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Abstract
Mountain regions are hotspots of biodiversity, and are particularly sensitive to
human activities and global changes. Characterizing biodiversity using traitbased approaches may improve the understanding of the evolutionary and
mechanistic basis of ecological patterns in species distribution. The investigation of trait–environment relationships, however, is challenging, especially
when a hierarchical sampling design is used, as this may lead to misidentification of associations. Here, we investigate how functional traits in ground
beetles (Coleoptera: Carabidae), a taxon often used as a bioindicator of climate
and environmental changes, vary with environmental features in a mountainous landscape. The study was conducted in the Stelvio National Park (Central
Italian Alps), collecting individuals with pitfall traps deployed within plots
(small spatial scale), located along altitudinal transects (large spatial scale). To
investigate the trait–environment association, we used double constrained correspondence analysis, which permits the selection of important traits and environmental variables while accounting for the hierarchical structure of the
sampling design. The trait–environment association was largely one-dimensional, with hay meadow acting as main environmental driver, negatively
related to brachypterous wing-form (indicator of poor dispersal ability) and, to
a lesser extent, to specialized diet and (only for the large scale) body length.
Secondarily, these traits were related negatively to soil pH and, for the larger
spatial scale, positively to canopy cover and elevation. Double constrained correspondence analysis with specialized permutation schemes for statistical testing was effective and robust to analyze the data of the hierarchical sampling.
KEYWORDS
carabids, double constrained correspondence analysis, functional traits, hierarchical
sampling, mountains
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INTRODUCTION
Mountain regions cover a relatively minor fraction of the
Earth’s land area, yet they are considered hotspots of biodiversity, owing to bedrock type heterogeneity and rapid
variations of environment conditions over short distances, which give rise to a wide range of vegetation types
and, consequently, of animal communities (Rahbek
et al., 2019; Spehn et al., 2011). Mountain landscapes are
exposed to several threats, mainly related to consumptive
and nonconsumptive human activities such as livestock
farming, agriculture, tourism, as well as to global
changes, including climate warming, extreme meteorological events, and land cover changes (Terzi et al., 2019).
These factors often impact negatively the diversity of
plant and animal communities (Grabherr et al., 2011;
Peters et al., 2019; Spehn et al., 2010) and call for effective
conservation actions, which require a deep understanding of species assemblages from both the structural (i.e.,
species richness and community composition) and functional (i.e., species life history traits) standpoint along
elevational gradients. Knowledge of biodiversity patterns
along elevational gradients, however, is still poor and
fragmentary, largely because such variations are taxonspecific and are affected by local environmental features
and species traits (cf. Janssen et al., 2016; Tordoni
et al., 2020).
Biodiversity patterns along elevational gradients are
commonly described in terms of taxonomic diversity (e.
g., species richness; cf. Fontana et al., 2020; Guo et al.,
2013). This approach, however, offers limited insights
into the evolutionary and mechanistic underpinnings of
ecological phenomena, because it does not allow to investigate how the species’ functional properties (i.e., traits)
interact with the environment and concur in structuring
species assemblages (Gibb et al., 2015; Wong et al., 2019).
Consequently, there is an increasing tendency toward
characterizing biodiversity using phylogenetic (Cadotte
et al., 2010) and trait-based (Wong et al., 2019)
approaches. The trait-based approach (sensu Wong
et al., 2019), in particular, measures the functional component of biodiversity (i.e., functional diversity) and
emphasizes the values of specific phenotypic traits,
whose interactions with biotic and abiotic features affect
species distribution, habitat preferences, and fitness
(Petchey & Gaston, 2006). Several taxa have been used to
characterize biodiversity patterns using the trait-based
approach, including among others, plants (e.g., Chellini
et al., 2019), arthropods (e.g., Brousseau et al., 2018;
Piano et al., 2017), and vertebrates (e.g., Cook et al., 2020;
Pigot et al., 2016).
Investigating trait–environment relationships, however, is challenging: traits are species-specific, while
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environmental variables are site-specific, and species–site
combinations of abundance are used as mediators (ter
Braak, 2019). This entails the absence of a common
observation unit, which has led to the development of
different statistical approaches such as communityweighted mean (CWM) regression, multilevel models,
and the fourth-corner correlation (cf. ter Braak, 2019).
Furthermore, when investigating the relationship of environmental features (e.g., altitudinal and habitat gradients) with species richness and species traits, a
hierarchical sampling design is often employed with the
aim of improving representativeness, for example, by
using sampling units nested within sampling plots (cf.
Viterbi et al., 2013). This sampling design makes the analytical approach even more challenging, owing to issues
of correlation (e.g., grouping effect, spatial correlation),
whose potential effects are sometimes overlooked but
may lead to misidentification of significant associations
(cf. Braga et al., 2018; Gobbi & Brambilla, 2016;
Ovaskainen et al., 2017; Warton et al., 2015).
Given their high habitat heterogeneity, mountain
areas offer a great opportunity to investigate the relationships between species traits and environmental features.
With respect to terrestrial arthropods, several studies
investigated life history traits such as diet preference, dispersal ability, length of the life cycle, hunting strategy,
and body size (cf. Brousseau et al., 2018; Moretti et al.,
2017). The trait-based approach was used to investigate
niche filtering and correlations between landscape attributes and ecological traits in social insects, spiders, beetles, and butterflies along altitudinal and habitat
gradients (Moretti et al., 2017; Wong et al., 2019). More
specifically, ground beetles (Coleoptera: Carabidae) can
be used as good bioindicators of climate and environmental changes (e.g., Brandmayr & Pizzolotto, 2016;
Gobbi, 2020; Kotze et al., 2011; Pizzolotto et al., 2016).
The wealth of knowledge about species traits and patterns (Chamberlain et al., 2020; Homburg et al., 2014;
Pizzolotto et al., 2016), as well as the possibility of
collecting large sample sizes (Kotze et al., 2011), make
this taxon ideal to investigate trait–environment relationships along altitudinal and environmental gradients.
Quantitative approaches have been recently used to
investigate carabid species richness and species trait relationship with altitude and habitat type on the European
Alps. While species richness was either not correlated or
weakly negatively correlated with elevation (Pizzolotto
et al., 2016; Viterbi et al., 2013), species richness and
traits seemingly vary in relation to habitat or landform
type (Gobbi et al., 2021; Pizzolotto et al., 2016). Species
trait patterns in mountainous landscape, however, can
also vary regionally (Chamberlain et al., 2020). Most of
these studies investigated trait distribution in relation to
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a limited number of environmental variables, often
recorded at a coarse scale, such as habitat type (e.g.,
spruce forests, hay meadows) or vegetation belts (e.g.,
montane, subalpine, alpine). To our knowledge, carabid
trait distribution has never been investigated at multiple
spatial scales, that is, in relation to environmental variables recorded at both coarse and fine spatial resolution.
In this paper, we use data on ground beetle richness,
abundance, species’ traits and on environmental variables, recorded at different spatial scales through a hierarchical sampling design, to investigate the patterns of
functional trait distribution in one of the oldest and largest alpine national parks in Italy, the Stelvio National
Park (SNP). Previous studies found that in some mountain carabid assemblages, species traits weakly correlated
with elevation, and were directly driven by habitat type
(Pizzolotto et al., 2016). Likewise, we anticipated finding
weak impact of elevation (i.e., large-scale effect) on species traits, while other environmental variables recorded
at small scale, such as vegetation cover and soil features,
would have a strong effect on the species traits, because
environmental variables directly linked to response traits
(sensu Kissling et al., 2018) like, for instance, body size
and dispersal ability.
Further, we discuss the analytical challenges imposed
by the hierarchical sampling design commonly used to
address similar ecological questions (i.e., species richness
and species traits).

