). Although some issues warrant further
analyses (e.g. which kind of morphological, physiologi-
cal, behavioral, and life-history traits are most appropriate
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for calculating PD), our results clearly imply that PD is
related to FD across the different European biogeographic
regions. However, at the alpha diversity level, the relation-
ship between PD and FD as well as the relationships of both
PD and FD with TD are quite weak. This fact suggests that
different environmental factors that do not necessarily differ
among the biogeographic regions might be better predictors
of change for the different components of diversity rather
than only changes in other diversity-related components.
In fact, the few studies on this topic demonstrated that the
different components of diversity respond to environmen-
tal gradients, but in different ways (Devictor et al. 2010,
Bernard-Verdier et al. 2013, Purschke et al. 2013). This is a
relevant point that needs to be addressed in future studies. At
any rate, using patterns of phylogenetic composition to infer
ant community assembly rules is possible although actual
ecological data are not available for the constituent species
found in most of Europe’s broad biogeographic regions.
Also, it has been stated that developing a clearer understand-
ing of how different biodiversity components relate to each
other within regions will greatly improve conservation pro-
grams and diversity research (Devictor et al. 2010, Tucker
and Cadotte 2013), which undil recently only focused on
taxonomy. Our results draw attention to the ‘conservation
dilemma’ (Devictor et al. 2010). Although preserving TD
per se might also indirectly preserve PD and FD, the scat-
ter in TD’s relationship with PD and FD strongly suggests
that further studies are needed to uncover the factors respon-
sible for such variability, with a view to clarifying when and
where ant phylogenetic and functional biodiversity need
to be expressly considered when establishing conservation
policies.
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Appendix 1. Ant species list used in this study, number of communities within each biogeographic region (and overall) where they occur, and

functional trait values for each species. Abbreviations: Med, Mediterranean; Con, Continental; Atl, Atlantic; Alp, Alpine; Bor, Boreal; n com,

number of communities where the species occur; WS, worker size; WP, worker polymorphism; Diur, diurnality; Dom, behavioral dominance;

pS, proportion of seeds in diet; pl, proportion of insects in diet; pLF, proportion of liquid food in diet; FSI, individual foraging strategy; FSG,

group foraging strategy; FSC, collective foraging strategy; CS, colony size (In-transformed); nQ, number of queens; nN, number of nests; CFT,

colony foundation type. The states of the different functional traits are shown in Appendix 2.

SPECIES |Med | Con | Atl | Alp | Bor | n | s | WP |Diur | Dom| pS | pl | pLF | FSI |FSG | FSC| CS | nQ | nN |CFT
Formicinae

Camponotus aethiops 66 1 67| 7.50| 0.67 0 1 0] 0.25| 0.75 0 1 0| 7.47 0 0 1
Camponotus amaurus 1 1] 6.10( 0.69 1 0 0 0 1 0 1 0| 5.99 0 1 1
Camponotus cruentatus 70 70| 10.00| 0.80 0 1 0| 0.25| 0.75 0 1 0 852 0 0 1
Camponotus gestroi 2 2| 6.10| 0.59 0 0 0 0 1 0 1 0 6.21 0 0 1
Camponotus fallax 18 20| 6.90( 0.41 0 0 0 0 1 0 1 0| 6.21 0 0 1
Camponotus figaro 1 1( 3.90| 0.44 1 0 0 0 1 0 1 0| 6.21 0 0 1
Camponotus foreli 27 27| 6.10( 0.69 1 0 0 0 1 0 1 0| 5.99 0 1 1
Camponotus herculeanus 17 25| 10.80 | 0.69 0 1 0| 0.25] 0.75 0 1 0| 852| 05 0 1
Camponotus lateralis 69 69| 5.00| 0.40 1 0 0 0 1 0 1 0 6.91 0 0 1
Camponotus ligniperdus 2 1 8 20| 9.00| 0.67 0 1 0| 0.25| 0.75 0 1 0| 7.82| 05 0 1
Camponotus micans 6 6| 850| 1.29 0 0 0 1 0 1 0] 6.91 0 0 1
Camponotus piceus 62 1 64| 390 0.44 1 0 0 0 1 0 1 0| 6.21 0 0 1
Camponotus pilicornis 89 89| 8.50( 0.82 0 1 0 0 1 0 1 0| 6.91 0 0 1




