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Sara Ottati1, Jonas Eberle2, Frank Köhler3, Björn Rulik1, and Dirk Ahrens1

1Zoologisches Forschungsinstitut und Museum Alexander Koenig
2Paris Lodron University of Salzburg
3n/a

September 13, 2022

Abstract

DNA barcoding has been used worldwide to identify biological specimens and to delimit species. It represents a cost-effective,
fast and efficient way to assess biodiversity with help of the public Barcode of Life Database (BOLD) accounting for more
than 236,000 animal species and more than ten million barcode sequences. Here, we performed a meta-analysis of available
barcode data of central European Coleoptera to detect intraspecific genetic patterns among ecological groups in relation to
geographic distance with the aim to investigate a possible link between infraspecific variation and species ecology. We collected
information regarding feeding style, body size as well as habitat and biotope preferences. Mantel tests and two variants of
Procrustes analysis, both involving the Principal Coordinates Neighborhood Matrices (PCNM) approach, were applied on
genetic and geographic distance matrices. However, significance levels were too low to further use the outcome for further trait
investigation: these were in mean for all ecological guilds only 7.5, 9.4, or 15.6 % for PCNM+PCA, NMDS+PCA, and Mantel
test, respectively, or at best 28% for a single guild. Our study confirmed that certain ecological traits were associated with
higher species diversity and foster stronger genetic differentiation. Results suggest that increased numbers of species, sampling
localities, and specimens for a chosen area of interest may give new insights to explore barcode data and species ecology for the
scope of conservation on a larger scale.

Introduction

The maintenance of biodiversity, as the sum of all “plants, animals, fungi, and microorganisms on Earth, their
genotypic and phenotypic variation, and the communities and ecosystems of which they are a part” (Dirzo
& Raven, 2003), is one of the most important current concerns of humankind, as wild species are decreasing
at an alarming rate, and an inversion of this trend requires an anthropic intervention to guarantee their
survival (Frankham et al., 2002). Biodiversity is composed by multiple dimensions, and no single measure of
biodiversity can capture all its dimensions (Carpenter et al., 2009): Genetic diversity is essential in order to
develop an evolutionary potential for species to be able to react to environmental changes (Toro & Cabarello,
2005). However, very little is known on trends in genetic diversity, particularly in wild species (Pereira et al.,
2012). While taxonomic coverage with indicator taxa and diversity assessments is very limited, the extinction
risk of the vast majority of biodiversity is not known (Pereira et al., 2012). Thus, a characterization and
management of genetic diversity seems necessary considering idiosyncratic population structures, as well as
to choose the correct way and the proper resolution power to estimate it (Storfen et al., 2010).

Mitochondrial DNA (mtDNA) has been a marker of choice for reconstructing historical patterns of pop-
ulation demography, admixture, biogeography, and speciation (Castro et al., 1998; Hull & Jiggins, 2005).
Mitochondrial DNA (mtDNA) is maternally inherited and generally a non-recombinant marker. Variation in
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mtDNA is assessable by DNA sequencing in a cost-effective way which are exactly the properties that make
mtDNA marker suitable for the large-scale assessment of species boundaries through its variation being used
in rapid assessment approaches for biodiversity research (Ratnasingham & Hebert, 2007), such as barcoding
studies. Barcoding uses a single gene fragment (COI ) and, thus, through large scale barcoding universal
data of intraspecific genetic variation became available over a wide range of organisms.

Ecological studies typically require a determination of the species involved. Acquisition of such biodiversity
data for plants and animals using morphological characteristics to identify field collected samples requires
both a significant time effort for identification based on morphology and sufficient taxonomic expertise that
is rarely available for a vast variety of organism groups. Therefore, many ecological studies lack taxonomic
information while ecological data for many species are rare. The recent development of DNA-based methods
for species identification, known as DNA barcoding (Hebert et al., 2003a), has drastically simplified this
identification step (Coissac et al., 2012) and might help to overcome the gap between taxonomy and ecology.

Using a standardized genetic marker in DNA barcoding allows connecting the identities of different life stages
such as eggs, larvae, or adults – often a major difficulty in morphology-based taxonomy and cryptic species
(e.g., Ahrens et al., 2007; Šipek & Ahrens, 2011; Garćıa-Robledo et al., 2013; Etzler et al., 2014; Köhler et
al., 2022) and to trace in the environment remnants of organismal DNA (Taberlet et al., 2012; Yu et al.,
2012). Barcoding has been successfully applied to a vast number of taxa in many different geographic regions
(www.boldsystems.org). It has become obvious that validated, comprehensive species libraries are the most
fundamental basis for optimal barcode-based taxon identification (Kvist, 2013). The huge amount of barcode
data with large number of already collected, identified and barcoded specimens opens up to ecologists to
use these data of biodiversity in a vast geographic scale. They enhance a fast and clear overview on the
biodiversity. Indeed, population genetic analysis of ecological communities with COI sequences extends the
value of the DNA barcode employed as identification and taxonomic tool. Whereas barcoding for taxonomic
purposes was in past often limited by economic constraints to a very few individuals per species, larger
comprehensive studies becoming more and more available (e.g., Dincă et al., 2011; Bergsten et al., 2012;
Hendrich et al., 2015; Rulik et al., 2017). These data-rich studies with multiple sampling sites may provide
useful population genetic information with a link to the entire species distribution range applicable to a
range of ecological and historical questions (Craft et al., 2010; Baselga et al., 2013, 2015).

DNA metabarcoding, which couples the principles of DNA barcoding with next generation sequencing tech-
nology, provides an opportunity to easily produce large amounts of data on biodiversity. Microbiologists have
long used metabarcoding approaches, but use of this technique in the assessment of biodiversity in plant and
animal communities is under-explored. DNA metabarcoding, which couples the principles of DNA barcoding
with next generation sequencing technology, provides an opportunity to easily produce large amounts of data
on biodiversity. Microbiologists have long used metabarcoding approaches, but use of this technique in the
assessment of biodiversity in plant and animal communities is underexplored.