MATERIALS AND METHODS
Study area
The study area is located in the SNP, one of the Italian
historical parks. The SNP extends over 1307 km2 and it is
divided into three sectors, located in three different
administrative units within the Central Italian Alps:
Lombardy (LOM, 597 km2) and the Autonomous Provinces of Trento (TN, 175 km2) and Bolzano (BZ, 535 km2)
(Figure 1a). The protected area includes the OrtlesCevedale massif, encompassing a vast altitudinal range,
between 700 and 3900 m above sea level (asl), and a complex combination of sedimentary and metamorphic
deposits, which generated a high diversity of habitats,
representative of the Alpine biodiversity. Climate within
the SNP is alpine continental: yearly precipitation varies
moderately among sectors (LOM: 765 mm; TN: 867 mm;
BZ: 630 mm), while temperatures vary greatly with elevation. At the lowest elevation within each sector, over the
past decade mean temperatures in January and July are
1.8 and 16.8 C in LOM (weather station: Bormio,
1225 m asl), 0.3 and 14.6 C in TN (Peio, 1160 m asl),

3 of 14

and 1.2 and 18.8 C in BZ (Lasa, 874 m asl). Forests are
generally dominated by spruce Picea abies, larch Larix
decidua, and stone pine Pinus cembra interrupted by
mesic meadows of Trisetetum flavescentis, pastures (dominated by Nardus stricta), and other xeric herbaceous associations. Above the treeline, alpine grasslands of Carex
curvula, Festuca halleri, Carex sempervirens, Carex firma,
and Sesleria caerulea together with alpine tundra and
scree and rock plant communities are the prevalent vegetation facies. In LOM, forests cover about 20% of the surface, alpine pastures 34%, hay meadows 2%, while 41% is
covered with rocks and glaciers, and 3% with urban
areas. In TN, forests cover about 23% of the surface,
alpine pastures 32%, hay meadows 1%, while 42% is covered with rocks and glaciers, and 2% with urban areas. In
BZ, forests cover about 33% of the surface, alpine pastures
25%, hay meadows 4%, while 35% is covered with rocks
and glaciers, and 3% with urban areas.

