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Abstract: Over the last 30 years there has been a great deal of interest in investigating patterns of species co-occurrence across
space and time, which may be shaped by interspecific competition for shared resources. A good model of co-occurrence mecha-
nisms is developed among predatory animals along a pollution gradient, where shared resources become more limited in more
contaminated areas and the energy budget for detoxification is much higher. Community disassembly by heavy metal pollution
may occur when the presence of toxic elements shifts patterns of species co-occurrence from structured to random. On the
other hand, limited resources on a pollution gradient should lead to higher competition between dominant species. Disassembly
may entail the loss of existing co-evolved interactions among species, which has ramifications for community dynamics and
the quality of the functioning of polluted ecosystems. We expect an assemblage dominated by competitive species interactions
to exhibit a significant segregation of taxa, whereas one dominated by mutualistic or syntrophic interactions would exhibit an
aggregation of taxa. Responses of Carabidae co-occurrence patterns and changes in body size measures to heavy metal concen-
trations were investigated in a zinc contamination gradient in a Scots pine forest in the vicinity of Olkusz (southern Poland),
at 12 study sites. The zinc concentration in the humus layer varied between 108 mg kg dw to 6150 mg kg™! dw. We used the
C-score index, between all possible species pairs in a matrix. The ground beetle assemblages from the reference sites showed a
significant segregation pattern. Community disassembly occurred only among assemblages in heavily polluted sites. The aver-
age value of skewness and kurtosis were significantly higher in the highly contaminated sites, indicating the greater proportion
of small-bodied species in contaminated areas. The Gini coefficient was highest in the low contaminated sites, indicating the
body-size inequality of carabid assemblages was greatest in the uncontaminated areas. Our data suggest that increased pollu-
tion contributes to the extinction of sensitive forest specialists with large body size and higher competitive abilities, leading to
replacement by less sensitive generalists, with smaller body size and that the co-occurrence of species on heavily polluted sites
is a result of unstable interactions between species in communities.

Nomenclature: Aleksandrowicz (2004).

Abbreviations: L-low contaminated localities; H-high contaminated localities.

Introduction Among diverse epigeic fauna, ground beetle assemblag-
es, structurally and functionally diverse organisms with a
wide range of body size and a high level of dietary specializa-

tion (herbivores-predators), play a very important role in the

Intensive industrial activity leads to increasing pollution
of the natural environment by heavy metals. This poses a

threat to both plants and animals, and thus to humans as well
(Gallagher et al. 2008, Zmudzki and Laskowski 2012). The
concentration of heavy metals in the natural environment is
influenced by many factors directly associated with the source
and form of the pollutants, but also by soil parameters such
as soil pH, organic matter content, granulometric composi-
tion, soil sorption capacity, and the mobility of a given trace
element in the environment (Gall et al. 2015). Most heavy
metals which are harmful to the environment are most heav-
ily concentrated in the soil, thus acting as a strong stressor
for many organisms that are closely associated with the soil
(Stefanowicz et al. 2008, Holmstrup et al. 2010).

functioning of forest ecosystems (Koivula 2011, Sktodowski
2014, Skalski et al. 2015a). In areas contaminated with heavy
metals, they are a good bioindicator of the negative impact
of their concentration both at the level of the individual
and in the structure of assemblages or interspecies interac-
tions (Bednarska et al. 2009, Butovsky 2011, Skalski et al.
2015a,b). Severe contamination of the soil environment by
heavy metals causes an increase in mortality, especially in or-
ganisms with soft and delicate body exoskeleton (e.g., the lar-
vae of beetles of the species Pterostichus oblongopunctatus,
ants Myrmica rubra, or spiders) (Mozdzer et al. 2003, Grze$
2010, Zmudzki and Laskowski 2012). Heavy metals have
also been shown to affect metabolism, physiology and life
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history traits (Fountain and Hopkin 2004), especially body
size, in which changes are clearly observed along gradients of
environmental disturbances (Ribera et al. 2001, Magura at al.
2006). Using computer-centred video tracking in laboratory
Bayley et al. (1995) showed that in laboratory experiment the
locomotor behaviour of adult Pterostichus cupreus was asso-
ciated with copper-induced internal structural damage during
larval development. In the field studies at the community lev-
el, negative effects of heavy metal contamination on species
diversity parameters have been noted as well (Skalski et al.
2010, 2015ab, Zmudzki and Laskowski 2012), although the
trend is not always the same (Skalski et al. 2011). However,
little attention has been devoted to determining the impact of
heavy metals on interspecific interactions.

