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Conversion from environmental 
filtering to randomness as assembly 
rule of ground beetle assemblages 
along an urbanization gradient
Tibor Magura   1, Gábor L. Lövei   2 & Béla Tóthmérész 3

Urbanization fragments, isolates or eliminates natural habitats, and changes the structure and 
composition of assemblages living in the remaining natural fragments. Knowing assembly rules is 
necessary to support and/or maintain biodiversity in urban habitats. We hypothesized that forest 
communities in rural sites are organized by environmental filtering, but this may be changed by 
urbanization, and in the suburban and urban forest fragments replaced by randomly organized 
assemblages, influenced by the colonization of species from the surrounding matrix. Evaluating 
simultaneously the functional and phylogenetic relationships of co-existing species, we showed that at 
the rural sites, co-existing ground beetle species were functionally and phylogenetically more similar 
than expected by chance, indicating that environmental filtering was the likely process structuring 
these communities. Contrary to this, in urban and suburban sites, the co-occurring species were 
functionally and phylogenetically not different from the null model, indicating randomly structured 
assemblages. According to our findings, changes in environmental and habitat characteristics 
accompanied by urbanization lead to assemblages of randomly colonized species from the surrounding 
matrix, threatening proper ecosystem functioning. To reassemble stochastically assembled species 
of urban and suburban fragments to structured, properly functioning communities, appropriate 
management strategies are needed which simultaneously consider recreational, economic and 
conservation criteria.

Anthropogenic activities, like farming, forestry and urbanization are increasing worldwide, and cause significant 
changes to biodiversity1. Urbanization is steadily advancing: today, 54% of the global human population lives in 
urbanized areas, and this trend is projected to continue in the following decades2,3.

Urbanization alters and modifies natural habitats; they are becoming fragmented or even destroyed4. The 
fragmented natural habitat patches in urbanized areas frequently become isolated from each other, making the 
between-patch dispersal of species and the nutrient flows between the patches difficult or even impossible5. 
Urbanization involves profound modification in deposition of pollutants6, in environmental parameters (tem-
perature7, humidity8), in the amount of nutrients (carbon9, nitrogen10), and in several biological processes (e.g. 
leaf -litter decomposition10, gene flow5). Ultimately, these modifications cause changes in the structure and com-
position of biotic communities11,12.

Understanding how urbanization impacts wildlife is crucial to conserving biodiversity13. Earlier papers 
addressing the effects of changes in environmental and habitat parameters accompanied by urbanization on biotic 
communities have usually evaluated the abundance and/or taxonomic diversity (species richness and/or species 
diversity)14. Abundance and taxonomic diversity, however, contain little information on the mechanisms influ-
encing patterns of community assembly, although such information is essential in biodiversity conservation15.

During the evaluation of community assembly mechanisms, differences (or similarities) in species character-
istics are crucial aspects, because processes act on the similarities and differences of the constituting organisms16. 
Functional and phylogenetic characteristics are necessary to quantify such differences, because functionally 
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similar species usually utilise the same resources, while phylogenetically related species may share many morpho-
logical and ecological traits through their common origin and evolutionary history17. Therefore, incorporating 
the functional and phylogenetic relatedness of species in a community may enhance our understanding of the 
mechanisms that create the studied community15,18–20. Several recent urban studies tried to deepen such under-
standing using functional21,22 or phylogenetic approaches23,24.