Camponotus sylvaticus 75 75| 8.00( 0.75 0 1 0 0 1 0 1 0| 6.91 0 0 1
Camponotus truncatus 17 4 21| 450| 0.67 0 0 0 0 1 1 0 0 5.70 0 0 1
Camponotus vagus 3 3 6| 9.40| 0.68 0 1 0| 0.25| 0.75 0 1 0 7.82 1 0 1
Cataglyphis aenescens 4 4] 555| 0.88 1 0 0 1 0 1 0 0| 6.91 0 0 1
Cataglyphis cursor 13 13| 6.70| 0.61 1 0 0 1 0 1 0 0| 6.62 0 0 0
Cataglyphis floricola 12 12| 6.00| 0.22 1 0 0 1 0 1 0 0| 5.52 0 0 0
Cataglyphis hispanica 5 5| 850| 0.93 1 0 0 1 0 1 0 0| 6.62 0 0 0
Cataglyphis iberica 19 19| 6.00| 0.50 1 0 0 1 0 1 0 0 6.48 0 1 1
Cataglyphis rosenhaueri 15 15| 6.00| 0.50 1 0 0 1 0 1 0 0| 6.40 0 1 1
Cataglyphis velox 12 12| 8.30| 0.90 1 0 0 1 0 1 0 0| 6.62| 05 5 0
Formica aquilonia 16 16| 6.60| 0.76 0 1 0| 05| 05 0 0 1(12.90 1 1 0
Formica cinerea 3 1 6 10| 5.30| 0.66 0 1 0| 05| 05 0 0 1| 852 05 1 0
Formica clara 3 3| 6.50| 0.46 1 1 0| 05| 05 0 1 0 852 0 0 1
Formica cunicularia 16| 24| 10 4 54| 5.30| 0.47 1 0 0| 05| 05 0 1 0 7.24 0 5 1
Formica decipiens 1 1| 5.60]| 0.41 1 0 0| 05| 05 0 1 0 7.13 0 0 1
Formica fusca 51| 32| 19 1| 26| 129| 5.00| 0.60 1 0 0| 05| 05 0 1 0 9.10 1 1 1
Formica gagates 48 1 49| 5.00| 0.60 1 0 0] 05| 05 0 1 0| 6.21 0 0 1
Formica gerardi 14 1 15| 5.50| 0.36 1 0 0| 05| 05 0 1 0| 7.13 0 0 1
Formica lemani 10 12 12| 34| 5.50( 0.38 1 0 0| 05| 05 0 1 0 7.47 0 0 1
Formica lugubris 1 1 3 17( 22| 650 0.77 0 1 0| 05| 05 0 0 1| 10.60 1 1 5
Formica lusatica 6 6| 6.50| 0.46 1 1 0| 05| 05 0 1 0 852 0 0 1
Formica nigricans 1 1| 6.50| 0.77 0 1 0| 05| 05 0 0 1(11.00 1 1 0
Formica polyctena 3 6 5 14| 6.50| 0.77 0 1 0| 05| 05 0 0 1(13.02 1 1 0
Formica pratensis 1 5 1 2 10 19| 6.50| 0.77 0 1 0| 05| 05 0 0 1(11.00 1 1 0
Formica rufa 2 3| 11 2 11 29| 6.50( 0.77 0 1 0| 05| 05 0 0 1| 9.21 1 1 0
Formica rufibarbis 15 15 6 1 4| 41| 6.00| 0.50 1 0 0| 05| 05 0 1 0 6.91 0 0 1
Formica sanguinea 2 8 4 1 14 29| 7.50( 0.40 1 1 0| 05| 05 0 0 1| 9.21| 05 0 5
Formica subrufa 65 65| 4.90| 0.29 1 0 0| 0.75| 0.25 0 1 0| 6.55 0 0 1
Formica transkaucasica 1 1 1 3| 3.90| 0.62 0 0 0| 05| 05 0 1 0 7.60 0 1 0
Formica truncorum 2 7 9| 6.30| 0.87 0 1 0| 05| 05 0 0 1({ 9.21 1 1 0
Formica uralensis 5 5( 6.30| 0.40 0 0 0| 05| 05 0 0 1 1 1 0
Lasius alienus 21| 27| 11 59| 2.80| 0.50 0 1 0| 0.25| 0.75 0 0 1| 9.47 0 0 1

N



Lasius balcanicus 1 1| 550]| 0.36 0 0| 0.25| 0.75 0 0 1| 9.90 0 0 1
Lasius brunneus 10 18 1 1| 30| 2.90| 0.62 0 0 0| 0.25| 0.75 0 0 1| 9.21 0 0 1
Lasius cinereus 2 2| 3.30| 0.45 0 1 0 0 1 0 0 1| 9.21 0 0 1
Lasius emarginatus 30 4 1 35| 3.20( 0.47 0 1 0] 0.25]| 0.75 0 0 1( 9.21 0 0 1
Lasius flavus 6 20| 24 6 11 67| 290| 0.79 0 0 0| 0.25| 0.75 0 0 1| 9.21 5 0 1
Lasius fuliginosus 5 5| 10 1 21| 4.00( 0.50 0 1 0] 0.25]| 0.75 0 0 1(14.73 0 0 0
Lasius grandis 10 10| 3.50| 0.57 0 1 0| 0.25| 0.75 0 0 1| 9.21 0 0 1
Lasius lasioides 1 1| 2.80| 0.50 0 1 0| 0.25| 0.75 0 0 1| 9.47 0 0 1
Lasius myops 39 4 2 45| 2.90( 0.79 0 0 0 0 1 0 0 1| 852 0 0 1
Lasius niger 89| 43| 23 10| 23| 188| 3.00| 0.67 0 1 0| 0.25| 0.75 0 0 1] 9.21 0 0 1
Lasius paralienus 3 1 4] 450| 0.44 0 1 0] 0.25]| 0.75 0 0 1{ 9.21 0 0 1
Lasius psammophilus 1 1 1 3| 3.40]| 0.59 0 0 0] 0.25]| 0.75 0 0 1(10.43 0 1 1
Plagiolepis pygmaea 140 7 147| 1.60| 0.50 0 0 0 0 1 0 1 0| 6.68 1| 05 0
Plagiolepis schmitzii 37 37| 2.10| 0.48 1 0 0 0 1 0 1 0| 6.68 1| 05 0
Proformica ferreri 13 13| 4.50| 0.73 1 0 0 1 0 1 0 0 6.48 0 0
Proformica nasuta 1 1( 5.00| 1.00 1 0 0 1 0 1 0 0 6.48 0 0
Dolichoderinae