In this study, we analyze random samples from different Central European beetle metapopulations in order
to provide a first meta-analysis of data generated in a large-scale barcoding project (GBOL; Hendrich et
al., 2015; Rulik et al., 2017) with focus on their intraspecific degree of genetic divergence compared to
their spatial and ecological properties. We collected all the available metadata information about Central
European beetles contained in the BOLD data base in order to provide a rapid, and as complete as possible,
survey about the beetle biodiversity to explore patterns of genetic differentiation among different ecological
guilds considering the spatial scale to investigate circumstances driving the intraspecific mtDNA divergence
in beetle species (Coleoptera). We were interested whether the relation of intraspecific genetic distances and
geographic distances differed between ecological guilds. Finally, we aimed to provide a new and complete
all-fauna phylogeographical overview on middle European beetle biodiversity.

Material and methods

Data, species taxonomy and ecological information

The specimen’s data for this study have been collected from two previous barcoding studies on central Euro-
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pean beetles (Insecta: Coleoptera) (Hendrich et al., 2016; Rulik et al., 2017) performed in the framework of
German Barcoding initiatives (i.e., German Barcode of Life project: https://www.bolgermany.de; Bavarian
Barcoding project: http://www.faunabavarica.de/). These projects aim at building a reference library of
DNA barcodes for all available organisms in Germany collecting, where possible, ten specimens per species,
from locations as distinct as possible throughout the Germany and the neighboring countries in order to
capture genetic variability (Figure 1).

In order to avoid an underestimation of intraspecific genetic differences and to maximize the amount of com-
plete available data from BOLD, (http://www.barcodinglife.org), we excluded from the analysis redundant
genetic information represented by identical syntopic haplotypes with equal geographical coordinates and
incomplete ecological or geographical information on the specimens. From these, we retained only those
species for which were available comprehensive ecological information (see below).

Species taxonomy used as backbone for this study is derived from Klausnitzer & Köhler (1998) and subse-
quent works (Köhler, 2000, 2011a, b; Bleich et al., 2016) reflecting the current species taxonomy applied in
German coleopterist’s community (http://www.coleokat.de/de/fhl/ (status: 2016)). Eventual inconsistencies
of current classification with the source of ecological data (Koch 1989, 1991, 1992) were adopted by F.K.
in his curated data base with help of the numerical identifier for each species (Lohse & Lucht, 1999). For
our meta-analysis, we selected among available data to examine the effect of four major ecological variables
(body size, biotype preference, habitat preference, and feeding habits) in the context of geographical distance
and genetic (mtDNA) differentiation.

Mitochondrial DNA (mtDNA) has been widely used in phylogenetic studies of animals because it evolves
much more rapidly than most nuclear DNA, resulting in the accumulation of differences between closely
related species (Brown et al., 1979; Moore, 1995). The rapid pace of sequence evolution in mtDNA, and in
particular in COI , results in differences between populations that have only been separated for brief periods
of time, making it a relevant way to infer divergence at population level (Avise et al., 1987). COI has been
found to consistently differentiate species and for which large libraries of sequences in constant growth have
become available linked to voucher specimens (Hebert et al., 2003a, b; Hebert & Gregory, 2005).

For the autecological information on the species (Table S1), which we regard here as a proxy for the entire
species ecology, we used data on feeding habits, habitat preference, biotope preferences, and body size
(derived from a data base curated by F.K. based mainly on Koch, 1989, 1991, 1992 and many further, more
detailed publications not mentioned here). Feeding habits included eight different, more generic classes:
coprophagous, polyphagous, mycetophagous, necrophagous, phytophagous, saprophagous, xylophagous, and
zoophagous (Figure 3B). While the same number of classes was used for the habitat preference: soil; eurytop,
rotting matters, nests, mushrooms, vegetation, water, and dead wood (Figure 3A), the biotope preferences
were represented by four different categories: no biotope preference, wetlands, open-land biotypes, and forests
(Figure 3C). Five size classes were arbitrary defined: 0-2 mm, 2-5 mm, 5-10 mm, 10-20 mm, 20-50 mm. These
reflect roughly eco-functional groupings in the food web due to body size. However, therefore, the ecological
classes are not equally represented among the sampled species (Figure 3D).

Metadata analysis

In order to inquire which ecological species properties influence the intraspecific genetic differentiation, we
investigated for correlation between infraspecific genetic distances of COI barcode data and geographical
distances among infraspecific samples using three different approaches (Figure 2, see below). Due some
controversy in the scientific community about Mantel test (Peres-Neto et al., 2001; Legendre et al., 2015),
we included here also ordination techniques (Legendre & Legendre 2012) and combined these to the method
of principal coordinates of neighbor matrices in a Procrustes analysis (PCNM; Borcard & Legendre, 2002;
Borcard et al., 2004; Dray et al., 2006). In a second step, we linked the outcome of these comparisons to the
ecological properties for each species. Significance is expected to be in major part is also dependent from
intraspecific sampling of each species which is in many species rather limited. The sheer amount of available
data nevertheless promises sufficient significant results.
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Meta-analysis was performed using R (R Core Team, 2017) in R-studio (Rstudio Team, 2016), Euclidean
distance matrices from the set of geographical coordinates of collection sites of each specimen were generated
with geosphere package (Hijmans et al., 2016). Pairwise distances from COI sequences using the Kimura
2-parameters DNA substitution model (Kimura, 1980) were calculated in the Apepackage (Paradis et al.,
2014). Even there was some controversy about the use of Kimura 2-parameters as DNA substitution model
in barcodes (Magnacca & Brown, 2010; Moniz & Kaczmarska, 2010; Srivathsan & Meier, 2012), we use this
substitution model as recommended by Hebert et al. (2003) since this study inquires at “population” level.

