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Abstract

Understanding species richness variation among local communities is one of

the central topics in ecology, but the complex interplay of regional processes,

environmental filtering, and local processes hampers generalization on the

importance of different processes. Here, we aim to unravel drivers of spider

community assembly in temperate forests by analyzing two independent data

sets covering gradients in elevation and forest succession. We test the follow-

ing four hypotheses: (H1) spider assemblages within a region are limited by

dispersal, (H2) local environment has a dominant influence on species compo-

sition and (H3) resources, and (H4) biotic interactions both affect species rich-

ness patterns. In a comprehensive approach, we studied species richness,

abundance, taxonomic composition, and trait-phylogenetic dissimilarity of

assemblages. The decrease in taxonomic similarity with increasing spatial dis-

tance was very weak, failing to support H1. Functional clustering of species in

general and with canopy openness strongly supported H2. Moreover, this

hypothesis was supported by a positive correlation between environmental

and taxonomic similarity and by an increase in abundance with canopy open-

ness. Resource determination of species richness (H3) could be confirmed only

by the decrease of species richness with canopy cover. Finally, decreasing spe-

cies richness with functional clustering indicating effects of biotic interactions

(H4) could only be found in one analysis and only in one data set. In conclu-

sion, our findings indicate that spider assemblages within a region are mainly

determined by local environmental conditions, while resource availability,

biotic interactions and dispersal play a minor role. Our approach shows that

both the analysis of different aspects of species diversity and replication of

community studies are necessary to identify the complex interplay of processes

forming local assemblages.
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INTRODUCTION

Since the beginnings of ecology, differences in species
richness and composition between assemblages has been
among the central topics in community ecology (Davies
et al., 2009; Hutchinson, 1959; Leibold et al., 2004). How-
ever, progress was dauntingly slow, which led Sir John
Lawton at the end of the 20th century to the painful judg-
ment that “community ecology is a mess.” Lawton (1999)
also noted that the lack of generalizations in community
ecology was a result of focusing on local assemblages and
experiments. Consequently, he asked why ecologists con-
tinue to invest so much time in studying local communi-
ties instead of turning towards larger spatial scales, like
macroecology. Irrespective of the benefits and achieve-
ments of macroecology, understanding the processes
determining local communities is crucial for forecasting
and dealing with global change in the Anthropocene
(Simberloff, 2004; Winter et al., 2013).

Community ecology has identified a plethora of
processes influencing local assemblages (Mittelbach &
McGill, 2019; Vellend, 2016). The structure of communities
depends on a series of hierarchically structured, spatial pro-
cesses: biogeographical processes determine the regional
species pool (Lessard et al., 2012; Zobel, 1997), and dispersal
abilities (active or passive) determine which species can
colonize a specific habitat patch (Bonte, Vandenbroecke,
et al., 2003; Hanski & Heino, 2003; Komonen & Müller,
2018). As the species pool experiences steady turnover across
space, taxonomic similarity of species assemblages in habitat
patches should decrease with increasing spatial distance
between patches, especially in species with low dispersal
capacity (distance limitation hypothesis; Chase & Myers,
2011; Hubbell, 2001).

After the arrival of a species to a new habitat patch,
local environmental filters (Balmford, 1996) select species
based on the match between traits and both local abiotic
and biotic environmental conditions (Birkhofer et al., 2017;
Cadotte & Tucker, 2017; Cavender-Bares et al., 2009; Müller
et al., 2012). Biotic interactions, such as competition, preda-
tion, herbivory or mutualism, influence the persistence of
species and ultimately their local abundance (Howeth &
Leibold, 2010; Wise, 2006). Quantifying the relative impor-
tance of environmental filtering and biotic interactions is
inherently challenging as different processes could create
similar patterns (Kraft et al., 2015). Studying patterns of
phylogenetic and functional diversity together with

abundances and traits along environmental gradients, how-
ever, is one promising approach (Cadotte & Tucker, 2017).
However, species with similar phenotype and only minor
niche differences can exclude other, different, species under
specific environmental conditions and thus create clustered
patterns through competitive exclusion (Mayfield &
Levine, 2010). Therefore, it is likely that observational data
showing environmental filtering are actually combined
effects of environmental filters and local species interactions
such as competition or predation (Cadotte & Tucker, 2017).

If ecological traits are phylogenetically conserved,
phylogenetic position predicts the traits of species. Thus,
phylogenetic clustering suggests that species with similar
traits co-occur in a habitat, indicating filtering. In con-
trast, over-dispersion suggests that co-occurring species
differ in traits, indicating competition (Cadotte et al.,
2013; Pausas & Verdu, 2010). All these processes deter-
mine species composition as well as species richness of
an assemblage or community (see Stroud et al., 2015, for
the difference between these two concepts).

In addition to the influences of environmental filtering
and species interactions on communities, some more funda-
mental factors affect the richness of a community. First, a
very general pattern is that species richness increases with
increasing area (Allouche et al., 2012; Coleman, 1981; Con-
nor & McCoy, 1979) or resource availability. Two major
hypotheses were proposed to explain this pattern. The
more-individuals hypothesis explains the increase of species
richness with resources by the amount of energy accessible
to organisms (Wright, 1983). With increasing energy, we
expect an increase in population size of organisms, thereby
allowing more species to sustain viable populations. Alter-
natively, the habitat-heterogeneity hypothesis predicts that
the number of different habitats increases with increasing
area and, as long as species have somewhat different habitat
requirements, more species can coexist with increasing area
(e.g., Allouche et al., 2012; Heidrich et al., 2020; Mac-
Arthur & MacArthur, 1961; Tews et al., 2004).

The relative importance and the hierarchy of the above-
mentioned drivers of species richness and composition of
local assemblages is still a matter of debate (Adler &
Collins, 2011; Cadotte & Tucker, 2017; Huston, 1999;
Loreau et al., 2001; Mittelbach et al., 2001; Mittelbach &
McGill, 2019; Weiher et al., 2011). Key for successfully
unraveling drivers of species richness and composition is
that patterns are assessed along strong environmental gradi-
ents (Cadotte & Tucker, 2017; Laughlin et al., 2012). Two of
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the globally most important ecological gradients are eleva-
tion (Allouche et al., 2012) and succession (Meiners
et al., 2015), along which one might expect a predictable
change in the importance of drivers structuring communi-
ties. With increasing elevation, climatic conditions change
towards a harsher climate and shorter vegetation periods in
most regions posing increasingly strong environmental fil-
ters on species (Bässler, Cadotte, et al., 2016; Bishop
et al., 2015). Successional gradients in forests are typically
characterized by increasingly buffered microclimatic condi-
tions over time (Meiners et al., 2015; Zellweger et al., 2020).
Thus, communities in early forest successional stages can
be expected to show clustered functional composition due
to harsh environmental conditions, as indicated by a lower
phylogenetic diversity in recently disturbed habitats com-
pared to undisturbed habitats (Dinnage, 2009; Gerisch
et al., 2012; Winter et al., 2013).