Sampling design
To investigate ground beetles’ functional diversity, data
on carabid assemblages (i.e., species-specific abundance)
collected using pitfall traps (Kotze et al., 2011) were
matched with data on carabid functional traits and ecological correlates measured around each trap.
Pitfall traps represented our basic sampling unit, and
they were deployed in order to obtain representative samples of the whole Park’s territory: to account for the high
diversity of landscapes within the SNP, sampling was
hierarchically stratified according to sectors (LOM, TN,
and BZ), transects, and sampling plots. Specifically, the
number of altitudinal transects in each sector was
roughly proportional to the sector size, but also took into
account the availability of different valleys within each
sector, thereby leading to n = 6 transects in LOM, n = 2
in TN, and n = 4 in BZ. The transects spanned elevations
between 763 and 2694 m a.s.l. (Figure 1b). Along each
transect, a variable number of circular plots (between
n = 3 and n = 10, depending on the altitudinal gradient
of the valley) was identified (Figure 1b). Similar to Viterbi
et al. (2013), each plot had a diameter of 200 m; along the
diameter line, a pitfall trap was placed—at the same elevation—every 50 m, so that n = 5 traps were placed
within each plot. Overall, n = 385 pitfall traps were
deployed (n = 150 in LOM; n = 75 in TN; n = 160 in BZ)
(Figure 1c). Traps consisted of plastic cups of 6 cm of
diameter and 7 cm of height, buried in the ground,
filled with 10 cm3 of an attracting and preserving mixture of white vinegar, sodium chloride, and a drop of
detergent as surfactant, and covered with rocks or small
branches to prevent interference from vertebrates
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(a)

(c)

(b)

BZ

LOM

TN

F I G U R E 1 (a) Location of the Stelvio National Park (blue area, central Italian Alps); (b) location of the sampling plots along altitudinal
transects within different sectors (LOM, Lombardy; TN, Trento; BZ, Bolzano); (c) scheme of the distribution of sampling units (pitfalls: red
dots) within sampling plots and scheme of the sampling protocol of pitfall-specific ecological correlates (see text for details).

(Gobbi, 2020). Within each sector, sampling was repeated
for 2 years between 2013 and 2015, pooling data across
years to obtain trap-specific abundance. Each year, all
traps were checked every 15 days, from early May to
early October, to collect specimens and refill pitfalls with
preserving mixture. Since plots were placed at different

elevations, the period of deployment of pitfall traps could
vary among plots, owing to meteorological constraints,
thereby leading to different sampling efforts (i.e., different number of days of trap exposure). Overall, 285 pitfall
traps were deployed across the entire sampling area and
sampling sessions.
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Ground beetle traits
For each species of ground beetles collected with pitfall
traps, the following life history traits were considered:
geographic range (chorotype), mean body length (in millimeters), hind wing development, diet of the adult stage,
and larval development. Species were grouped into five
chorotype categories, following the classification proposed by Stoch and Vigna Taglianti (2006): I—Regional
endemic species; II—Central-montane European species;
III—European species; IV—Euro-Asiatic, Euro-Siberian
species; V—Palaearctic, Holoarctic, Circumpolar species.
Wing development was categorized into three groups: (a)
brachypterous—flightless species with reduced (wing
shorter than the elytron) or absent hind wings, expected
to be poor dispersers; (b) macropterous—flying species
with fully developed hind wings (unfolded wing longer
than the elytron); (c) dimorphic—species which have
both brachypterous and macropterous individuals,
expected to be good dispersers (Niemelä & Spence, 1991;
Venn, 2016). Each species was categorized according to
its diet as follows: omnivorous, specialized predator (i.e.,
helicophagy, Collembola), polyphagous predator,
spermophagous (i.e., seed eater). Larval development was
classified as follows: summer larvae (i.e., spring
breeders), winter larvae (i.e., autumn breeders), and
annual (i.e., 2-year breeder).
Traits were obtained from Brandmayr et al. (2005),
Chamberlain et al. (2020), Gobbi et al. (2015), Gobbi
et al. (2017), Homburg et al. (2014), Hurka (1996), and
Pizzolotto et al. (2016), and from direct observations
using a stereomicroscope to assess wing morphology in
dimorphic species (Appendix S1: Table S1).

Ecological variables
For each pitfall trap, three topographic variables—that is,
altitude (in meters asl), slope steepness (in degrees), and
aspect (in degrees from north)—were recorded. To obtain
data on microhabitat features, a square grid of
0.5  0.5 m divided into 25 10  10 cm cells was placed
adjacent to the pitfall trap, avoiding the areas disturbed
by the operators’ activities (Figure 1c). Within the grid,
the cover value of rocks, debris, bare soil, and litter was
visually estimated with a 5% resolution. For each plot,
the overall structure of vegetation within the grid was
recorded by estimating the cover of each layer (tree canopy, shrub layer 1–5 m tall, shrub layer <1 m tall, herbaceous layer, moss and ground lichen layer); the ground
cover of each vascular plant species was also estimated
with a resolution of 1%. The mean height of the herbaceous layer was also recorded. For each pitfall, a soil
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sample of 200 g was taken from the surface to 5–10 cm
of depth to measure soil pH (in 1:2.5 soil:water) and
organic matter content (Walkley-Black method).
Additionally, for each pitfall trap, we collected information about mesohabitat type. The mesohabitat
included both forest and open plant communities, and
was grouped into 12 main habitat types: calcicolous pine
forest, spruce forest, gray alder riparian forest, larch forest, stone pine forest, subalpine heathland, calcicolous
grassland, siliceous alpine grassland, hay meadow, dry
shrubland, scree, and wetland (see details in
Appendix S1). All the considered ecological variables
were recorded directly in the field.

