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ABSTRACT

Diversity patterns can show congruence across taxonomic groups. Consistent diversity patterns allow the iden-
tification of indicator surrogates potentially representative of unobserved taxa or the broader biodiversity pat-
terns. However, the effective use of biodiversity surrogates depends on underlying mechanisms driving the
strength of the relationship among taxonomic groups. Here, we explored congruence patterns in community
composition among taxa occupying different trophic levels, accounting for abiotic and biotic factors: vascular
plants and six groups of ground-dwelling arthropods (pseudoscorpions, spiders, darkling beetles, rove beetles,
ground beetles and ants) were chosen as potential indicator surrogates. We evaluated the cross-taxon relation-
ships using Mantel test; subsequently, we investigated if these relationships could partially depend on abiotic
drivers, using partial Mantel tests; then, we evaluated the partial contributions of abiotic and biotic drivers in
explaining these relationships through a series of variation partitioning analyses. Our results showed that a
consistent cross-taxon congruence pattern was evident across almost all group pairs: pseudoscorpions, spiders,
ground beetles and vascular plants showed the largest number of significant correlations with other taxa.
Environmental gradients resulted as drivers of cross-taxon congruence, shaping composition patterns. However,
they were not the only ones. Biotic drivers account for part of cross-taxon congruence among vascular plants and
arthropod predators (i.e., pseudoscorpions and spiders, but also ground beetles), as well as among taxa at high
trophic levels. Almost all strictly predatory taxa, known as biological control agents, emerged as the best pre-
dictors of plant community composition even when the role of environmental factors was considered. Spiders/
ants and spiders/ground beetles showed close relationships and congruent composition patterns, irrespective of
environmental parameters. Relationships among taxa might be driven by several complex biotic interactions (e.
g., non-trophic and trophic interactions, direct and indirect interactions). Bottom-up and top-down forces,
consumptive and non-consumptive interactions may play a role in influencing the community composition of
taxa and driving the observed relationships. Future studies should broaden knowledge about the role of these
forces and interactions in determining the congruence across taxa. The multi-trophic perspective in cross-taxon
studies can be promising for identifying biodiversity surrogates and their application in conservation planning.

1. Introduction

making (Duan et al., 2016; Myers et al., 2000; Schuldt et al., 2015;
Westgate et al., 2014). This challenge is related to the relevant question

Understanding the main drivers of diversity patterns is a major whether species richness and composition show a concordance across
challenge for ecologists to sustain conservation efforts and decision- taxonomic groups (Ramos et al., 2021; Toranza and Arim, 2010; Zara
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et al., 2021). This concordance, known as cross-taxon congruence, al-
lows the identification of biodiversity surrogates and proxies that can act
as representative indicators of unobserved taxa or the overall biodi-
versity of an area (Santi et al., 2010; Ware et al., 2018; Westgate et al.,
2014). Monitoring or management actions based on these surrogates
will benefit other co-occurring taxonomic groups or the broader biodi-
versity patterns, improving conservation outcomes (Hunter et al., 2016;
Margules and Pressey, 2000; Westgate et al., 2017; 2014). However, the
effective use of biodiversity surrogates depends on underlying mecha-
nisms driving the congruence among taxonomic groups, which can vary
depending on the considered spatial and temporal scale (Burrascano
et al., 2018; Hess et al., 2006; Westgate et al., 2014, 2017). Congruence
among taxonomic groups can result from common responses of diversity
patterns to environmental conditions or biogeographic history and from
the effects of one taxon on another taxon’s diversity due to biotic in-
teractions (Andersen et al., 2020; Duan et al., 2016; Gioria et al., 2011;
Ramos et al., 2021; Sabatini et al., 2016; Toranza and Arim, 2010). For
example, geographical parameters such as latitude and elevation cause
different climatic conditions and shifts in biotic distributions, deter-
mining congruent patterns among taxa (Westgate et al., 2017; 2014).
The large amount of evidence regarding the role of the climatic condi-
tions as drivers of diversity patterns (Pecl et al., 2017) lend support to
congruent responses among taxa that were found by previous studies
(Duan et al., 2016; Ramos et al., 2021; Toranza and Arim, 2010).
Changes in diversity patterns are related to habitat heterogeneity
(Costanza et al., 2011; Stein et al., 2014) or disturbance level (Rooney
and Azeria, 2015), but their roles in cross-taxon congruence remain
poorly explored by cross-taxon studies (Piano et al., 2020; Rooney and
Azeria, 2015; Zara et al., 2021). Other authors argue that taxa can show
independent responses to environmental drivers (Bagella et al., 2011;
Beck et al., 2013; Guareschi et al., 2015), which in turn determined a
weak congruence among taxa, or a lack of cross-taxon congruence (Bae
et al., 2014; Heino et al., 2003; Heino, 2010; Lovell et al., 2007). These
may be either because different taxa can respond differently to envi-
ronmental variation or perceive abiotic factors at different spatial scales
(Bagella et al., 2011; Heino, 2010). Consequently, there is no consensus
on which taxa are consistent surrogates for each other across a broad
range of environmental conditions and what processes drive these sur-
rogacy relationships (Westgate et al., 2017; 2014). This inconsistency
across taxa implies limitations on the usefulness of surrogacy ap-
proaches in biodiversity conservation (Gioria et al., 2011; Heino, 2010;
Westgate et al., 2017; 2014). The issue becomes even more complicated
when we consider the effects of one taxon on another taxon’s diversity in
cross-taxon studies. Biotic drivers can alter distributional ranges, indi-
vidual reproductive or population growth rates (Early and Keith, 2019)
and ultimately species and community responses to environmental
factors (Brooker, 2006; Brooker and Callaghan, 1998; Callaway et al.,
2002; Choler et al., 2001; Davis et al., 1998). The effects of one taxon on
another taxon variation may not be independent of one another (Morris
et al., 2007) and change as a function of the abiotic and biotic context
(Rzanny et al., 2013; Rzanny and Voigt, 2012), varying in magnitude
and direction (Chamberlain et al., 2014; Maron et al., 2014; Tylianakis
et al., 2008; Wisz et al., 2013). On the other hand, biotic interactions
may account for part of the congruence patterns between vascular plants
and other taxa, such as arthropods (Sabatini et al., 2016), promoting or
constraining their relationships (Duan et al., 2016; Morlon et al., 2014;
Ozkan et al., 2014).

Vascular plants are considered good surrogates for several arthropod
groups (Santi et al., 2010), such as spiders (Schoeman et al., 2020), ants
(Zara et al., 2021), ground beetles (Duan et al., 2016; Uboni et al., 2019;
Yanahan and Taylor, 2014) or other beetle families (e.g., dung beetles,
darkling beetles; Schoeman et al., 2020). However, only few studies took
into account abiotic and biotic drivers in plant-arthropod cross-taxon
congruence focusing on lake (Andersen et al., 2020; Ozkan et al., 2014)
or terrestrial ecosystems (Barbato et al., 2019; Duan et al., 2016; Ramos
et al., 2021). Some of these showed that a large proportion of the
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congruence among phyto- and zooplankton or macroinvertebrate
groups was independent of environmental control and consistent with
the existence of biotic interactions across trophic levels, acting as
driving factors of lake plankton (Andersen et al., 2020; Ozkan et al.,
2014). In contrast, studies in terrestrial ecosystems indicated that
abiotic factors were stronger drivers of cross-taxon congruence than
biotic interactions, considering plants and among arthropods orthop-
terans (Ramos et al., 2021), geometrid and arciinid moths and ground
beetles (Duan et al., 2016) or ground beetles and microarthropods
(Barbato et al., 2019). Overall, there is contradictory evidence of
whether the congruence of plants-arthropods reflects abiotic and biotic
interactions (Heino, 2010; Ozkan et al., 2014), especially considering
that studies did not consider several potential surrogate taxa (Westgate
etal., 2017; 2014). Therefore, more studies are needed to determine the
underlying role of these factors in driving the congruence patterns,
considering not only commonly studied taxa but also rarely investigated
ones (Westgate et al., 2017; 2014). Studies of these poorly studied
taxonomic groups could have considerable potential for identifying
surrogates with important implications for biodiversity conservation
(Westgate et al., 2017; 2014). This could be especially true in the case of
plant-arthropod groups that constitute more than 80% of the world’s
described species (Stork, 2018), including taxon ascribable to different
trophic levels (i.e., producers and several orders of consumers).

Here, we focused on the partial contributions of abiotic and biotic
drivers in determining cross-taxon congruence in community composi-
tion, considering a rarely studied combination of taxa (Westgate et al.,
2014): vascular plants and six groups of ground-dwelling arthropods
(pseudoscorpions, spiders, darkling beetles, rove beetles, ground beetles
and ants), covering different trophic levels (i.e., producers and several
orders of consumers). We first hypothesized that congruence relation-
ships exist between vascular plants and some commonly studied taxa (i.
e., spiders, ground beetles and ants) and then that the other groups
followed a similar pattern (Duan et al., 2016; Schoeman et al., 2020,
Uboni et al., 2019; Zara et al., 2021). Furthermore, we expected that
cross-taxon congruence in community composition could partially
depend on abiotic drivers (Barbato et al., 2019; Duan et al., 2016; Ramos
et al.,, 2021). To verify this expectation, we based our survey on a
Mediterranean area with a large environmental variation over a short
geographic distance in terms of climate, spatial-topography features and
fragmentation degree (i.e., disturbance at landscape scale). Once the
role of abiotic drivers in determining cross-taxon congruence was veri-
fied, we evaluated (i) the magnitude of the effect of each set of abiotic
drivers on taxon variation, considering (ii) the strength and direction of
the effect of biotic drivers on the community composition of each tax-
onomical group (i.e., the effect of each taxon on another taxon). The
effect due to biotic interactions cannot be measured directly, but we
expected that taxon variation could be explained by biotic drivers even
when environmental factors were removed (Andersen et al., 2020; Duan
etal., 2016; Toranza and Arim, 2010) due to the well-known consumer-
resource relationships across taxa at different trophic levels (Turney and
Buddle, 2016). Being the main group of primary producers and
providing a great variety of structural habitats and resources, vascular
plants regulate the community composition of organisms at different
trophic levels (Ebeling et al., 2020; Langellotto and Denno, 2004;
Schuldt et al., 2019) via non-trophic and trophic bottom-up effects
(Castagneyrol and Jactel, 2012; Scherber et al., 2010; Schuldt et al.,
2019; 2014). Ground-dwelling arthropods play key roles in the food
chain as herbivores, predators, omnivores and decomposers, regulating
the availability of resources and nutrient pool in the soil (Culliney, 2013;
Samways and Samways, 1994; Schowalter, 2016). Feedback effects of
taxa at higher trophic levels on plant composition are described,
resulting in a top-down control by altering herbivore density, plant-
herbivore interactions, and ultimately plant growth and reproduction
(Moreira et al., 2016; Schuldt et al., 2017).
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2. Materials and methods
2.1. Study area

This study was conducted on the Metropolitan City of Cagliari (the
Southern coast of Sardinia, Italy), a medium-sized functional urban area
(sensu Dijkstra et al., 2019) including seventeen municipalities at
different conservation status (ILC, Pizzolotto and Brandmayr, 1996) and
fragmentation degrees (see Palumbo et al., 2020). The study area ex-
tends over 18,000 ha showing a Mediterranean pluvioseasonal oceanic
macrobioclimate, with strong euoceanic continentality, including four
thermotypes (from lower thermo-Mediterranean to upper meso-Medi-
terranean) and five ombrotypes (from lower dry to lower humid) (Canu
et al., 2015).

The study area is characterized by an environmental gradient that
runs roughly in an east-south direction from natural areas, at higher
altitudes, to urbanized zones at lower altitudes (see Bazzato et al., 2021a
for further details): the NE sector is characterized by evergreen scle-
rophylls, dominated by Quercus ilex or Quercus suber, and other Medi-
terranean species (Erica arborea, Arbutus unedo, Phyllirea latifolia, Myrtus
communis and Juniperus oxycedrus); the SW sector is dominated by high-
shrub and pre-forest successions with wild olive and turbinate juniper
shrublands (Olea europaea var. sylvestris with Pistacia lentiscus, Juniperus
turbinata and Euphorbia dendroides), and near the coast, ponds and la-
goons by halophilous and psammophilous communities (Bacchetta
et al., 2009).

2.2. Sampling design

Using photo-interpretation of high resolution RGB orthophotos
(pixel resolution of 20 cm; RAS, 2016), we identified and mapped all
Small Woodlots Outside Forests present in the study area (Fig. 1). We
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defined the Small Woodlots Outside Forests - SWOF (de Foresta et al.,
2013; FAO, 2010) as the small patches with a size between 0.05 and 0.5
ha spread over all land-use types (see Bazzato et al., 2021a for further
details).

To identify patches as homogeneous as possible, we classified the
small patches according to the first hierarchical level of the regional
land-use map (natural and semi-natural areas, NAT; agricultural areas,
AGR; urban and artificial areas, URB; RAS, 2008), excluding those
smaller than 0.1 ha (about 42%) and those embedded in a mixed land-
use type (about 1.50%).

From a total of 201 detected small patches (64 in NAT, 70 in AGR, 67
in URB), we carried out a proportional stratified random sampling to
select a total of 30 small patches (Table A.1 in Appendix Al). As in the
urban and artificial areas (URB) category, most of the selected small
patches were in private and inaccessible gardens, we sampled only eight
small patches in URB, assigning the remaining sites (up to 30) to the
other land-use types (11 sites in NAT and AGR). At each selected small
patch, we used a transect line from the patch centroid to the farthest
sides of patch boundaries to identify five plots of 1 m? with a unique
identification (P1-P5), equally spaced along the longest axis (Table A.1.
in Appendix Al; see Bazzato et al., 2022 for further details).

2.3. Data collection

2.3.1. Biotic data

In the field, biotic data were sampled in the same plots, adopting
appropriate protocols for each selected taxonomic group. All the mate-
rial was identified at the lowest possible taxonomic level (i.e., mainly
species level). We recorded the presence of all trees, shrubs and herb
layer species in the plots from April to August 2018. Hence, we visually
estimated the abundance of each vascular plant species, measuring their
coverage as the proportion of the area occupied by a species on the total

NAT 101 NAT.42
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Fig. 1. Study area located in the Metropolitan City of Cagliari (Sardinia, Southern Italy).
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surface of plot (i.e., 1 m?) in percentage.