Here we investigate the hierarchy of processes
influencing the local species richness and compositional
similarity of spiders in temperate forests along gradients
of elevation and forest succession. Forest succession was
initiated by natural disturbance removing the tree canopy
and thus changing microclimatic conditions (Thom
et al., 2020). Both gradients are expected to influence spi-
der communities since microclimate is known to be a
major niche axis for spiders (Entling et al., 2007; Hilmers
et al., 2018; Zellweger et al., 2020). As predators, spiders
occur in a wide range of terrestrial habitats (Entling
et al., 2007), with varying strategies for foraging and dis-
persal (Bell et al., 2005; Eberhard, 1990). Moreover, many
traits in spiders are phylogenetically conserved (Cardoso
et al., 2011; Michalko & Pekar, 2016) allowing for the use
of phylogenies for testing hypotheses regarding environ-
mental filtering (Birkhofer, Smith, et al., 2015). Finally,
due to the strictly carnivorous diet of spiders, intra-guild
predation, cannibalism, and competition are common in
spider assemblages (Rusch et al., 2015; Wise, 2006). Thus,
biotic interactions should influence functional diversity
and species richness of assemblages in a way that assem-
blages that are subject to a strong habitat filter on certain
guilds, have a lower species richness (number of species
corrected to abundance), due to strong intra-guild and
intraspecific competition, predation, and cannibalism
(Wise, 2006). A number of experiments have provided
evidence that food availability can limit spider reproduc-
tion and abundances (Spiller, 1984; Wise, 1979). Since
insect biomass in temperate European forests decreases
with increasing elevation and canopy cover (Kortmann,
Müller, et al., 2021), spider richness, if determined by
food resources, should be higher in early successional
stages and lower elevations.

To evaluate the consistency and generality of our
results in terms of the direction and relative importance

of processes influencing the structure of the assemblages,
we used data from two independent projects collected in
different years and on different plots but within the same
region in form of a replicated study. The first data set
(BIO) was collected in the BIOKLIM Project (Biodiversity
and Climate Change Project; Bässler et al., 2008) along
transects covering an elevational gradient of about
1000 m and a broad range of successional stages of forest
development after disturbance by bark beetles. The sec-
ond data set (GAP) originates from an experiment, which
aimed to build strong contrasts in the effects of forest dis-
turbance, that is, the formation of canopy gaps and dead-
wood (Seibold et al., 2016), while spanning an elevational
gradient of about 500 m. From the arguments above, we
developed four general hypotheses with 11 predictions
derived from these hypotheses about how diversity mea-
sures of local spider assemblages are determined by
regional processes linked to dispersal, environmental fil-
tering, and local processes (i.e., resource availability and
biotic interactions; Table 1).

MATERIAL AND METHODS

Study area and study design

The study area of both data sets is located in the Bohe-
mian Forest, a low mountain range in southeastern
Germany (48�540 N, 13�290 E), which covers �5000 km2

between 280 and 1456 m above sea level The geology is
rather homogenous with predominantly acidic soils. The
Bavarian Forest National Park is embedded in this area
with 24,000 ha ranging from 650 to 1452 m above sea
level. A summary of study plots, predictors with range of
numerical values, and sampling effort is given in Table 2.
The 0.1-ha plots of the BIO data set are predominantly
arranged along four transects covering the full elevation
gradient of the region and providing a continuous gradi-
ent of canopy cover (Bässler et al., 2008). The plots of the
GAP experiment are all arranged within the management
zone of the Bavarian Forest National Park (Seibold
et al., 2016). Here canopy cover was low in gap plots and
dense in closed forest plots, but with considerable
variation.

Canopy cover and soil moisture

Canopy cover was estimated on BIO plots by summing
the cover of shrub and midstory and overstory tree layers
recorded via plant surveys on 200 m2. These values rang-
ing from no trees to dense coverage were finally scaled
between 0 and 1 using function decostand and method
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range in vegan (Oksanen et al., 2016). The canopy cover
of each GAP plot was assessed by airborne laser scanning
in summer 2012 (the first sampling year) on a circle with
a radius of 40 m around each plot (Kortmann et al.,
2018). Again, these values were standardized between
0 and 1 as above, to make both data sets comparable. For
both data sets, we estimated soil moisture on each plot
using the Ellenberg moisture indicator values for plants
(Müller et al., 2009) based on plant surveys with 200 m2

(Bässler, Müller, Dziock, 2010), using unweighted means
of indicator values across co-occurring plant species.

Spider sampling and traits

Spiders were sampled using 0.5-L pitfall traps with a
transparent plastic roof and copper sulfate as sampling
liquid. This sampling method is designed for epigeic ani-
mals; species mostly active on trees, in the canopy or
building webs in higher vegetation structures are under-
represented. However, the sampling method was the
same on all plots along the successional gradient and rep-
resentatives of all guilds including spider species living in
trees were collected. The probability of falling into a pit-
fall trap is affected by the activity and density of spider
species. Hence, our abundance measure (number of indi-
viduals) is in fact an activity density (e.g., Heydemann
1957). We are aware that ours and most other biodiver-
sity studies concentrate only on a small part of a commu-
nity (Fauth et al., 1996). Therefore we decided to use the
term “assemblage” instead of “community” for our data
throughout the paper. Sampling for both data sets was
conducted throughout May, July, and September. On
BIO plots, one trap was installed per plot at the plot cen-
ter and on GAP plots, two traps were installed 5 m apart
around the plot center. All adult spiders were determined
to the species level. We excluded those juveniles (~12%)
that could not be determined to the species level from
further analyses. We extracted information on ecological
traits for all species from literature including hunting
strategy, preferred vertical stratum, mobility via balloon-
ing, and mean body size (see Table 3). In addition, we
conducted a number of morphological measurements on
specimens of all species and extracted three independent
morphological traits for further analyses. These traits
were standardized by body length of the respective indi-
vidual by taking the residuals from a linear regression
using loge(trait) ~ loge(body length). If specimens of both
sexes of a species were available, we measured traits for
both sexes and used the mean value. For a list of species
traits, their ecological relevance and the source, see
Table 3.