In natural systems, the co-occurrence of species is strictly
determined by numerous factors. The most important of these
are the habitat conditions and habitat resources that shape the
species structure of assemblages. In stable ecosystems, pred-
ator-prey interactions and interspecific competition are also
very important factors determining the co-occurrence of spe-
cies (Cody and Diamond 1975). Theoretical models indicate
that the species composition of local assemblages depends on
the niches shared by species (Chase and Leibold 2003). This
theory assumes that there are species in assemblages com-
peting for resources, so that their coexistence is much lower
than would result from chance (Diamond 1975). On the other
hand, an aggregation model is possible, which assumes that
if resources are present in the form of small patches, we can
expect higher coexistence of species than would result from
chance. Each of these theories, however, assumes that the or-
ganisms present in the assemblages are in equilibrium and
thus are stable in time and space. But what will happen when
a disturbance takes place in the habitat and one of the spe-
cies maintaining equilibrium in the assemblage is completely
eliminated or its density is drastically reduced? We may ex-
pect that a new assemblage will appear, having a different
structure and a different species composition than the previ-
ous one. The previous relationships resulting from competi-
tion will be eliminated, leading to the formation of a coexist-
ence pattern similar to the randomized model (Gotelli 2000,
Sanders et al. 2003, Banado et al. 2005, Sanders et al. 2007).

Forests contaminated with heavy metals, in which eco-
system functioning is severely disturbed, provide a good test-
ing ground for determining the impact of contamination on
the coexistence of ground beetles (Coleoptera, Carabidae).
In addition, we used the parameter of carabid body size as
an indicator of the impact of environmental disturbances on
the functioning of entire ecosystems. This is possible because
body size is strongly correlated with many other life history
traits (e.g., dispersal power, reproduction rate and time of
development) (Seri¢ Jelaska and Durbesi¢ 2009). The selec-
tion of study sites located along a Zn contamination gradient
made it possible to put forth the following hypotheses: (i) in
a gradient of heavy metal contamination, the coexistence of
species takes the form of a distribution significantly different
from random distribution, and a phenomenon occurs whereby
some species are excluded by others; (ii) in highly contami-
nated areas the random distribution of species occurs, which
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may indicate the extinction of species with high competitive
potential; (iii) large species are eliminated in a Zn contamina-
tion gradient and in the absence of competition small species
with greater environmental plasticity appear.

Materials and methods

Study area and sampling

The research was carried out in the vicinity of the
Bolestaw zinc and lead smelter located near Olkusz in south-
ern Poland (Location N/E 50°27', 19°47"). A gradient of four
study sites was selected in the area within a radius of 31 km
from the source of heavy metal emissions, where Barber traps
were set and soil samples were taken in triplicate (Fig. 1). The
environmental conditions at the sites were similar; the domi-
nant plant communities were sub-Atlantic mesic pine forest
(Leucobryo-Pinetum) with elements of Sambuco-Salicion
and eutrophic beech forest (Fagion sylvaticae), with a similar
age structure and tree species composition (Szafer et al. 1976,
Skalski et al. 2010, 2015b). Two sites (distance between them
exceeded 3 km, and radius from smelter about 4 km) were
chosen in the immediate vicinity of the smelter (designated
as highly contaminated sites). The average Zn content in the
soil was 3957.2 mg/kg. In addition, two sites (distance from
each other more than 9 km, and radius from emission source
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Figure 1. The map of the study area with distinction of high
and low contaminated sites in the vicinity of Olkusz, southern
Poland.
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more than 20 km) were selected in areas where the concentra-
tion of metals was below the threshold limits for the region
(designated as sites with low contamination). In these areas,
the mean Zn content was 166.4 mg/kg. We used the data from
permanently monitored sites since 2001 (Stone et al. 2001,
Stefanowicz et al. 2008, Skalski et al. 2010, Zmudzki and
Laskowski 2012). At each site in the zinc contamination
gradient, three replications of rows of 10 Barber traps were
set up at random. The data of the ten traps of each row were
pooled, resulting in six samples for high contaminated sites
(H) and six samples for low contaminated sites (L). The dis-
tance between replicates was higher than 500 m. The traps
were plastic cups 7 cm in diameter and 10 cm deep, placed in
the ground with the rim level with the surface and filled with
ethylene glycol. Samples were collected eight times in 2012,
from May to early October.