Ground-dwelling arthropods were collected by means of pitfall traps.
Pitfall traps are considered a standard, cost-effective and reliable
method for sampling mobile, surface-dwelling arthropods (Skvarla
et al., 2014; Yi et al., 2012). Following Brandmayr et al. (2005), traps
were made by small plastic vessels, 9 cm in diameter and 11 cm deep,
with a small hole near the top to allow the drainage of rainwater. We
placed five pitfall traps per transect line, each of which was in the centre
of the plot. Each trap was filled with wine-vinegar saturated by sodium
chloride as preservation method. Ground-dwelling arthropods were
collected for a year (from April 2018 to May 2019) to catch the highest
biological activity of each group. The traps were emptied every 30-40
days; thus, nine trap-emptying made up a year-sample. Since some traps
were found overturned or tampered, 101 out of the 1350 placed traps (5
traps for each of the 30 small patches, for 9 sampling periods and
sampling sessions) were not included in the analysis. Arthropod speci-
mens were deposited in the Zoological research Museum Alexander
Koenig (ZFMK; Bonn, Germany) and in the Museo Civico di Scienze
Naturali “E. Caffi” (MSNB; Bergamo, Italy).

Because arthropods are hyper-diverse taxa (Mestre et al., 2013) with
a broad range of feeding habits (Table 1), we deemed six different
groups (pseudoscorpions, spiders, darkling beetles, rove beetles, ground
beetles and ants) following the higher taxonomic ranks - basically order
level - but with further distinctions in beetle families to distinguish
strictly predatory taxa from detritivores or other ones feeding on mul-
tiple food resources (Potapov et al., 2022).

2.3.2. Biotic data aggregation

To produce comparable data sets, all data collected at plot or trap
level were aggregated to transect level, obtaining a total of 30 sampling
units (i.e., the number of the 30 considered small patches). We used the
sum as the aggregation method across the five plots and five traps,
respectively, for vascular plants and ground-dwelling arthropods. For
each ground-dwelling species, abundances collected by 1249 active
traps were also pooled over time (9 periods) to optimize the catch and
overcome occasional trap losses (Kotze et al., 2011). Hence, we repre-
sented each taxonomic group as a site-by-species matrix (i.e., the com-
munity composition) containing the abundance of a given species in a
given sampling unit. For all the analyses we used the community
composition data aggregated to transect level (i.e., 30 sampling units).

2.3.3. Abiotic environmental drivers

We considered three distinct sets of abiotic environmental drivers at
the patch level: (i) spatial-topographic factors, (ii) bioclimatic variables,
(iii) and landscape metrics (Table 2). Abiotic environmental variables
were obtained by ArcGIS 10.2.1 (Esri, 2014).

The spatial-topographic set includes 8 features (i.e., geographic co-
ordinate, elevation, inclination, exposition and distance to the coast,
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river, lake and lagoon; Table 2). Geographic coordinates, expressed as
angular units (degrees) in the WGS84 geographic coordinate system
(EPSG 4326), were recorded through a global positioning system (GPS)
instrument. We used the Digital Terrain Model (DTM, pixel resolution of
10 m; RAS, 2017) to derive elevation values and data of inclination and
exposition (ranging from 10° to 332°) by the aspect-slope function. We
also calculated three spatial distances from the centroid of each patch to
the nearest coastline (coastal distance), to the nearest river (river dis-
tance), and the nearest artificial or natural lake and lagoon (lake
distance).

The bioclimatic variables set consisted of 19 biologically meaningful
climate variables related to temperature (BIO01-BIO07 and BIO10-
BIO11), precipitation (BIO12-BIO17) and both temperature and pre-
cipitation (BIO08-BIO09 and BIO18-BIO19). We extracted bioclimatic
variables from a high-resolution dataset (pixel resolution of 40 m; Baz-
zato et al., 2021b) specifically developed for the island of Sardinia
(Italy) based on high-quality meteorological data of the regional cli-
matic database of the Weather and Climate Department (ARPA
Sardegna).

The landscape metrics set consisted of 17 metrics at the landscape
level (McGarigal et al., 2002; Table 2) that describe the fragmentation
degree (i.e., disturbance at landscape scale) by quantifying the compo-
sitional and configurational features of the surrounding landscape of
each patch. Landscape metrics were calculated within a 500 m buffer
distance of each patch centroid, using the regional land-use map at the
third hierarchical level of detail (3-level Corine Land Cover, scale
1:25.000; RAS, 2008) and Patch Analyst extension (Elkie et al., 1999;
Rempel et al., 2012).

2.4. Statistical analyses

We adopted a multiphase approach to evaluate (i) the cross-taxon
relationships with (Mantel tests) and (ii) without (partial Mantel tests)
considering abiotic factors, and (iii) the partial contributions of abiotic
and biotic drivers in explaining taxon variation (Fig. 2, from left to
right). All analyses were carried out in the R Language for Statistical
Computing (R core Team, 2020).

2.4.1. Cross-taxon congruence patterns

In the first phase, raw community composition data were square-root
transformed before computing the Bray-Curtis dissimilarity. In the
following steps, we used Bray-Curtis dissimilarity to perform (i) Mantel
test and (ii) partial Mantel test for each pair of taxa, using the Spearman
rank correlation (Legendre and Legendre, 2012).

Mantel tests allowed us to perform a pairwise correlation analysis
among taxa and determine the degree of cross-taxon congruence in
community composition. Such Mantel relationships may derive from (i)
a similar response to environmental conditions, (ii) biotic interactions,

Table 1
Overview of arthropod taxa sampled and their predominant and non-predominant feeding habits.
Common name Taxon Predominant Details on predominant and non-predominant feeding habits Reference
feeding habit
Pseudoscorpions  Arachnida, Predators Generalist predators (Liebke et al., 2021; Potapov
Pseudoscorpiones et al., 2022)
Spiders Arachnida, Araneae Predators Generalist predators, specialist predators (myrmecophages, araneophages, (Cardoso et al., 2011; Pekar
lepidopterophages, termitophages, dipterophages, and crustaceophages), et al., 2012; Potapov et al.,
and opportunistic predators 2022)
Darkling beetles Insecta, Coleoptera, Decomposer Generalist detritivores, and saprophages (Cheli et al., 2013; Fattorini
Tenebrionidae et al., 2020)
Rove beetles Insecta, Coleoptera, Predators Generalist predators and specialist predators (myrmecophages), but (Méndez-Rojas et al., 2021;
Staphylinidae including also saprophages, phytophages, mycophages, coprophages, and Potapov et al., 2022)
necrophages
Ground beetles Insecta, Coleoptera, Predators Generalist predators and specialist predators (aphidophages, helicophages, (Bennewicz and Barczak,
Carabidae myrmecophages), but including also omnivores, granivores 2020; Kotze et al., 2011)
Ants Insecta, Hymenopera, Omnivores Omnivores, but including also generalist and specialist predators, (Potapov et al., 2022)
Formicidae scavengers, herbivores, and granivores
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Table 2

Description of the three sets of abiotic environmental drivers: spatial-
topographic factors, bioclimatic variables and landscape metrics.

Predictor set Variable Variable description Type of variable
name
Spatial- X x geographic coordinate Spatial variable
topographic (degrees)
factors Y y geographic coordinate Spatial variable
(degrees)
Z elevation (m) Topographic
variable
Inclination inclination (degrees) Topographic
variable
Exposition exposition (degrees) Topographic
variable
Coast_dist Distance from the coast Spatial variable
(m)
River_dist Distance from the river Spatial variable
(m)
Lake_dist Distance from the lake and  Spatial variable
lagoon (m)
Bioclimatic BIOO1 Annual Mean Temperature-
variables Temperature (°C) related variable
BIO02 Mean Diurnal Range Temperature-
(Mean of monthly (max related variable
temp - min temp))
(degrees Celsius, °C)
BIO03 Isothermality (BIO2/ Temperature-
BIO7) (x 100) related variable
BIO04 Temperature Seasonality Temperature-
(standard deviation x related variable
100)
BIO05 Maximum Temperature of ~ Temperature-
Warmest Month (°C) related variable
BIO06 Minimum Temperature of Temperature-
Coldest Month (°C) related variable
BIO07 Temperature Annual Temperature-
Range (BIO5-BIO6) (°C) related variable
BIO08 Mean Temperature of Temperature-
Wettest Quarter (°C) related and rainfall-
related variable
BIO09 Mean Temperature of Temperature-
Driest Quarter (°C) related and rainfall-
related variable
BIO10 Mean Temperature of Temperature-
Warmest Quarter (°C) related variable
BIO11 Mean Temperature of Temperature-
Coldest Quarter (°C) related variable
BIO12 Annual Precipitation Rainfall-related
(mm) variable
BIO13 Precipitation of Wettest Rainfall-related
Month (mm) variable
BIO14 Precipitation of Driest Rainfall-related
Month (mm) variable
BIO15 Precipitation Seasonality Rainfall-related
(Coefficient of Variation) variable
BIO16 Precipitation of Wettest Rainfall-related
Quarter (mm) variable
BIO17 Precipitation of Driest Rainfall-related
Quarter (mm) variable
BIO18 Precipitation of Warmest Temperature-
Quarter (mm) related and rainfall-
related variable
BIO19 Precipitation of Coldest Temperature-
Quarter (mm) related and rainfall-
related variable
Landscape SDI Shannon’s Diversity Index  Diversity Metric
metrics SEIL Shannon’s Evenness Index  Diversity Metric
AWMSI Area Weighted Mean Shape Metric
Shape Index
MSI Mean Shape Index Shape Metric
MPAR Mean Perimeter-Area Shape Metric
Ratio
MPFD Mean Patch Fractal Shape Metric
Dimension
AWMPFD Area Weighted Mean Shape Metric

Patch Fractal Dimension
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Table 2 (continued)

Predictor set Variable Variable description Type of variable
name
TE Total Edge Edge Metric
ED Edge Density Edge Metric
MPE Mean Patch Edge Edge Metric
MPS Mean Patch Size Patch Density &
Size Metric
NumP No. of Patches Patch Density &
Size Metric
MedPS Median Patch Size Patch Density &
Size Metric
PSCoV Patch Size Coefficient of Patch Density &
Variance Size Metric
PSSD Patch Size Standard Patch Density &
Deviation Size Metric
TLA Total Landscape Area Area Metric
CA Class Area Area Metric

or (iii) chance (i.e., spurious relationships) (Cushman et al., 2013;
Cushman and Landguth, 2010; Perner and Voigt, 2007; Rzanny and
Voigt, 2012). Since the simple Mantel tests could indicate the presence
of cross-taxon congruence in community composition without consid-
ering if relationships were direct or indirect mediated through abiotic
factors (Rzanny and Voigt, 2012), we tested if this concordance
remained consistent after removing the conditional effect of environ-
mental drivers using partial Mantel tests. The Euclidean environmental
distance matrix was obtained with all predictors (i.e., retained PCs of
each abiotic environmental set, see below). The advantage of this test is
the possibility to detect the direct or pure relationship between taxa
(Legendre and Fortin, 2010), by controlling for the effect of environ-
mental variables (Guillot and Rousset, 2013).

Given the hierarchically stratified sampling design adopted (i.e. each
land-use strata encompassed more than one small patch), both tests were
computed in the whole study area, constraining 999 permutations at the
land-use level, using the argument ‘strata’ in the mantel and mantel.
partial functions of the vegan package (Oksanen et al., 2019). Since sites
within a land-use stratum are expected to be more similar to each other,
this permutation method returns a conservative estimate of the result
significance (Oksanen et al., 2019).

2.4.2. Role of abiotic and biotic drivers

Raw community composition data were Hellinger-transformed
before analyses, as this transformation is appropriate for zero-inflated
data (Legendre and Gallagher, 2001; Peres-Neto et al., 2006). Then,
we performed a series of principal component analyses (PCA) to simplify
the complexity of high-dimensional abiotic and biotic data and reduce
the multicollinearity while retaining most of the variance of the data (i.
e., dominant patterns) (Borcard et al., 2011; Lever et al., 2017). We
computed a PCA for (i) each abiotic environmental set, scaled to zero
mean and unit variance (Borcard et al., 2011), and for (ii) each of the
seven taxonomic groups based on Hellinger-transformed community
data, using the rda function in the vegan package (Oksanen et al., 2019).
For each PCA, we applied a broken-stick model through the PCAsignifi-
cance function of the BiodiversityR package (Kindt and Coe, 2005) to
evaluate the number of principal components (PCs; see Fig. A.1 and
Fig. A.5 in Appendix A1) to retain for interpretation, i.e., the number of
PCs with eigenvalues exceeding the expected value generated by a
random distribution (Legendre and Legendre, 2012). Next, we examined
the retained PCs comparing (i) scaling 1 with a circle of equilibrium
contribution (i.e., variable or species that have vectors outside of the
equilibrium circle and make a higher contribution than average to the
ordination graph) to scaling 2 of the PCA space (Figs. A.2-A.4 and
Figs. A.6-A.18 in Appendix A1), as well as (ii) component loadings of
individual variables (Tables A.2-A.4 in Appendix Al) or species
(Tables A.5-A.11 in Appendix Al) and axes (i.e. the standardized cor-
relation; Legendre and Legendre, 2012). Hence, the scores of each
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Fig. 2. Overview of multiphase approach adopted for the analysis and derivation of response variables and predictors (i.e., scores of the principal component
analysis, PCA). Site-by-species matrices of each taxonomic group contain species abundance data. (Left) We evaluated cross-taxon relationships with (Mantel tests)
and without (partial Mantel tests) considering abiotic factors. (Right). Variation partitioning was used to evaluate the partial contributions of abiotic and biotic

drivers in explaining taxon variation.

retained PC (Fig. A.1 and Fig. A.5 in Appendix A1) were interpreted (see
paragraph A.2.1 for abiotic drivers and paragraph A.2.2 for biotic ones
in Appendix A1), extracted and used as explanatory variables in a series
of variation partitioning analysis: scores of the 2 PCs for spatial-
topographic and bioclimatic variables; scores of the 3 PCs for land-
scape metrics; scores of the 2 PCs for pseudoscorpions; scores of the 4
PCs for spiders, darkling beetles and vascular plants; scores of the 6 PCs
for ground beetles and ants; scores of the 7 PCs for rove beetles.