Ecological communities at local scales are assembled from the regional species pool according to deterministic 
(habitat/environmental filtering, ecological/species interactions) or stochastic (random) processes25,26. During 
environmental filtering, species with appropriate traits and tolerance limits for the target environment can per-
sist27, while species that lack those traits or tolerance limits are filtered out25. Environmental filtering operating 
on conserved traits results in functional and phylogenetic clustering (under-dispersion), when co-occurring 
species form assemblages that are functionally and phylogenetically more similar than predicted by chance17,26. 
Environmental filters working on convergent traits, on the other hand, cause functional clustering, but phyloge-
netic repulsion (over-dispersion), since the co-existing species will be functionally more, but phylogenetically 
less similar than predicted by chance17. If biotic (species) interactions (competition, facilitation) are the main 
forces structuring the assemblage, ecologically similar species that occupy the same niche and/or habitat will 
be more rare than random. Species interactions acting on conserved traits produce functional and phylogenetic 
repulsion: closely related species with similar traits will be excluded, and co-existing species will be functionally 
and phylogenetically less similar than predicted by chance17. Species interactions operating on convergent traits, 
on the other hand, cause functional repulsion, but random phylogeny: co-existing species will be functionally less 
similar than predicted by chance, but their phylogenetic relatedness will be random17. If community assembly is 
driven by random processes, co-occurring species will be functionally or/and phylogenetically not different from 
randomly generated “null” assemblages17,28.

Although understanding the assembly rules determining local community organization from regional pool 
represents a fundamental topic in ecology and conservation biology29, the mechanisms and underlying patterns 
of community assembly along urbanization gradients are rarely studied24. Such analyses on invertebrates seem 
to be missing. Our study aimed to assess the assembly processes underlying the coexistence of ground beetles 
(Coleoptera: Carabidae) across an urbanization gradient in Hungary.

Ground beetles are highly appropriate objects for such a study, because they are taxonomically well known, 
common in most terrestrial habitats, can easily be collected using standard methods30, often are used as indicators 
of environmental quality31, and several congeners frequently co-occur, making them a suitable group to explore 
community assembly mechanisms20. Several previous papers have evaluated community composition and coex-
istence patterns of ground beetles along urbanization gradient32–35, but none of these included a functional and/
or phylogenetic analysis. Using functional and phylogenetic characteristics, we aimed at to assess whether ground 
beetles are deterministically or stochastically structured along the rural-suburban-urban forest gradient repre-
senting increasing intensities of human disturbance. Previous studies in the same region33,36 showed that ground 
beetle species composition of the forested rural sites was different from that of the forest remnants at the suburban 
and urban sites due to the species flow (spillover) from the surrounding matrix into these latter sites. Therefore, 
we hypothesized (H1) that specific environmental conditions in the rural forest sites (closed canopy, cool and 
moist microclimate, high amount of coarse woody debris) would constitute strong environmental filtering, and 
select related species with specific traits that allow to cope with these specific habitat conditions. Consequently, 
co-occurring species in the rural sites would be functionally and phylogenetically more similar than predicted 
by chance (functional and phylogenetic clustering). Contrary, we expected (H2) that in the suburban and urban 
sites, due to the unpredictable, random species flow from the surrounding matrix36, ground beetle communities 
would be stochastically structured and thus co-occurring species would not be different, either functionally or 
phylogenetically, from random assemblages.

In the present study, we found that ground beetle communities organized previously by environmental filter-
ing cannot remain intact by urbanization, and are replaced by randomly organised assemblages, influenced by 
colonization of species from the surrounding matrix in suburban and urban habitats.