On these two distance matrices we subsequently performed the following analyses to infer the number of
species of each ecological class whose intraspecific genetic distances were correlated with the geographical
distances: 1) a Mantel test, two variants of Procrustes test using either 2) Principal coordinates of neighbor
matrices (PCNM) and non-metric multidimensional scaling (NMDS) or, 3) transformation-based principal
components analysis (Tb-PCA) and NMDS. PCNM represents the geographical distance matrix while PcoA
and NMDS represent the genetic distance matrix. Statistical significance in these comparisons indicates
strength of evidence about the probable trend of differentiation of the populations involved (Allendorf &
Luikart, 2007).

The Mantel test is a multivariate statistic method which typically compares two distance matrices that
were calculated for the same set of objects but that are based on two independent sets of variables (e.g.,
a species dissimilarity matrix and site distance matrix) (Mantel, 1967). The test calculates the correlation
between values in the corresponding positions of two matrices. Significance of the linear relationship between
matrices is assessed through permutation of objects (Peres-Neto, 2001). Being first applied in population
genetics by Sokal (1979), the Mantel test is currently one of the most commonly used methods to evaluate
the relationship between geographic distance and genetic divergence (Mantel, 1967; see Manly, 1985, 1997;
Diniz-Fhilo et al., 2013) – despite recent controversy and criticism about its statistical performance (e.g.,
Harmon & Glor, 2010; Legendre & Fortin, 2010; Guillot & Rousset, 2013, Catellano & Balletto, 2002) and the
existence of more sophisticated and complex approaches to analyze spatial multivariate data (Diniz-Fhilo et
al., 2013) – the Mantel test is still one of the most employed method in matrix data correlations. While Oden
& Sokal (1992) reported a problem for the partial Mantel test for spatially autocorrelated data, Lapointe
(1995) found problems with the simple Mantel test when using it for the comparison of dendrograms, and
Peres-Neto et al. (2001) tested error type I on Mantel statistic compared to other techniques. Lastly, Nunn
et al. (2006) and Harmon & Glor (2010) expressed concerns about the simple and partial Mantel tests when
used for phylogenetic comparative analyses. Essentially, all the issues reported by these studies relate to
inflated type I error rate or low power (Guillot & Rousset, 2013). In regard of the study design, the quality
and the amount of the analyzed data of our case study, the Mantel test seems to be a reasonable technique- to
inquire on the degree of relation between the two distance matrices. We ran the Mantel test on submatrices,
each one representing a single species composed from more than four specimens. The null hypothesis, i.e.,
the absence of relationship, was rejected when the p value was lower than 0.05. To run these analyses we
used the function “mantel()” in the vegan package (Oksanen et al., 2017) where the Mantel statistics was
defined as a matrix correlation between the two, geographical and genetic, dissimilarity matrices.

Ordination techniques provide several alternative ways to search for a correlation among different kind
of matrices (Legendre & Legendre, 2012). The most common current alternative to the Mantel tests is to
ordinate the genetic distances and compare them with geographic coordinates or other vector representations
of geographical distances (Diniz-Fhilo et al., 2013). Principal coordinates of neighbor matrices (PCNM;
Borcard & Legendre, 2002; Borcard et al., 2004; Dray et al., 2006), is a powerful approach able to detect the
spatial structure of varying scale in response data. Essentially, spatial variables are used to determine the
distance between sites with special focus on neighboring sites (Borcard & Legendre, 2002). These distances
are decomposed into a new set of independent (and hence orthogonal) spatial variables; it can be considered
as a more general approach to transform geographic space in a raw data form. There are several variants of
this approach (see Griffith & Peres-Neto, 2006; Bini et al., 2009; Landeiro et al., 2011; Diniz-Filho et al., 2009,
2012). The methodology followed here is the spatial Eigenfunction analysis (SEA) which has been extensively
used in ecology, and also gained attention from landscape geneticists (i.e., Manel et al., 2003; Manel &
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Holderegger, 2013). PCNM can detect a wide range of spatial structures, including autocorrelation and
periodic structures (Dray et al., 2006). The distance between objects is represented as a Euclidean distance
matrix, calculated from spatial data (latitude and longitude values) associated with the sample locations. As
the name suggests, PCNM is primarily concerned with ’neighboring’ sites. We used the PCNM() tool in the
vegan package, that automatically set the threshold distance above which distances are simply considered
”large”. Any geographical distances above this value were set to four times the threshold value (see Borcard &
Legendre, 2002). Finally, the modified distance matrix was subject to principal coordinates analysis (PcoA).
Due to the ’truncation’ of the original distance matrix to create a neighbor matrix, a PcoA on a neighbor
matrix (typically) produce more eigenvectors relative to the same analysis on a standard distance matrix. All
resulting eigenvectors with positive eigenvalues have been used as a new set of explanatory spatial variables in
a multiple regression approach trough Procrustes superimposition method. Therefore, when genetic data are
regressed against these eigenvectors, some of them tend to describe the spatial patterns in genetic variation
(Legendre & Fortin, 2010).

The transformation-based principal components analysis (Tb-PCA) is a two-step ordination method that
it is considered to be the two-step equivalent of the principal coordinates analysis (PcoA). The principal
coordinates analysis (PcoA) is a conceptual extension of the principal components analysis (PCA) technique
(Pearson, 1901) also integrated in the PCNM procedure (Figure 2). It similarly seeks to order the objects
along the axes of principal coordinates while attempting to explain the variance in the original data set.
However, while PCA organizes objects by an eigenanalysis of a correlation or covariance matrix, PcoA can
be applied to any distance (dissimilarity) matrix (Gower, 1966). As the PCNM technique, PCA generates a
set of eigenvectors summarizing the distance matrix information. Legendre & Gallagher (2001) recommended,
in order to simplify the analysis and standardize the data entries, to detrend the data (decostand() function
in “vegan” package) before performing the PCA. Only the resulting positive eigenvectors have been combined
with PCNM eigenvectors in a Procrustes analysis, which aims to find the species where the two distance
matrices are better correlated.