As a final step, we performed a total of 42 variation partitioning
analyses (Borcard et al., 1992) using Hellinger-transformed community
data of each group as response variable, PC scores as predictors, and
adjusted R? statistics (Legendre and Legendre, 2012; Peres-Neto et al.,
2006) in the vegan package (Oksanen et al., 2019). These analyses were
used to appraise (i) the magnitude of the effect of each set of abiotic
drivers on taxon variation and (ii) the strength and direction of the effect
of biotic drivers on the community composition (i.e., the effect of each
taxon on another taxon), considering each taxon reciprocally as either a
response variable or predictor for other taxa (Halpern et al., 2006;
Rzanny et al., 2013). For each taxon community set as response variable,
the approach allowed us to distinguish the degree of variance explained
by the [a] pure effect of another taxonomic group, [b] pure effect of
spatial-topographic factors, [c] pure effect of bioclimatic variables, [d]
pure effect of landscape metrics, [e+f+g+h+i+j+k+1+m+n]
partial shared effect of two/three predictor sets, [0] total shared effect of
all predictors, [p] unexplained variation. We tested the significance of
each fraction by ANOVA like permutation test for redundancy analysis
(RDA), constraining 999 permutations within the land-use level (Peres-
Neto et al., 2006).

3. Results

We recorded a total of 330 species of vascular plants and 66,412
specimens of ground-dwelling arthropods grouped into the six taxo-
nomic groups: 390 individuals belonging to 13 species of pseudoscor-
pions; 2,821 spiders assigned to 106 species; 1,084 darkling beetles of 22
species; 7,215 rove beetles of 55 species; 2,777 ground beetles assigned
to 38 species; and 52,125 ants identified to 35 species.

3.1. Cross-taxon congruence patterns

Mantel tests among all pairs of seven taxa identified 17 significant
positive correlations out of 21 pairwise comparisons (Table 3). All
taxonomic groups had significant correlations with more than half other
taxa (>3): pseudoscorpions and vascular plants had the highest number
of significant correlations, followed by spiders, darkling beetles, ground
beetles and ants.

After removing the conditional effect of environmental factors on
taxa congruence using partial Mantel tests, 13 out of 21 pairwise cor-
relations appeared still significant (Table 4). Pseudoscorpions, spiders,
ground beetles and vascular plants maintained the largest number of
significant correlations with other taxa; rove and darkling beetles and
ants remained correlated with a low number of other taxa (Table 4).

3.2. Role of abiotic and biotic drivers

Results of 42 variation partitioning analyses showed that although
part of the variability in the communities remained unexplained (min =
62.72%, max = 96.92%), the explanatory capacity of predictor variables
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Correlation coefficients between taxonomic groups (pseudoscorpions (Pseudoscorpiones), spiders (Araneae), darkling beetles (Tenebrionidae), rove beetles (Staph-

ylinidae), ground beetles (Carabidae), ants (Formicidae), and vascular plants), calculated by using Mantel Test (Spearman rank correlation). Significance codes: (***

p < 0.001, (**) p < 0.01, (*) p < 0.05.

Araneae Tenebrionidae Staphylinidae Carabidae Formicidae Vascular plants
Pseudoscorpiones 0.32%* 0.18* 0.19%* 0.32%* 0.33** 0.42%**
Araneae - 0.31** 0.20 0.43** 0.50%** 0.61%**
Tenebrionidae - - 0.01 0.31%** 0.22* 0.36%**
Staphylinidae - - - 0.09 0.26* 0.28*
Carabidae - - - - 0.23 0.37%*
Formicidae - - - - - 0.53%**
Table 4

Correlation coefficients between taxonomic groups (pseudoscorpions (Pseudoscorpiones), spiders (Araneae), darkling beetles (Tenebrionidae), rove beetles (Staph-
ylinidae), ground beetles (Carabidae), ants (Formicidae), and vascular plants) calculated by using Partial Mantel Test (Spearman rank correlation) accounting for the
conditional effect of abiotic environmental drivers. Significance codes: (***) p < 0.001, (**) p < 0.01, (*) p < 0.05.

Araneae Tenebrionidae Staphylinidae Carabidae Formicidae Vascular plants
Pseudoscorpiones 0.25*% 0.12 0.12* 0.29* 0.28*
Araneae - 0.21** 0.06 0.39** 0.42%*
Tenebrionidae - - —0.08 0.27%** 0.14
Staphylinidae - - - 0.03 0.18
Carabidae - - - - 0.18
Formicidae - - - - -

was generally high in most analyses (medium adjusted R? = 22.74%;
fraction [abcdefghijklmno] in Appendix A2). The relative importance of
each predictor for structuring taxa communities differed markedly
(Fig. 3).

Darkling beetles and vascular plants were able to explain a large and
significant degree of variance in pseudoscorpion communities (8.35%,
10.42%, respectively; fraction [a] in Appendix A2); a considerable and
significant degree of variance was also explained by climate variables
(6.67%, fraction [c] in Appendix A2) and landscape metrics (6.34%;
fraction [d] in Appendix A2) when darkling beetles and vascular plants
were considered as predictors, respectively. Variation in the spider
communities were significantly explained by ground beetles and ants
(9.21% and 9.02%, respectively; fraction [a] in Appendix A2), spatial-
topographic (min = 2.98% and max = 5.77%; fraction [b] in Appen-
dix A2) and climate variables (min = 4.62%, max = 8.60%; fraction [c]
in Appendix A2), which assume a major role when pseudoscorpions,
darkling and rove beetles and vascular plants were set as predictors. In
darkling beetles, only ants explained a significant degree of variance
(11.71%j; fraction [a] in Appendix A2), followed by spatial-topographic
factors when pseudoscorpions and vascular plants were set as predictors
(6.28% and 6.16%, respectively; fraction [b] in Appendix A2). When the
ant communities were considered as response variables, most of the
significant variation were attributed to the pure effect of another taxo-
nomic group (spiders, and darkling beetles; 10.88% and 7.50%,
respectively; fraction [a] in Appendix A2) and the pure effect of spatial-
topographic factors (min = 5.55% and max = 5.61%; fraction [b] in
Appendix A2). The pure effect of environmental predictors (spatial-
topographic and climate variables, landscape metrics) was not signifi-
cant for ground beetles and vascular plants: most of the variation in
these two groups were attributed to the pure effect of another taxonomic
group. Spiders (9.16%; fraction [a] in Appendix A2) and vascular plants
(7.90%,; fraction [a] in Appendix A2) appeared as the strongest pre-
dictors, explaining the greatest and significant proportion of variation in
ground beetle communities. Pseudoscorpions, spiders and ground bee-
tles were important predictors of the variation of vascular plants (4.33%,
5.24%, 7.90%, respectively; fraction [a] in Appendix A2).

4. Discussion
4.1. Cross-taxon congruence patterns

As we hypothesized, congruence relationships exist between several
investigated taxa, indicating that some of these were representative of
each other, even when the environmental drivers were removed: pseu-
doscorpions, spiders, ground beetles and vascular plants showed the
largest number of significant correlations with other taxa. These results
were in contrast with previous findings that reported a generally poor
congruence among taxa (Filgueiras et al., 2019; Harry et al., 2019;
Larrieu et al., 2018; Oberprieler et al., 2020; van Schalkwyk et al.,
2019). However, studies of cross-taxon congruence rarely give consis-
tent results due to the spatial and temporal scale dependence of different
types of organisms (Burrascano et al., 2018; Westgate et al., 2017;
2014), analytic approach (Gioria et al., 2011) and the identity of factors
driving the congruence (Santi et al., 2016; Westgate et al., 2014). Thus,
from a theoretical perspective, a better understanding of determinants of
community composition may improve the application of indicator sur-
rogates in conservation planning (Gjerde et al., 2007; Margules and
Pressey, 2000; Saetersdal and Gjerde, 2011) by identifying drivers of
consistency in biodiversity congruence (Westgate et al., 2014).

4.2. Role of abiotic drivers

Altitudinal variation commonly reflects a wide range of environ-
mental factors, such as precipitation, air humidity, barometric pressure,
airborn particles, and water-energy balance (Fischer et al., 2011;
Lomolino, 2001; Vetaas et al., 2019). In our study area, spatial-
topographic factors describe the decreasing of altitude, longitude,
coastal distance, lake and lagoon distance from the northeast to the
southwest sector of the study area (Bazzato et al., 2021a). Topography
and altitude can play a role for the community variation of spiders,
darkling beetles, and ants (Crist and Wiens, 1996; Fattorini, 2014; Fat-
torini et al., 2020; Kaspari et al., 2000; Sattler et al., 2010), influencing
diversity patterns of various animal groups in a variety of contexts
(Lomolino, 2001; Peters et al., 2016; Stevens, 1992) and determining the
congruence across taxa (Barbato et al., 2019; Duan et al., 2016; Ramos
etal., 2021). Accordingly, we found that parameters associated with the
spatial-topographic variation exerted an influence on the community
composition of spiders, darkling beetles and ants.
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Fig. 3. Partitioning of variation in community composition of each taxonomic group recorded along the environmental gradient. Response variables (Hellinger-
transformed community data) are shown in the multi-panel plot: pseudoscorpions (Pseudoscorpiones), spiders (Araneae), darkling beetles (Tenebrionidae), rove
beetles (Staphylinidae), ground beetles (Carabidae), ants (Formicidae), and vascular plants. Colours within each bar chart category show the unexplained variation
and pure or combined effect of predictors (scores of principal component analyses): another taxonomic group, spatial-topographic factors, bioclimate variables, and
landscape metrics. On the bottom, Venn'’s diagram shows the name of each fraction: [a] pure effect of another taxonomic group, [b] pure effect of spatial-topographic
factors, [c] pure effect of bioclimatic variables, [d] pure effect of landscape metrics, [e + f + g + h + i +j + k + 1 + m + n] partial shared effects of two/three set of
factors, [0] total shared effect of all predictor sets, [p] unexplained variation. In the chart, fractions with negative values of adjusted R? were interpreted as zeros and
were not shown in the diagram. Significance codes: (***) p < 0.001, (**) p < 0.01, (*) p < 0.05.

Congruence among taxa could not persist by removing environ-
mental drivers when groups respond similarly to the same environ-
mental variables (Axmacher et al., 2009; Barbato et al., 2019; Duan
et al., 2016; Hawkins and Porter, 2003; Toranza and Arim, 2010). In our
study, only the congruence among pseudoscorpions/darkling beetles,
darkling beetles/ants, rove beetles/ants, and rove beetles/plants dis-
appeared once the environmental drivers were removed. However,
communities of pseudoscorpions/darkling beetles, rove beetles/ants
and rove beetles/plants did not show common or shared responses to the
same set of abiotic drivers, suggesting the existence of spurious re-
lationships between taxa (Cushman et al., 2013; Cushman and Land-
guth, 2010; Perner and Voigt, 2007). Pseudoscorpions and darkling
beetles reacted distinctly different to the tested parameters: climate
(Adis and Mahnert, 1993; Battirola et al., 2017; Jiménez-Hernandez
et al., 2020; Villarreal et al., 2019) and landscape variables influenced
pseudoscorpion communities while spatial-topographic factors signifi-
cantly explained the community composition of darkling beetles.

In fact, despite the recognized importance by previous cross-taxon

studies (Barbato et al., 2019; Duan et al., 2016; Ramos et al., 2021),
the significant explanatory value of spatial-topographic factors for the
variation of communities underpinned inter-taxon congruence only
across darkling beetles and ants, which reacted to this set of variables
showing a common response. On the contrary, the decrease in mean
temperature and the increase in precipitation appeared to govern the
community composition of pseudoscorpions and spiders without deter-
mining their reciprocal concordance and their associations with other
taxa. Similarly, the variation of spatial-topography, climate and land-
scape variables did not drive the congruence of ground beetles and
vascular plants with the other groups, which remained associated even
when environmental parameters were removed.

4.3. Role of biotic drivers

Plant-animal relationships can result from two non-exclusive mech-
anisms, such as common responses to similar environmental factors or
biogeographic history and the effects of one taxon on another taxon’s
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diversity due to biotic interactions (Duan et al., 2016; Gioria et al., 2011;
Ramos et al., 2021; Sabatini et al., 2016; Toranza and Arim, 2010). In
our study, the persistence of a significant association among taxa, after
considering environmental conditions, can suggest that biotic in-
teractions could be considered as an explanation of cross-taxon
congruence in community composition (Duan et al., 2016; Toranza
and Arim, 2010).

Biotic interactions, including both non-trophic and trophic in-
teractions, direct and indirect interactions, may promote or constrain
cross-taxon congruence (Duan et al., 2016; Morlon et al., 2014; Ozkan
et al., 2014). Vascular plants - as the main group of primary producers -
regulate the diversity and community composition of organisms at
higher trophic levels, both belowground and aboveground, via bottom-
up effects (Castagneyrol and Jactel, 2012; Scherber et al., 2010; Schuldt
et al., 2019; 2014). Non-trophic bottom-up effects might occur through
plant structure-mediated modifications (Birkhofer et al., 2008; Schuldt
et al., 2017), such as changes in microclimate conditions and abiotic
properties that can influence the community composition of arthropod
predators (Langellotto and Denno, 2004; Mupepele et al., 2014; Podg-
aiski et al., 2013). In our study, the biotic links between vascular plants
and arthropod predators (i.e., pseudoscorpions and spiders, but also
ground beetles) could be partly sustained by such non-trophic effects.
However, these could have less value on spiders, as indicated by the poor
degree of variance attributed to the pure effect of primary producers.
Rather, our results point to the intriguing hypothesis that plant-
mediated bottom-up forces may assume a role in structuring the pseu-
doscorpion communities, explaining why this predator group was much
more influenced by vascular plant composition than by other environ-
mental parameters. Although bottom-up effects of plants on pseudo-
scorpions are mainly unknown (but see Liebke et al., 2021) and need
further investigation, plant-mediated controls on leaf litter accumula-
tion can affect the microclimate (i.e., temperature and humidity con-
ditions) in the litter layer, determining changes in arthropod
communities (Hartshorn, 2021; Ottermanns et al., 2011), including
pseudoscorpions (Aguiar et al., 2006; Dennis et al., 2001; Jiménez-
Hernandez et al., 2020). Previous studies also found an influence of thin
litter layers and canopy openness on pseudoscorpion density, pointing to
the usefulness of this arthropod group as sensitive bioindicators (Liebke
et al., 2021).