Materials and Methods
Study area and sampling design.  An urbanization gradient was designated from an extensive lowland 
forest, near the eastern Hungarian city of Debrecen (47°32′N; 21°38′E) towards the suburban areas, and the 
centre of the city. Debrecen is the second largest city of Hungary (203 283 inhabitants in 2015), and located on 
the eastern plains near the country’s eastern border33. Along the studied urbanization gradient three forested 
areas, representing rural, suburban and urban habitats, were selected. These areas belong to a once-continuous 
old forest stand (>100 years) dominated by English oak (Quercus robur), and recently are embedded within an 
agricultural matrix with undisturbed or moderately disturbed habitats (e.g., meadows, grasslands, pastures, agri-
cultural areas). The present area of the forest is 1 082 ha, and in spite of its contraction as the city grew, still large 
enough to allow numerous forest-associated plant and animal species to maintain self-supporting populations. 
The urbanization level of the areas was characterized by the relative built-up area, measured by the ArcGIS pro-
gram using aerial photographs. In the rural, continuous forest there was no built-up area. In the suburban zone, 
approximately 30% of the surface was built-up or paved, while in the urban area, 60% of the surface was built-up 
or drastically different from the original forest habitat. Areas were also varied in additional (not quantified) types 
of disturbance, such as the presence of people and the frequency and intensity of habitat management/mainte-
nance operations. In the rural forest there was no regular forestry intervention, and the presence of people was 
minimal. In the suburban area, the fallen trees and branches were regularly removed, and the level of disturbance 
from human visitors was moderate. In the urban area, the fallen branches and decaying trees were also regularly 
removed, and the shrub layer was strongly thinned. Paths were covered with asphalt, and human disturbance was 
considerable. Sampling areas (rural, suburban, urban) were about 1–3 km distant from each other33,36.
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Within each of the three sampling areas, four sites, at least 100–150 m from each other were selected. Ground 
beetles were collected at each of these sites using pitfall traps. During the sampling, we followed Niemelä et al.37,  
who proposed that pitfall traps should be installed in a random arrangement at least 10 m apart to ensure inde-
pendent sampling. This resulted in a total of 120 traps (3 areas × 4 sites × 10 traps). Each pitfall trap was at 
least 50 m from the nearest forest edge in order to avoid edge effects38. Pitfall traps were plastic cups (diameter 
65 mm) containing about 100 ml of 75% ethylene glycol as a killing-preserving solution. Traps were covered 
with a 20 cm × 20 cm piece of fiberboard to protect them from litter and rain. Trapped ground beetles were col-
lected every 2 weeks from April to October, 2001. All ground beetles were identified to species using keys in 
Hůrka39. Only continuous sampling covering the whole beetle activity period provides a reliable relative measure 
of co-occurring ground beetle species’ abundances40, which is crucial to evaluate accurately community assembly 
mechanisms. For evaluation, therefore, pitfall trap catches of each site were combined for the whole sampling 
period (from April to October), resulting in 12 data sets.

Data analyses.  During the evaluation of functional features, traits related to morphology, reproduction, 
dispersal and resource use were applied (Table 1) using published data39,41–43. Distances between species based on 
functional traits (FDist) were calculated by Gower’s distance metric, using the StatMatch package44. Phylogenetic 
(evolutionary) distance (PDist) was characterized by the distance between species based on the branch length to 
the common ancestor on Beutel et al.’s45 phylogenetic tree. To assess conservatism or convergence of the studied 
functional traits, the relationship between functional and phylogenetic distances was evaluated by Mantel-tests 
using the ade4 package with 9999 replications46.

Recently, Cadotte et al.16 suggested that during the consideration of similarity among species, not only the 
selected traits but phylogenetically correlated traits should also be considered, since phylogeny may provide 
additional and/or complementary information to functional traits. Distances between species in trait-space and 
between species in the phylogenetic-space could be combined as functional-phylogenetic distance (FPDist):

= + −FPDist a PDist a FDist( (1 ) ) ,p p p1/

where PDist is the phylogenetic distance; FDist is the functional distance, p is an integer (p = 2 is the Euclidean 
distance, recommended by Cadotte et al.16), while a is the weighting parameter, which determines the contribu-
tion of PDist and FDist to FPDist.