Non-metric multidimensional scaling (NMDS) is a unique ordination technique in that a (small) number of
ordination axes are explicitly chosen prior to the analysis and the data are then fitted to those dimensions.
Because NMDS is a numerical rather than an analytical technique, it does not produce a unique solution. A
‘stress’ parameter is computed to measure the lack of fit between object distances in the NMDS ordination
space and the calculated dissimilarities among objects (Paliy & Shankar, 2016). In contrast to tb-PCA,
NMDS is a non-eigenvector-based approach, i.e., all axes produced are equally representing the data variance
(Legendre et al., 2005). In order to compare and verify the reliability of the results we have chosen to perform
this ordination method as well as the eigenvector-based one, and to compare the results then with each
other. We performed NMDS analysis aiming at transforming the genetic distance matrices in a set of row
data representing the genetic distance variance for every species (Figure 2).

In order to investigate the impact of sampling area size on the results, a fifth categorical, sampling-dependent
variable have been introduced: the distance classes which represent the average distance between all indivi-
duals of the same species. A high distance class is equivalent with a larger sampling area of a species. The
distance class thus represents the distance in which most of the sampled specimens were found. The largest
geographical distance value was found to be 719 km (Longitarsus parvulus Paykull, 1799), the smallest was
about 5 km (Chrysolina marginata Linnaeus, 1758). All mean distances within 100 km were in the distance
class “100”, all those within 101 and 150 km were in the distance class “150”, those between 151 and 200
km in class “200”, to class “300” belong all those species ranging between 201 and 300 km and the last class
includes all the species with a mean geographic distance higher than 301 km.

At first, we performed Procrustes analysis on PCNM axes and tb-PCA axes, representing the geographical
structure and the genetic distances of each species, respectively (the latter calculated on the detrended data
frame as recommended by Borcard & Legendre, 2002) (Figure 2). We have chosen Procrustes superimposition
technique because variables could be either ordination axes (usually those that explain most of the variation in
a data set) or original variables; it may also be applied to (dis)similarity matrices describing the same objects.
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Procrustes analysis is a statistical method which compares a collection of (multidimensional) shapes by
attempting to transform them into a state of maximal superimposition. It does so by attempting to minimize
the sum of squared distances between corresponding points in each shape through translation, reflection, rigid
rotation, and dilation (scaling) of their coordinate matrices. In contrast to the Mantel test, Procrustes analysis
allows to determine how much variance in one matrix is attributable to the variance in the other. When
comparing ordinations from NMDS or PCA a ’shape’ may be defined by treating each ordinated point as a
vertex (Peres-Neto & Jackson, 2001). In the present context, Procrustes analysis is applied on matrices that
are back-converted into an ”object-by-variable” table by principal coordinates analysis (PcoA), non-metric
multidimensional scaling (NMDS), or other suitable ordination methods (Jackson 2001). Configurations
resulting from Procrustes analysis can be tested for non-randomness through repeated symmetric Procrustes
analyses allowing to test for significant differences (protest()-function in vegan). We repeated the same
analysis using the NMDS axes instead of the tb-PCA eigenvectors (both representing the genetic distance).

Finally, we performed linear regressions one by one within the same species on the sets of axes representing
genetic distances against the PCNM axes representing the geographic distances to test for significance of
the relationship between the two variables. PCNM axes were computed both times using pcnm() function
in vegan package (Oksanen et al., 2017), while tb-PCA and NMDS axes were computed respectively using
the pcoa() function in vegan and the nmds() function in “ecodist” package (Goslee & Urban, 2007).

Regarding the results of Procrustes analysis, we refer in the following text (statistics and significance values)
to “NMDS statistics”, “NMDS significance” or generally to “NMDS results” for results that were computed
using regressing NMDS and PCNM axes, while we use “PCA statistics”, “PCA significance” and “PCA results”
for results referring to the Procrustes output involving tb-PCA axes and PCNM eigenvectors.

Role of ecological characteristics

Both pairwise intraspecific geographical and genetic distances were plotted in subsets of ecological properties
(see above). Subsequently, sampling variables (i.e., the number of sampled localities, the number of sampled
specimens and the mean geographic distance among sampled individuals per species) were plotted against
test statistics and significance to investigate the degree of their correlation. To check for the role of sampling
design on the meta-analyses through plot choice, we compared statistics and significance scores of every
species against the other variables with the number of individuals examined per species, the number of
sampled localities and the mean geographic distance among sampled individuals per species.

To detect potential population genetic “anomalies” or “regularities” referable to ecological dynamics, we
produced boxplots on all data and on subsets of data, observing the variance in the mean values of statistic
and significance scores obtained as Mantel/NMDS/PCA output. We were aware that significance in major
part is also dependent from the amount of intraspecific sampling of each species and the strength of the
relation.

Results

Of the 29,464 available COI barcode sequences, geographical coordinates were available for 29,349 individuals
(Figure 1). Excluding identical syntopic haplotypes and individuals with incomplete geographical coordinates,
we retained for the analysis 16283 individuals of 3967 species from 124 Coleoptera families. From these, we
retained only those species for which comprehensive ecological information was available, such as feeding
style, habitat and biotope preference, and body size resulting in 12207 specimens available for final meta-
analysis representing 1785 species and 95 families of Coleoptera from Germany.

The majority of the species (above 400) was distributed in the distance class “300”, the fewest species were in
the class “>300” (Figure S1). The number of species decreased exponentially with the rising of the number
of localities, with one exception where only 190 species recorded 3 sampling localities (Figure S1). Most
species were zoophagous (n= 674) or phytophagous (n= 585), while the preferred habitat was vegetation,
which made up more than 600 species (n= 632) while dead wood and soil habitats accounted for 398 and
400 species, respectively (Figure S2). Across the preferred biotopes, 691 species preferred forest, many others
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either open-land (n= 420) or wetland (n=369), and 305 had not specific preferences (Figure S2). The most
represented size-classes were, as expected, very small (n= 594) and small (n= 626) species. The medium size
class accounted for 386 species, while the large and largest beetles counted 157 and 22 species, respectively
(Figure S2).