Dolichoderus 9 4 13| 3.50| 0.29 0 0 0| 05| 05 0 0 1| 6.11 0 1 0
quadripunctatus

Linepithema humile 5 5| 2.30| 0.22 0 1 0] 0.25]| 0.75 0 0 1(11.92 1 1 0
Liometopum microcephalum 2 2| 5.00| 0.80 0 1 0| 0.75]| 0.25 0 0 1| 852 0 0 1
Tapinoma erraticum 29 12 3 4 48| 2.80| 0.54 0 1 0 0 1 0 0 1] 8.16 1 1 0
Tapinoma nigerrimum 114 2 116| 4.00| 0.58 0 1 0 0 1 0 0 1| 8.85 1 1 0
Tapinoma simrothi 2 9 1 12| 3.20| 0.44 0 1 0 0 1 0 0 1| 8.85 1 1 0
Myrmicinae

Aphaenogaster dulcineae 20 20| 6.00( 0.33 0 0| 05| 05 0 0 1 0| 6.48 0 0
Aphaenogaster gibbosa 80 1 81| 4.90| 041 1 0| 05| 05 0 0 1 0| 6.48 0 0 1
Aphaenogaster iberica 20 20| 6.40( 0.19 1 0| 05| 05 0 0 1 0| 6.25 0 0 0
Aphaenogaster cardenai 1 1( 6.70| 0.10 0 0| 05| 05 0 0 1 0| 8.01 0 0 1
Aphaenogaster senilis 61 61| 7.00| 0.14 1 0| 05| 05 0 0 1 0 6.48 0 0 0
Aphaenogaster subterranea 67 1 68| 3.80( 0.45 0 0] 05| 05 0 0 1 0| 7.60 0 0 1
Cardiocondyla batesii 7 7| 2.10| 0.24 0 0 0| 0.75] 0.25 0 1 0| 4.79 0 0 1




Cardiocondyla mauritanica 2 2| 2.00]| 0.20 0 0 0| 0.75]| 0.25 0 1 0| 5.01 1 0 0
Crematogaster auberti 57 57| 3.40| 0.35 0 1 0 0 1 0 1 0 6.48 0 0 0
Crematogaster scutellaris 83 83| 4.05| 0.57 0 1 0| 05| 05 0 0 1| 6.62| 05 5 1
Crematogaster sordidula 52 52| 2.45| 0.37 0 1 0 0 1 0 1 0| 6.62 0 0 1
Goniomma baeticum 2 2| 4.10| 0.24 0 0 1 0 0 1 0 0| 5.86 0 0 1
Goniomma blanci 5 5( 3.50| 0.29 0 0 1 0 0 1 0 0| 5.86 0 0 1
Goniomma collingwoodi 1 1| 3.65| 0.08 0 0 1 0 0 1 0 0| 5.86 0 0 1
Goniomma hispanicum 24 24| 3.90| 0.21 0 0 1 0 0 1 0 0| 5.86 0 0 1
Goniomma kugleri 1 1| 3.10| 0.19 0 0 1 0 0 1 0 0| 5.89 0 0 1
Goniomma thoracicum 2 2| 390| 0.21 0 0 1 0 0 1 0 0| 5.86 0 0 1
Leptothorax acervorum 1 6 13 7 21 48| 3.60| 0.17 0 0 0] 05| 05 0 1 0| 7.60 1 0 0
Leptothorax gredleri 2 2| 3.20| 0.16 0 0 0| 05| 05 0 1 0| 391 0 0| 05
Leptothorax muscorum 4 9 14 27| 2.90( 0.55 0 0 0l 05| 05 0 1 0| 5.70 1 0 0
Manica rubida 1 3 4| 7.00| 0.71 1 0 0 1 0 0 0 1| 8.16| 05 0 1
Messor barbarus 54 54| 7.90| 1.04 0 1 1 0 0 0 0 1| 8.99 0 0 1
Messor celiae 2 2| 7.90| 1.04 0 1 1 0 0 0 0 1| 8.99 0 0 1
Messor bouvieri 27 27| 6.30| 0.71 1 0 1 0 0 0 0 1| 8.16 0 0 1
Messor maroccanus 23 23| 6.30| 0.71 1 0 1 0 0 0 0 1| 8.16 0 0 1
Messor capitatus 41 41| 8.40]| 1.07 0 1 1 0 0 0 1 0| 8.29 0 0 1
Messor hispanicus 8 8| 7.90| 1.04 0 1 1 0 0 0 0 1| 8.99 0 0 1
Messor lusitanicus 10 10| 6.50| 0.54 1 0 1 0 0 0 0 1| 8.16 0 0 1
Messor structor 28 28| 6.80( 0.81 0 1 1 0 0 0 0 1] 8.29 1 0 0
Monomorium salomonis 1 1| 3.05| 0.36 0 1] 0.25| 0.75 0 0 0 1| 8.01 1 1 0
Myrmecina graminicola 18 14 3 35| 3.05( 0.36 0 0 0| 0.75] 0.25 1 0 0| 461| 05 0 0
Myrmica aloba 15 15| 4.50| 0.22 0 0 0| 05| 05 0 0 1| 7.60 0 0| 05
Myrmica hellenica 1 1 0 0 0| 05| 05 0 0 1( 7.38] 05 0| 05
Myrmica lobulicornis 1 7 5 22 35| 3.75| 0.27 0 0 0| 05| 05 0 0 1| 731 1 0| 05
Myrmica lonae 3 3| 4.40| 0.14 0 0 0| 05| 05 0 0 1| 8.01 1 0| 05
Myrmica rubra 31| 16 14 11 72| 4.00( 0.25 0 0| 05| 05 0 0 1({ 8.01 1 1 05
Myrmica ruginodis 2 35| 16 16 27 96| 4.75| 0.11 0 0 0| 05| 05 0 0 1{ 760 05 0| 05
Myrmica rugulosa 2 2| 4.00| 0.25 0 0 0| 05| 05 0 0 1| 7.60 1 1] 05
Myrmica sabuleti 13| 39| 21 2 3| 78| 4.40( 0.14 0 0 0| 05| 05 0 0 1| 8.01 1 0| 05