To evaluate community assembly mechanisms, we first calculated functional-phylogenetic distance for 41 lev-
els of the functional-phylogenetic weighting parameter (a) from 0 to 1 by increasing steps of 0.025. Next, stand-
ardized effect sizes were calculated for all 41 levels, using the observed mean pairwise functional-phylogenetic 
distance of all species pairs collected in each sampling sites and the same of randomly selected species16,20,47. 
Ground beetles are good colonizers by walking and/or flying30; therefore, we assumed that each species is able 
to colonize a given site with equal probability. Based on this assumption, during the construction of null assem-
blages, the species were chosen randomly without replacement from the regional species pool, so the species rich-
ness of each site and the total abundance of all species across all sites were kept constant. To decrease the influence 
of rare and possibly “erratic” species, the distance values were weighted by species abundance48. The standardized 
effect sizes were calculated based on null models with 999 randomizations using the picante package49. Third, 
the optimal value of the weighting parameter (a) was determined. The strength of the relationship between the 
standardized effect sizes and the position along the urbanization gradient was tested by systematically changing 
the phylogenetic-weighting parameter (a) using linear models with the function lm. The optimal value of the 
weighting parameter (a) was at the maximum of the adjusted R2 value of the linear model between the standard-
ized effect sizes and the position along the urbanization gradient16,20. Finally, we evaluated the mean standard-
ized effect sizes calculated for the optimal value of the weighting parameter (a). A mean standardized effect size 
was considered to be significantly different from zero if its respective confidence interval did not include zero. 
Confidence intervals were calculated using the boot package with 999 iterations. Significant negative values of the 
standardized effect sizes indicate functional and phylogenetic clustering, a sign of environmental filtering, while 

Trait Type/unit Trait range or category Relevance/ecological meaning

Body size Continuous/mm 3.4–28 It correlates with species physiology and life history

Wing morphology Categorical brachypterous/dimorphic/macropterous It is linked to dispersal capacity and recolonization 
potential

Overwintering type Ordinal summer larvae/winter larvae/flexible It is correlated with seasonality and linked to natural 
and/or human disturbance regimes

Daily activity Categorical diurnal/nocturnal Species having similar seasonality and habitat use can 
be separated by their temporal niches

Diet Categorical herbivorous*/mixed feeder/predator Species having similar habitat use can differ in their 
feeding strategies

Habitat affinity Ordinal forest/generalist/open-habitat Generalist and open-habitat species are often the first 
arrivals after disturbances in forests

Humidity preference Ordinal xerophilous/mesophilous/hygrophilous Important preference trait in forests for niche 
separation

Table 1.  Traits used to calculate functional distances between ground beetle species. *Including both 
granivorous and frugivorous feeding strategies86.
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significant positive values indicate repulsion, resulting from species interactions. If communities are stochasti-
cally structured, the standardized effect sizes do not differ significantly from zero17,26. The R program environ-
ment (version 3.4.350) was used during the analyses.

Results
The sampling effort of 21 840 trap-days (120 traps × 182 days) resulted in 2140 individuals of 50 ground beetle 
species. There were 25 species with 1206 individuals in the rural sites, 457 individuals of 26 species in the subur-
ban sites, and 43 species with 477 individuals in the urban sites. Colonisation of matrix species (open-habitat and 
generalist ones) from the surrounding agricultural landscapes is the main reason for the higher species richness 
in urban sites compared to rural ones. In the urban sites, trapped species were predominantly matrix species (41 
species; Supplementary Material, Table S1).

The functional (trait-based) and phylogenetic pairwise distance values were significantly correlated 
(Mantel-test, R = 0.1818, p < 0.001), indicating that the more closely related species have more similar 
traits (trait conservatism). Standardized effect sizes were positively correlated with the position along the 
rural-suburban-urban gradient for all values of the phylogenetic-weighting parameter (a), showing that environ-
mental filtering in the rural sites strongly selected for communities of functionally and phylogenetically similar 
species. The variance explained by the position along the gradient was maximized at a = 0 (maximal adjusted 
R2 = 0.4550, Figs 1 and 2), after which it decreased continuously (Fig. 1). This suggests that functional informa-
tion considered in the present situation was more important than phylogenetic one to reveal assembly rules, likely 
due to the confirmed trait conservatism.