Data analysis

The degree of co-occurrence of the species in the assem-
blages in the Zn contamination gradient was determined us-
ing the C-score index (C;;) proposed by Stone and Roberts
(1990), described by the following formula:

Ci=@—95) —-9);

where 1; is the row total for species i; 1;is the row total for
species j; S is number of sites that contain both species (i
and j) (Heino 2009). This index measures the number of
cases where species A appears at site 1 and is absent from
site 2, while species B has the reverse distribution pattern.
The C-score is thus the average number of records between
all pairs of species in the assemblage. When the indices are
higher than the values resulting from random distribution,
this is a case of species segregation, whereas indices lower
than random values indicate aggregation (Gotelli 2000). Co-
occurrence values for random species patterns were gener-
ated using ECOSIM software.

To test the relationships between the pollution level and
carabid body size we used modified Lorenz curves, where the
cumulative proportion of ranked body size of ground beetle
is plotted against the cumulative proportion of cumulative
percentage of individuals per species according to suggestion
by Ulrich et al. (2008). Body size data for each species were
taken from the literature (Hurka 1996). The skewness, kur-
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tosis and Gini coefficients were used to describe the shape
of the body size distribution pattern in the ground beetle as-
semblages at the two types of sites (low and high contami-
nation) (Magura et al. 2006). In addition, the significance of
the skewness, kurtosis and Gini coefficients between the two
types of sites (low and high contamination) was determined
by one-way ANOVA. The analysis was carried out using
Statistica (StatSoft 2012).

To determine the contribution of individual carabid spe-
cies in the heavy metal contamination gradient, we calcu-
lated the similarity percentage (SIMPER, Clarke 1993). The
analyses were performed using PAST software (Hammer et
al. 2001). The one-way ANOVA was used to compare the dis-
tribution of abundances of species identified in the SIMPER
analysis between locations with low and high contamination.

Results

During the field work conducted throughout the 2012
growing season we collected and identified a total of 13 295
beetles belonging to 60 species of the Carabidae family. The
co-occurrence of species in all localities showed a non-ran-
dom pattern, as the mean C-score value for random co-oc-
currence of species was statistically significantly lower than
the value generated for the empirical pattern (Fig. 2, Table
1), indicating strong interspecific interactions in the pattern
studied. The absence of random species distribution was also
observed in the sites with low contamination (Fig. 2). The
empirical C-score values are significantly higher than the
mean simulated for random patterns (Table 1). This analysis
indicates that in the reference areas there were strong mecha-
nisms responsible for ordering the structure of assemblages
in each of the study sites. A different pattern of species co-
occurrence was obtained for the sites where the concentration

Table 1. Summarized results of co-occurrence analysis.

Observed  Simulated

C-score Means Variance  p-value
All localities 3.765 3.418 0.007  0.00001
Low cantaminated 031 0259 00004  0.024
localities
High contaminated ) o) 0.963 0.002 0398
localities
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Figure 2. Histogram of the observed and expected C-score values in the whole dataset and in sites with low and high levels of contami-
nation. The arrows correspond to the values obtained for the recorded ground beetle distributions.
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Figure 3. Modified Lorenz curves of the body size distribution of ground beetles in sites with low (A) and high (B) levels of contami-
nation (dotted line- the intervals of probability, smooth line - the assumption of the data distribution and broken line- the strict relation

between variables).
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Figure 4. Mean (+ S.E.) skewness, kurtosis and Gini coefficients for the ground beetle assemblages in sites with low (L) and high (H)

contamination. The whiskers indicate 0.95 confidence interval.

Table 2. The results of one-way ANOVA for the values describ-
ing the shape of the body size distribution pattern in ground bee-
tle assemblages (¥*p<0.01, **p<0.001, ***p<0.0001).

Body size variables SS df MS F p

Skewness

coefficient
Residual 84.28 1 84.28 1064.61 ***
Contamination 8.48 1 8.48 107.14  #%*
Error 0.79 10 0.07

Kurtosis values
Residual 623.85 1 623.85 117.89  ***
Contamination 323.49 1 323.49 61.13  ***
Error 5291 10 5.29

Gini coefficient
Residual 20027.93 1 20027.93 3917.46 ***
Contamination 106.92 1 106.92 2091 K
Error 51.12 10 5.11

of heavy metals was more than 500 times above the accept-
able limit (highly contaminated sites, Fig. 2). In this case, the
C-score did not differ significantly from the generated mean
random occurrence (Table 1).