H



Myrmica scabrinodis 10| 31| 21 10 23| 95| 4.25| 0.24 0 0 0| 05| 05 0 0 1| 731| 05 0| 05
Myrmica schencki 2 22| 14 1 12( 51| 4.15| 051 0 0 0| 05| 05 0 0 1| 691| 05 0| 05
Myrmica specioides 1 9 7 17| 5.60| 0.18 0 0 0| 05| 05 0 0 1| 731 1 0| 05
Myrmica spinosior 2 2| 4.40]| 0.14 0 0 0| 05| 05 0 0 1( 8.01 1 0| 05
Myrmica sulcinodis 12 12| 4.75] 0.32 0 0 0| 05| 05 0 0 1| 6.68 0 5] 05
Myrmica wesmaeli 3 3| 3.80| 0.26 0 0 0| 05| 05 0 0 1{ 731 1 0| 05
Oxyopomyrmex saulcyi 15 15| 2.00| 0.20 0 0 1 0 0 1 0 0| 4.61 0 0 1
Pheidole pallidula 132 132| 3.20| 1.03 0 1] 0.25| 0.75 0 0 0 1| 852| 05 0| 05
Stenamma orousetti 1 1| 3.30| 0.18 0 0 0 1 0 1 0 0 4.61 0 0 1
Stenamma westwoodi 4 18 22| 3.30( 0.18 0 0 0 1 0 1 0 0| 461 0 0 1
Stenamma petiolatum 1 1( 450 0.13 0 0 0 1 0 1 0 0| 4.61 0 0 1
Temnothorax angustulus 5 5| 2.80| 0.21 0 0 0| 05| 05 0 1 0| 391 0 0 1
Temnothorax caesari 2 2| 2.20| 0.18 0 0 0| 05| 05 0 1 0 4.61 0 0

Temnothorax clypeatus 1 1| 3.00| 0.33 0 0 0| 05| 05 0 1 0 4.61 0 0 1
Temnothorax crassispinus 5 5( 2.90| 0.41 0 0 0| 05| 05 0 1 0 4.61 0 0| 05
Temnothorax exilis 3 3| 2.60| 0.46 0 0 0| 05| 05 0 1 0 3.91 0 0 1
Temnothorax fuentei 15 15| 4.15| 0.07 0 0 0| 05| 05 0 1 0 3.91 0 0 1
Temnothorax gredosi 1 1{ 250 0.32 0 0 0| 05| 05 0 1 0| 5.01 0 0 1
Temnothorax grouvellei 1 1| 2.85| 0.46 0 0 0| 05| 05 0 1 0| 4.61 0 0 1
Temnothorax interruptus 9 1 10| 2.30| 0.52 0 0 0| 05| 05 0 1 0 5.01 1 0 0
Temnothorax kraussei 13 13| 2.80| 0.21 0 0 0| 05| 05 0 1 0 3.91 0 0 1
Temnothorax lichtensteini 42 42| 2.60( 0.08 0 0 0| 05| 05 0 1 0 5.30 0 0 1
Temnothorax luteus 2 1 3| 2.40| 0.25 0 0 0| 05| 05 0 1 0 0 0 1
Temnothorax niger 20 20| 2.65| 0.34 0 0 0| 05| 05 0 1 0| 5.01 0 0 1
Temnothorax nigriceps 1 3 1 5| 2.65| 0.26 0 0 0| 05| 05 0 1 0| 5.01 0 0 1
Temnothorax nylanderi 49 19 68| 2.65| 0.30 0 0 0| 05| 05 0 1 0 5.70 0 0 1
Temnothorax pardoi 2 2| 250]| 0.08 0 0 0| 05| 05 0 1 0| 5.01 0 0 1
Temnothorax parvulus 4 5 9| 245]| 0.12 1 0 0] 05| 05 0 1 0| 6.40 0 0 1
Temnothorax rabaudi 36 36| 2.70| 0.22 0 0 0| 05| 05 0 1 0 5.01 0 0 1
Temnothorax racovitzai 67 1 68| 2.55| 0.12 0 0 0| 05| 05 0 1 0 5.01 0 0 1
Temnothorax recedens 37 37| 2.70| 0.30 1 0 0] 05| 05 0 1 0| 5.01 0 0 0
Temnothorax specularis 36 36| 2.35| 0.13 0 0 0| 05| 05 0 1 0 5.01 0 0 1