At the optimal value of the weighting parameter (a = 0) ground beetle communities in the rural sites showed 
significant functional and phylogenetic clustering (under-dispersion), indicating that co-existing species were 
functionally and phylogenetically more similar than expected by chance (Fig. 3). The mean standardized effect 
sizes for urban and suburban assemblages, calculated for a = 0, were not significantly different from zero, indicat-
ing a stochastically (randomly) structured ground beetle assemblage (Fig. 3).

Discussion
Co-occurring ground beetle species in the studied rural sites were more closely related and functionally more 
similar than expected by chance, indicating environmental filtering. It is likely that the key filter conditions of sta-
ble, undisturbed rural sites are abiotic environmental parameters, such as high humidity, low soil, and soil surface 
temperature. Humidity and temperature are among the most important environmental factors generally influenc-
ing spatial distribution and persistence of ground beetles, and particularly the larvae that have limited mobility, 
weak chitinization, and therefore narrower tolerance limits than adults do20,30. Another key factor for filtering 
co-existing species in the rural sites could be the structural habitat variables (cover and thickness of leaf litter 
layer, amount of coarse woody debris, cover of herbs, shrubs, and canopy). Complex and heterogeneous habi-
tats offer more food items, microhabitats, and shelter from adverse microclimatic conditions51–53, thereby may 
strongly influence the composition of ground beetle assemblages54,55. Food conditions also constitute a potential 
environmental filter, as colonization, survival and persistence of ground beetles in a habitat are crucially deter-
mined by available food, be that invertebrates, seeds, or plant tissues30. Previous studies conducted in the same 
sites33,36,56 proved that the abundance and species composition of ground beetles were significantly influenced by 
the above conditions leading to communities composed of predominantly carnivorous forest species33. Based on 
our results, these environmental filters are selecting for related forest species with specific, phylogenetically con-
served traits that allow to cope with rural habitat conditions, resulting in functional and phylogenetic clustering.

Our findings suggest that the environmental conditions in undisturbed forests produced strong environmental 
filtering, leading to communities composed of species with phylogenetically conserved functional traits that ena-
ble more effective habitat exploitation under these conditions20. Likewise, related and functionally similar ground 
beetle species20 and closely related woody plant species57 are filtered by environmental factors in undisturbed 
forests. Environmental filtering is also the main assembly rule of nonvolant small mammals in southern Brazilian 

Figure 1.  The strength of the relationship (expressed as R2
adjusted) between the standardized effect size and the 

position along the urbanization gradient for 41 levels of the functional-phylogenetic weighting parameter (a).
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forests, where closely related and ecologically similar species coexist58. Bird assemblages from Amazonian pristine 
forest also tend to be functionally clustered, indicating environmental filtering59.

Recently, it was emphasized that environmental filtering is not the only force leading the co-existence of 
closely related and/or ecologically similar species26,60,61. Vamosi & Vamosi62, studying predaceous diving beetles, 
suggested that predation risk may produce phylogenetic clustering, as effective defensive traits against a particular 
predator may be phylogenetically conserved. Differences in competitive ability (termed also fitness differences) 
among co-occurring species (e.g. differences in ability to deplete limiting resources, differences in susceptibility 
to predation, variation in the number of viable offspring) can drive competitive exclusion63. Therefore, com-
petition can also produce assemblages with more similar and more related taxa, even when the traits under-
lying the competitive ability differences are phylogenetically conserved63. Moreover, indirect biotic interaction 
(pollinator-mediated facilitation) may also generate phylogenetic and/or functional clustering64. These underline 
that environmental filtering and biotic interactions should be simultaneously considered when evaluating com-
munity assembly mechanisms26. Environmental filtering and biotic interactions act together to create assembly 
rules structuring communities: environmental filters are likely to be the first restriction permitting only species 
with appropriate traits for the target environment to establish populations, but even species that passed the envi-
ronmental filters could be filtered out by a second filter, composed of biotic interactions25,26,63.