Additionally, the relationships between plants and arthropods can
even involve a trophic component (Schuldt et al., 2017) because plants
supply food sources for herbivores and attract prey for larval or adult
predators (Birkhofer et al., 2008; Diehl et al., 2012; Gardarin et al.,
2018). This could be especially true for ground beetles, a chiefly pred-
atory insect taxon with some omnivorous and granivorous species
(Kromp, 1999). All trophic groups of recorded ground beetles (i.e.,
predators, omnivores, and granivores) could have benefited from re-
sources provided or mediated by plant communities (Diehl et al., 2012;
Honek et al., 2013; Sasakawa, 2010). Since we found an influence of
plant communities on ground beetles, not related to environmental
parameters, our results suggest biotic links between plants and ground
beetles, supporting the significant congruence in their composition
patterns and the findings of previous studies (Corcos et al., 2021; Duan
et al., 2016).

On the other hand, arthropod predators can trigger significant
cascading effects proceeding down through herbivores to the producer
trophic level (Halaj and Wise, 2001; Moran et al., 1996), altering her-
bivore density, plant-herbivore interactions, and ultimately plant
growth and reproduction (Moreira et al., 2016). Coherently, our study
does not rule out the possibility of these top-down effects of arthropods
on plant community composition: almost all strictly predatory taxa (i.e.,
pseudoscorpions, spiders, but also ground beetles) emerged as the best
predictors of plant community composition irrespective of environ-
mental factors, driving the observed cross-taxon relationships. Top-
down effects are known for arthropod predators such as spiders
(Birkhofer et al., 2016; Sanders and Platner, 2006) but also well applied
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to ground beetles, for which the biological control of herbivore pop-
ulations and insect pests, with benefits for plants, is described (De Heij
and Willenborg, 2020). In our study spider assemblages were charac-
terized by the coexistence of dominant species with different foraging
strategies and abilities to obtain prey (Cardoso et al., 2011; Michalko
and Pekar, 2016): they include strict ant-eating specialists (e.g., Zoda-
rion spp.) that possess effective prey-capture tactics (i.e., bite-and-
release, a single bite followed by a release of prey) (Traxler, 2016),
hunters (e.g., ground hunters, ambush hunters, and other hunters) that
are more effective in capturing epigean prey, but also web-builders (e.g.,
sheet-web weavers) that are able to capture flying or arboreal arthro-
pods (Cardoso et al., 2011; Potapov et al., 2022). Spider species with
different foraging strategies may show great prey variability and exploit
different resources in different proportions (Michalko and Pekar, 2016;
Uetz et al., 1999): our findings may also suggest the efficiency of this
predator group in suppressing a broad spectrum of prey with potential
significant implications for biological control and plant community
composition (Michalko et al., 2019). Similarly, ground beetle assem-
blages can vary considerably in their trophic structures or strategies
(Bennewicz and Barczak, 2020), including zoophagous species (gener-
alists or specialists, e.g., helicophages as in the case of the genus Licinus,
and some species belonging to the genus Carabus), haemizoophagous
species that feed on animals and seeds (e.g., Harpalus, Zabrus, Amara),
and granivorous species (e.g., belonging to the genus Acinopus, Carterus,
Ditomus) (Brandmayr et al., 2005; Chatenet, 2005). Both these genera
were represented in our research, including so-called seed predators
(Harpalus, Amara) mentioned as weed seed bank regulators (Bohan
et al., 2011), thanks to their capacity of reducing weed seedling emer-
gence (White et al., 2007). These findings support previous evidences for
the major ecological functions that this taxon provides in ecosystems
(Bennewicz and Barczak, 2020; but see De Heij and Willenborg, 2020)
and the existence of a promising biological control role of ground beetle
communities.

Taxa within the same trophic level can also interact with each other
via consumptive interactions (e.g., predation, intraguild predation, or
cannibalism) or non-consumptive interactions (e.g., anti-predator
behaviour or interference phenomena) (Losey and Denno, 1998;
Michalko et al., 2019; Schmitz, 2007; Snyder, 2019), respectively, with
direct and indirect effects on their assemblages (Moran et al., 1996).
Spiders exhibit keys functions as dominant predators in most terrestrial
food webs (Potapov et al., 2022), and consumptive or non-consumptive
interactions among spiders/ants (Schuldt and Staab, 2015) and spiders/
ground beetles (De Heij and Willenborg, 2020) are likely to be reflected
in significant associations between groups (Vleminckx et al., 2019).
Interestingly, our study confirms as these taxa (i.e., spiders and ants, but
also spiders and ground beetles) showed close relationships and
congruent composition patterns, irrespective of environmental factors.
Consistent with other cross-taxon studies (Schuldt and Staab, 2015;
Vleminckx et al., 2019), we observed that spiders and ants were affected
by each other. While experimental manipulations are needed to verify
the causality of the observed relationships (Schuldt and Staab, 2015),
both the intraguild predation and the intraguild competition may have
played a key role in shaping their communities. For example, the asso-
ciation between spiders and ants may result from the dominance of
different ant-eating species (Zodarion elegans, Z. pseudonigriceps, Z. pusio)
in the spider assemblages that can influence the community of ant prey
(Traxler, 2016), or it may reflect the intraguild competition occurring
between these taxa (Schuldt and Staab, 2015; Vleminckx et al., 2019),
which both comprise diverse predators. The dominant species of ant
assemblages observed in our study are all characterized by an omnivo-
rous lifestyle, including a variable predatory component in almost all of
them (Aphaenogaster ichnusa, Camponotus aethiops, Lasius niger, Line-
pithema humile, Myrmica spinosior, Tapinoma magnum, Tetramorium
semilaeve) (see Seifert, 2018). In the case of spiders/ground beetles, the
reciprocal interaction could be explained by considering differences in
competitive ability for the use of resources and the differences in
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predation susceptibility that can determine assemblages with more
similar and related taxa (Magura et al. 2018).

5. Conclusion

By considering both abiotic and biotic drivers, our findings suggest
that the congruence among organisms occupying different trophic levels
was not driven by a single driver. We observed that environmental
factors (e.g., latitudinal, altitudinal, climate variables) (Toranza and
Arim, 2010; Warman et al., 2004) were drivers of cross-taxon congru-
ence, but they were not the only ones (Kraft et al., 2015; Magura et al.,
2018): biotic drivers exerted a significant influence on community
composition, revealing that they account for part of cross-taxon
congruence among the investigated taxa (Kissling et al., 2007; Tor-
anza and Arim, 2010). In fact, abiotic and biotic filtering can act
together to determine the congruence among groups, shaping compo-
sition patterns (Stein et al., 2014): environmental factors might repre-
sent the first filter for the presence of species and communities, but
species and communities adapted to a certain environmental condition
could be further filtered out by biotic interactions (Duan et al., 2016;
Magura et al., 2018). Thus, both drivers should be incorporated in cross-
taxon studies, especially at a fine spatial scale (Toranza and Arim, 2010),
where the role of biotic interactions in determining congruence patterns
can be prominent (Duan et al., 2016). Our study highlighted that several
not mutually exclusive biotic interactions (e.g., non-trophic and trophic
interactions, direct and indirect interactions) may have played a role in
shaping the community composition of taxa, likely driving the observed
relationships. These biotic interactions can provide an opportunity for
experimental research on cross-taxon congruence studies under variable
ecological contexts. Future studies will help us understand what regu-
lates these complex interactions and how they may evolve, affecting
diversity patterns and driving the congruence across taxa. The knowl-
edge of the main drivers of cross-taxon congruence integrating the
multi-trophic perspective can be promising for the identification of
biodiversity surrogates and for providing indications for their applica-
tion in conservation planning.

CRediT authorship contribution statement

Erika Bazzato: Conceptualization, Methodology, Software, Valida-
tion, Formal analysis, Resources, Data curation, Writing — Original Draft,
Writing — review & editing, Visualization. Erik Lallai: Investigation,
Data curation. Michele Caria: Investigation, Data curation. Enrico
Schifani: Investigation, Data curation, Writing — review & editing.
Davide Cillo: Investigation. Cesare Ancona: Investigation. Paolo
Pantini: Investigation, Data curation, Resources. Simona Maccherini:
Conceptualization, Methodology, Validation, Writing — review & edit-
ing. Giovanni Bacaro: Conceptualization, Methodology, Validation,
Writing — review & editing. Michela Marignani: Conceptualization,
Methodology, Validation, Resources, Writing — review & editing, Su-
pervision, Project administration, Funding acquisition

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Data availability

Data will be made available on request.
Acknowledgements

We are very grateful to Giulio Gardini and Jan Matéjicek, respec-
tively, for the identification of pseudoscorpions and rove beetles. We

Ecological Indicators 151 (2023) 110323

also thank Leonardo Rosati for supporting and confirming the identifi-
cation of plant species. Our gratitude also goes to Dr. Dirk Ahrens of the
Zoological research Museum Alexander Koenig (ZFMK, Bonn, Ger-
many), and the director Marco Valle and all the staff of the Museo Civico
di Scienze Naturali “E. Caffi” (Bergamo, Italy) for their hospitality and
for placing their equipment at our disposal. We also thank Federico
Alamanni, Francesca Ganga, Elisa Serra, and Andrea Ambus, who kindly
helped with the fieldwork or laboratory activities. We gratefully thank
the project ‘ALIEM’ (ALIEM Apostrophe, CUP No.: G17H03000130001),
co-financed by the Interreg Italy-France Maritime 2014-2020 pro-
gramme, for funding a research grant to EB. This work was supported by
Regional Adaptation Strategy to Climate Change (SRACC) of Sardinia
(CUP No.: F25F20000380002).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ecolind.2023.110323.

References

Adis, Mahnert, 1993. Vertical distribution and abundance of pseudoscorpions
(Arachnida) in the soil of two different neotropical primary forests during the dry
and rainy seasons. Mem. Queensl. Mus. 33, 431-440.

Aguiar, N.O., Gualberto, T.L., Franklin, E., 2006. A medium-spatial scale distribution
pattern of Pseudoscorpionida (Arachnida) in a gradient of topography (altitude and
inclination), soil factors, and litter in a central Amazonia forest reserve, Brazil. Braz.
J. Biol. 66, 791-802. https://doi.org/10.1590/51519-69842006000500004.

Andersen, T., Hessen, D.O., Hall, J.P., Khomich, M., Kyle, M., Lindholm, M., Rasconi, S.,
Skjelbred, B., Thrane, J.-E., Walseng, B., 2020. Congruence, but no cascade—Pelagic
biodiversity across three trophic levels in Nordic lakes. Ecol. Evol. 10, 8153-8165.
https://doi.org/10.1002/ece3.6514.

Axmacher, J.C., Brehm, G., Hemp, A., Tiinte, H., Lyaruu, H.V.M., Miiller-Hohenstein, K.,
Fiedler, K., 2009. Determinants of diversity in afrotropical herbivorous insects
(Lepidoptera: Geometridae): plant diversity, vegetation structure or abiotic factors?
J. Biogeogr. 36, 337-349. https://doi.org/10.1111/j.1365-2699.2008.01997 .x.

Bacchetta, G., Bagella, S., Biondi, E., Farris, E., Filigheddu, R., Mossa, L., 2009.
Vegetazione forestale e serie di vegetazione della Sardegna (con rappresentazione
cartografica alla scala 1:350.000). Fitosociologia 46, 3-82.

Bae, M.-J., Li, F., Kwon, Y.-S., Chung, N., Choi, H., Hwang, S.-J., Park, Y.-S., 2014.
Concordance of diatom, macroinvertebrate and fish assemblages in streams at nested
spatial scales: implications for ecological integrity. Ecol. Ind. 47, 89-101. https://
doi.org/10.1016/j.ecolind.2014.07.030.

Bagella, S., Gascon, S., Caria, M.C., Sala, J., Boix, D., 2011. Cross-taxon congruence in
Mediterranean temporary wetlands: vascular plants, crustaceans, and coleopterans.
Community Ecol. 12, 40-50. https://doi.org/10.1556/ComEc.12.2011.1.6.

Barbato, D., Perini, C., Mocali, S., Bacaro, G., Tordoni, E., Maccherini, S., Marchi, M.,
Cantiani, P., De Meo, L., Bianchetto, E., Landi, S., Bruschini, S., Bettini, G., Gardin, L.,
Salerni, E., 2019. Teamwork makes the dream work: disentangling cross-taxon
congruence across soil biota in black pine plantations. Sci. Total Environ. 656,
659-669. https://doi.org/10.1016/j.scitotenv.2018.11.320.

Battirola, L.D., Rosado-Neto, G.H., Batistella, D.A., Mahnert, V., Brescovit, A.D.,
Marques, M.L., 2017. Vertical and time distribution of Pseudoscorpiones
(Arthropoda: Arachnida) in a floodplain forest in the Brazilian Pantanal. Rev. Biol.
Trop. 65, 445-459. https://doi.org/10.15517/rbt.v65i2.24134.

Bazzato, E., Lallai, E., Serra, E., Melis, M.T., Marignani, M., 2021a. Key role of small
woodlots outside forest in a Mediterranean fragmented landscape. For. Ecol. Manag.
496, 119389 https://doi.org/10.1016/j.foreco.2021.119389.

Bazzato, E., Rosati, L., Canu, S., Fiori, M., Farris, E., Marignani, M., 2021b. High spatial
resolution bioclimatic variables to support ecological modelling in a Mediterranean
biodiversity hotspot. Ecol. Modell. 441, 109354 https://doi.org/10.1016/j.
ecolmodel.2020.109354.

Bazzato, E., Lallai, E., Caria, M., Schifani, E., Cillo, D., Ancona, C., Alamanni, F.,
Pantini, P., Maccherini, S., Bacaro, G., Marignani, M., 2022. Land-use intensification
reduces multi-taxa diversity patterns of Small Woodlots Outside Forests in a
Mediterranean area. Agric. Ecosyst. Environ. 340, 108149 https://doi.org/10.1016/
j-agee.2022.108149.

Beck, J., Pfiffner, L., Ballesteros-Mejia, L., Blick, T., Luka, H., Ferrier, S., 2013. Revisiting
the indicator problem: can three epigean arthropod taxa inform about each other’s
biodiversity? Divers. Distrib. 19 (7), 688-699.

Bennewicz, J., Barczak, T., 2020. Ground beetles (Carabidae) of field margin habitats.
Biologia 75, 1631-1641. https://doi.org/10.2478/s11756-020-00424-y.

Birkhofer, K., Wise, D.H., Scheu, S., 2008. Subsidy from the detrital food web, but not
microhabitat complexity, affects the role of generalist predators in an aboveground
herbivore food web. Oikos 117, 494-500. https://doi.org/10.1111/j.0030-
1299.2008.16361.x.