9]



Temnothorax tristis 5 5( 2.50| 0.40 0 0 0| 05| 05 0 1 0 5.01 1 0 1
Temnothorax tuberum 2 11 1 16| 2.85| 0.39 0 0 0f 05| 05 0 1 0 5.30 0 5 1
Temnothorax thyndalei 17 17| 2.65| 0.19 0 0 0f 05| 05 0 1 0 5.01 0 0 1
Temnothorax unifasciatus 10 15 2 27| 2.50( 0.40 0 0 0] 05| 05 0 1 0| 5.78 0 0 1
Tetramorium caespitum 90 22| 27 150| 2.90| 0.41 0 1| 0.25( 0.75 0 0 0 1{ 9.21 0 0 1
Tetramorium impurum 3 6 9| 290| 041 0 1| 0.25( 0.75 0 0 0 1{ 9.21 0 0 1
Tetramorium forte 10 10| 3.75| 0.51 0 1| 0.25| 0.5 0.25 0 0 1] 9.21 0 0 1
Tetramorium hispanicum 16 1 17| 3.75| 0.51 0 1| 0.25| 0.5 0.25 0 0 1] 9.21 0 0 1
Tetramorium ruginode 10 10| 3.75| 0.51 0 1| 0.25| 0.5 0.25 0 0 1] 9.21 0 0 1
Tetramorium semilaeve 80 80| 3.60( 0.33 0 1| 0.25( 0.75 0 0 0 1{ 9.21 1 0 1
Tetramorium punicum 2 2| 3.60| 0.33 0 1| 0.25( 0.75 0 0 0 1{ 9.21 1 0 1
Ponerinae

Hypoponera eduardi 4 4| 2.85| 0.18 0 0 0 1 0 0 1 0| 7.31 1 0 1
Hypoponera punctatissima 1 1| 3.15| 0.16 0 0 0 1 0 0 1 0| 5.01 1 1| 05
Ponera coarctata 9 5 2 16| 2.95| 0.31 0 0 0 1 0 0 1 0| 461 1 0 0
Pseudomyrmicinae

Tetraponera allaborans [ 1] 1] | o] o] o075]025] | | | 662] 0] o] 05
Leptanillinae

Leptanilla revelieri 2| 2| 1151 009 of o of 1 of of 1] of 570 of of o0




Appendix 2. Functional traits used to determine the functional diversity of the ant
communities included in this study.

Trait Data type States

Worker size Continuous  Worker body size from the
tip of mandibles to tip of
the gaster (mm)

Worker polymorphism Continuous  Mean worker size divided
by the range of worker size

Diurnality Binary (0) Non-strictly diurnal
(1) Strictly diurnal

Behavioral dominance Binary (0) Subordinate
(1) Dominant

D1§t: Seed-eqtmg, Insect- Fuzzy- 0-1 (for each of the three

eating, and Liquid-food coded .

. categories)

eating (*)

Forgging strategy: Binary 0-1 (for each of the three

Individual, Group, and categories)

Collective (**)

Colony size Continuous  Mean number of workers
per colony

Number of queens Ordinal (0) Monogyny; (0.5) Both
monogyny and polygyny;
(1) Polygyny

Number of nests Ordinal (0) Monodomys; (0.5) Both
monodomy and polydomy
(1) Polydomy

Colony foundation type Ordinal (0) DCF;

(0.5) Both DCF and ICF;
(1) ICF

*Variable categories were coded using a fuzzy-coding technique. Scores ranged from
‘0’ (no consumption of a food resource) to ‘1’ (frequent consumption of a food
resource).

**Individual: workers of these species are not able to communicate their nestmates the
presence of a food source, they forage and collect food individually; Group: workers of
these species are able to communicate and guide a low number of nestmates to a
previously discovered food source; Collective: workers of these species follow
"anonymous" chemical signals provided by other nestmates to exploit a food source,
they can organize mass-recruitment or temporal or permanent trails to the food source



Appendix 3. List of references utilized to build the working phylogeny, phylogenetic
signals present in ant functional traits, and phylogenetic tree for the 154 European ant

species examined in this study.

List of references utilised to build the working phylogeny. References that used

molecular data are indicated as *

(many of them have been obtained from AntWeb. Available from

http://www.antweb.org. Accessed 10 January 2014)

Agosti D (1990) Review and reclassification of Cataglyphis (Hymenoptera, Formicidae).
Journal of Natural History 24:1457-1505

* Beibl J, Buschinger A, Foitzik S, Heinze J (2007) Phylogeny and phylogeography of
the Mediterranean species of the parasitic ant genus Chalepoxenus and its
Temnothorax hosts. Insectes Sociaux 54:189-199

Bernard F 1950 ("1946"). Notes sur les fourmis de France. II. Peuplement des montagnes
méridionales. Annales de la Société Entomologique de France 115:1-36

Bernard F (1968) Les Fourmis (Hymenoptera Formicidae) d'Europe Occidentales et
Septentrionale. Masson et Cie éditeurs, Paris. 41 1pp.