The modified Lorenz curves of the body size of ground
beetles in sites with low and high levels of contamination had
markedly different shapes (Fig. 3A and B). In the case of sites
where Zn concentrations were low (Fig. 3A), the body size
distribution in the carabid assemblages was nearly sigmoidal.
In these assemblages, large and medium-sized species were
present in high numbers. In contrast, in the sites that were
heavily contaminated with heavy metals (Fig. 3B), the dis-
tribution of the Lorenz curve indicated a high proportion of
small and medium-sized species. The effect of environmental
factors on carabid assemblages can also be performed inves-
tigated on the basis of body size using the skewness, kurtosis
and Gini coefficients (Fig. 4), which differ statistically sig-
nificantly in the Zn gradient (Table 2). Both skewness and
kurtosis values were statistically the highest in the highly
contaminated sites (H), indicating a greater proportion of
small-bodied species in the severely contaminated environ-
ments. The Gini coefficient was highest in the sites with low
contamination (L) and decreased as the degree of soil con-
tamination increased, indicating that the body size inequality
of ground beetle assemblages was greatest in the uncontami-
nated areas and decreased significantly in the gradient of in-
creasing contamination (Fig. 4, Table 2).

SIMPER analysis based on the degree of dissimilarity
indicates which species have the greatest influence on dif-
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Figure 5. Mean (+ S.E.) abundance of ground beetle species selected in SIMPER analysis in sites with low (L) and high (H) levels of
contamination, with results of one-way ANOVA. The whiskers indicate 0.95 confidence interval.

ferences between classes of assemblages. In the case of zinc
contamination, the overall percentage of dissimilarity is 96.8%,
with just seven species responsible for 84.1%. No significant
difference between types of sites (L and H) was noted in the
case of Pterostichus niger, P. oblongopunctatus and Carabus
arcensis, despite the fact that the SIMPER analysis identified it
as a species preferring contaminated sites. On the other hand,
Carabus auronitens, C. glabratus, C. violaceus and Abax par-
allelepipedus avoided severely contaminated areas (Fig. 5).

Discussion

Effects of heavy metal contamination on the co-occurrence
pattern of ground beetle assemblages

Our results suggest that the community organization of
ground beetle assemblages was affected by contamination.
There was clear evidence of non-randomness in the structure
of communities in the reference sites (with low contamina-
tion values) as well as in all the sites considered as a whole
(Fig. 2). The authors of many studies state that in undis-
turbed conditions, interspecific interactions in communities
are determined not only by factors characterizing habitat
conditions, but also by the interdependencies between spe-
cies (Pitzalis et al. 2010, Blick and Burns 2011). In addition
to competition, other factors that may explain the pattern of
co-occurrence in assemblages include environmental param-
eters such as species-specific habitat associations and limited
dispersal and evolutionary processes preventing species from
co-occurring in the absence of species interaction (Ulrich
and Gotelli 2007). In undisturbed forested areas, where en-
vironmental conditions are stable, the dominant species in
carabid assemblages are mainly species with specific life his-
tory traits and generally low ecological plasticity, which as an
important group of predators play a crucial role in the proper
circulation of matter and energy (Thiele 1977, Gall et al.
2015). Therefore, the emergence of a stressor in the environ-
ment may significantly affect these populations in particular,
but also the co-occurrence pattern of the entire assemblage
(Azeria et al. 2012).

Contamination of the soil by heavy metals strongly af-
fects living organisms, particularly soil fauna (Spurgeon and
Hopkin 1996, Hedde et al. 2012), disturbing its basic biologi-
cal processes and causing an increase in toxicity and thus
mortality (Bednarska et al. 2009, Bednarska and Laskowski
2009). Many studies have confirmed their importance in bio-
transformation processes and biogeochemical cycles in the
entire biosphere (Gadd 2010), for example in decomposition
of organic matter, circulation of nutrients and formation and
maintenance of soil structure. It is confirmed that in undis-
turbed pine forests soil fauna provide good starting points for
bioindication of changes in soil properties and interactions
between above-ground and below-ground soil communities
(Minor 2011, Bonari et al. 2017). Their abundance, species
distribution and community structure, as well as their sen-
sitivity to habitat changes are valuable indicators of habitat
quality used as well as in human transformed forest land-
scapes (Migliorini et al. 2012) or forests heavily disturbed
by heavy metal contaminated sites (Migliorini et al. 2005). In
general, in contaminated areas a decrease is observed in en-
vironmental capacity and the availability of resources, main-
ly food (Spurgeon and Hopkin 1996, Fountain and Hopkin
2004). This particularly affects predators feeding in the sur-
face layers of soil, among which, as mentioned above, ground
beetles are an important group. High levels of heavy metal
contamination persisting in the environment are observed
throughout food chains, from herbivores to predators (Gall
et al. 2015). In addition, the co-occurrence pattern changes
towards random patterns in such communities. We found this
type of changes in the study sites where Zn concentrations in
the soil were many times higher than the permissible stand-
ards (Fig. 2). We showed that soil contamination with heavy
metals destroys assemblage structure and may substantially
alter the species composition as well as the ecological rela-
tionships and connectivity of natural assemblages.