Statistical analysis
The trait–environment association was analyzed using
double constrained correspondence analysis (dc-CA)
because this method allows selection of the important
trait and environmental variables on the basis of statistical tests (permutation tests) that account for the hierarchical structure of the design of our study (ter Braak
et al., 2018; ter Braak & Šmilauer, 2018). The data sets for
the dc-CA were (1) a table on ground beetle abundance
(285 pitfall traps containing 84 different species with
8579 individuals in total), (2) a table on five species traits,
and (3) a table with the sampling design and 30 environmental variables recorded at different spatial scales. In
dc-CA, the first table is treated as response and the others
as predictors.
The dc-CA finds linear combinations of the traits and
of the environmental variables that maximize the fourthcorner correlation, so building a (reduced-rank) multivariate regression model for the ground beetle abundance
which contains the site (i.e., pitfall) and species totals as
main effects, and interactions consisting of products of
traits and environmental variables (ter Braak
et al., 2018). The interaction terms represent the trait–
environment associations (ter Braak, 2019). An equivalent alternative formulation of dc-CA, which shows the
links to other methods, may be helpful. In this alternative
formulation (Peng et al., 2021), dc-CA combines the multivariate versions of the commonly used method of CWM
regression and of the lesser used method of speciesniches centroid (SNC) regression (Ackerly et al., 2002).
The second method consists of calculating a weighted
environmental mean for each species using the abundance as weight and regressing these means (as many as
there are species) on the functional traits, for example, by
redundancy analysis (RDA) and is required to avoid the
problem that statistical tests for trait–environment association have inflated type I error (i.e., declare too often

6 of 14

variables to be associated where they are not), when
CWM regression alone is used (Peres-Neto et al., 2017;
Zelený, 2018). The versions used in dc-CA differ from
CWM-RDA and SNC-RDA, as these methods are called
(Kleyer et al., 2012), in that the CWM and SNC are calculated from orthonormalized traits and environmental variables, respectively, and in that site and species
abundance totals are used as weights. These differences
insure that the explanatory power of variables and axes
can be expressed on a common scale, which is the inertia
(weighted variance) that is familiar to users of (canonical)
correspondence analysis ([C]CA). The CWMs with
respect to the orthonormalized traits represent the traitstructured variation, and the SNCs with respect to the
orthonormalized environmental variables represent the
environmentally structured variation (Peres-Neto
et al., 2017). When both weighted RDA analyses use the
same traits and environmental variables, they yield the
same final fitted inertia, which is equal to the fitted inertia of dc-CA. None of these properties is shared by a rival
method of multivariate trait–environment analysis
known as RLQ (Dray et al., 2014; Peng et al., 2021). The
square root of the first dc-CA eigenvalue is equal to the
fourth-corner correlation between the best linear combinations of traits and of environmental variables. As the
fourth-corner correlation can never reach 1, it is often
divided by the theoretical maximum (the square root of
the first eigenvalue of the corresponding CA), resulting
in the Chessel fourth-corner correlation (Peres-Neto
et al., 2017).
With respect to our study, the counts of carabid species in pitfalls were transformed by taking the square root
of the ratio of count and effort (measured by sampling
days) so as to adjust for differences in sampling effort and
to attenuate the differences in total abundance among
species. The trait-structured variation was partitioned in
the four parts that naturally follow from the sampling
design, that is, the variation (1) among sectors, (2) among
transects within sectors, (3) among plots within transects,
and (4) between pitfalls within plots. The parts can be
obtained by three dc-CA analyses, all of which use all
trait variables but have sector, transect, and plot as
respective environmental predictor variables. The
adjusted coefficients of determination (adjusted R 2) are
obtained from these analyses following Peres-Neto et al.
(2006). As the number of sectors and transects is relatively small (respectively, n = 3 and n = 12) and the associated trait-structured variation is small (<10% adjusted
R 2), further analyses focused on the trait–environment
variation within transects by two analyses: (1) analyzing
all variation within transects and (2) analyzing the smallscale variation within plots. Statistical tests in both analyses used the hierarchical and spatial design. In the first
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analysis, sampling plots were permuted by random cyclic
shifts within transects, so as to account for the spatial
order of the plots, while keeping the sets of five pitfalls
per plot together. For this analysis, each plot must have
the same number of pitfalls; therefore, the design was
made up of five pitfalls per plot. However, because some
pitfalls were damaged by wildlife (see Results), in plots
where the number was less than 5, we added 1–3 pitfalls
(for a total of 23 across plots), for which values of abundance and environmental variables were computed as the
mean of the actually measured pitfalls in the plot. In the
second analysis, pitfalls were randomly permuted within
their plot. The importance of the individual traits in
explaining the environmentally structured variation was
assessed by the explained inertia in dc-CAs on each trait
using all environmental variables. Their joint importance
was assessed using dc-CA with all environmental variables and a forward selection of trait variables. In this
analysis, the importance of a trait is assessed by the
explained inertia that the trait contributes on entry in the
model (i.e., conditionally on the effect of the already
selected traits). Analogously, the importance of the individual environmental variables in explaining the traitstructured variation was assessed by a forward selection
of environmental variables using dc-CAs using all trait
variables. In all analyses, categorical variables (factors)
were coded as sets of indicator (0/1) variables as customary in regression analysis. Body length was logtransformed to make its distribution more symmetric.
The final model consisted of traits and environmental
variables with p value <0.05, after adjustment for multiplicity using the false discovery rate (FDR), and used to
make a biplot display of the fourth-corner correlations
between the traits and environmental variables. The
dc-CA computations were performed using the software
Canoco 5.12 (ter Braak & Šmilauer, 2018). To our
knowledge, the Canoco implementation of dc-CA is currently the only off-the-shelf complete and statistically
sound method that allows for trait and environmental
variable selection in a trait–environment association
analysis while accounting for the hierarchical sampling
design.
Since fourth-corner correlations and ordination diagrams are abstract features, we also report on the size of
the trait–environment associations found by dc-CA more
concretely by tabulating the number of beetles caught by
functional group and environmental class and expressing
the cross-tabulated numbers as fractions of the total
number caught per environmental class. The numbers
per environmental class were standardized to numbers
caught in a 250-day period (which is close to the median
effort in the data) by dividing the observed numbers by
the total number of effort-days and multiplying the result
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by 250. For this, quantitative variables such as elevation
and body size were discretized.