TAB L E 1 Hierarchy of three types of processes influencing

local assemblages of spiders across forests

Processes and
hypotheses Predictions Confirmed

1. Regional process

H1: Spider
assemblages
are limited by
dispersal

P1: Taxonomic
similarity decreases
with geographic
distance

Partially

2. Environmental filtering

H2: Local
environment
determines
species
composition

P2: Functional
clustering of species

Yes

P3: Positive correlation
between
environmental and
taxonomic
similarity

Yes

P4: Correlation
between canopy
openness and
functional
clustering

Yes

P5: Increase of
abundance with
canopy openness

Yes

3. Local processes

H3: Resources
determine
species richness

P6: Abundance
decreases with
elevation

Partially

P7: Species richness
decreases with
elevation

Partially

P8: Functional
diversity decreases
with increasing
abundance

Partially

P9: Species richness
decreases with
canopy cover

Yes

H4: Biotic
interaction
determines
species richness

P10: Over-dispersion of
similarity in respect
to functional
diversity

No

P11: Species richness
decreases with
functional
clustering

Partially

Note: In this table, we list our main statistical tests used to evaluate the four

general hypotheses leading to a number of predictions (P1 to P11). P1 and

P3 were tested using matrix models, P2 and P10 using Null models, all other

predictions were tested using linear models. The last column indicates if the

prediction was supported by both data sets (Yes), only partly by the two data

sets (Partially), or showed no or the opposite effect (No).
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Phylogeny of spiders

We estimated the phylogeny of 506 spider species including
all species in our data sets based on a data matrix of publi-
shed DNA sequences assembled with the R package
megaptera (version 1.0-38) from GenBank and BOLD repos-
itories. Four mitochondrial (cox1, nad1, 12S rRNA gene,
16S rRNA gene) and three nuclear (H3, 18S rRNA gene,
28S rRNA gene) loci were aligned with the L-INS-I algo-
rithm (MAFFT; Katoh & Standley, 2013); after removing
ambiguously aligned nucleotide positions, which are posi-
tions identified (and removed) with GBLOCKS (Talavera &
Castresana, 2007), sequences were concatenated into a sin-
gle matrix. Tree topology and branch lengths were modeled
in a maximum-likelihood framework (RAxML v8.4.2;
Stamatakis, 2014). Sequence evolution was modeled with
the GTRCAT approximation for each marker gene sepa-
rately on a common topology (Stamatakis, 2014). Branch
lengths were converted from substitution per site to a rela-
tive time scale, thereby making the tree ultrametric, using
the function chronos in the R package ape with a penalized
likelihood approach using a relaxed clock model of rate evo-
lution (Paradis, 2013; Sanderson et al., 2002). Because the
phylogenetic information of the seven loci cannot be
expected to resolve deep nodes in the phylogeny, we
imposed a topological constraint on the phylogeny based on
recent phylogenomic studies (Bond et al., 2014; Fernandez-
Palacios & de Nikolas, 1995; Sharma et al., 2014). For
species without any available genetic information we used
congeners as proxies (27 species) or, if this was not possible,
we added these species randomly to the final topology of
the respective genus (121 species). However, these proce-
dures had little effects on the analyses (for the phylogeny,
see repository).

Statistical analyses

All statistical analyses were conducted in R 3.4.3 (www.
r-project.com). We tested our 11 predictions by combining
three approaches: approach one used similarity metrics
(e.g., difference in species composition between plots),
approach two was based on raw data of species richness and
approach three used null-models for functional-phylogenetic
diversity.

To assess overall community assembly patterns, we cal-
culated functional diversity describing divergence, that is,
how similar are species within assemblages (Cadotte &
Davis, 2016). Functional diversity was calculated as mean
pairwise distances (MPD) between functional traits in the
functional space of co-occurring species (Mouillot et al.,
2012; Webb et al., 2002). To control for variation in number
of species in the samples and to obtain a metric on the
assembly patterns, we applied a null-model approach to our
final functional diversity using the tip-shuffling method
(Cadotte & Davis, 2016). This provides standardized effects
sizes (SES) of the mean pair-wise distances (SES MPD),
which we calculated with 999 randomizations with the func-
tion ses.mpd in the add-on package picante (Kembel et al.,
2011). Functional diversity based on species-by-species dis-
tance matrices was calculated using Gower distance (Gower,
1971) of abundance data with the gowdis function in the
add-on package FD (Laliberte & Legendre, 2010). The dis-
similarity coefficient of Gower (1971) can combine continu-
ous and categorical traits. In order to take into account traits
that consist of several categories, such as species foraging at
different strata, these categories have been down-weighted
accordingly to give all traits the same weight.

To account for unmeasured traits, we additionally cal-
culated the mean pairwise distances for phylogenetic

TAB L E 2 Overview of the two data sets and the measured predictors

Research study BIO GAP

Number of plots 214 190

Spatial extent 74 km 19 km

Sampling years 2007 2012, 2013, 2014

Number of pitfall traps One trap per plot Two traps per plot

Number of spider species/individuals
determined to species level

190/8446 206/62,442

Predictor

Canopy cover 0%–100% derived from vegetation survey,
shrub and tree cover combined

0%–100%, derived from airborne laser
scanning, penetration ratio 2 m above
ground

Elevation 287–1419 m above sea level 717–1209 m above sea level

Soil moisture Ellenberg soil moisture value from plant
survey means between 4.5 and 9