In community organization of ground beetles, competition (interspecific and intraguild competition), interac-
tion with pathogens, parasites, and predators could be the most important biotic interactions30. The importance of 
interspecific competition in ground beetle community organization is inconclusive, because most experimental, 
manipulative studies suffer from methodological limitations (unrealistic densities, non-comparable methods and 
habitats used in the studies) as it was highlighted previously30,65. Significant interspecific competition was found 
in the USA66,67, but not in Belgium68. Barraclough et al.69, studying resource-partitioning between co-occurring 
tiger beetle species, found no evidence of species interactions influencing community organization. However, 
food limitation under field conditions for both larval70 and adult ground beetles66,71 suggest that interspecific 
competition for food could influence community assembly in ground beetles. Moreover, most studies on compe-
tition among ground beetle species focused on the adult stages, but larvae have more restricted food spectrum, 
and are less adapted to tolerate food shortages. Accordingly, the importance of interactions between adults and 
larvae or between larvae may be more important than between adults30. Furthermore, strong intra-guild compe-
tition exists between ground beetles and other ground-dwelling generalist predators, like spiders and ants30. For 
these reasons, it seems that competition has a role in community organization of ground beetles, but the strength 

Figure 2.  The significant negative relationship (F = 10.9891, d.f. = 1, 10, p = 0.0078) between the standardized 
effect sizes and the position along the urbanization gradient at the phylogenetic-weighting parameter of a = 0.

Figure 3.  The mean standardized effect sizes calculated for phylogenetic-weighting parameter value of a = 0 
(±95% confidence interval) along the urbanization gradient.
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of competition may be weak compared to environmental filtering69. In urban sites, supplemental food resources 
by humans (e.g. pet food and garbage)72 can increase the amount of potential food items for omnivorous and car-
nivorous ground beetle species. Moreover, in the studied situation, abundance of ground beetles was significantly 
lower in urban sites compared to rural ones33. In the urban sites the presence of alternative food resources and 
the lower abundance of beetles can also reduce the strength of both the interspecific and intraguild competition. 
Based on the above, it is assumed that competition may have a role in community assembly of ground beetles 
in rural sites more than in urban ones. Pathogens and parasites cause significant mortality for all ground beetle 
developmental stages30. Mortality of Pterostichus oblongopunctatus eggs incubated in fresh litter was 83%, while 
after eliminating other organisms from litter by heating, the egg mortality fell to 18%73. Under field conditions, 
parasitism can cause larval mortality up to 25%, while parasitic nematodes and ectoparasitic fungi are present on 
up to 41% of adult ground beetles30. Changes in environmental conditions caused by urbanization (e.g., increas-
ing mean temperature7, decreasing humidity8) may also negatively affect the density and prevalence of pathogens 
and parasites1, and their infections. Indeed, significantly higher prevalence and intensity of mites on a ground 
beetle species was found in rural sites than in urban ones74. Therefore, pathogens and parasites, as biological fil-
ters, may have more influence on ground beetle community organization in rural sites compared to urban ones, as 
closely related species may be similarly susceptible to infection75. Most observations also indicated that predation 
by vertebrates (birds, mammals, especially small mammals) is an important mortality factor for adult ground 
beetles30. Predation pressure, however, seems to decrease with increasing urbanization72, therefore predation may 
have effect on the organization of ground beetle assemblages more in the rural sites than in urban ones, as closely 
related species may have similar defensive traits to avoid predation62,