RESULTS
Of the 385 pitfall traps, 362 returned abundance data,
owing to disturbance from wildlife. Specifically, a total of
84 species and 8579 individuals were sampled
(Appendix S1: Table S1).

T A B L E 1 Partitioning of the trait-structured variation by
levels of the hierarchical design of the study (R2, percentage of the
total trait-structured inertia; adjusted R2, as R2 but adjusted for df
following Peres-Neto et al., 2006).
Between

Within

df

R2

Adjusted R 2

Sectors

…

2

2%

1%

Transects

Sectors

9

12%

10%

Plots

Transects

65

49%

43%

Pitfalls

Plots

308

37%

…

The trait-structured variation, that is, the variation in
the trait means per pitfall trap as measured by inertia,
was largest within transects (Table 1). The trait-structured variation within sampling plots was also large
while the variation among sectors and among transects
was relatively small (Table 1).
Individually, that is, taken as single predictors ignoring all others, 15 and 9 of the 30 environmental variables
showed statistically significant association (FDR < 0.05)
with the traits (comprising 11 df) in the within-transect
and within-plot analyses, respectively (Appendix S1:
Table S2); reversely, individually, 9 and 8 of the 15 traits
showed significant association with the environmental
variables (comprising 28 df) in the within-transect and
within-plot analyses, respectively (Appendix S1:
Table S3).
The joint models obtained with forward selection
contained a combination of only few trait and environmental variables (Tables 2 and 3). In both the withintransect and the within-plot variation, the negative association between hay meadows and brachypterous species
stood out (Tables 2 and 3, Figures 2 and 3; Appendix S1:
Table S4). In the within-transect analysis, the habitat hay

T A B L E 2 Importance of selected environmental variables (a) and functional traits (b) in explaining the within-transect trait and
environmentally structured variation, respectively, using double constrained correspondence analysis with covariate transect.
Simple term
Variable or trait
(a) Trait-structured variation

Forward selection

Expl. %

p (adjusted)

Expl. %

p (adjusted)

a

Environmental variable
Hay meadow

15.6

0.002

15.6

0.002

Elevation

7.6

0.002

2.7

0.018

Canopy

7.0

0.002

2.3

0.005

pH

7.1

0.002

1.0

0.030

Siliceous alpine grassland

1.6

0.064

Combined (adjusted R 2)

…

0.171

38.0

0.001b

(b) Environmentally structured variationc
Functional trait
Brachypterous

11.4

0.002

11.4

0.002

Specialized predator

3.4

0.027

5.7

0.008

Body length

2.3

0.060

3.2

0.015

10.0

0.002

…

0.300

34.0

0.001

Chorology II
2

Combined (adjusted R )

Note: Variables were selected by forward selection and tested using permutation tests based on the hierarchical design of the study (pitfalls within sampling
plots along transects). Expl. %, fraction of trait-structured (a) and environmentally structured (b) variation explained by individual single variables (Simple
term) and by individual variables during forward selection, that is, after removing the effects of the terms included earlier (Forward selection). p (adjusted) = p
value after adjustment by false discovery rate (using n = 999 permutations).
a
Nineteen percent of within-transect taxonomic variation.
b
Based on cyclic shifts of sampling units within transects keeping together the five pitfalls per sampling plot.
c
Eighteen percent of within-transect taxonomic variation.
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T A B L E 3 Importance of selected environmental variables (a) and functional traits (b) in explaining the within-plot trait and
environmentally structured variation, respectively, using double constrained correspondence analysis with covariate plot.
Simple term

Forward selection

Expl. %

p (adjusted)

Expl. %

p (adjusted)