Ellenberg soil moisture value from plant
survey means between 4 and 6.6
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diversity extracting the distance between two species
from the phylogeny above. This approach is justified
since traits of spiders are phylogenetically conserved
(Cardoso et al., 2011) and functional and phylogenetic
diversity in our data (Appendix S1: Figure S1) and previ-
ous studies (Birkhofer, Smith, et al., 2015) were corre-
lated. To combine information based on traits and
phylogeny, we calculated mean-functional-phylogenetic-
diversity (MFPD) following Cadotte et al. (2013). The key
to MFPD is a weighting parameter, a, which weights the
contributions of phylogenetic and functional distances to
MFPD. When a = 0, MFPD only includes functional dis-
tances and when a = 1, MFPD only includes phyloge-
netic distance. At intermediate values of a, both
functional and phylogenetic distances contribute to
MFPD. Based on these distance matrices, we standard-
ized the effect size of the mean distance between
co-occurring species (FPD.ses) within each assemblage
based on a null model with tip shuffling (Webb et al.,
2002). Values above zero indicate over-dispersion; values
below zero indicate clustering (Pausas & Verdu, 2010).
For our final model, an a value of about 5% yielded the
highest R2 value for both data sets. This means that
the phylogeny improved the explicatory power of the

functional diversity measure only slightly (Appendix S1:
Figure S1). Moreover, the hump-shaped relationship
between R2 and a indicated that both traits and phylog-
eny contribute to dissimilarities, supported also by the
correlation of functional and phylogenetic diversity
(Appendix S1: Figure S1). To test if the means of final
FPD.ses differed from 0 for both data sets, we fitted a lin-
ear mixed model using the function lmer with project as
fixed effect and plot as random effect as lmer(FPD.
ses ~ 0 + Project + (1 | Plot). The p values for the linear
mixed model were estimated using function cftest in
package multcomp (Hothorn et al., 2008).

For testing the prediction P1 of “Taxonomic similarity
decreases with geographic distance” and P3 “Positive corre-
lation between environmental and taxonomic similarity” we
first used multiple regression on distance matrices (MRM;
Lichstein, 2007) with functionMRM separately for both data
sets (package ecodist; Goslee & Urban, 2017). Here the taxo-
nomic dissimilarity of spider assemblages between plots was
measured as Bray-Curtis dissimilarities using the function
vegdist in package vegan. The distances in space, canopy
cover, and soil moisture between plots were calculated as
Euclidian distances using the function dist and scaled to zero
mean and unit variance to make estimates comparable. For

TAB L E 3 Traits characterizing the behavior of spider species in response to local environments

Trait Ecology Measurement Source

Stratum Spiders use different strata in a
forest from ground to canopy
layer

1/0 coding of the 5 strata: epigaic,
herb layer, shrub layer, tree
trunk, canopy layer, multiple
strata per species possible

Expert knowledge from literature
summarized by Ingmar Weiss
(IW)

Web type Spiders use different types of web
for foraging

Five categories: no web, web with
tangles of stopping threads,
horizontal web bottom,
horizontal web top, vertical
web

Expert knowledge from literature
summarized by IW

Ballooning Some spiders use passive
ballooning for long distance
dispersal

1/0 coding of the ballooning high
and ballooning low probability

Birkhofer, Meub, et al. (2015) and
additional information from
literature summarized by IW

Body size Body size decrease from warm
and dry to cool and moist
conditions, body size increase
with habitat complexity

Continuous value from literature Entling et al. (2010)

Opisthosoma and
prosoma breadtha

Arthropods are narrower in
structurally more complex
habitats

Residuals of a linear model
loge(y) ~ loge(x): Opisthosoma
and prosoma breadth (mm)
~ body length (mm) measured

Gibb et al. (2015)

Leg lengtha Might decrease with latitude and
in simple habitats

Residuals of tibia length of first
leg as before

Gibb et al. (2015)

Fang lengtha Fast prey in less complex and
warmer environment evokes
long fang length

Residuals of chelicera length as
before

Gibb et al. (2015)

aThese traits were measured for the same individuals.
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the three-year data set in GAP we added the distance year to
the analyses. Finally, to test for consistencies of the rela-
tionships between both data sets, we extracted the
pairwise distance between two assemblages and the
respective predictors and conducted matrix correlation in
the same framework as linear mixed models described
below. Here we fitted linear mixed models with taxonomic
dissimilarity as response and environmental dissimilarity
as predictors. These models included random effects on
both plots used repeatedly for measuring the individual
distance to account dependence of the observations. We
are aware of the fact that using plot identity as random
effects to account for the hidden correlations between dis-
tance estimates is an ad hoc procedure, which has up to
now no convincing theoretical underpinning. However,
we applied this possibility for two reasons. First, we
wanted to analyze the distance data within the same statis-
tical framework as other biodiversity measures to allow for
a direct comparison of the results. Second, using plot iden-
tity as a random factor is a suitable way to account for rep-
licated observations from specific plots in mixed models
regularly used for the analysis of matrices (e.g., Pool
et al., 2016; Yang, 2004). In our case, the results of the two
statistical approaches differ only in details.

To test the predictions P4–P9, and P11, we fitted gen-
eralized linear-mixed models using data from BIO and
GAP in one model, which allows testing for differences
in predictor slopes between both data sets. To make esti-
mates comparable among predictors all predictors were
scaled to zero mean and unit variance. Temporally repli-
cated measurements in the GAP data were considered by
including plot as a random factor. To account for poten-
tial over-dispersion in the mixed models with Poisson
distribution (abundances, richness), we added an obser-
vation specific random factor to the model (Elston et al.,
2001). For each model, we first estimated study specific
estimates (BIO, GAP) for each predictor and in a second
step we tested if differences in slope between the two data
sets were significant (see repository). To account for gen-
eral differences in sampling effort in both data sets we
always used study as categorical predictor (factor with
two levels). For modeling abundances, we used canopy
cover, elevation and soil moisture as predictors, for
MFPD we added the loge(abundance) as predictor and for
richness we added loge(abundance) as predictors to
model true species richness (corrected for sampling
effort, see Gotelli & Colwell, 2001) and MFPD to test the
prediction “Species richness decreases with functional
clustering.” To illustrate the findings of the complex gen-
eralized linear mixed models we plotted partial effect size
plots with residuals using function allEffects in package
effects (Fox & Weisberg, 2018). Furthermore, in the
Appendix S1, we present the pairwise correlation of all

raw data of dependent variables and their predictors in
the glmms and the matrix correlations.

Finally, for illuminating the relation of single traits and
environmental variables as well as their consistency among
data sets, we calculated the community-level weighted
means of trait values using the function functcomp in the
package FD. We then modeled each of these values with
canopy cover, elevation and moisture as fixed factors and
plot as random factor in a linear mixed model. Again, we
estimated project-specific slopes to check for consistency
between both data sets (see repository). Furthermore, we
investigated the phylogenetic signal of abundances in both
data sets separately using the function phylosig in the pack-
age phytools using method “lambda.”