* Brady S.G., Schultz T.R., Fisher B.L., Ward P.S. (2006) Evaluating alternative
hypotheses for the early evolution and diversification of ants. PNAS 103:

18172-18177.



* Brunner E, Kroiss J, Trindl A, Heinze J (2011) Queen pheromones in Temnothorax
ants: control or honest signal? BMC Evolutionary Biology 11:55.
http://www.biomedcentral.com/1471-2148/11/55

Buschinger A (1966) Leptothorax (Mychothorax) muscorum Nylander und Leptothorax
(M.) gredleri Mayr zwei gute Arten. Insect Soc 13: 165-172.

Cagniant H, Espadaler X (1997). Les Leptothorax, Epimyrma et Chalepoxenus du Maroc
(Hymenoptera: Formicidae). CI¢ et catalogue des especes. Annales de la
Société Entomologique de France (NS) 33: 259-284

Espadaler X (1996) Diagnosis preliminar de siete especies nuevas de hormigas de la
Peninsula Ibérica (Hymenoptera: Formicidae). Zapateri 6: 151-153

Espadaler X (1997) Redescription of Leptothorax schaufussi (Forel, 1879)
(Hymenoptera: Formicidae). Orsis 12:101-107

* Goropashnaya AV, Fedorov VB, Seifert B, Pamilo P (2012) Phylogenetic relationships
of palaearctic Formica species (Hymenoptera, Formicidae) based on
mitochondrial cytochrome b sequences. PLoS ONE 7(7): e41697.
doi:10.1371/journal.pone.0041697

* Hasegawa E., Tinaut A., Ruano F. (2002) Molecular phylogeny of two slave-making
ants: Rossomyrmex and Polyergus (Hymenoptera: Formicidae).
Ann.Zool.Fennici 39: 267-271.

Janda M., Folkova D., Zrzavy J. (2004) Phylogeny of Lasius ants based on mitochondrial
DNA and morphology, and the evolution of social parasitism in the Lasiini
(Hymenoptera: Formicidae). Molecular Phylogenetics and Evolution 33: 595-

614.



* Jansen G, Savolainen R, Vepsildinen K (2009) DNA barcoding as a heuristic tool for
classifying undescribed Nearctic Myrmica ants (Hymenoptera: Formicidae).
Zoologica Scripta 38: 527-536.

* Jowers M.J., Amor F., Ortega P., Lenoir A., Boulay R.R., Cerda X., Galarza J.A.
(2014) Recent speciation and secondary contact in endemic ants. Molecular
Ecology 23: 2529-2542.

* Knaden M., Tinaut A., Stokl J., Cerda X., Wehner R. (2012) Molecular phylogeny of
the desert ant genus Cataglyphis (Hymenoptera: Formicidae). Myrmecol.
News 16: 123-132.

* Machac A, Janda M, Dunn RR, Sanders NJ (2011) Elevational gradients in
phylogenetic structure of ant communities reveal the interplay of biotic and
abiotic constraints on species density. Ecography 34: 364-371.

* Maruyama M, Steiner FM, Stauffer C, Akino T, Crozier RH, Schlick-Steiner BC
(2008) A DNA and morphology based phylogenetic framework of the ant
genus Lasius with hypotheses for the evolution of social parasitism and
fungiculture. BMC Evolutionary Biology 8:237. doi:10.1186/1471-2148-8-
237.

* Moreau CS, Bell CD, Vila R, Archibald SB, Pierce NE (2006) Phylogeny of the ants:
diversification in the age of angiosperms. Science 312:101-104.

* Moreau C.S., Bell C.D. (2013) Testing the museum versus cradle tropical biological
diversity hypothesis: phylogeny, diversification, and ancestral biogeographic

range evolution of the ants. Evolution 67: 2240-2257.



* Munoz-Lopez M., Palomeque T., Carrillo J.A., Pons J., Tinaut A., Lorite P. (2012) A
new taxonomic status for Iberoformica (Hymenoptera, Formicidae) based on
the use of molecular markers. J Zool Syst Evol Res 50: 30-37.

* Oettler J, Suefuji M, Heinze J (2010) The evolution of alternative reproductive tactics
in Cardiocondyla male ants. Evolution 64: 3310-3317

Radchenko A.G., Elmes G.W. (2004) Taxonomic notes on the scabrinodis-group of
Myrmica species (Hymenoptera: Formicidae) living in eastern Europe and
western Asia, with a description of a new species from Tien Shan.
Proc.Russian Entomol. Soc. St. Petersburg 75: 222-233.

Reyes JL, Espadaler X, Rodriguez A (1987) Descripcion de Goniomma baeticum nov. sp.
(Hym., Formicidae). Eos 63: 269-276

Rigato F (2011) Contributions to the taxonomy of West European and North African
Stenamma of the westwoodii species-group. (Hymenoptera Formicidae).
Memorie della Societa Italiana di Scienze Naturali e del Museo Civico di
Storia Naturale di Milano 37: 1-56.