Birkhofer, K., Arvidsson, F., Ehlers, D., Mader, V.L., Bengtsson, J., Smith, H.G., 2016.
Organic farming affects the biological control of hemipteran pests and yields in
spring barley independent of landscape complexity. Landscape Ecol. 31, 567-579.
https://doi.org/10.1007/5s10980-015-0263-8.


https://doi.org/10.1016/j.ecolind.2023.110323
https://doi.org/10.1016/j.ecolind.2023.110323
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0005
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0005
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0005
https://doi.org/10.1590/S1519-69842006000500004
https://doi.org/10.1002/ece3.6514
https://doi.org/10.1111/j.1365-2699.2008.01997.x
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0030
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0030
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0030
https://doi.org/10.1016/j.ecolind.2014.07.030
https://doi.org/10.1016/j.ecolind.2014.07.030
https://doi.org/10.1556/ComEc.12.2011.1.6
https://doi.org/10.1016/j.scitotenv.2018.11.320
https://doi.org/10.15517/rbt.v65i2.24134
https://doi.org/10.1016/j.foreco.2021.119389
https://doi.org/10.1016/j.ecolmodel.2020.109354
https://doi.org/10.1016/j.ecolmodel.2020.109354
https://doi.org/10.1016/j.agee.2022.108149
https://doi.org/10.1016/j.agee.2022.108149
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0075
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0075
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0075
https://doi.org/10.2478/s11756-020-00424-y
https://doi.org/10.1111/j.0030-1299.2008.16361.x
https://doi.org/10.1111/j.0030-1299.2008.16361.x
https://doi.org/10.1007/s10980-015-0263-8

E. Bazzato et al.

Bohan, D.A., Boursault, A., Brooks, D.R., Petit, S., 2011. National-scale regulation of the
weed seedbank by carabid predators. J. Appl. Ecol. 48, 888-898. https://doi.org/
10.1111/j.1365-2664.2011.02008.x.

Borcard, D., Legendre, P., Drapeau, P., 1992. Partialling out the spatial component of
ecological variation. Ecology 73, 1045-1055. https://doi.org/10.2307/1940179.

Borcard, D., Gillet, F., Legendre, P., 2011. In: Numerical Ecology with R, Use R. Springer,
New York. https://doi.org/10.1007/978-1-4419-7976-6_1.

Brandmayr, P., Zetto, T., Pizzolotto, R., 2005. The Coleopters Carabidae for
Environmental Evaluation and Biodiversity Conservation, APAT Handbooks and
Guidelines. APAT, Roma.

Brooker, R.W., 2006. Plant-plant interactions and environmental change. New Phytol.
171, 271-284. https://doi.org/10.1111/7.1469-8137.2006.01752.x.

Brooker, R.W., Callaghan, T.V., 1998. The balance between positive and negative plant
interactions and its relationship to environmental gradients: a model. Oikos 81,
196-207. https://doi.org/10.2307/3546481.

Burrascano, S., de Andrade, R.B., Paillet, Y., Odor, P., Antonini, G., Bouget, C.,
Campagnaro, T., Gosselin, F., Janssen, P., Persiani, A.M., Nascimbene, J., Sabatini, F.
M., Sitzia, T., Blasi, C., 2018. Congruence across taxa and spatial scales: are we
asking too much of species data? Glob. Ecol. Biogeogr. 27, 980-990. https://doi.org/
10.1111/geb.12766.

Callaway, R.M., Brooker, R.W., Choler, P., Kikvidze, Z., Lortie, C.J., Michalet, R.,
Paolini, L., Pugnaire, F.I.,, Newingham, B., Aschehoug, E.T., Armas, C., Kikodze, D.,
Cook, B.J., 2002. Positive interactions among alpine plants increase with stress.
Nature 417, 844-848. https://doi.org/10.1038/nature00812.

Canu, S., Rosati, L., Fiori, M., Motroni, A., Filigheddu, R., Farris, E., 2015. Bioclimate
map of Sardinia (Italy). J. Maps 11, 711-718. https://doi.org/10.1080/
17445647.2014.988187.

Cardoso, P., Pekar, S., Jocqué, R., Coddington, J.A., Somers, M., 2011. Global patterns of
guild composition and functional diversity of spiders. PLoS One 6 (6), €21710.

Castagneyrol, B., Jactel, H., 2012. Unraveling plant-animal diversity relationships: a
meta-regression analysis. Ecology 93, 2115-2124. https://doi.org/10.1890/11-
1300.1.

Chamberlain, S.A., Bronstein, J.L., Rudgers, J.A., Etienne, R., 2014. How context
dependent are species interactions? Ecol. Lett. 17 (7), 881-890.

Chatenet, G.D., 2005. Coléopteres d’Europe: carabes, carabiques et dytiques. Adephaga.
N.A.P. Editions.

Cheli, G., Flores, G., Roman, N.M., Podestd, D., Mazzanti, R., Miyashiro, L., 2013.

A Tenebrionid beetle’s dataset (Coleoptera, Tenebrionidae) from Peninsula Valdés
(Chubut, Argentina). ZooKeys 364, 93-108. https://doi.org/10.3897/
zookeys.364.4761.

Choler, P., Michalet, R., Callaway, R.M., 2001. Facilitation and competition on gradients
in alpine plant communities. Ecology 82, 3295-3308. https://doi.org/10.1890/
0012-9658(2001)082[3295:FACOGI]2.0.CO;2.

Corcos, D., Lami, F., Nardi, D., Boscutti, F., Sigura, M., Giannone, F., Pantini, P.,
Tagliapietra, A., Busato, F., Sibella, R., Marini, L., 2021. Cross-taxon congruence
between predatory arthropods and plants across Mediterranean agricultural
landscapes. Ecol. Indic. 123, 107366 https://doi.org/10.1016/j.
ecolind.2021.107366.

Costanza, J.K., Moody, A., Peet, R.K., 2011. Multi-scale environmental heterogeneity as a
predictor of plant species richness. Landscape Ecol. 26, 851-864. https://doi.org/
10.1007/510980-011-9613-3.

Crist, T.O., Wiens, J.A., 1996. The distribution of ant colonies in a semiarid landscape:
implications for community and ecosystem processes. Oikos 76, 301-311. https://
doi.org/10.2307/3546202.

Culliney, T.W., 2013. Role of arthropods in maintaining soil fertility. Agriculture 3,
629-659. https://doi.org/10.3390/agriculture3040629.

Cushman, S.A., Landguth, E.L., 2010. Spurious correlations and inference in landscape
genetics. Mol. Ecol. 19, 3592-3602. https://doi.org/10.1111/j.1365-
294X.2010.04656.x.

Cushman, S.A., Wasserman, T.N., Landguth, E.L., Shirk, A.J., 2013. Re-Evaluating causal
modeling with mantel tests in landscape genetics. Diversity 5, 51-72. https://doi.
org/10.3390/d5010051.

Davis, A.J., Jenkinson, L.S., Lawton, J.H., Shorrocks, B., Wood, S., 1998. Making
mistakes when predicting shifts in species range in response to global warming.
Nature 391, 783-786. https://doi.org/10.1038/35842.

de Foresta, H., Somarriba, E., Temu, A., Boulanger, D., Feuily, H., Gauthier, M., 2013.
Towards the Assessment of Trees Outside Forests: A Thematic Report Prepared in the
Framework of the Global Forest Resources Assessment. Food and Agriculture
Organization of the United Nations (FAO), Rome.

De Heij, S.E., Willenborg, C.J., 2020. Connected carabids: network interactions and their
impact on biocontrol by carabid beetles. Bioscience 70, 490-500. https://doi.org/
10.1093/biosci/biaa039.

Dennis, P., Young, M.R., Bentley, C., 2001. The effects of varied grazing management on
epigeal spiders, harvestmen and pseudoscorpions of Nardus stricta grassland in
upland Scotland. Agric. Ecosyst. Environ. 86, 39-57. https://doi.org/10.1016/
S0167-8809(00)00263-2.

Diehl, E., Wolters, V., Birkhofer, K., 2012. Arable weeds in organically managed wheat
fields foster carabid beetles by resource- and structure-mediated effects. Arthropod
Plant Interact. 6, 75-82. https://doi.org/10.1007/s11829-011-9153-4.

Dijkstra, L., Poelman, H., Veneri, P., 2019. The EU-OECD definition of a functional urban
area (No. 2019/11). In: OECD Regional Development Working Papers. OECD
Publishing, Paris. https://doi.org/10.1787/d58cb34d-en.

Duan, M., Liu, Y., Yu, Z., Baudry, J., Li, L., Wang, C., Axmacher, J.C., 2016. Disentangling
effects of abiotic factors and biotic interactions on cross-taxon congruence in species
turnover patterns of plants, moths and beetles. Sci. Rep. 6, 23511. https://doi.org/
10.1038/srep23511.

11

Ecological Indicators 151 (2023) 110323

Early, R., Keith, S.A., 2019. Geographically variable biotic interactions and implications
for species ranges. Glob. Ecol. Biogeogr. 28 (1), 42-53.

Ebeling, A., Lind, E.W., Meyer, S.T., Barnes, A.D., Borer, E.T., Eisenhauer, N., Weisser, W.
W., 2020. Contrasting effects of plant diversity on p- and y-diversity of grassland
invertebrates. Ecology 101, e03057.

Elkie, P.C., Rempel, R.S., Carr, A., 1999. Patch Analyst User’s Manual: A Tool for
Quantifying Landscape Structure. Ontario Ministry of Natural Resources, Boreal
Science, Northwest Science & Technology, Thunder Bay.

Esri, 2014. ArcGIS Desktop.

FAO, 2010. Global Forest Resources Assessment 2010, Main Report. Food and
Agriculture Organization of the United Nations (FAO), Rome.

Fattorini, S., 2014. Disentangling the effects of available area, mid-domain constraints,
and species environmental tolerance on the altitudinal distribution of tenebrionid
beetles in a Mediterranean area. Biodivers. Conserv. 23, 2545-2560. https://doi.
org/10.1007/5s10531-014-0738-y.

Fattorini, S., Mantoni, C., Di Biase, L., Strona, G., Pace, L., Biondi, M., 2020. Elevational
patterns of generic diversity in the tenebrionid beetles (Coleoptera Tenebrionidae) of
Latium (Central Italy). Diversity 12, 47. https://doi.org/10.3390/d12020047.

Filgueiras, B.K.C., Melo, D.H.A., Andersen, A.N., Tabarelli, M., Leal, I.R., 2019. Cross-
taxon congruence in insect responses to fragmentation of Brazilian Atlantic forest.
Ecol. Indic. 98, 523-530. https://doi.org/10.1016/j.ecolind.2018.11.036.

Fischer, A., Blaschke, M., Bassler, C., 2011. Altitudinal gradients in biodiversity research:
the state of the art and future perspectives under climate change aspects.
Waldokologie, Landschaftsforschung und Naturschutz 11, 35-47.

Gardarin, A., Plantegenest, M., Bischoff, A., Valantin-Morison, M., 2018. Understanding
plant-arthropod interactions in multitrophic communities to improve conservation
biological control: useful traits and metrics. J. Pest Sci. 91, 943-955. https://doi.
org/10.1007/5s10340-018-0958-0.

Gioria, M., Bacaro, G., Feehan, J., 2011. Evaluating and interpreting cross-taxon
congruence: potential pitfalls and solutions. Acta Oecol. 37, 187-194. https://doi.
org/10.1016/j.actao.2011.02.001.

Gjerde, 1., Seetersdal, M., Blom, H.H., 2007. Complementary Hotspot Inventory — A
method for identification of important areas for biodiversity at the forest stand level.
Biol. Conserv. 137, 549-557. https://doi.org/10.1016/j.biocon.2007.03.007.

Guareschi, S., Abellan, P., Laini, A., Green, A.J., Sdnchez-Zapata, J.A., Velasco, J.,
Millan, A., 2015. Cross-taxon congruence in wetlands: Assessing the value of
waterbirds as surrogates of macroinvertebrate biodiversity in Mediterranean Ramsar
sites. Ecol. Indic. 49, 204-215. https://doi.org/10.1016/j.ecolind.2014.10.012.

Guillot, G., Rousset, F., 2013. Dismantling the Mantel tests. Methods Ecol. Evol. 4 (4),
336-344.

Halaj, J., Wise, D.H., 2001. Terrestrial trophic cascades: how much do they trickle? Am.
Nat. 157, 262-281. https://doi.org/10.1086/319190.

Halpern, B.S., Cottenie, K., Broitman, B.R., 2006. Strong top-down control in southern
california kelp forest ecosystems. Science 312, 1230-1232. https://doi.org/
10.1126/science.1128613.

Harry, 1., Hofer, H., Schielzeth, H., Assmann, T., 2019. Protected habitats of Natura 2000
do not coincide with important diversity hotspots of arthropods in mountain
grasslands. Insect Conserv. Divers. 12, 329-338. https://doi.org/10.1111/
icad.12349.

Hartshorn, J., 2021. A review of forest management effects on terrestrial leaf litter
inhabiting arthropods. Forests 12, 23. https://doi.org/10.3390/f12010023.

Hawkins, B.A., Porter, E.E., 2003. Does herbivore diversity depend on plant diversity?
The case of California butterflies. Am. Nat. 161, 40-49. https://doi.org/10.1086/
345479.

Heino, J., 2010. Are indicator groups and cross-taxon congruence useful for predicting
biodiversity in aquatic ecosystems? Ecol. Indic. 10, 112-117. https://doi.org/
10.1016/j.ecolind.2009.04.013.

Heino, J., Muotka, T., Paavola, R., Paasivirta, L., 2003. Among-taxon congruence in
biodiversity patterns: can stream insect diversity be predicted using single taxonomic
groups? Can. J. Fish. Aquat. Sci. 60, 1039-1049. https://doi.org/10.1139/f03-081.

Hess, G.R., Bartel, R.A., Leidner, A.K., Rosenfeld, K.M., Rubino, M.J., Snider, S.B.,
Ricketts, T.H., 2006. Effectiveness of biodiversity indicators varies with extent,
grain, and region. Biol. Conserv. 132, 448-457. https://doi.org/10.1016/j.
biocon.2006.04.037.

Honek, A., Martinkova, Z., Jarosik, V., 2013. Ground beetles (Carabidae) as seed
predators. Eur. J. Entomol. 100, 531-544. https://doi.org/10.14411/eje.2003.081.