RESULTS

Our two data sets comprised a total of 265 species. The
rank abundance curves of both data sets were quite simi-
lar for the species recorded in both studies (Figure 1).

Regional processes

Spatial distances between plots had the weakest effect on
species dissimilarity in matrix correlations for BIO and
even a slightly negative effect for GAP data (Figure 2).
This was also supported by our linear mixed model
approach in which spatial distance revealed as sign
(Appendix S1: Table S2). These results failed to support

F I GURE 1 Rank-abundance curve for both data sets with in

total 8446 specimens in BIO and 62,442 specimens in GAP. We used

the rank-abundance curve of BIO as baseline, because it covers the

longer elevation range. Gaps in the gray curve are caused by species

occurring only in BIO, curves on the right side (x > 190) display

species only occurring in the GAP experiment, sorted alphabetically
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our first prediction that taxonomic similarity decreases
with geographic distance at the spatial scale of our stud-
ies compared to the other predictors.

Environmental filtering

Elevation and canopy cover had strong and soil
moisture had moderate effects on species dissimilarity
(Bray-Curtis) as shown by the matrix correlations with
relatively high R 2 values (Figure 2). This indicates that
the environment strongly influenced species composi-
tion, thus supporting our prediction P3. The standard-
ized effect sizes of mean pairwise distance of
assemblages in a functional-phylogenetic space tended
to be more frequently negative (clustering) than positive
(overdispersion; Figure 3). Assemblages with significant
deviation from zero as indicated by null models were
found only for negative values in 13 out of 214 (BIO)
and 65 out of 570 (GAP) assemblages. Testing whether
the means (Figure 3) differed from zero our linear mixed
modeled revealed estimates of �0.37 (BIO) and �0.25
(GAP) both with a p < 0.001 underlining that these
values were significantly less than zero. This indicates
that spider assemblages show variable patterns but tend
towards being clustered, which is consistent with our
prediction of functional clustering (P2) by habitat filter-
ing, but we found little support for our prediction of
functional over-dispersion by biotic interactions (P10).
Functional-phylogenetic diversity increased with can-
opy cover in line with our prediction P4 (Table 4,
Figure 4). The generalized linear mixed model for abun-
dance showed a consistent decrease with increasing
canopy cover, in line with our prediction P5 (Table 4,
Figure 4).

F I GURE 2 Results of matrix correlation with spider assemblage composition as target matrix, and spatial distance, elevation, canopy

cover, and soil moisture as predictor matrices. Note, in the GAP data set, year was used as additional matrix because spiders were sampled over

3 years, while in the BIO data set, only 1 year was sampled and therefore no year matrix was available

F I GURE 3 Histogram of FPD.ses values. FPD.ses ist is the

standardized effect size of a combined functional-phylogenetic

diversity. Mean value of FPD.ses were �0.37 and �0.24 for BIO and

GAP data, respectively. FPD.ses ist is the standardized effect size of

a combined functional-phylogenetic diversity
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Local processes

For the local-level resource-based processes, our predic-
tion that abundance decreases with elevation was

supported only in one data set, but the slope of the effect
of elevation did not differ significantly between both data
sets (Table 4). The same was true for the observed
decrease of species richness with elevation (Table 4).

TAB L E 4 Results of three generalized mixed models for both data sets in one model

Predictors Data set Abundance Prediction FPD.ses Prediction Richness Prediction

Family Poisson Gaussian Poisson

Soil moisture BIO �0.17*** �0.07 0.03

GAP �0.06 �0.03 0.09***

Elevation BIO �0.03 P6 0.08 �0.02 P7

GAP �0.12*** P6 0.18*** �0.05*** P7

Canopy cover BIO �0.14** P5 1.11*** P4 �0.06* P9

GAP �0.37*** P5 1.49*** P4 �0.14*** P9

FPD.ses BIO �0.01 P11

GAP 0.06*** P11

log(individuals) BIO 0.02 P8 0.36***

GAP �0.34*** P8 0.24***

Data set GAP 0.96*** 0.13 0.70***

Note: Estimators show data-set-specific values and are based on standardized predictors. FPD.ses is the standardized effect size of a combined functional-
phylogenetic diversity. Estimators in boldface type show significant interactions between data sets. Prediction indicates the respective predictions from Table 1,
in boldface type if supporting the prediction. *p < 0.05; **p < 0.01; ***p < 0.001.

F I GURE 4 Partial effect plot for selected predictors of the glmms in Table. Note that predictors were standardized. Blue lines represent

the partial fit, gray dots represent the residuals according to the Fox and Weisberg (2018). For full graphs of all predictors and for all three

dependent variables of Table 4 see Appendix S1: Figures S2–S6
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Functional-phylogenetic diversity in both data sets
increased with elevation. Abundance had contrasting
effects on functional-phylogenetic diversity in both data
sets. While results for GAP were in line with P8, the posi-
tive estimate in BIO did not support this prediction. The
consistent decrease of species richness with canopy cover
supported P9 (Table 4, Appendix S1: Figure S8).

For the influence of biotic interactions on local pro-
cesses, the standardized effect sizes of functional diversity
did not show significantly higher positive values than
expected by random, which would have indicated over-
dispersion (P10). Moreover, we found a decrease in spe-
cies richness with increasing functional clustering as
predicted (P11), but only in the GAP data set (Table 4,
Appendix S1: Figure S8). Evaluating the correlation of
traits and environment, we found some consistent rela-
tionships between the single community weighted means
of traits and the three environmental variables in both
data sets. We found higher incidence of species foraging
in higher vertical strata and of species with web with tan-
gles in closed forests and higher elevations and vice versa
higher incidence of species without web in open forests
and lower elevations (Table 5). In open forests, species
showed higher incidence of ballooning ability and
smaller body size. Opisthosoma breadth was wider at
higher elevation and prosoma breadth was smaller in
open forests. Finally, the fang length was consistently
longer in closed forests, but leg length showed the oppo-
site pattern (Table 5).

Testing the phylogenetic signal for abundances in
both data sets separately, we found a clear signal
in the larger GAP data set with lambda = 0.47

(p < 0.001) and a weaker only marginal significant sig-
nal in BIO with lambda = 0.26 (p = 0.08). This indi-
cates that successful species tend to be closely related
to other successful species, ostensibly because of niche
conservatism.