Infraspecific genetic distances resulted to be inversely proportional to the number of sampled individuals
and number of sampling localities (Figure 3A-C), while intraspecific geographic distances were not affected
by sampling issues. Despite numerous cases with elevated infraspecific divergence, distance plots across the
four major eco-classes of central European beetles (habitat, feeding preferences, biotope, size class) revealed
generally low intraspecific distances (<3 % sequence divergence). Nevertheless, at first glance, patterns of
geographical and genetic differentiation differ clearly among ecological and eco-morphological traits. Indeed,
the plots (all data) of geographical distance matrices versus genetic matrices showed different shapes across
different ecological guilds (Figure 3B-H, Figure S3), particularly for habitat and feeding style. However, for
the biotope types no principal differences were visually evident (Figure 3G), although in biotopes, wetland
and open land included more long-distance samples than did forest and eurytopic biotopes. Body size sho-
wed a clear trend that with the increase of body size (from extra-small to extra-large) followed a mostly
gradual decrease of the infraspecific genetic distances (Figure 3F, Figure S3C). Larger geographical distances
occurred in saprophagous and phytophagous taxa or species preferring wetland and vegetation, for which
specimens had been sequenced from outside of Germany (Figure S3). In saprophagous taxa, a large amount
of pairwise distances of specimens followed a nearly proportional increase in both genetic and geographic
distances. The same was found for the xylophagous and zoophagous species. A different pattern was evident
in mycetophagous species where the genetic distances were already much higher even with short geographic
distances, while in necrophagous, polyphagous and coprophagous species we observed the opposite (with
some minor exceptions), i.e., a clearly limited amount of genetic variation even with increased geographic
distance (Figure 3D). In regard of habitat preferences, vegetation, rotten matters, and dead woods had si-
milar trends as taxa with phyto-, sapro-, and xylophagous feeding style, obviously due to the connection
between these eco-classes. Species with habitats such as soil and nests had also a higher genetic variation at
same geographical scale, while others such as the ”mushrooms/ fungi” inhabitants had comparatively lower
genetic structure despite a vast geographical sampling (Figure 3E).

All the three methods of correlation analysis between genetic and geographical differentiation detected cases
in which the expected relationship between geographical and genetic distances were confirmed, i.e., where
all correlation approaches were positive (Figures S4, S5). The Mantel test identified 250 species having a
significant relationship between the two distances (14% of the total number of examined species), NMDS 160
species (9% of the total number of examined species) and PCA 123 (6.8% of the total number of examined
species). Overlap of significant species between NMDS and Mantels test was 9.2%, while species overlap
of PCA with Mantel test was 9.6 % of and 32.5 % with NMDS. This apparent discordance in identifying
the significant species with correlated patterns was evident from pairwise plots of significance and statistic
values of each species from the three methods (Figure S6): while the PCA and NMDS methods agreed in
both significance and statistic values in most of the cases, both methods highly diverged with the mantel
resulting scores. Furthermore, maximum and minimal values of significant species differed between the three
methods (Tab. 1).

Significance for the ecological traits and their sub-guilds was rather rare in all three approaches of correlation
analysis (Figure S5). Significance levels were too low to further use the outcome for further trait investigation:
these were in mean for all ecological guilds 7.5, 9.4, or 15.6 % for PCNM+PCA, NMDS+PCA, and Mantel
test, respectively, or at best 28% for a single guilt (Tab. 2). Some beetle families entirely did not show
significance (Figure S7). All three correlation tests found coprophagous species to have the significantly
more species with significant correlation between genetic and geographic distances (Tabs 1, 2). While the
mantel test identified nest dwellers with the lowest percentage the opposite was the case for NMDS and
PCNM where the nest dweller guild was the most dominant in significance. PCA and NMDS recorded high
percentages in significant species in nest habitat and body size (i.e., extra-large), while small species were
those dominant for the Mantel test.
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Discussion

Patterns of genetic variation often reflect spatial variation in gene flow which can be influenced in two
important ways (Wang & Summers, 2013): Spatially separated populations may experience isolation-by-
distance (IBD; Wright 1943) in which landscape barriers and geographical distances cause restricted gene
flow; and isolation-by-environment (IBE; Wang & Summers, 2010) in which gene flow among populations
inhabiting different ecological environments is limited either by selection against dispersers moving between
them or by individual preference to remain in a particular environment due to local adaptation (Dobzhansky,
1937). IBE predicts a correlation between genetic divergence and environmental dissimilarity because greater
environmental differences between populations are expected to be associated with stronger divergent selection
and reduction in the success of dispersers (Crispo et al., 2006; Lee & Mitchell-Olds, 2011). Of course,
geographical and environmental isolation do not exclude each other, and spatial genetic divergence can
be associated to gene flow reduction due to both geographical and ecological factors (e.g., Coyne & Orr,
2004; Crispo et al., 2006; Thorpe et al., 2008). Furthermore, population genetic theory predicts that genetic
distances among individuals will increase with increasing geographical distance (Allendorf & Luikart, 2007).

Our investigation of the genetic vs. geographic distances within species across multiple guilds of different
ecological traits and taxa (95 Coleoptera families) revealed that there are only few cases in which this rela-
tionship resulted to be significant and thus predictable, i.e., for which an increase in geographic intraspecific
distances was followed by an increase in genetic distances, or the other way around, and most of all, sho-
wing a sufficient sampling (in terms of number of samples to examine) to support such trends statistically.
However, observed patterns of infraspecific genetic and geographical distances among most of the central Eu-
ropean Coleoptera species and ecological guilds examined were neither uniform nor entirely different among
each other. Thus, the unlikely hypothesis that all species increase their genetic diversity with the distance
of their record, which could be interpreted as a signal of gradual dispersion and genetic differentiation in
progress (Allendorf & Luikart, 2007), could be not universally confirmed, despite the study area suffered an
almost entire biodiversity loss during the Pleistocene and was reoccupied afterwards from external founder
populations (e.g., Hewitt, 2000; Hofreiter & Stewart, 2009; Abellán et al. 2011; Birks & Tinner, 2016).