Hay meadow

6.1

0.004

6.1

0.003

Canopy

4.4

0.004

1.3

0.015

2.6

0.004

…

0.051

20.1

0.001b

0.002

6.5

0.003

Variable or trait
(a) Trait-structured variation

a

Environmental variable

Calcicolous pine forest
2

Combined (adjusted R )
(b) Environmentally structured variation

c

Functional trait
Brachypterous

6.5

Specialized predator

2.5

0.032

3.5

0.023

Body length

2.0

0.077

…

0.745

35.1

0.001

Combined (adjusted R 2)

Note: Variables were selected by forward selection and tested using permutation tests based on the hierarchical design of the study (pitfalls within sampling
units along transects). Expl. %, fraction of trait-structured (a) and environmentally structured (b) variation explained by individual single variables (Simple
term) and by individual variables during forward selection, that is, after accounting for the effects of the terms included earlier (Forward selection). p
(adjusted) = p value after adjustment by false discovery rate (using n = 999 permutations).
a
Fifty percent of within-plot variation.
b
Based on random permutation of pitfalls within sampling plots.
c
Eighteen percent of within-plot variation.

F I G U R E 2 Biplot of within-transect association between
functional traits and environmental variables selected (fourthcorner correlations) using double constrained correspondence
analysis (dc-CA) with forward selection. The negative association
between brachypterous species and hay meadows stands out. The
Chessel fourth-corner correlations of the axes are 0.70 and 0.12.

meadow explained twice as much variation of the traitstructured variation than elevation did (Table 2); in terms
of taxonomic variation (i.e., community variation), these
variables explained about equal amounts (as judged by
inertia). Elevation hardly varies within plots, so that elevation was not among the important variables in the
within-plot analysis. In addition, canopy showed association with brachypterous species and specialized predators
at both spatial scales (Figures 2 and 3). Judged by the dc-

F I G U R E 3 Biplot of within-plot association between
functional traits and environmental variables selected (fourthcorner correlations) using double constrained correspondence
analysis (dc-CA) with forward selection. The negative association
between brachypterous species and hay meadows stands out. The
Chessel fourth-corner correlations of the axes are 0.38 and 0.02.

CA eigenvalues shown in the graphs, the trait–environment association was largely one-dimensional with hay
meadow versus the other habitats as main environmental
driver and additional contributions of canopy and, for the
larger spatial scale, pH and elevation and with brachypterous versus other wing-types as main trait with additional contributions of specialized predators versus other
species and, for the larger spatial scale, body length.
Without elevation in the within-transect analysis, the
first dc-CA eigenvalue drops only marginally (from 0.24
to 0.23), illustrating that the effect of habitat type is much
stronger than that of elevation.
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T A B L E 4 Fraction of carabid beetles of brachypterous and
other wing types per environmental class.
Environmental
variable

Brachypterous

Other
wing types

250-day
total

Hay meadow

0.27

0.73

32.3

Other habitat

0.81

0.19

17.4

<4

0.80

0.20

18.1

4–5

0.81

0.19

18.7

5–6

0.61

0.39

23.0

>6

0.36

0.64

21.6

<1500

0.48

0.52

29.1

1500–2000

0.65

0.35

20.0

2000–2500

0.80

0.20

17.6

>2500

0.77

0.23

8.2

Habitat ( )

pH ( )

Elevation (+)

Canopy (+)
Canopy

0.83

0.17

20.5

No canopy

0.53

0.47

20.0

7.1

20.2

250-day total

13.1

Note: The environmental variables are habitat (hay meadow versus other
habitats), pH and elevation (discretized for this table to four classes each),
and canopy (canopy vs. no canopy). The last column shows the average
number of beetles caught in a pitfall in a 250-day period per wing type and
habitat. The sign of the association of wing type with an environmental
variable is shown in parentheses.

If the restricted design-based permutation tests are
replaced by unrestricted permutations within transects,
17 environmental variables would have to be judged statistically significant (i.e., FDR < 0.05) in the forward
selection procedure, many of which with only minor contributions to the fit (i.e., to the inertia; Appendix S1:
Table S5).
Table 4 illustrates by percentages the associations that
are displayed in Figures 2 and 3 (dc-CA figures). For
example, the percentage of brachypterous carabids is
lower in hay meadow than in other habitats, so that the
association between the brachypterous wing type and the
hay meadow habitat is negative, which agrees with the
dc-CA figures since the projection of the arrow of brachypterous on to the direction defined by the arrow for
hay meadow is a nontrivial arrow that points opposite to
the arrow for hay meadow. The association of the brachypterous wing type and elevation is positive (Figure 1,
Table 4), although the association is not perfect as the
percentage in the highest elevation class in Table 4 is not
the highest. Two remarks are in order: (1) the number of
carabids decreases with increasing elevation class (last

column of Table 4); (2) although the percentage of brachypterous beetles generally increases with elevation in
these data, the (absolute) numbers of brachypterous beetles do not. The absolute numbers are almost constant,
except for a drop in the highest elevation class (the absolute numbers are obtained by multiplying the percentage
of brachypterous beetles with the 250-day row total, giving 13.9, 13.1, 14.2, and 6.3 brachypterous beetles for the
four elevation classes). This example highlights that the
trait–environment association is an interaction between
trait and environment (the percentages in Table 4) after
accounting for the main effects (the 250-day totals in
Table 4). Appendix S1: Tables S6 and S7 show similar
data for diet (specialized predator vs. other diets) and
body size discretized to three classes.