DISCUSSION

We found full support in both data sets and analyses for
five out of 11 predictions, that is, P2–P5 and P9. In two
cases (abundance and richness versus elevation; P6 and
P7), the directions of the effects were consistent with the
prediction in both data sets but only significant in one
data set. Nevertheless, the interaction term indicated that
the difference between estimates was not significantly
different between data sets (Table 4). For two predictions
(P8, P11), only one of the data sets showed a significant
effect in the predicted direction. In summary (Figure 5),
spatial distance was of minor importance for spider com-
munity assembly that does not support the hypothesis
“Spider assemblages are limited by dispersal” (H1) at
least at the scale of 20–70 km. We found consistent and
strong support for environmental filtering for abun-
dances, species composition, and functional diversity
supporting our hypothesis “Local environment
determines species composition” (H2). Our hypothesis
“Resources determine species richness” (H3), however,
was only partially supported. For the hypothesis “Biotic
interaction determines species richness” (H4), we found
support only for one of the two derived predictions and
for only one of the two data sets.

TAB L E 5 Results of linear mixed models (z values) predicting community weighted mean values of single traits by canopy cover,

elevation, and moisture conditions with plot as random factor

Trait

Canopy Moisture Elevation

BIO GAP BIO GAP BIO GAP

Vertical niche Mean values of stratum 6.06 9.366 �1.83 0.21 3.79 4.00

Web types Web with tangles of stopping threads 2.20 3.70 5.90 1.51 3.55 2.55

No web �7.00 �14.5 �4.50 �0.35 �2.06 �3.37

Horizontal web top 3.09 �0.17 1.35 0.21 �2.47 �0.76

Vertical web �0.46 �1.31 �1.46 0.12 �0.36 3.40

Dispersal Ballooning high probability �11.0 �15.6 0.80 0.78 1.06 0.40

Morphology Body size 5.27 6.68 �3.86 �0.74 �1.45 0.12

Opisthosoma breadth 3.02 �8.39 0.77 �3.21 3.39 5.61

Prosoma breadth �2.72 �3.60 �0.08 2.35 2.99 �5.73

Leg length �2.81 �2.15 0.80 �0.61 �1.35 �0.14

Fang length 3.55 2.06 1.00 �1.97 0.27 1.51

Note: Note the predictors were estimated specifically for each project. Bold numbers indicate significant t values.
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Low effects of space on taxonomic
dissimilarity

Despite a spatial extent of about 20 and 70 km, respec-
tively, in the two data sets, distance explained consis-
tently low amounts of variation in species composition
compared to environmental gradients. Hence, the dis-
tance limitation hypothesis provides no strong explana-
tion for the composition in the assemblages of spiders at
a regional scale. This is not really surprising. Spiders
evolved an effective dispersal strategy: ballooning. The
majority of species in both data sets are capable or proba-
bly capable of ballooning, allowing them to reach suit-
able habitats to hundreds of kilometers by wind
(Weyman, 1993). Furthermore, theoretical work has
shown that cursorial movement is a successful strategy of
spiders in colonizing new habitats over short distances
(Bonte, Lens, et al., 2003).

Ballooning has been shown to link habitats in multi-
ple systems and different spider taxa. For example,
Greenstone (1982) found that the species living in
unpredictable open habitats near water showed a higher
frequency of ballooning than species living in more stable
prairie habitat. Birkhofer, Smith, et al. (2015) further
showed that spider assemblages in grasslands and crop
fields are characterized by species with higher dispersal
ability than assemblages in forest. Similarly, spider com-
munities colonizing deadwood also showed very little
response to spatial proximity (Müller et al., 2020), much
like in this study here. Overall, this supports the view
that spiders have an effective strategy to colonize

ephemeral habitats at the regional scale. However, other
reasons can lead to similar low dissimilarity patterns in
space. Homogenization of habitats can reduce dissimilar-
ity (Gossner et al., 2016). Another reason might be that
assemblages became isolated only recently. In our study
region, habitat heterogeneity across space is high and for-
ests have long existed in this region. Thus, dispersal is
the most parsimonious explanation for the observed
pattern.

Canopy cover determines species richness

A major finding of our study is that decreasing canopy
cover is the only consistent factor that significantly
increased species richness (controlled for abundance).
Our results suggest that mechanisms related to environ-
mental heterogeneity are driving this pattern. In princi-
ple, Stein and Kreft (2015) identified three potential
mechanisms behind positive environmental heterogene-
ity (EH)–richness relationships: (1) diversification in an
evolutionary context by promotion of adaptation, diversi-
fication, and speciation with dispersal limitations, in
topographic EH and on larger scales, (2) persistence of
species through EH, for example, by improved shelter
from predators or unfavorable conditions like cold or
heat, and (3) improved coexistence of species in a local
community by an increase in available niche space and
more diverse resources due to increasing EH. In our
study, abundance-corrected species richness was higher
in forest with open canopy, which supports the idea of

Regional 
processes

Environmental
filtering

Local
processes

Predictors Diversity responses

Spatial
distance

Canopy
cover

Elevation

Taxonomic
similarity

Dispersal

Functional-
phylogenetic
diversity

Abundance

Species
richness

Resource

Resource

Resource

Resource

+
+

+

+
+

F I GURE 5 Summary of our findings. The size of arrows displays their relative importance; dashed arrows indicate inconsistent results

between both data sets (direction of effect opposite or one not significant). Signs (i.e., + and �) indicate the direction of effect
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more resources or niches for spiders in open forests. In
fact, more insect prey is found in the herb layer of open
compared to closed forests (Kortmann, Müller,
et al., 2021). Moreover, open forests may represent a
more complex habitat, at least at the forest floor, due to a
diverse and dense ground vegetation, presence of bare
soil and deadwood features, which might support coexis-
tence of more species, as predicted by the habitat hetero-
geneity hypothesis (Heidrich et al., 2020) and shown in
experiments (Robinson, 1981). Another mechanism
might be the interaction of habitat complexity, prey avail-
ability and cannibalism. Wagner and Wise (1996) showed
higher cannibalism rates in more complex habitats with
sufficient food. Such a “higher intraspecific population
regulation” can also produce higher richness.