Besides limited sampling, cases, in which species did not show a positive relation between genetic and geo-
graphical distances, might be explained in two ways: 1) the geographic expansion of the species was not
followed by an equal genetic diversification (intraspecific DNA distances are smaller than geographic distan-
ces), i.e., occurring in species with high dispersal capabilities with continuous genetic mixing and in a well
interconnected area. Or, 2) the genetic diversification in the study area was independent from the geographic
scale, occurring mainly in species with a potentially different phylogeographic origin of their populations. It is
well known that Central Europe experienced post-glacial recolonization events from different Mediterranean
and extra-Mediterranean refugia located all across the continent (e.g., Ahrens et al., 2013; Kühne et al., 2017,
Schmitt & Varga, 2012). Freijeiro & Baselga (2016) suggested that dispersal-based processes in European
beetles were probably taxon-dependent, but also depended on dispersal ability and ecological traits (Gómez-
Rodŕıguez et al., 2015). Although patterns appear not very clear due to widely lacking significance, we here
found several patterns in genetic/geographic relationships among ecological preference classes which might
fit more ecology-dependent dispersal and differentiation (Papadopoulou et al., 2008). Indeed, causalities are
expected to depend both on environmental and ecological processes in the species range. The distribution
area as well as the relation genetic distance vs. geographic distance of a species depends on several factors:
the paleo-biogeographic and biogeographic history (i.e., glacial expansion dynamics, glacial refugia presence,
postglacial climatic gradients, and postglacial species expansion) (Stewart et al., 2010) could have been the
major cause of such genetic trend in diversification. It is widely accepted that present distribution patterns in
Central Europe are related to post glacial recolonization dynamics (e.g., Schuldt & Assmann, 2009; Schmitt,
2009) beside other also important factors (Baselga et al., 2012). In this context, geographic, climatic and
ecological exogenous factors (i.e., climatic gradients, habitat fragmentation or presence/absence of corri-
dors) and ecological endogenous factors (i.e., potential niche or dispersal capabilities due to physiological
properties, level of adaptation) play a crucial role to determine these patterns (e.g., Schmitt et al., 2009;
Rundell et al., 2009). So far, distribution patterns and genetic differentiation have been studied for mainly
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selected cases in the framework of phylogeographic studies (taxa or/and study sites; e.g., Múrria et al., 2020;
Garcia-Raventós et al., 2021; Domènech et al., 2022), while only some studies with wider taxonomic and
geographical scope exist (e.g., Baselga et al., 2013, 2015; Joly et al., 2014; Fujisawa et al., 2014; Dapporto
et al., 2019). With the upcoming barcode data, a vast amount of data is becoming available to address such
questions routinely at large scale, and to uncover particularly responses at population level regarding many
ecological and climatic factors which have so far been explored with limited systematic sampling.

Here, deeper going conclusions lack statistic support since barcode data/ libraries are generally not designed
to explore phylogeographic patterns in the context of species ecology. At this stage we expect sampling
bias since data were generated with the scope of collecting and barcoding as many species as possible for
future species identification. However, the amount of available data on central European beetle species was
good enough to start to enquire the relationships between ecological properties of the species and their
intraspecific patterns of genetic differentiation and to look at patterns that go beyond a single guild or
species group (Baselga et al., 2013, 2015; Fujisawa et al., 2014). In fact, we faced severe problems due to the
available number of sampling localities and of individuals per species. Therefore, we included all the sampling
variables in the linear models excluding all the species with poor number of specimens and sampling sites.
Furthermore, we investigated for the role of the sampling variables, such as number of individuals per species
and number of localities, on the final results of statistic and significance scores as well as for an eventual
implication of geographic distances of arbitrary chosen sample sites.

PCA and NMDS techniques captured different information compared to the Mantel test. Thus, the PCA
technique was the least efficient in describing the relation of genetic and geographic distances in terms of
amount of resulting significant species, followed by NMDS method and Mantel test. Results of both were
similar but partially different from those obtained from Mantel test (Figure S5). This discordance limited
more general conclusions. It is likely that the different algorithms behind the analytical techniques behaved
differently in the presence of high level of noise in the data caused by spatial autocorrelation (Diniz-Filho et
al., 2003; Legendre et al., 2015; although not tested here) and lacking sufficient geographical sampling (due
to financial constraint of the Barcoding initiative, which did not allow higher samples numbers). Because
different methods may emphasize different aspects of the data, using different data analyses techniques
(Figure 2) may reveal more aspects of the data structure than a single method (Kenkel & Orloci, 1986).
The Mantel test was considered to handle the limited number of available samples per species best which
was disadvantageous for the ordination technique, which better read and converted the data matrices in
more readable and efficient row data (Legendre et al., 2015) for the further Procrustes analysis. Ordination
techniques are known to work better when dealing with big amount of data. On the other hand, minimal
sampling size in our data was below the generally suggested amount to robustly investigate phenomena
depending on spatial scale (at least 20 sampling localities; Dale & Fortin, 2014). Being first applied in
population genetics by Sokal (1979), the Mantel test is currently one of the most commonly used methods to
evaluate the relationship between geographic distance and genetic divergence (Mantel, 1967; see Manly, 1985,
1997; Diniz-Fhilo et al., 2013) – despite recent controversy and criticism about its statistical performance
(e.g., Harmon & Glor, 2010; Legendre & Fortin, 2010; Guillot & Rousset, 2013; Castellano & Balletto, 2002)
and the existence of more sophisticated and complex approaches to analyze spatial multivariate data (Diniz-
Fhilo et al., 2013). In our case study, the mean number was only five sampling localities per species. Even
though ordination methods are better suited, less prone to type I error and better in describing patterns
(Legendre & Fortin, 2010; Legendre et al., 2015; C. Wang et al., 2010; I.J. Wang et al., 2013), results were
not congruent with those of the Mantel tests. Nevertheless, PCNM methods combined to genetic information
should be considered an alternative to the Mantel test and further analysis on a richer dataset could then
possibly lead to clearer ecological conclusions.