Sanetra M, Giisten R, Schulz A (1999) On the taxonomy and distribution of the Italian
Tetramorium species and their social parasites (Hymenoptera Formicidae).
Memorie della Societa Entomologica Italiana 77: 317-357.

* Sauer C., Stackebrandt E., Gadau J., Holldobler B., Gross R. (2000) Systematic
relationships and cospeciation of bacterial endosymbionts and their carpenter
ant host species: proposal of the new taxon Candidatus Blochmannia gen.
nov. Intern.J.Syst.Evol.Microb. 50: 1877-1886.

* Schlick-Steiner BC, Steiner FM, Moder K, Seifert B, Sanetra M, Dyreson E, Stauffer



C, Christian E (2006) A multidisciplinary approach reveals cryptic diversity
in western Palearctic Tetramorium ants (Hymenoptera: Formicidae).
Molecular Phylogenetics and Evolution 40: 259-273.

* Schlick-Steiner B.C., Steiner F.M., Konrad H., Marko B., Cs6sz S., Heller G., Ferencz
B., Sipos B., Christian E., Stuffer C. (2006) More than one species of Messor
harvester ants (Hymenoptyera: Formicidae) in Central Europe. Eur. J.
Entomol. 103: 469-476.

* Schmidt C.A. (2013) Molecular phylogenetics of ponerine ants (Hymenoptera:
Formicidae: Ponerinae). Zootaxa 3647: 201-250..

Seifert B (1992) A taxonomic revision of the Palaearctic members of ant subgenus Lasius
s.str. (Hymenoptera: Formicidae). Abh. Ber. Naturkundemus. Gorlitz 66: 1-
67.

Seifert, B. (2000) Myrmica lonae Finzi, 1926 — a species separate from Myrmica sabuleti
Meinert, 1861 (Hymenoptera: Formicidae). Abh. Ber. Naturkundemus.
Gorlitz 72, 195-205.

Seifert B, Schlick-Steiner BC, Steiner FM (2009) Myrmica constricta Karavajev, 1934 -
a cryptic species of Myrmica hellenica Finzi, 1926 (Hymenoptera:
Formicidae). Soil Organisms 81: 53-76

Seifert B, Schultz R (2009) A taxonomic revision of the Formica rufibarbis Fabricius,
1793 group (Hymenoptera: Formicidae). Myrmecological News 12: 255-272.

Tinaut A (1991) [1990]. Situacioén taxondmica del género Cataglyphis Forster, 1850 en la
Peninsula Ibérica. III. El grupo de C. velox Santschi, 1929 y descripcion de

Cataglyphis humeya sp. n. (Hymenoptera, Formicidae). EOS 66: 215-227



Tinaut A (1993) Cataglyphis floricola nov. sp. new species for the genus Cataglyphis
Forster, 1850 (Hymenoptera, Formicidae) in the Iberian Peninsula. Mitt
Schweiz Entomol Ges 66: 123-134

Tinaut A, Ruano F, Hidalgo J, Ballesta M (1994) Mirmecocenosis del sistema de dunas
del Paraje Natural Punta Entinas-El Sabinar (Almeria) (Hymenoptera
Formicidae) Aspectos taxondmicos functionales y biogeograficos. Graellsia
50: 71-84

Ward PS (2007) Phylogeny, classification, and species-level taxonomy of ants

(Hymenoptera: Formicidae). Zootaxa 1668: 549-563



Phylogenetic signals present in ant functional traits (quantified using Pagel’s 1),

first using all the ant species included in this study (Europe) and then using the

subsets of species found in each biogeographic region (*, p<0.05; **, p<0.01; and

#x% n<0.001).
Trait Europe | Mediterranean | Continental | Atlantic | Alpine Boreal
Worker size | 0.97#%* 0.99%%* 0.82%%% | (.88%%% | (97k¥x | 97w+
pol;zgfpe;ism 092+ 0.96%** 0.35%%% | 0.43%% | 036% | 0.69%%*
Colony size | 0.99%%* 0.99%%* 0.95%*% | 0.98%% | 052 | 0.90%%*
v Sg;‘tis N gg 1.00%** L00%** | 1.00%** | 1,00%** | 1,00%%*
v In;g“ g ggws 0.99%%* 0.93%%% | 0.98%*% | 1,00%%* | 1,00%%*
Fgf‘)’;;igfid‘iet 0.99% 0.98%* 0.95%%% | 0.98%*% | 1,00%%* | 1,00%%*
Independent
Colony 0.91 %%+ 0.95%%* 0.99%%% | .97%%% | (92%%% | 88%¥*
Foundation
Polydomy | 0.82%%* 0.91 %%+ 0.81%%% | 0.79%%% | 0.66%*% | 0.56%%*
Polygyny | 0.89%%* 0.91 %%+ 0.71%%% | 0.96%*% | 1.00%** | 0.94%%*
igﬁg 0.89% 0.92%%* 0.71%%% | 0.61%%% | 1.00%** | 0.99%%*
Dominant | 0.98%%* 0.99%%* 0.85%%% | 0.92%%% | 74%%x | 82%%*
Z?rr;geg’yg 1.00%** 1.00%** LO0%** | 1,00%*% | 0.94%%% | 1,00%%%*




Ultrametricized ant phylogeny used in this study. It has been reconstructed from
different sources in the literature (see above). Red branches indicate a phylogenetic
position of taxa obtained from molecular data. Black branches indicate a position

obtained from morphology-taxonomic studies.
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Appendix 4. Main characteristics of the five biogeographic regions to which the communities
included in this study were assigned.