On the other hand, assemblages in open forests were
functional-phylogenetically more similar, which at first
sight does not support the hypothesis that richness
increases due to increased dissimilarity. However, various
spider species have a very specialized diet (Pekar &
Toft, 2015) and thus narrow niches despite overall similar
phenotypes. Such subtle specialization on different prey
might allow congenerics to coexist in a specific habitat
(Mezofi et al., 2020; Pekar et al., 2012) and to exclude
other species ending up in a combined effect of environ-
mental filtering and a habitat effect on competition
(Cadotte & Tucker, 2017). Eco-evolutionary simulations
frequently show the emergence of clusters of similar spe-
cies coexisting due to extremely small niche differences
as a stable outcome (Scheffer & van Nes, 2006).

Another way to support coexistence of species in a spe-
cific habitat, particularly in taxa with competition between
species, is an increasing dissimilarity, as indicated by func-
tional overdispersion in species-rich assemblages as shown
for deadwood inhabiting fungi (Bässler, Müller,
et al., 2016). In our study, decreasing canopy cover
decreased functional-phylogenetic diversity but increased
species richness, which does not seem to indicate that
competitive effects were important in open forests, unless
similar species are better competitors than others, as dis-
cussed above. A pattern of greater species richness but
functionally more closely related spider communities has
previously been observed only in permanent grassland
habitats also rich in vegetation structure (Birkhofer, Meub,
et al., 2015). However, when testing for an effect of
functional-phylogenetic diversity on richness together with
the other predictors, we observed an increase of richness
with increasing functional-phylogenetic diversity only in
the GAP data set. The GAP data set comprised more sam-
ples due to the three sampling years and more specimen
per sample due to the higher number of pitfall traps per
plot. Hence, it is possible that the subtle effects of competi-
tion are only detectable in large samples sizes.

The open canopy seems to favor larger population
sizes of many spider species, supporting the persistence
of higher abundances of spiders. In line with the more
individual hypothesis, a higher number of individuals
due to higher resource availability drives species richness.
Indeed, the number of individuals was the most impor-
tant driver of species richness in our model (Table 4).
One possible explanation for the observed higher spider
abundance in open compared to closed forests (e.g.,
almost threefold more individuals) is higher resource
availability (arthropod prey) in open forest (Birkhofer
et al., 2010; Chen & Wise, 1999; Lehnert et al., 2013;
Sereda et al., 2012). Additionally, higher availability
of sunlight and temperature at the forest floor can pro-
mote the development of spider offspring (Weiß, 1995).
Finally, ground-living spiders, which are more suscepti-
ble to bird predation than web-building spiders
(Gunnarsson & Wiklander, 2015), might experience a
reduced predation risk in open forest due to a more com-
plex soil surface with vegetation and deadwood increas-
ing the survival.

Species richness declines with elevation

Elevation and latitude are among the most prominent
predictors of species richness globally (Gillooly &
Allen, 2007), generally showing a decrease of richness
towards harsh environments in which only specialists
can survive (Hodkinson, 2005; Pellissier et al., 2012;
Peters et al., 2016). We found support for this pattern
along the studied elevation gradient, but previous studies
focusing on larger latitudinal gradients on national scales
did not observe such a pattern (Germany [Finch
et al., 2008], Sweden [Arvidsson et al., 2016]). Other pre-
dictors in our analyses were more important for
explaining local richness, particularly canopy cover.
These results suggest that spider richness may not only
be influenced by macroclimatic conditions, but also by
microclimate, which in forests is very much determined
by the canopy. The interplay of macro- and microclimate
is increasingly considered in climate change studies
(Bässler, Müller, Dziock, et al., 2010; Dulle et al., 2016;
Zellweger et al., 2020) as well as in spider studies
(Malumbres-Olarte et al., 2018; Matevski et al., 2020).

Similar to the effects of canopy cover, elevation had
also a number of indirect effects on species richness.
First, spider abundance decreased consistently with
increasing elevation in both data sets, although not sig-
nificant for BIO. This indicates that the less favorable
conditions in higher elevations support fewer individuals,
which in turn reduces species richness in accordance
with the more individuals hypothesis. Another indirect
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effect might act via higher functional diversity allowing
more species to coexist at higher elevation. We found
functional diversity to increase with elevation consis-
tently in both data sets, but species richness decreased
with elevation not supporting the hypothesis of higher
richness due to higher functional diversity. In a study of
spider communities along a tropical elevation gradient,
Dolson et al. (2020) observed the opposite with lowest
functional diversity at higher elevations, underlining
that our finding from a temperate forest cannot be
generalized.

Environmental filtering important
for spider assemblages

Overall, we found broad support for the hypothesis that
environmental filtering (H2) drives local spider assem-
blages. However, identifying processes from patterns of
phylogenetic or functional diversity alone is hampered by
simultaneously acting processes and identical patterns
created by different processes (Gerhold et al., 2015; Kraft
et al., 2015; Mayfield & Levine, 2010). Comprehensive
analyses of changes of phylogenetic diversity and traits
along underlying environmental gradients can help to
identify the processes driving community assembly
(Cadotte & Tucker, 2017). We combined here dissimilar-
ity based on traits and phylogeny to extract as much as
possible variation among species, including unmeasured
traits. This functional-phylogenetic diversity consistently
decreased with canopy cover indicating that open forest
conditions are an important filter. Comparable to our
results, Kosulic et al. (2016) found higher species num-
bers but lower functional diversity of spider assemblages
in oak forests with an open canopy compared to oak for-
ests with dense canopy (see also Ziesche & Roth, 2008).
High habitat complexity in the ground stratum caused by
the herb layer, tree stumps, branches, open soil, moss
and leaf litter might provide a higher number of niches
that could allow closely related species to coexist
(Podgaiski & Rodrigues, 2017). Moreover, open forests
are characterized by higher, small-scale variation in soil
and litter moisture (Stein & Kreft, 2015) due to the loss of
mature trees. Habitat heterogeneity at the ground level
can positively affect the number of species and individ-
uals in forest spider communities (Sereda et al., 2012;
Stanska et al., 2016).

The harshness of environmental conditions increases
with elevation and habitat filters should become more
important with elevation leading to a decrease of func-
tional diversity with increasing elevation as shown for
lichens (Bässler, Cadotte, et al., 2016). However, our
results suggest the opposite as functional diversity

increased with elevation. Hence, in temperate forests the
canopy seems to be the major habitat filter for spider
communities.