Hunter, M., Westgate, M., Barton, P., Calhoun, A., Pierson, J., Tulloch, A., Beger, M.,
Branquinho, C., Caro, T., Gross, J., Heino, J., Lane, P., Longo, C., Martin, K.,
McDowell, W.H., Mellin, C., Salo, H., Lindenmayer, D., 2016. Two roles for
ecological surrogacy: Indicator surrogates and management surrogates. Ecol. Indic.
63, 121-125. https://doi.org/10.1016/j.ecolind.2015.11.049.

Jiménez-Hernandez, V.S., Villegas-Guzman, G.A., Casasola-Gonzalez, J.A., Vargas-
Mendoza, C.F., 2020. Altitudinal distribution of alpha, beta, and gamma diversity of
pseudoscorpions (Arachnida) in Oaxaca, Mexico. Acta Oecol. 103, 103525 https://
doi.org/10.1016/j.actao.2020.103525.

Kaspari, M., O'Donnell, S., Kercher, J.R., 2000. Energy, density, and constraints to
species richness: ant assemblages along a productivity gradient. Am. Nat. 155,
280-293. https://doi.org/10.1086/303313.

Kindt, R., Coe, R., 2005. Tree diversity analysis. A manual and software for common
statistical methods for ecological and biodiversity studies. World Agroforestry Centre
(ICRAF), Nairobi, Kenya.

Kissling, W.D., Rahbek, C., Bohning-Gaese, K., 2007. Food plant diversity as broad-scale
determinant of avian frugivore richness. Proc. Royal Soc. B Biol. Sci. 274, 799-808.
https://doi.org/10.1098/rspb.2006.0311.

Kotze, D.J., Brandmayr, P., Casale, A., Dauffy-Richard, E., Dekoninck, W., Koivula, M.,
Lovei, G., Mossakowski, D., Noordijk, J., Paarmann, W., Pizzoloto, R., Saska, P.,


https://doi.org/10.1111/j.1365-2664.2011.02008.x
https://doi.org/10.1111/j.1365-2664.2011.02008.x
https://doi.org/10.2307/1940179
https://doi.org/10.1007/978-1-4419-7976-6_1
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0110
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0110
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0110
https://doi.org/10.1111/j.1469-8137.2006.01752.x
https://doi.org/10.2307/3546481
https://doi.org/10.1111/geb.12766
https://doi.org/10.1111/geb.12766
https://doi.org/10.1038/nature00812
https://doi.org/10.1080/17445647.2014.988187
https://doi.org/10.1080/17445647.2014.988187
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0140
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0140
https://doi.org/10.1890/11-1300.1
https://doi.org/10.1890/11-1300.1
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0150
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0150
https://doi.org/10.3897/zookeys.364.4761
https://doi.org/10.3897/zookeys.364.4761
https://doi.org/10.1890/0012-9658(2001)082[3295:FACOGI]2.0.CO;2
https://doi.org/10.1890/0012-9658(2001)082[3295:FACOGI]2.0.CO;2
https://doi.org/10.1016/j.ecolind.2021.107366
https://doi.org/10.1016/j.ecolind.2021.107366
https://doi.org/10.1007/s10980-011-9613-3
https://doi.org/10.1007/s10980-011-9613-3
https://doi.org/10.2307/3546202
https://doi.org/10.2307/3546202
https://doi.org/10.3390/agriculture3040629
https://doi.org/10.1111/j.1365-294X.2010.04656.x
https://doi.org/10.1111/j.1365-294X.2010.04656.x
https://doi.org/10.3390/d5010051
https://doi.org/10.3390/d5010051
https://doi.org/10.1038/35842
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0205
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0205
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0205
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0205
https://doi.org/10.1093/biosci/biaa039
https://doi.org/10.1093/biosci/biaa039
https://doi.org/10.1016/S0167-8809(00)00263-2
https://doi.org/10.1016/S0167-8809(00)00263-2
https://doi.org/10.1007/s11829-011-9153-4
https://doi.org/10.1787/d58cb34d-en
https://doi.org/10.1038/srep23511
https://doi.org/10.1038/srep23511
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0235
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0235
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0240
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0240
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0240
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0245
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0245
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0245
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0255
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0255
https://doi.org/10.1007/s10531-014-0738-y
https://doi.org/10.1007/s10531-014-0738-y
https://doi.org/10.3390/d12020047
https://doi.org/10.1016/j.ecolind.2018.11.036
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0275
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0275
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0275
https://doi.org/10.1007/s10340-018-0958-0
https://doi.org/10.1007/s10340-018-0958-0
https://doi.org/10.1016/j.actao.2011.02.001
https://doi.org/10.1016/j.actao.2011.02.001
https://doi.org/10.1016/j.biocon.2007.03.007
https://doi.org/10.1016/j.ecolind.2014.10.012
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0305
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0305
https://doi.org/10.1086/319190
https://doi.org/10.1126/science.1128613
https://doi.org/10.1126/science.1128613
https://doi.org/10.1111/icad.12349
https://doi.org/10.1111/icad.12349
https://doi.org/10.3390/f12010023
https://doi.org/10.1086/345479
https://doi.org/10.1086/345479
https://doi.org/10.1016/j.ecolind.2009.04.013
https://doi.org/10.1016/j.ecolind.2009.04.013
https://doi.org/10.1139/f03-081
https://doi.org/10.1016/j.biocon.2006.04.037
https://doi.org/10.1016/j.biocon.2006.04.037
https://doi.org/10.14411/eje.2003.081
https://doi.org/10.1016/j.ecolind.2015.11.049
https://doi.org/10.1016/j.actao.2020.103525
https://doi.org/10.1016/j.actao.2020.103525
https://doi.org/10.1086/303313
https://doi.org/10.1098/rspb.2006.0311

E. Bazzato et al.

Schwerk, A., Serrano, J., Szyszko, J., Palomares, A.T., Turin, H., Venn, S.,
Vermeulen, R., Brandmayr, T.Z., 2011. Forty years of carabid beetle research in
Europe — from taxonomy, biology, ecology and population studies to bioindication,
habitat assessment and conservation. ZooKeys 100, 55-148. https://doi.org/
10.3897/zookeys.100.1523.

Kraft, N.J.B., Adler, P.B., Godoy, O., James, E.C., Fuller, S., Levine, J.M., Fox, J., 2015.
Community assembly, coexistence and the environmental filtering metaphor. Funct.
Ecol. 29 (5), 592-599.

Kromp, B., 1999. Carabid beetles in sustainable agriculture: a review on pest control
efficacy, cultivation impacts and enhancement. Agric. Ecosyst. Environ. 74,
187-228. https://doi.org/10.1016/50167-8809(99)00037-7.

Langellotto, G.A., Denno, R.F., 2004. Responses of invertebrate natural enemies to
complex-structured habitats: a meta-analytical synthesis. Oecologia 139, 1-10.
https://doi.org/10.1007/500442-004-1497-3.

Larrieu, L., Gosselin, F., Archaux, F., Chevalier, R., Corriol, G., Dauffy-Richard, E.,
Deconchat, M., Gosselin, M., Ladet, S., Savoie, J.-M., Tillon, L., Bouget, C., 2018.
Cost-efficiency of cross-taxon surrogates in temperate forests. Ecol. Indic. 87, 56-65.
https://doi.org/10.1016/j.ecolind.2017.12.044.

Legendre, P., Fortin, M.-J., 2010. Comparison of the Mantel test and alternative
approaches for detecting complex multivariate relationships in the spatial analysis of
genetic data. Mol. Ecol. Resour. 10, 831-844. https://doi.org/10.1111/j.1755-
0998.2010.02866.x.

Legendre, P., Gallagher, E.D., 2001. Ecologically meaningful transformations for
ordination of species data. Oecologia 129, 271-280. https://doi.org/10.1007/
s004420100716.

Legendre, P., Legendre, L., 2012. Numerical Ecology, 3rd ed. Elsevier Publishing,
Amsterdam, The Netherlands.

Lever, J., Krzywinski, M., Altman, N., 2017. Principal component analysis. Nat. Methods
14, 641-642. https://doi.org/10.1038/nmeth.4346.

Liebke, D.F., Harms, D., Widyastuti, R., Scheu, S., Potapov, A.M., 2021. Impact of
rainforest conversion into monoculture plantation systems on pseudoscorpion
density, diversity and trophic niches. Soil Org. 93, 83-96. https://doi.org/10.25674/
s093iss2id147.

Lomolino, M.V., 2001. Elevation gradients of species-density: historical and prospective
views. Glob. Ecol. Biogeogr. 10, 3-13. https://doi.org/10.1046/].1466-
822x.2001.00229.x.

Losey, J.E., Denno, R.F., 1998. Positive predator-predator interactions: enhanced
predation rates and synergistic suppression of aphid populations. Ecology 79,
2143-2152. https://doi.org/10.1890/0012-9658(1998)079[2143:PPPIEP]2.0.CO;2.

Lovell, S., Hamer, M., Slotow, R., Herbert, D., 2007. Assessment of congruency across
invertebrate taxa and taxonomic levels to identify potential surrogates. Biol.
Conserv. 139, 113-125. https://doi.org/10.1016/j.biocon.2007.06.008.

Magura, T., Lovei, G.L., Téthmérész, B., 2018. Conversion from environmental filtering
to randomness as assembly rule of ground beetle assemblages along an urbanization
gradient. Sci. Rep. 8, 16992. https://doi.org/10.1038/541598-018-35293-8.

Margules, C.R., Pressey, R.L., 2000. Systematic conservation planning. Nature 405,
243-253. https://doi.org/10.1038/35012251.

Maron, J.L., Baer, K.C., Angert, A.L., Lau, J., 2014. Disentangling the drivers of context-
dependent plant-animal interactions. J. Ecol. 102 (6), 1485-1496.

McGarigal, K., Cushman, S.A., Neel, M.C., Ene, E., 2002. FRAGSTATS: Spatial pattern
analysis program for categorical maps.

Méndez-Rojas, D.M., Cultid-Medina, C., Escobar, F., 2021. Influence of land use change
on rove beetle diversity: a systematic review and global meta-analysis of a mega-
diverse insect group. Ecol. Indic. 122, 107239 https://doi.org/10.1016/j.
ecolind.2020.107239.

Mestre, L., Pinol, J., Barrientos, J.A., Espadaler, X., 2013. Ant exclusion in citrus over an
8-year period reveals a pervasive yet changing effect of ants on a Mediterranean
spider assemblage. Oecologia 173, 239-248. https://doi.org/10.1007/s00442-013-
2594-y.

Michalko, R., Pekar, S., 2016. Different hunting strategies of generalist predators result
in functional differences. Oecologia 181, 1187-1197. https://doi.org/10.1007/
s00442-016-3631-4.

Michalko, R., Pekdr, S., Entling, M.H., 2019. An updated perspective on spiders as
generalist predators in biological control. Oecologia 189, 21-36. https://doi.org/
10.1007/s00442-018-4313-1.

Moran, M.D., Rooney, T.P., Hurd, L.E., 1996. Top-down cascade from a bitrophic
predator in an old-field community. Ecology 77, 2219-2227. https://doi.org/
10.2307/2265715.

Moreira, X., Abdala-Roberts, L., Rasmann, S., Castagneyrol, B., Mooney, K.A., 2016.
Plant diversity effects on insect herbivores and their natural enemies: current
thinking, recent findings, and future directions. Curr. Opin. Insect. Sci., Ecology *
Parasites/Parasitoids/Biological control 14, 1-7. https://doi.org/10.1016/j.
c0is.2015.10.003.

Morlon, H., Kefi, S., Martinez, N.D., Novotny, V., 2014. Effects of trophic similarity on
community composition. Ecol. Lett. 17 (12), 1495-1506.

Morris, W.F., Hufbauer, R.A., Agrawal, A.A., Bever, J.D., Borowicz, V.A,, Gilbert, G.S.,
Maron, J.L., Mitchell, C.E., Parker, I.M., Power, A.G., Torchin, M.E., Vazquez, D.P.,
2007. Direct and interactive effects of enemies and mutualists on plant performance:
a meta-analysis. Ecology 88, 1021-1029. https://doi.org/10.1890/06-0442.

Mupepele, A.-C., Miiller, T., Dittrich, M., Floren, A., Fenton, B., 2014. Are Temperate
canopy spiders tree-species specific? PLoS One 9 (2), e86571. https://doi.org/
10.1371/journal.pone.0086571.

Myers, N., Mittermeier, R.A., Mittermeier, C.G., da Fonseca, G.A.B., Kent, J., 2000.
Biodiversity hotspots for conservation priorities. Nature 403, 853-858. https://doi.
org/10.1038/35002501.

12

Ecological Indicators 151 (2023) 110323

Oberprieler, S.K., Andersen, A.N., Yeates, D.K., 2020. Selecting complementary target
taxa for representing terrestrial invertebrate diversity in the Australian seasonal
tropics. Ecol. Indic. 109, 105836 https://doi.org/10.1016/j.ecolind.2019.105836.

Oksanen, J., Blanchet, F.G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., Minchin,
P.R., O’Hara, R.B., Simpson, G.L., Solymos, P., Stevens, M.H.H., Szoecs, E., Wagner,
H., 2019. vegan: Community Ecology Package.

Ottermanns, R., Hopp, P.W., Guschal, M., dos Santos, G.P., Meyer, S., RoB-Nickoll, M.,
2011. Causal relationship between leaf litter beetle communities and regeneration
patterns of vegetation in the Atlantic rainforest of Southern Brazil (Mata Atlantica).
Ecol. Complex 8, 299-309. https://doi.org/10.1016/j.ecocom.2011.06.001.

Ozkan, K., Jeppesen, E., Davidson, T.A., Sgndergaard, M., Lauridsen, T.L., Bjerring, R.,
Johansson, L.S., Svenning, J.-C., 2014. Cross-taxon congruence in lake plankton
largely independent of environmental gradients. Ecology 95, 2778-2788. https://
doi.org/10.1890/13-2141.1.

Palumbo, M.E., Mundula, L., Balletto, G., Bazzato, E., Marignani, M., 2020.
Environmental Dimension into Strategic Planning. The Case of Metropolitan City of
Cagliari. In: Gervasi, O., Murgante, B., Misra, S., Garau, C., Bleci¢, 1., Taniar, D.,
Apduhan, B.O., Rocha, A.M.A.C., Tarantino, E., Torre, C.M., Karaca, Y. (Eds.),
Computational Science and Its Applications — ICCSA 2020, Lecture Notes in
Computer Science. Springer International Publishing, Cham, pp. 456-471. https://
doi.org/10.1007/978-3-030-58820-5_34.