DISCUSSION
Our work provides the first quantitative analysis of the
relationships between traits and environmental variables
selected in a hierarchical sampling framework to describe
the functional trait distribution of assemblages of ground
beetles in a mountainous landscape. Only three of the 30
recorded environmental variables (hay meadows, canopy
cover, and soil pH) were related to three of the five considered species traits (brachypterous species, specialized
predators, and body length). The species assemblages
recorded in alpine grasslands and pastures did not seem
to be functionally different from those recorded in forests.
On the contrary, the coverage of hay meadows, which are
strongly managed (e.g., mowing, irrigation, slurry application), acts as a strong driver in shaping functional composition of the carabid assemblage. In addition, the
results highlighted how some traits, specifically
chorology and breeding season, were not relevant in
characterizing the species assemblages. On the contrary,
environmental factors filter the species based on their
wing status, feeding habits, and body length, thereby
supporting their role as key response traits in carabids
(Chamberlain et al., 2020; Pakeman & Stockan, 2014).
Species assemblages of carabid beetles sampled in hay
meadows were functionally much different from those
living in other habitats, either open (e.g., pastures, alpine
grasslands) or closed (e.g., coniferous and broadleaved
forests). Specifically, hay meadows were negatively associated with species assemblages functionally composed
by brachypterous, specialized predators and large species
(>10 mm). Brachypterous, large-bodied, and specialized
predator species are characterized by low dispersal ability
and high habitat specificity, traits that are typically linked
to unperturbed (or weakly perturbed) habitats (Gobbi &
Fontaneto, 2008; Pizzolotto, 2009) and potential
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predictors for species extinction risks in carabid beetles
(Nolte et al., 2019). On the contrary, hay meadows hosted
species assemblages with high dispersal ability (macropterous species), generalist feeders (omnivorous species), and
small species (<10 mm), namely species well adapted to
colonize, possibly owing to periodical habitat perturbations
(Gobbi et al., 2015). Accordingly, we may hypothesize that
management practices such as regular aerial irrigation,
slurry application, mowing, and formation of hay bales—
which are separately or concurrently applied in the
meadows within the study area—may act as important
drivers of functional structuring of species assemblages in
mountainous landscapes. Data from other arthropod taxa
(e.g., spiders, grasshoppers) support this suggestion; specifically, aerial irrigation and slurry application tend to reduce
functional diversity and have a negative impact on the
establishment of several species, in particular those most
sensitive to disturbance (Delgado de la flor et al., 2020;
Humbert et al., 2021). Although hay meadows made up
only a small percentage of sites among a large diversity of
habitats, our study design allowed us to have a sufficiently
large number of (large-scale) plots with hay meadows, and
the observed large difference in trait composition of hay
meadows versus other habitat types makes it statistically
sound to infer about the found relationships. Soil pH and
varying elevation within transect are associated with functionally distinct assemblages. Specifically, brachypterous
and large species (>10 mm) are more associated with acid
soils (pH < 5).
Elevation has a positive association with brachypterous species, which is stronger above 2000 m. The positive
relationship between brachypterous species and altitude
was already documented along altitudinal gradients
(Chamberlain et al., 2020); the reduction or absence of
functional wings represents the result of an evolutionary
pathway well documented in habitats with slow ecological succession dynamic or low disturbance inputs
(Pizzolotto et al., 2016).
Conversely, the relationship between wing-status and
body size with soil acidity was very poorly documented
in carabid functional ecology, due to the lack of physiological explanations for this relationship. Soil acidity is
known to be a variable affecting carabid species distribution in both agroecosystems and woodlands (Holland, 2002; Magura et al., 2003). Magura et al. (2003)
identified soil pH beneath compaction of the soil and leaf
litter cover as one of the most important factors shaping
carabid diversity. In addition, Sroka and Finch (2006)
found a positive correlation between soil pH and soil
moisture in forest habitats. These findings could explain
the positive relationship of brachypterous and specialized
predators with canopy cover. High canopy cover determines high leaf litter cover on the soil, which ensure high
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numbers and diversity of prey; the association between
canopy cover and specialized predators can be attributed
to the heterogeneity of trophic ecological niches,
supported by microclimatic complexity (e.g., different
levels of moisture), leading to the diversification of dietary strategies (Pizzolotto et al., 2016). We suggest that
soil pH should not be considered a variable that can
directly affect carabid species traits, but rather a covariate
that mainly acts as a proxy of environmental conditions.
Compared to hay meadows, coniferous forests and pastures are characterized by higher levels of soil acidity
(low pH values) and lower levels of nutrients, resulting
from the lower speed of leaf degradation (forests) and
from fast removal of organic matter by cattle grazing
(pastures). Conversely, coniferous forests and pastures
experience a lower level of perturbation than hay
meadows, owing to the absence of management activities
such as mowing, irrigation, and slurry application, which
act periodically as stressors.
One of the most interesting results was that trait–
environment associations were scale-dependent. Understanding the scale at which association occurs is a key
issue in trait ecology (Moles, 2018). In the within-transect
analysis, that is, between plots along altitudinal gradients, most of the variation in species assemblages was