It is known that the occupied habitat type has significant effects on both extent of the species range and
latitudinal distribution (Ribera & Vogler, 2000; Hof et al., 2006, Fujisawa et al., 2014). This extends by some
aspects the results of Fujisawa et al (2014) who found infraspecific genetic variation of COI in water beetles
positively correlated with occupancy (numbers of sites of species presence; i.e., a similar but not identical
measure to geographical distance) and negatively with latitude, whereas substitution rates across species
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(which we did not examine here) was influenced mainly by habitat types; specialized species of more stable
environments, such as running water, had the highest rate. Baselga et al. (2015) expected dispersal to be
high in aquatic beetles (of standing waters) because of the need for movement between ephemeral water
bodies, while dispersal of leaf beetles do not require long-range movement for population persistence due
to more stable conditions in vegetation. This is also reflected by our findings for species using vegetation
as habitat. Our data thus seem to confirm the habitat stability hypothesis (Ribera et al., 2003) which sees
in Pleistocene glacial events and the following climatic stability the major causes in producing equilibrium
conditions, either with environmental factors due to niche-based processes or with spatial distributions from
long-term stochastic dispersal.

Our data suggested higher dispersal tendencies and lower infraspecific variation of mtDNA for more epheme-
ral food resources (dung, dead animals), or habitats (fungi/ mushrooms). However, low number of species
in these guilds and a similar pattern for eurytopic species (Tab. 1) might indicate that this observed pattern
could be also a result of sampling bias. Specimens’ body size does not provide an answer to this question,
as generally divergent patterns of infraspecific genetic vs geographical distances between smaller (x_s, s,
m) and larger species (l, x_l) (Figure 3) are contrasted by rather uniform correlation statistics between
the size classes (Figure 4). Studies on ground beetles have shown a generally higher genetic diversity across
larger species independent from their sample site distance (Assmann et al., 2010; Schuldt & Assmann, 2011)
which explain this pattern by lack of interconnection among populations due to their very specific habitat
requirements, the habitat quality, and respective morphological adaptations (e.g., wing reduction; Jelaska
& Durbešić, 2009). According to Freijeiro & Baselga (2016), the presence or absence of wings is an im-
portant factor for a better understanding of the geographical/genetic scale relationship. Indeed, habitat
fragmentation is considered a major factor limiting gene flow in ground beetle populations (Liebherr, 1988).

Our results, beside yet still enormous sampling gaps and underrepresentation of many species, indicate
that ecological niches and preferences may play a major role in geographic dispersal and genetic differ-
entiation within species even though we did not consider here environmental, climatic factors or longitudi-
nal\latitudinal gradients which are also known to have a fundamental role in explaining population dynamics
(Rosindell et al., 2011; Baselga et al., 2013, 2015; Frejeiro & Baselga, 2016). These results can be extremely
helpful to further develop conservation strategies, from a simple species conservation approach towards the
conservation of genetic diversity in habitats or landscapes (e.g., Hedrick, 2001; Vellend et al., 2014). There-
fore, further molecular screening would be needed, with particular focus on more geographical sampling to
cover more in detail the genetic variation within the study area and to uncover causalities of such patterns
(i.e., extending the Barcoding towards population level). Indeed, our results showed: an increase in num-
ber of sampling localities was usually followed by a related increase in statistic score and thus increase the
explanatory power of barcode data to explain infraspecific genetic patterns among different ecological guilds.

The screening at the diversity patterns of the entire entomological fauna in such vast territory as Central
Europe is a demanding task which request efficiency and great sampling efforts, but in the light of the
emergency of current trends of insect decline (e.g., Hallmann et al., 2017; Wagner et al., 2021) it becomes an
important issue for deeper understanding of its causes. The German Barcoding of Life campaign (Hendrich
et al., 2015; Rulik et al., 2017) and resulting database contributed to resolve these issues. Nevertheless, a
denser geographic sampling that will also result from future monitoring studies or metabarcoding projects
will enhance the number of sampled localities and specimens, while concerted actions would be desirable.
This will strengthen statistic results and allow bolder conclusions regarding biodiversity in a study area
rather than simple species numbers.
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Nspec Mantel %
NMDS+
PCA %

PCNM+
PCA %

Feeding
style
Coprophagous 29 8 27.59 6 20.69 5 17.24
Polyphagous 15 4 26.67 3 20.00 1 6.67
Mycetophagous156 27.3 17.50 14 8.97 13 8.33
Necrophagous 27 3 11.11 0 0 1 3.70
Phytophgous 585 80 13.68 60 10.26 40 6.84
Saprophagous 99 17 17.17 9 9.09 8 8.08
Xylophagous 200 32.3 16.15 19 9.50 14 7.00
Zoophagous 674 101 14.99 55 8.16 39 5.79
Habitat
Soil 398 60 15.08 36 9.05 26 6.53
Eurytopic 22 3 13.64 0 0 0 0
Rotten
matters

167 21 12.57 12 7.19 9 5.39
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Nspec Mantel %
NMDS+
PCA %

PCNM+
PCA %

Nest 28 2 7.14 4 14.29 3 10.71
Mushrooms 29 5 17.24 1 3.45 2 6.90
Dead
woods

404 41 10.15 39 9.65 32 7.92

Vegetation 632 88 13.92 68 10.76 41 6.49
Wetlands 105 30 28.57 7 6.67 8 7.62
Biotope
Eurytope 305 41 13.44 22 7.21 17 5.57
Wetland 369 75 20.33 30 8.13 26 7.05
Open land 420 56 13.33 52 12.38 30 7.14
Forest 691 78 11.29 63 9.12 48 6.95
Body
size
xs 594 77 12.96 47 7.91 33 5.56
s 626 99 15.81 63 10.06 49 7.83
m 386 53 13.73 40 10.36 22 5.70
l 157 18 11.46 15 9.55 13 8.28
xl 22 3 13.64 3 13.64 4 18.18
Overall
mean

15.57 9.44 7.50

Table 2. Comparison between the three analytic methods. Only significant scores resulting from the multi-
linear models are reported. The first row of each eco-class shows the F-statistic score (when significant) for
the correspondent pair of variables. A dash indicates no support by the models (i- intercept).