Because competition can produce patterns similar to
those of habitat filtering (Mayfield & Levine, 2010), Kraft
et al. (2015) challenged approaches to identify environ-
mental filtering by analyzing phylogenetic or functional
diversity patterns. Cadotte and Tucker (2017) therefore
proposed a stepwise approach before clustering can be
attributed to environmental filtering: (1) identify cluster-
ing, (2) attribute the degree of clustering to a clear envi-
ronmental gradient, and (3) relate environmental
conditions where species show clustering to species
traits. Following this approach, we were able to identify a
clustering pattern that could be attributed to the environ-
mental gradient of canopy cover and linked the environ-
mental gradients successfully to traits, such as ballooning
and some morphological attributes. Moreover, the phylo-
genetic signal in then observed abundances as an indica-
tor of species performance supports the link between
clustering and the environment. Our results, thus,
strongly suggest that an environmental filter is a major
driver of spider community assembly in open forests. The
dominance of canopy as critical environmental gradient,
followed by moisture supports an earlier study identify-
ing environmental niche axis for spiders in Europe, but
previously excluding elevation (Entling et al., 2007).

In arthropods, the relationship between morphologi-
cal traits and environmental gradients is still insuffi-
ciently understood. For spiders, Olive (1980) developed
predictions on morphology in relation to environment
based on observations of two orb-weaving spider species:
for instance, spiders specialized on rapidly escaping prey
types, such as Diptera and Lepidoptera, should have
short legs and long fangs, while the opposite is expected
for species specialized on dangerous or slowly escaping
taxa, such as Hymenoptera, Orthoptera, or Homoptera.
In our data, we found this combination with the latter in
forests with an open canopy. This matches the observa-
tion of more species of these groups with increasing bark
beetle infestation (Beudert et al., 2015; Kortmann, Roth,
et al., 2021). Gibb et al. (2015) expanded the prediction
based on Olive (1980) and further studies on beetles and
ants (Barton et al., 2011; Gibb & Parr, 2013; Sarty
et al., 2006) predicting that arthropods are broader and
have shorter legs and shorter fangs in less complex habi-
tats. In our data, only fang and prosoma breadth were in
line with this prediction. The question remains, what
kind of complexity matters for our assemblages under
study? Open forests are much more complex near gro-
und, but the total three-dimensional complexity of forests
increases towards mature forests. This might support the
narrower prosoma, larger fang as well as a higher overall
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functional diversity of spiders in vertically more complex
dense forests due to mature trees (Brändle & Brandl,
2001; Heidrich et al., 2020).

The mean body size increased as forest and canopy
density increased, which is in line with the prediction
that body size increases with increasing habitat complex-
ity (Entling et al., 2010). Again, this supports the view,
that the pronounced three-dimensional structure of
mature forests (Davies & Asner, 2014) forms the habitat
complexity for this arthropod group. An alternative
mechanism might be an increase in mean body size from
cool/moist to warm/dry environments due to changes in
metabolic rate, desiccation resistance, and community
interactions as shown for European spiders (Entling
et al., 2010). However, we found no consistent response
of body size to soil moisture or elevation in line with this
prediction. Mean and extreme values might counteract
here. It has been shown that open forests are character-
ized by higher temperature extremes than closed forests
(Thom et al., 2020), but also by higher humidity due to
the absence of trees.

Limitations of the study

Observational studies always have limitations. First, mul-
tiple processes form local assemblages hampering the
identification of individual mechanisms. The classical
view that clustered assembly patterns suggest habitat fil-
tering and over-dispersed patterns suggest competition
has been challenged by studies identifying different
mechanisms leading to these patterns (Kraft et al., 2015).
There is evidence that trophic interactions can drive
over-dispersion and competition can lead to clustered
communities as well. Further, over-dispersed communi-
ties can arise from local heterogeneity (Gallien, 2017;
Herben & Goldberg, 2014; Mayfield & Levine, 2010).

However, these situations, where different mecha-
nisms drive such patterns are very specific. The critical
point is, whether measured traits control niche differentia-
tion or the position in a competitive hierarchy. The traits
we measured seem to be much more linked to the niche
differentiation in temperate forests (Entling et al., 2007)
and not as suggested for competition in sessile organism
as plants (Mayfield & Levine, 2010). Nevertheless, diverse
types of competitive interactions hamper the identification
of the presence of competition in natural communities,
and might not detectable with existing methods
(Gallien, 2017). We followed the suggestion by Cadotte
and Tucker (2017) to identify habitat filtering by combin-
ing information on species traits, abundances, species
numbers, and well-known environmental gradient. Based
on the combination of results, we are convinced that our

interpretation is well founded, even if further mechanisms
such as indirect competition cannot be measured.

The second limitation of this study is that we sampled
near ground level and thus likely observed incomplete
communities since the species in the canopy of closed
forests are underrepresented. However, the finding that
species of the canopy are found in closed forest plots but
not in the gaps supports the view that the functional
range of species is well covered. Nevertheless, using a full
three-dimensional sampling of the environment, which
does not exist at the moment for all types of forests from
openings to dense forests, might show higher abundances
in closed forests due to canopy dwellers.

Finally, arthropod sampling in general suffers from
imperfect detection of species in a local assemblage. Our
GAP data set consist of much more individuals due to
higher local sampling effort. Moreover, our methods
broadly considered this by null model approaches and
the control of species richness using the abundance as
covariate (see suggestion by Gotelli & Colwell, 2001).
Finally, community patterns used in the matrix correla-
tion are rather robust to imperfect detection. Interest-
ingly, the major patterns were highly robust for both
data sets despite differences in sampling intensity in
GAP and BIO, except for biotic interactions. Here the
larger sample size in BIO enabled us to identify cur-
rently potentially hidden patterns. In summary, we see
the strength of our study here in a truly replicated com-
munity analysis, conducted in different years at differ-
ent plots, but along similar major environmental
gradients.

CONCLUSION

Our approach combining abundance, taxonomic and
functional (phylogenetic) diversity in one framework hel-
ped to test four major hypotheses about how richness is
determined in a diverse arthropod assemblage. The
assemblages of spiders in forests along gradients of eleva-
tion, moisture and canopy cover and replicated in two
independent data sets showed that, from the plethora of
processes influencing local assemblages, some can be
identified as being consistently of major importance. In
the studied temperate forests, habitat filtering seems of
major importance while dispersal seems to be of lower
importance. Resource limitation and biotic interactions
might have some impact on local spider assemblages but
are of lower importance compared to habitat filtering and
therefore more difficult to identify.
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