Based on the information obtained in the different documents available in the website of the
European Environment Agency (http://www.eea.europa.eu/), we describe the main
characteristics of the five biogeographic regions of Europe included in this study.

(i) Mediterranean region. The region covers ca 11 % of Europe’s territory and stretches over
more than 4 000 km from Lisbon in the west (Portugal) to Adana in the east (Southern
Turkey). The climate is warm with hot summers and mild winters. Temperatures are generally
highest in the east, but there are periods during the year with temperatures over 30°C occur in
all parts of the region. Average annual rainfall range varies between 500 and 1100 mm/year in
many regions, but can be as low as 350 or even 100 mm. At the local scale, the Mediterranean
region is known for pronounced climatic differences over very short distances because of
factors such as slope, exposition, distance from sea, steepness and parent rock type. Arid and
desert conditions are increasing and water will become more and more scarce during the 21th
century. Soils are low in humus, and the erosion risk is great in most areas.

(ii) Continental region. It is the second largest biogeographic region in Europe, nearly as big
as the Boreal region. The Continental region extends in a central east-west band over most of
Europe. A relatively narrow fringe of land separates it from the Atlantic Ocean in the west; in
the east it reaches as far as the border of Asia, just south of the Ural Mountains. It reaches
Denmark and Sweden in the north, Italy and the Balkan Peninsula in the south. The climate in
the region can be defined as truly continental with warm summers and cold winters, especially
in the central and eastern parts where there are strong contrasts in seasonal temperatures, with
generally warm summers and cold winters. Rainfall is most abundant during summer.
Precipitation in the region varies mainly according to altitude and exposition. Towards the
west, these characteristics become less and less marked due to oceanic influences. The soils
have naturally high fertility.

(iii) Atlantic region. This region is closely interacting with the bordering northeast Atlantic
Ocean and the North Sea and has a very long coastline and islands. It borders both the coldest
and the some of the warmest parts of Europe: the Arctic and Scandinavian alpine regions in
the north (Norway) and the Mediterranean region in the south (Portugal, Spain and France),
but the closest contact is with the temperate western part of the Continental region. The
climate is mild and humid. Differences in temperature between summer and winter are small.
The eastern limit of the region approximately follows the line where the annual temperature
range is 16°C. The whole region has in general a surplus of water, though there are large
differences from west to east. Rainfall is very high in the western parts, reaching up to 3000
mm per year on the mountains of Northwest Scotland, while it can be as little as 550 mm per
year in lowlands in the eastern parts of the region.

(iv) Alpine region. The Alpine biogeographic region includes some of the oldest and most
recent ranges of mountains of the world, from the Mediterranean to western Siberia: the Alps,
the Scandes, the Pyrenees, the Carpathians, the Rhodopes, the Urals, the Caucasia and the
Dinaric Alps. These mountains areas are vulnerable ecosystems, characterised by low



productivity, slow response rates and isolation. In general this region is characterized by
relatively large differences between the average summer and average winter temperatures as
well as relatively high amount of precipitation during the year, but the climate of the different
ranges included in the region is not homogeneous. Some of the ranges are severely influenced
by the Mediterranean climate in the south and with the temperate climate in the north, with
annual precipitation between 500 and 1200 mm and mean temperatures in the range 5-10°C.
Other mountain ranges are located in colder areas (mean annual temperature around 0°C) and
have relatively lower precipitation (400 to 1000 mm).

(v) Boreal region. It is the largest biogeographic region of Europe, covering around % of
Europe's territory and involves eight countries: south eastern Norway, the majority of Sweden,
most of Finland, all Estonia and Latvia and the northern parts of Lithuania and Belarus. Most
of the Boreal region lies less 500 m above sea level. The region has a cool-temperate, moist
climate, varying from sub-oceanic in the west to sub-continental in the interior and the east.
Precipitation varies between 500 and 800 mm per year, with extremes of 300 and 1 200 mm.
Average annual temperatures are generally low, but vary much over the region: with monthly
mean temperatures varying from + 20 °C in the warmest months of the warmest areas to -15
°C in the coldest months in the coldest areas.

Climate characterization (mean annual temperature and annual precipitation) of these five
biogeographic regions according to values of these variables from the study plots provided by
the WorldClim database (http://www.worldclim.org/bioclim) is shown in Figure S4.1.




Figure A3. Climate characterization (mean annual temperature — x10 - and annual
precipitation) of the study plots included in the five biogeographic regions considered.
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Appendix 5. Relationships between alpha taxonomic diversity and alpha phylogenetic

diversity (FD) or alpha functional diversity (PD) in each biogeographic region.

0]
c
O
© Europe
E — Mediterranean
/’: ;/ . — Continental
AT e Atlantic
vt f ——  Alpine
1.5 7 * Boreal
| | | | | | |
5 10 15 20 25 30 35

TD alpha



— Europe
— Mediterranean
~— Continental

Atlantic
~— Alpine
~— Boreal

eyde g4

35

30

25

20

15

10

TD alpha



Appendix 6. Relationships between beta diversity components in each biogeographic

region.
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