Mantel Mantel Mantel NMDS+PCA NMDS+PCA NMDS+PCA PCNM+PCA PCNM+PCA PCNM+PCA

ANOVA Statistic Signifi-cance Binary Sig.* Statistic Signifi-cance Binary Sig. Statistic Signifi-cance Binary Sig.
Feeding style - 3.5 - - - - - - -
coprophagous (i) 0.21 0.4 -6.51 0.67 0.57 -10.39 0.73 0.49 -23.25
polyphagous - - - - - - - - -
mycetophagous - - - - - - - - -
necrophagous - - - - - - - - -
phytophagous - - - - - - - - -
saprophagous - - - - - - - - -
xylophagous - - -1.33 - - - - - -
zoophagous - - - - - - - - -
Habitat 6.9 4.9 - 2.8 2.9 - - - -
soil (i) 0.27 0.41 -7.57 0.64 0.52 -11.17 0.7 0.52 -8.04
eurytopic - - - - - - - - -
rotten matters - - - - - - - - -
nest - - - - - - - - -
mushrooms - - - 0.08 -0.11 - - - -
dead woods -0.06 0.05 - - - - - - -
vegetation -0.06 - - 0.03 -0.05 - 0.02 -0.04 -
wetlands 0.11 -0.07 - - - - - - -
Biotope 19.9 17.1 - - 3 - - 2.6 -
eurytopic (i) 0.2 0.46 -6.93 0.64 0.52 -11.15 0.7 0.52 -23.91
wetland 0.1 -0.05 - - - - - - -
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Mantel Mantel Mantel NMDS+PCA NMDS+PCA NMDS+PCA PCNM+PCA PCNM+PCA PCNM+PCA

open land - - - - - - - -0.04 -
forest - - -0.62 - - - - -0.04 -
Body size - - - - - - - - -
l (i) 0.22 0.44 -7.5 0.65 0.5 -10.98 0.69 0.52 -23.63
m - - - - - - - - -0.91
s - - - - - - - - -
xl - - - - - - - - -
xs - - - - - - - - -
Distance classes 8 4.2 - 3.5 4.9 - 16.4 2.3 -
>300 (i) 0.21 0.54 -7.85 0.62 0.53 -10.69 0.69 0.53 -25.1
100 - - - - - - - - -
150 - - - - - - - - -
200 - - - - - - - - -
300 - - - - - - - - -

*NA is reported in correspondence of the GLM predictor (Binary sig.) as no analysis of variance had been
computed for such categorical variable.

Figure 1. Map of the sampling sites of specimens considered for this study across the Central Europe.

Figure 2. Flow chart illustrating the two alternative analyses to the Mantel test used to detect the intraspe-
cific relationship between geographical distances and genetic distances. Left side: PCA method; Middle: the
NMDS method; it starts with the same matrix and ends with a set of axes representing the DNA distances.
Right side: PCNM technique performed on geographic coordinates. The PCNM produced a set of eigenvec-
tors which had been regressed in Procrustes superimposition analysis first against NMDS axis, then against
PCA eigenvectors. Finally, significance test with Protest.

Figure 3. Mean intraspecific genetic distances plotted vs A) mean geographic intraspecific distances (in km);
B) number of sampled individuals per species (N_ind); C) number of sampling sites per species (loc); D) vs
geographic distances (km) for guilds with different feeding styles; E) vs geographic distances (km) for guilds
with different habitat preferences; F) vs geographic distances (km) for body size classes; G) vs geographic
distances (km) for guilds of biotope preference.

Figure 4 . Violin plots and bar plots of statistic scores from Mantel, NMDS+PCA, and PCNM+PCA
analyses across the different ecological guilds and subcategories, differentiated for species with significant
(dark grey) and non- significant (light grey) correlation.

Habitat preferences: h_b =soil, h_e=eurytop, h_f= rotting matters, h_n=nest, h_p=vegetation, h_-
t=dead wood, h_v=vegetation; h_w= water; biotope preferences: b_e= eurytopic; b_f =wetlands
; b_o= open-land biotypes; b_w=forests; body size classes: s_xs= extra small; s_s= small; s_-
m=medium; s_l=large and s_xl= extra-large; feeding style: f_c = coprophagous; f_e = polyphagous;
f_m= mycetophagous; f_n= necrophagous;f_p= phytophagous; f_s= saprophagous; f_x= xylophagous;
f_z= zoophagous; geographical distance classes: highest treashold measured in km.

Supplement Figure 1. Distribution of the number of specimens (above) and species (middle) on the five
classes of geographical distances and the amount of sampling localities (below).

Supplement Figure 2. Bar plots (above) showing the number of species across the ecological guilds. Violin
plots (below) illustrate the number of specimens per species for each considered ecological trait: habitat
preference (A); feeding style (B); biotope preference (C); body size classes (D); the width of violin indicates
the total number of such cases.
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Supplement Figure 3. Relationships between pairwise geographic and genetic distances across guilds for each
ecological variable.

Supplement Figure 4. Dot plot showing the relationship between the sampling variables: number of localities
(loc); number of individuals per species (N_ind); mean intraspecific geographic distance (km).

Supplement Figure 5. Significance levels for Mantel, NMDS, and PCA tests (y-axis: significance value;
x-axis: p-value). On the left panel, significant species are shown in detail; right panel: all the examined
species that showed a positive and significant relationship for at least one test.

Supplement Figure 6. Comparison between the three correlation methods. on the bottom-left are regressed
the three technique Statistic scores. On the top-left are regressed the significance scores.

Supplement Figure 7. Histogram showing the 1785 species distribution across the 95 examined families. In
the chart all the species resulting significant in at least one of the three statistical tests performed during
the study have been filled in dark grey.

Supplement File S1

Tab. S1. Metadata list including all the examined species and their relative ecological classes appartenence.
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