explained by the prevalence of hay meadow and secondarily by elevation, canopy cover and soil pH values,
alongside the frequency of brachypterous, specialized
predators and body length. Conversely, elevation and soil
pH did not explain much of the within-plot variation and
their effect was overwhelmed by hay meadow and, secondarily, by canopy cover. The positive association of
brachypterous species and specialized predators with
canopy cover was strong at both spatial scales. Thus, our
study improves the knowledge about the structure of variance across trait–environment associations at different
spatial, thus ecological, scales (Messier et al., 2010).
As expected, the within-transect variation was greater
than the within-plot variation. The values in Table 1 may
provide some guidance to improve the sampling design,
but this crucially depends on how the environmental variables vary within transect and within plots. If the interest is on the association of the traits with environmental
variables that vary mainly between plots and not so much
within plots, it would be advantageous to have more plots
and fewer pitfalls per plots; this applies, for example, to
the elevation variable in this study. If, however, an environmental variable varies mainly within plots, that is, if
its variation is on a small scale, then the number of pitfalls per plot could even be increased.
From the methodological standpoint, the hierarchical
sampling design used in this study, and in other studies
that address similar ecological questions, imposed several
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analytical challenges. Sterk et al. (2016) extended the
generalized linear mixed model proposed by Jamil et al.
(2013) with an extra random term for the greater sampling unit, so as to account for the hierarchical structure
in their design. In our design, it would be a random term
for plot, in addition to the random terms for pitfall, species intercept, and the species-specific slope with respect
to the environmental variables. ter Braak (2019) showed,
however, that Jamil’s model is not robust against
unobserved environmental variables or other characteristics of sites (plots or pitfalls) that are uncorrelated with
the environmental variable(s) in the model but do interact with the trait(s) in the model. For more robustness,
ter Braak (2019) included a random term for site-specific
trait effects in the model, which performed well in the
simulation study by Niku et al. (2021) in comparison with
their even more sophisticated generalized linear latent
variable models, a Bayesian version of which has been
developed by Ovaskainen et al. (2017). It is not
completely clear what adaptations of these models for
hierarchical designs retain the robustness. In contrast,
the analysis of hierarchical designs using dc-CA is fairly
simple, provided the design is balanced. The robustness
of dc-CA is provided by the max test (Peres-Neto
et al., 2017; ter Braak et al., 2012, 2018) that consists of a
site-level test and a species-level test. For balanced hierarchical designs, the species-level test remains the same,
but the site-level permutation test must use restricted
permutations that keep the pitfalls of a plot together for
the plot-level test and that permutes pitfalls within plots
for the pitfall-level test. It is a disadvantage that there are
now two analyses (one for the larger spatial scale and
one for the smaller one) but an advantage that there is no
assumption, as in mixed models, that the trait–environment relations at the larger and smaller spatial scales are
the same. In our study, the hierarchical design was more
complex in that plots were ordered along elevation gradients along transects in different sectors of the SNP. For
this reason, transects were used as covariates in the plot
analysis and plots were permuted cyclic, so as to account
for the potential correlation among neighboring plots
along transects. Pinho et al. (2021) addressed the issue of
spatial correlation by clustering spatially close plots with
permutation testing using dc-CA on summed abundances
per cluster and cluster-mean environmental variables. In
their continental-scale study, the within-cluster variation
was of lesser interest.
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better understand the mechanisms shaping the functional community composition in different habitats and
at different spatial scales. Interestingly, this scale dependency offers a novel methodological approach to study
the effect of environmental correlates on response traits
due to variation of the structure of variance across trait–
environment associations.
Our results provide a basis for the development of
more effective sampling designs, data analysis, and conservation strategies in mountainous landscapes. We
highlighted that, in the mosaic of the considered habitat
types, hay meadows are functionally well distinct from
the remaining open and close habitat types, because
they were well characterized by species with traits typical of periodically perturbed habitats (i.e., macroptery,
generalist diet, small size), which ensure more resilient
species. These traits are not predictors of extinction risk
(see Nolte et al., 2019), thus from the conservation
standpoint, hay meadows do not require specific conservation actions to preserve the hosted carabid species
assemblages. Conversely, seminatural grasslands have a
recognized value because they are rich in plants and
invertebrates, some of which are rare (Baur et al., 2006)
and agricultural intensification is one of the major
threats to the biodiversity of montane and subalpine
grasslands (Newbold et al., 2016). Lessard-Therrien
et al. (2018) showed that some management practices
applied to grasslands of the European Alps, for instance
irrigation via sprinklers and the application of fertilizers—typically in the form of slurry from livestock
wastes—differently affect ground beetle and spider
abundance and species richness, and pointed out that
low-input farming practices are key contributors to the
preservation of farmland arthropod diversity. Future
research should also try to test the effect of these practices on arthropod functional diversity.
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