In the studied region urbanization caused pronounced changes in environmental and habitat characteris-
tics33,56. Temperature both in the soil and on the soil surface were significantly higher, while humidity was signif-
icantly lower at the urban sites compared to the rural ones56. Maintenance operations in urban sites altered the 
structural habitat variables, since the amount of coarse woody debris and the cover of herbs were significantly 
lower here than in the rural sites56. All these changes caused by urbanization in environmental parameters and 
structural habitat variables appeared to eliminate the combination of factors necessary for forest specialist spe-
cies76, and contributed to their decline33,36,56,77. These changes have significant impact on other ground-dwelling 
invertebrates (potential prey items for ground beetles), and their numbers also drastically decreased in urban sites 
compared to rural ones56,78. The impoverishment of food spectrum may also contribute to the decline of predom-
inantly predator forest specialist species. Moreover, reduced dispersal and gene flow of forest specialist species 
between fragmented and isolated natural forest patches in urbanized areas may lead to reduced genetic diver-
sity and higher population extinction probability as a consequence of lower genetic diversity79. Recent studies 
reviewing and/or re-analysing ground beetle data80–82 found a consistent, pronounced decrease of forest specialist 
species in urban forest fragments compared to their rural counterparts. Changes in environmental parameters 
and structural habitat variables driven by urbanization create microhabitats that are significantly different from 
those in undisturbed forest floor habitats. Matrix species (open-habitat and generalist ones) from the surrounding 
agricultural landscapes can easily colonize these microhabitats that are typically warm, with a dry microclimate 
and open canopy33,34, and their density usually increases at urban sites82. It seems, however, that the success of 
such colonization events in urban sites is unpredictable. Such unpredictable, random species flow from the sur-
rounding matrix36 may lead to stochastically (randomly) structured ground beetle assemblages. Co-occurring 
ground beetle species in suburban sites were also functionally and phylogenetically randomly structured. This 
suggests that the limited changes at suburban sites also encourage the random influx of ground beetles from the 
surrounding matrix. Similarly to our results, Kitagawa et al.83, studying assembly processes of understorey woody 
communities, found that modification of habitat structure by thinning brought about an increase in the relative 
importance of stochastic immigration. Studies on other taxa also emphasized that dispersal processes promote 
the appearance of randomly structured assemblages (for birds59,84; for beetles20).

Our results, which showed that urbanization lead to randomly structured ground beetle assemblages at our 
urban and suburban sites, also have an important conservation message. The widespread practices used in urban-
ized areas (strong thinning, removing decaying wood material and cut plant biomass, creating asphalt-covered 
paths) cause pronounced changes in environmental and habitat characteristics, contributing to the significant 
decline of forest specialist species and significant increase of matrix species33. Therefore, there is a growing need 
for appropriate management strategies which simultaneously consider recreational, economic and conservation 
criteria to conserve/restore forest specialist species adapted to live in forested ecosystem85. Management practices 
which minimize the modification of habitat characteristics and try to mimic natural processes could serve both 
the demands of city dwellers and the maintenance of naturally structured biotic communities.

Conclusion
Earlier studies demonstrate that taxonomic diversity and species composition of ground beetle markedly differ 
along the urbanization gradient, leading to a decrease in specialist species80–82. Our study, in addition, indicated 
that different drivers were active behind these patterns. Understanding such patterns, by simultaneously consid-
ering functional and phylogenetic information, helps to predict the effects of human activities on the commu-
nity assembly processes, as well as on ecosystem functioning24. Our results indicated that urbanization lead to a 
decline in the strength of environmental filtering, and suburban and urban habitats were randomly colonized by 
species from the surrounding matrix. Based on our findings it is important to stress that more attention to man-
age urban green spaces to maintain conditions allowing the continued functioning of environmental filters may 
help to retain more native biodiversity and proper ecosystem functioning, with its benefits for human inhabitants 
of urbanized areas.



www.nature.com/scientificreports/

7SCiEnTiFiC Reports |         (2018) 8:16992  | DOI:10.1038/s41598-018-35293-8

References
	 1.	 Hunter, P. The human impact on biological diversity. EMBO Rep. 8, 316–318 (2007).
	 2.	 Antrop, M. Changing patterns in the urbanized countryside of WesternEurope. Landsc. Ecol. 15, 257–270 (2000).
	 3.	 United Nations. World Urbanization Prospects: The 2014 Revision. (United Nations, Department of Economic and Social Affairs, 