Pecl, G.T., Aratjo, M.B., Bell, J.D., Blanchard, J., Bonebrake, T.C., Chen, L.-C., Clark, T.
D., Colwell, R.K., Danielsen, F., Evengérd, B., Falconi, L., Ferrier, S., Frusher, S.,
Garcia, R.A., Griffis, R.B., Hobday, A.J., Janion-Scheepers, C., Jarzyna, M.A.,
Jennings, S., Lenoir, J., Linnetved, H.I., Martin, V.Y., McCormack, P.C.,

McDonald, J., Mitchell, N.J., Mustonen, T., Pandolfi, J.M., Pettorelli, N., Popova, E.,
Robinson, S.A., Scheffers, B.R., Shaw, J.D., Sorte, C.J.B., Strugnell, J.M., Sunday, J.
M., Tuanmu, M.-N., Vergés, A., Villanueva, C., Wernberg, T., Wapstra, E.,
Williams, S.E., 2017. Biodiversity redistribution under climate change: impacts on
ecosystems and human well-being. Science 355, eaai9214. https://doi.org/10.1126/
science.aai9214.

Pekar, S., Coddington, J.A., Blackledge, T.A., 2012. Evolution of stenophagy in spiders
(araneae): evidence based on the comparative analysis of spider diets. Evolution 66,
776-806. https://doi.org/10.1111/j.1558-5646.2011.01471.x.

Peres-Neto, P.R., Legendre, P., Dray, S., Borcard, D., 2006. Variation partitioning of
species data matrices: estimation and comparison of fractions. Ecology 87,
2614-2625. https://doi.org/10.1890/0012-9658(2006)87[2614:VPOSDM]2.0.CO;
2.

Perner, J., Voigt, W., 2007. Measuring the complexity of interaction webs using vertical
links between functional groups. Agric. Ecosyst. Environ. 120, 192-200. https://doi.
0rg/10.1016/j.agee.2006.09.002.

Peters, M.K., Hemp, A., Appelhans, T., Behler, C., Classen, A., Detsch, F., Ensslin, A.,
Ferger, S.W., Frederiksen, S.B., Gebert, F., Haas, M., Helbig-Bonitz, M., Hemp, C.,
Kindeketa, W.J., Mwangomo, E., Ngereza, C., Otte, 1., Roder, J., Rutten, G.,
Schellenberger Costa, D., Tardanico, J., Zancolli, G., Deckert, J., Eardley, C.D.,
Peters, R.S., Rodel, M.-O., Schleuning, M., Ssymank, A., Kakengi, V., Zhang, J.,
Bohning-Gaese, K., Brandl, R., Kalko, E.K.V., Kleyer, M., Nauss, T., Tschapka, M.,
Fischer, M., Steffan-Dewenter, 1., 2016. Predictors of elevational biodiversity
gradients change from single taxa to the multi-taxa community level. Nat. Commun.
7, 13736. https://doi.org/10.1038/ncomms13736.

Piano, E., Souffreau, C., Merckx, T., Baardsen, L.F., Backeljau, T., Bonte, D., Brans, K.I.,
Cours, M., Dahirel, M., Debortoli, N., Decaestecker, E., Wolf, K.D., Engelen, J.M.T.,
Fontaneto, D., Gianuca, A.T., Govaert, L., Hanashiro, F.T.T., Higuti, J., Lens, L.,
Martens, K., Matheve, H., Matthysen, E., Pinseel, E., Sablon, R., Schon, 1., Stoks, R.,
Doninck, K.V., Dyck, H.V., Vanormelingen, P., Wichelen, J.V., Vyverman, W.,
Meester, L.D., Hendrickx, F., 2020. Urbanization drives cross-taxon declines in
abundance and diversity at multiple spatial scales. Glob. Chang. Biol. 26,
1196-1211. https://doi.org/10.1111/gcb.14934.

Pizzolotto, R., Brandmayr, P., 1996. An index to evaluate landscape conservation state
based on land-use pattern analysis and geographic information system techniques.
Coenoses 11, 37-44.

Podgaiski, L.R., Joner, F., Lavorel, S., Moretti, M., Ibanez, S., Mendonga, M.d.S., Pillar, V.
D., Swenson, N.G., 2013. Spider trait assembly patterns and resilience under fire-
induced vegetation change in South Brazilian Grasslands. PLoS One 8 (3), e60207.
https://doi.org/10.1371/journal.pone.0060207.

Potapov, A.M., Beaulieu, F., Birkhofer, K., Bluhm, S.L., Degtyarev, M.L., Devetter, M.,
Goncharov, A.A., Gongalsky, K.B., Klarner, B., Korobushkin, D.I., Liebke, D.F.,
Maraun, M., Mc Donnell, R.J., Pollierer, M.M., Schaefer, I., Shrubovych, J.,
Semenyuk, LI, Sendra, A., Tuma, J., Tdmova, M., Vassilieva, A.B., Chen, T.-W.,
Geisen, S., Schmidt, O., Tiunov, A.V., Scheu, S., 2022. Feeding habits and
multifunctional classification of soil-associated consumers from protists to
vertebrates. Biol. Rev. 97 (3), 1057-1117. https://doi.org/10.1111/brv.12832.

R core Team, 2020. A Language and Environment for Statistical Computing. R
Foundation for Statistical computing.

Ramos, C.S., Picca, P., Pocco, M.E., Filloy, J., 2021. Disentangling the role of
environment in cross-taxon congruence of species richness along elevational
gradients. Sci. Rep. 11, 4711. https://doi.org/10.1038/s41598-021-83763-3.

RAS, 2008. Land use map [WWW Document]. Sardegna Geoportale. URL http://www.
sardegnageoportale.it/index.php?xsl=2420&s=40&v=9&c=14480&es=6603&n
a=1&n=100&esp=1&tb=14401 (accessed 10.4.20).

RAS, 2016. Orthophoto 2016 AGEA [WWW Document]. Sardegna Geoportale. URL htt
p://www.sardegnageoportale.it/index.php?xsl=2425&s=338354&v=2&c=144
69&t=1&tb=14401 (accessed 12.22.20).

RAS, 2017. Digital Terrain Model (DTM) [WWW Document]. Sardegna Geoportale. URL
https://www.sardegnageoportale.it/areetematiche/modellidigitalidielevazione/
(accessed 5.10.21).


https://doi.org/10.3897/zookeys.100.1523
https://doi.org/10.3897/zookeys.100.1523
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0400
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0400
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0400
https://doi.org/10.1016/S0167-8809(99)00037-7
https://doi.org/10.1007/s00442-004-1497-3
https://doi.org/10.1016/j.ecolind.2017.12.044
https://doi.org/10.1111/j.1755-0998.2010.02866.x
https://doi.org/10.1111/j.1755-0998.2010.02866.x
https://doi.org/10.1007/s004420100716
https://doi.org/10.1007/s004420100716
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0435
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0435
https://doi.org/10.1038/nmeth.4346
https://doi.org/10.25674/so93iss2id147
https://doi.org/10.25674/so93iss2id147
https://doi.org/10.1046/j.1466-822x.2001.00229.x
https://doi.org/10.1046/j.1466-822x.2001.00229.x
https://doi.org/10.1890/0012-9658(1998)079[2143:PPPIEP]2.0.CO;2
https://doi.org/10.1016/j.biocon.2007.06.008
https://doi.org/10.1038/s41598-018-35293-8
https://doi.org/10.1038/35012251
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0475
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0475
https://doi.org/10.1016/j.ecolind.2020.107239
https://doi.org/10.1016/j.ecolind.2020.107239
https://doi.org/10.1007/s00442-013-2594-y
https://doi.org/10.1007/s00442-013-2594-y
https://doi.org/10.1007/s00442-016-3631-4
https://doi.org/10.1007/s00442-016-3631-4
https://doi.org/10.1007/s00442-018-4313-1
https://doi.org/10.1007/s00442-018-4313-1
https://doi.org/10.2307/2265715
https://doi.org/10.2307/2265715
https://doi.org/10.1016/j.cois.2015.10.003
https://doi.org/10.1016/j.cois.2015.10.003
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0520
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0520
https://doi.org/10.1890/06-0442
https://doi.org/10.1371/journal.pone.0086571
https://doi.org/10.1371/journal.pone.0086571
https://doi.org/10.1038/35002501
https://doi.org/10.1038/35002501
https://doi.org/10.1016/j.ecolind.2019.105836
https://doi.org/10.1016/j.ecocom.2011.06.001
https://doi.org/10.1890/13-2141.1
https://doi.org/10.1890/13-2141.1
https://doi.org/10.1007/978-3-030-58820-5_34
https://doi.org/10.1007/978-3-030-58820-5_34
https://doi.org/10.1126/science.aai9214
https://doi.org/10.1126/science.aai9214
https://doi.org/10.1111/j.1558-5646.2011.01471.x
https://doi.org/10.1890/0012-9658(2006)87[2614:VPOSDM]2.0.CO;2
https://doi.org/10.1890/0012-9658(2006)87[2614:VPOSDM]2.0.CO;2
https://doi.org/10.1016/j.agee.2006.09.002
https://doi.org/10.1016/j.agee.2006.09.002
https://doi.org/10.1038/ncomms13736
https://doi.org/10.1111/gcb.14934
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0595
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0595
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0595
https://doi.org/10.1371/journal.pone.0060207
https://doi.org/10.1111/brv.12832
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0610
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0610
https://doi.org/10.1038/s41598-021-83763-3
http://www.sardegnageoportale.it/index.php?xsl=2420%26s=40%26v=9%26c=14480%26es=6603%26na=1%26n=100%26esp=1%26tb=14401
http://www.sardegnageoportale.it/index.php?xsl=2420%26s=40%26v=9%26c=14480%26es=6603%26na=1%26n=100%26esp=1%26tb=14401
http://www.sardegnageoportale.it/index.php?xsl=2420%26s=40%26v=9%26c=14480%26es=6603%26na=1%26n=100%26esp=1%26tb=14401
http://www.sardegnageoportale.it/index.php?xsl=2425%26s=338354%26v=2%26c=14469%26t=1%26tb=14401
http://www.sardegnageoportale.it/index.php?xsl=2425%26s=338354%26v=2%26c=14469%26t=1%26tb=14401
http://www.sardegnageoportale.it/index.php?xsl=2425%26s=338354%26v=2%26c=14469%26t=1%26tb=14401
https://www.sardegnageoportale.it/areetematiche/modellidigitalidielevazione/

E. Bazzato et al.

Rempel, R.S., Kaukinen, D., Carr, A.P., 2012. Patch Analyst and Patch Grid.

Rooney, R.C., Azeria, E.T., 2015. The strength of cross-taxon congruence in species
composition varies with the size of regional species pools and the intensity of human
disturbance. J. Biogeogr. 42 (3), 439-451. https://doi.org/10.1111/jbi.12400.

Rzanny, M., Voigt, W., 2012. Complexity of multitrophic interactions in a grassland
ecosystem depends on plant species diversity. J. Anim. Ecol. 81, 614-627. https://
doi.org/10.1111/j.1365-2656.2012.01951.x.

Rzanny, M., Kuu, A., Voigt, W., 2013. Bottom-up and top—down forces structuring
consumer communities in an experimental grassland. Oikos 122, 967-976. https://
doi.org/10.1111/j.1600-0706.2012.00114.x.

Sabatini, F.M., Burrascano, S., Azzella, M.M., Barbati, A., De Paulis, S., Di Santo, D.,
Facioni, L., Giuliarelli, D., Lombardi, F., Maggi, O., Mattioli, W., Parisi, F.,
Persiani, A., Ravera, S., Blasi, C., 2016. One taxon does not fit all: herb-layer
diversity and stand structural complexity are weak predictors of biodiversity in
Fagus sylvatica forests. Ecol. Indic. 69, 126-137. https://doi.org/10.1016/j.
ecolind.2016.04.012.

Satersdal, M., Gjerde, 1., 2011. Prioritising conservation areas using species surrogate
measures: consistent with ecological theory? J. Appl. Ecol. 48, 1236-1240. https://
doi.org/10.1111/j.1365-2664.2011.02027.x.

Samways, M.J., Samways, P.M.J., 1994. Insect Conservation Biology, Conservation
Biology. Springer Science & Business Media.

Sanders, D., Platner, C., 2006. Intraguild interactions between spiders and ants and top-
down control in a grassland food web. Oecologia 150 (4), 611-624. https://doi.org/
10.1007/500442-006-0538-5.

Santi, E., Maccherini, S., Rocchini, D., Bonini, L., Brunialti, G., Favilli, L., Perini, C.,
Pezzo, F., Piazzini, S., Rota, E., Salerni, E., Chiarucci, A., 2010. Simple to sample:
Vascular plants as surrogate group in a nature reserve. J. Nat. Conserv. 18, 2-11.
https://doi.org/10.1016/j.jnc.2009.02.003.

Santi, E., Bacaro, G., Rocchini, D., Chiarucci, A., Bonini, I., Brunialti, G., Muggia, L.,
Maccherini, S., 2016. Methodological issues in exploring cross-taxon congruence
across vascular plants, bryophytes and lichens. Folia Geobot. 51, 297-304. https://
doi.org/10.1007/512224-016-9265-9.

Sasakawa, K., 2010. Field observations of climbing behavior and seed predation by adult
ground beetles (Coleoptera: Carabidae) in a lowland area of the temperate zone.
Environ. Entomol. 39, 1554-1560. https://doi.org/10.1603/EN10097.

Sattler, T., Borcard, D., Arlettaz, R., Bontadina, F., Legendre, P., Obrist, M.K., Moretti, M.,
2010. Spider, bee, and bird communities in cities are shaped by environmental
control and high stochasticity. Ecology 91, 3343-3353. https://doi.org/10.1890/09-
1810.1.

Scherber, C., Eisenhauer, N., Weisser, W.W., Schmid, B., Voigt, W., Fischer, M.,
Schulze, E.-D., Roscher, C., Weigelt, A., Allan, E., BeBler, H., Bonkowski, M.,
Buchmann, N., Buscot, F., Clement, L.W., Ebeling, A., Engels, C., Halle, S.,
Kertscher, 1., Klein, A.-M., Koller, R., Konig, S., Kowalski, E., Kummer, V., Kuu, A.,
Lange, M., Lauterbach, D., Middelhoff, C., Migunova, V.D., Milcu, A., Miiller, R.,
Partsch, S., Petermann, J.S., Renker, C., Rottstock, T., Sabais, A., Scheu, S.,
Schumacher, J., Temperton, V.M., Tscharntke, T., 2010. Bottom-up effects of plant
diversity on multitrophic interactions in a biodiversity experiment. Nature 468,
553-556. https://doi.org/10.1038/nature09492.