Analysis of the species composition of ground beetles
in the heavy metal contamination gradient revealed an ex-
change of the dominant species in individual assemblage. The
SIMPER analysis made it possible to distinguish species typi-
cal of forested areas (sites with low contamination) and areas
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with high concentrations of Zn in the soil (highly contami-
nated sites). The results indicate an exchange of species along
the Zn contamination gradient, in which the dominant species
in undisturbed conditions, making maximum use of environ-
mental resources, such as Carabus glabratus, C. violaceus, C.
auronitens and Abax parallelepipedus, are replaced by spe-
cies with greater ecological plasticity (Pterostichus niger, Pt.
oblongopunctatus and Carabus arcensis) (Fig. 5).

Variability in ground beetle body size in relation to the heavy
metal contamination gradient

Our results also support the hypothesis that there is
strong variability in ground beetle body size in relation to the
heavy metal contamination gradient. Mean carabid body size
changed significantly from small-bodied species in highly
contaminated sites to large-bodied species in sites with low
contamination (Fig. 4, Table 2). Larger body size in less dis-
turbed areas and smaller size in highly disturbed areas has
been discussed in multiple studies (Szyszko 1983, Magura
et al. 2006, Seri¢ Jelaska and Durbesi¢ 2009, Niemeld and
Kotze 2009). In general, the literature states that stabilized
environmental conditions favour species with large body size,
which at the same time are characterized by poor dispersal
capacity and greater energy expenditures in reproductive pro-
cesses (Maryanski et al. 2002, Bednarska et al. 2009). Such
systems contain assemblages of many species whose coexist-
ence pattern (as explained above) is ordered. Large-bodied
species are an important ecological group of predators, which
maintain their dominance in the environment through strong
competitive effects (Brandl and Topp 1985). This situation,
however, changes dramatically in areas subjected to strong
pressure. In the case of our research, this negative pressure
was caused by high concentrations of heavy metals in the
soil. High contamination persisting in the soil environment
negatively affects the diversity of soil fauna, which direct-
ly and strongly reduces food resources for a large group of
predatory Carabidae specialists, e.g., of the genus Carabus
(Skalski et al. 2015a). In addition, these species must expend
more energy on detoxification processes, and due to their
long development cycles, they suffer increased larval mor-
tality (Bednarska and Laskowski 2009). As a consequence,
we observe the extinction of large species of Carabidae and
the emergence in the environment of species of smaller size
such as Pterostichus niger and Pt. oblongopunctatus, having
broader dietary requirements and shorter development cy-
cles, resulting in a reduction in larval mortality (Sota 1987).
Consequently, homogeneous assemblages are formed with
strong dominant species with wide ecological ranges, whose
distribution is random (Fig. 2).

Conclusions

We conclude that there is a strong pattern of species seg-
regation in space between sites in the entire pollution gradi-
ent, suggesting directional replacement of species.

Ground beetle assemblages from the sites with a low lev-
el of contamination showed a significant segregation pattern,
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whereas in the case of sites with a high degree of contamina-
tion, the assemblages showed a random pattern, as an effect
of extinction and recolonization processes.

Dominants from the reference sites, such as Carabus vio-
laceus, C. glabratus and C. auronitens, were replaced by the
smaller-bodied Carabus arcensis, Pterostichus oblongopunc-
tatus and Pt. niger as the concentration of heavy metals in-
creased.

Our data suggest that increased pollution contributes to
the extinction of sensitive, large-bodied forest specialists with
higher competitive abilities and their replacement by less sen-
sitive smaller generalists, and that the co-occurrence of spe-
cies on heavily polluted sites is a result of unstable relation-
ships between species in communities.

Our results demonstrate that the co-occurrence pattern of
ground beetles can be a useful indicator of chronic pollution
in forested areas.
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