Schmitz, O.J., 2007. Predator diversity and trophic interactions. Ecology 88, 2415-2426.
https://doi.org/10.1890/06-0937.1.

Schoeman, C.S., Hahn, N., Hamer, M., Foord, S.H., 2020. Regional invertebrate cross-
and within-taxon surrogacy are scale and taxon dependent. Trans. R. Soc. S. Afr. 75,
23-32. https://doi.org/10.1080/0035919X.2019.1658656.

Schowalter, T.D., 2016. Insect Ecology: An Ecosystem Approach. Academic Press.
Schuldt, A., Baruffol, M., Bruelheide, H., Chen, S., Chi, X., Wall, M., Assmann, T., 2014.
Woody plant phylogenetic diversity mediates bottom—up control of arthropod
biomass in species-rich forests. Oecologia 176, 171-182. https://doi.org/10.1007/

s00442-014-3006-7.

Schuldt, A., Staab, M., 2015. Tree species richness strengthens relationships between ants
and the functional composition of spider assemblages in a highly diverse forest.
Biotropica 47, 339-346. https://doi.org/10.1111/btp.12209.

Schuldt, A., Wubet, T., Buscot, F., Staab, M., Assmann, T., Bohnke-Kammerlander, M.,
Both, S., Erfmeier, A., Klein, A.-M., Ma, K., Pietsch, K., Schultze, S., Wirth, C.,
Zhang, J., Zumstein, P., Bruelheide, H., 2015. Multitrophic diversity in a biodiverse
forest is highly nonlinear across spatial scales. Nat. Commun. 6, 10169. https://doi.
org/10.1038/ncomms10169.

Schuldt, A., Bruelheide, H., Buscot, F., Assmann, T., Erfmeier, A., Klein, A.-M., Ma, K.,
Scholten, T., Staab, M., Wirth, C., Zhang, J., Wubet, T., 2017. Belowground top-
down and aboveground bottom-up effects structure multitrophic community
relationships in a biodiverse forest. Sci. Rep. 7, 4222. https://doi.org/10.1038/
s41598-017-04619-3.

Schuldt, A., Ebeling, A., Kunz, M., Staab, M., Guimaraes-Steinicke, C., Bachmann, D.,
Buchmann, N., Durka, W., Fichtner, A., Fornoff, F., Hardtle, W., Hertzog, L.R.,
Klein, A.-M., Roscher, C., Schaller, J., von Oheimb, G., Weigelt, A., Weisser, W.,
Wirth, C., Zhang, J., Bruelheide, H., Eisenhauer, N., 2019. Multiple plant diversity
components drive consumer communities across ecosystems. Nat. Commun. 10,
1460. https://doi.org/10.1038/541467-019-09448-8.

Seifert, B., 2018. The Ants of Central and North Europe. Lutra Verlags - und
Vertriebsgesellschaft, Tauer, Germany.

Skvarla, M.J., Larson, J.L., Dowling, A.P.G., 2014. Pitfalls and preservatives: a review.
J. Entomol. Soc. Ont. 145.

13

Ecological Indicators 151 (2023) 110323

Snyder, W.E., 2019. Give predators a complement: conserving natural enemy
biodiversity to improve biocontrol. Biol. Control 135, 73-82. https://doi.org/
10.1016/j.biocontrol.2019.04.017.

Stein, A., Gerstner, K., Kreft, H., Arita, H., 2014. Environmental heterogeneity as a
universal driver of species richness across taxa, biomes and spatial scales. Ecol. Lett.
17 (7), 866-880. https://doi.org/10.1111/ele.12277.

Stevens, G.C., 1992. The elevational gradient in altitudinal range: an extension of
Rapoport’s latitudinal rule to altitude. Am. Nat. 140, 893-911. https://doi.org/
10.1086/285447.

Stork, N.E., 2018. How many species of insects and other terrestrial arthropods are there
on earth? Annu. Rev. Entomol. 63, 31-45. https://doi.org/10.1146/annurev-ento-
020117-043348.

Toranza, C., Arim, M., 2010. Cross-taxon congruence and environmental conditions.
BMC Ecol. 10, 18. https://doi.org/10.1186/1472-6785-10-18.

Traxler, T., 2016. The impact of predation by the myrmecophagous spider Zodarion
Elegans (Araneae: Zodariidae) on the activity pattern of the Mediterranean harvester
ant Messor Wasmanni (Hymenoptera: Formicidae). Ecol. Montenegrina 7, 328-344.
https://doi.org/10.37828/em.2016.7.10.

Turney, S., Buddle, C.M., 2016. Pyramids of species richness: the determinants and
distribution of species diversity across trophic levels. Oikos 125, 1224-1232.
https://doi.org/10.1111/0ik.03404.

Tylianakis, J.M., Didham, R.K., Bascompte, J., Wardle, D.A., 2008. Global change and
species interactions in terrestrial ecosystems. Ecol. Lett. 11, 1351-1363. https://doi.
org/10.1111/j.1461-0248.2008.01250.x.

Uboni, C., Tordoni, E., Brandmayr, P., Battistella, S., Bragato, G., Castello, M.,
Colombetta, G., Poldini, L., Bacaro, G., 2019. Exploring cross-taxon congruence
between carabid beetles (Coleoptera: Carabidae) and vascular plants in sites invaded
by Ailanthus altissima versus non-invaded sites: the explicative power of biotic and
abiotic factors. Ecol. Indic. 103, 145-155. https://doi.org/10.1016/j.
ecolind.2019.03.052.

Uetz, G., Halaj, J., Cady, A., 1999. Guild structure of spiders in major crops. J. Arachnol.
27, 270-280.

van Schalkwyk, J., Pryke, J.S., Samways, M.J., Gaigher, R., 2019. Congruence between
arthropod and plant diversity in a biodiversity hotspot largely driven by underlying
abiotic factors. Ecol. Appl. 29 (4), e01883. https://doi.org/10.1002/eap.1883.

Vetaas, O.R., Paudel, K.P., Christensen, M., 2019. Principal factors controlling
biodiversity along an elevation gradient: water, energy and their interaction.

J. Biogeogr. 46, 1652-1663. https://doi.org/10.1111/jbi.13564.

Villarreal, E., Martinez, N., Ortiz, C.R., 2019. Diversity of Pseudoscorpiones (Arthropoda:
Arachnida) in two fragments of dry tropical forest in the colombian Caribbean
region. Caldasia 41, 139-151. https://doi.org/10.15446/caldasia.v41n1.72189.

Vleminck, J., Schimann, H., Decaéns, T., Fichaux, M., Vedel, V., Jaouen, G., Roy, M.,
Lapied, E., Engel, J., Dourdain, A., Petronelli, P., Orivel, J., Baraloto, C., 2019.
Coordinated community structure among trees, fungi and invertebrate groups in
Amazonian rainforests. Sci. Rep. 9, 11337. https://doi.org/10.1038/541598-019-
47595-6.

Ware, C., Williams, K.J., Harding, J.o., Hawkins, B., Harwood, T., Manion, G., Perkins, G.
C., Ferrier, S., Di Minin, E., 2018. Improving biodiversity surrogates for conservation
assessment: a test of methods and the value of targeted biological surveys. Divers.
Distrib. 24 (9), 1333-1346. https://doi.org/10.1111/ddi.12766.

Warman, L.D., Forsyth, D.M., Sinclair, A.R.E., Freemark, K., Moore, H.D., Barrett, T.W.,
Pressey, R.L., White, D., 2004. Species distributions, surrogacy, and important
conservation regions in Canada. Ecol. Lett. 7, 374-379. https://doi.org/10.1111/
j-1461-0248.2004.00590.x.

Westgate, M.J., Barton, P.S., Lane, P.W., Lindenmayer, D.B., 2014. Global meta-analysis
reveals low consistency of biodiversity congruence relationships. Nat. Commun. 5,
3899. https://doi.org/10.1038/ncomms4899.

Westgate, M.J., Tulloch, A.LT., Barton, P.S., Pierson, J.C., Lindenmayer, D.B., 2017.
Optimal taxonomic groups for biodiversity assessment: a meta-analytic approach.
Ecography 40, 539-548. https://doi.org/10.1111/ecog.02318.

White, S.S., Renner, K.A., Menalled, F.D., Landis, D.A., 2007. Feeding preferences of
weed seed predators and effect on weed emergence. Weed Sci. 55, 606-612. https://
doi.org/10.1614/WS-06-162.1.

Wisz, M.S., Pottier, J., Kissling, W.D., Pellissier, L., Lenoir, J., Damgaard, C.F.,
Dormann, C.F., Forchhammer, M.C., Grytnes, J.-A., Guisan, A., Heikkinen, R.K.,
Hgye, T.T., Kiihn, 1., Luoto, M., Maiorano, L., Nilsson, M.-C., Normand, S.,
Ockinger, E., Schmidt, N.M., Termansen, M., Timmermann, A., Wardle, D.A.,
Aastrup, P., Svenning, J.-C., 2013. The role of biotic interactions in shaping
distributions and realised assemblages of species: implications for species
distribution modelling. Biol. Rev. 88, 15-30. https://doi.org/10.1111/§.1469-
185X.2012.00235.x.

Yanahan, A.D., Taylor, S.J., 2014. Vegetative communities as indicators of ground beetle
(Coleoptera: Carabidae) diversity. Biodivers. Conserv. 23, 1591-1609. https://doi.
org/10.1007/s10531-014-0688-4.

Yi, Z., Jinchao, F., Dayuan, X., Weiguo, S., Axmacher, J.C., 2012. A comparison of
terrestrial arthropod sampling methods. JRE 3, 174-182. https://doi.org/10.5814/j.
issn.1674-764x.2012.02.010.

Zara, L., Tordoni, E., Castro-Delgado, S., Colla, A., Maccherini, S., Marignani, M.,
Panepinto, F., Trittoni, M., Bacaro, G., 2021. Cross-taxon relationships in
Mediterranean urban ecosystem: a case study from the city of Trieste. Ecol. Indic.
125, 107538 https://doi.org/10.1016/j.ecolind.2021.107538.


https://doi.org/10.1111/jbi.12400
https://doi.org/10.1111/j.1365-2656.2012.01951.x
https://doi.org/10.1111/j.1365-2656.2012.01951.x
https://doi.org/10.1111/j.1600-0706.2012.00114.x
https://doi.org/10.1111/j.1600-0706.2012.00114.x
https://doi.org/10.1016/j.ecolind.2016.04.012
https://doi.org/10.1016/j.ecolind.2016.04.012
https://doi.org/10.1111/j.1365-2664.2011.02027.x
https://doi.org/10.1111/j.1365-2664.2011.02027.x
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0670
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0670
https://doi.org/10.1007/s00442-006-0538-5
https://doi.org/10.1007/s00442-006-0538-5
https://doi.org/10.1016/j.jnc.2009.02.003
https://doi.org/10.1007/s12224-016-9265-9
https://doi.org/10.1007/s12224-016-9265-9
https://doi.org/10.1603/EN10097
https://doi.org/10.1890/09-1810.1
https://doi.org/10.1890/09-1810.1
https://doi.org/10.1038/nature09492
https://doi.org/10.1890/06-0937.1
https://doi.org/10.1080/0035919X.2019.1658656
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0715
https://doi.org/10.1007/s00442-014-3006-7
https://doi.org/10.1007/s00442-014-3006-7
https://doi.org/10.1111/btp.12209
https://doi.org/10.1038/ncomms10169
https://doi.org/10.1038/ncomms10169
https://doi.org/10.1038/s41598-017-04619-3
https://doi.org/10.1038/s41598-017-04619-3
https://doi.org/10.1038/s41467-019-09448-8
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0750
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0750
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0755
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0755
https://doi.org/10.1016/j.biocontrol.2019.04.017
https://doi.org/10.1016/j.biocontrol.2019.04.017
https://doi.org/10.1111/ele.12277
https://doi.org/10.1086/285447
https://doi.org/10.1086/285447
https://doi.org/10.1146/annurev-ento-020117-043348
https://doi.org/10.1146/annurev-ento-020117-043348
https://doi.org/10.1186/1472-6785-10-18
https://doi.org/10.37828/em.2016.7.10
https://doi.org/10.1111/oik.03404
https://doi.org/10.1111/j.1461-0248.2008.01250.x
https://doi.org/10.1111/j.1461-0248.2008.01250.x
https://doi.org/10.1016/j.ecolind.2019.03.052
https://doi.org/10.1016/j.ecolind.2019.03.052
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0805
http://refhub.elsevier.com/S1470-160X(23)00465-X/h0805
https://doi.org/10.1002/eap.1883
https://doi.org/10.1111/jbi.13564
https://doi.org/10.15446/caldasia.v41n1.72189
https://doi.org/10.1038/s41598-019-47595-6
https://doi.org/10.1038/s41598-019-47595-6
https://doi.org/10.1111/ddi.12766
https://doi.org/10.1111/j.1461-0248.2004.00590.x
https://doi.org/10.1111/j.1461-0248.2004.00590.x
https://doi.org/10.1038/ncomms4899
https://doi.org/10.1111/ecog.02318
https://doi.org/10.1614/WS-06-162.1
https://doi.org/10.1614/WS-06-162.1
https://doi.org/10.1111/j.1469-185X.2012.00235.x
https://doi.org/10.1111/j.1469-185X.2012.00235.x
https://doi.org/10.1007/s10531-014-0688-4
https://doi.org/10.1007/s10531-014-0688-4
https://doi.org/10.5814/j.issn.1674-764x.2012.02.010
https://doi.org/10.5814/j.issn.1674-764x.2012.02.010
https://doi.org/10.1016/j.ecolind.2021.107538

	Focusing on the role of abiotic and biotic drivers on cross-taxon congruence
	1 Introduction
	2 Materials and methods
	2.1 Study area
	2.2 Sampling design
	2.3 Data collection
	2.3.1 Biotic data
	2.3.2 Biotic data aggregation
	2.3.3 Abiotic environmental drivers

	2.4 Statistical analyses
	2.4.1 Cross-taxon congruence patterns
	2.4.2 Role of abiotic and biotic drivers


	3 Results
	3.1 Cross-taxon congruence patterns
	3.2 Role of abiotic and biotic drivers

	4 Discussion
	4.1 Cross-taxon congruence patterns
	4.2 Role of abiotic drivers
	4.3 Role of biotic drivers

	5 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