Population Division, 2015).
	 4.	 McKinney, M. L. Urbanization as a major cause of biotic homogenization. Biol. Conserv. 127, 247–260 (2006).
	 5.	 Niemelä, J. Ecology and urban planning. Biodivers. Conserv. 8, 119–131 (1999).
	 6.	 Simon, E. et al. Distribution of toxic elements between biotic and abiotic components of terrestrial ecosystem along an urbanization 

gradient: Soil, leaf litter and ground beetles. Ecol. Indic. 60, 258–264 (2016).
	 7.	 Kalnay, E. & Cai, M. Impact of urbanization and land-use change on climate. Nature 423, 528–531 (2003).
	 8.	 Liu, W., You, H. & Dou, J. Urban-rural humidity and temperature differences in the Beijing area. Theor. Appl. Climatol. 96, 201–207 

(2009).
	 9.	 McDonnell, M. J. et al. Ecosystem processes along an urban-to-rural gradient. Urban Ecosyst. 1, 21–36 (1997).
	10.	 Pouyat, R. V., McDonnell, M. J. & Pickett, S. T. A. Litter decomposition and nitrogen mineralization in oak stands along an urban-

rural land use gradient. Urban Ecosyst. 1, 117–131 (1997).
	11.	 Grimm, N. B. et al. Global change and the ecology of cities. Science (80-.). 319, 756–760 (2008).
	12.	 Kowarik, I. Novel urban ecosystems, biodiversity, and conservation. Environ. Pollut. 159, 1974–1983 (2011).
	13.	 Hudson, L. N. et al. The database of the PREDICTS (Projecting Responses of Ecological Diversity In Changing Terrestrial Systems) 

project. Ecol. Evol. 7, 145–188 (2017).
	14.	 Faeth, S. H., Bang, C. & Saari, S. Urban biodiversity: Patterns and mechanisms. Ann. N. Y. Acad. Sci. 1223, 69–81 (2011).
	15.	 Swenson, N. G. The assembly of tropical tree communities - the advances and shortcomings of phylogenetic and functional trait 

analyses. Ecography (Cop.). 36, 264–276 (2013).
	16.	 Cadotte, M., Albert, C. H. & Walker, S. C. The ecology of differences: Assessing community assembly with trait and evolutionary 

distances. Ecol. Lett. 16, 1234–1244 (2013).
	17.	 Webb, C. O., Ackerly, D. D., McPeek, M. A. & Donoghue, M. J. Phylogenies and community ecology. Annu. Rev. Ecol. Syst. 33, 

475–505 (2002).
	18.	 Cadotte, M. W. et al. Phylogenetic diversity metrics for ecological communities: Integrating species richness, abundance and 

evolutionary history. Ecol. Lett. 13, 96–105 (2010).
	19.	 Magura, T. Ignoring functional and phylogenetic features masks the edge influence on ground beetle diversity across forest-

grassland gradient. For. Ecol. Manage. 384, 371–377 (2017).
	20.	 Magura, T. & Lövei, G. L. Environmental filtering is the main assembly rule of ground beetles in the forest and its edge but not in the 

adjacent grassland. Insect Sci. 25, https://doi.org/10.1111/1744-7917.12504, in press (2018).
	21.	 Croci, S., Butet, A. & Clergeau, P. Does urbanization filter birds on the basis of their biological traits? Condor 110, 223–240 (2008).
	22.	 Vallet, J., Daniel, H., Beaujouan, V., Rozé, F. & Pavoine, S. Using biological traits to assess how urbanization filters plant species of 

small woodlands. Appl. Veg. Sci. 13, 412–424 (2010).
	23.	 Knapp, S., Kühn, I., Schweiger, O. & Klotz, S. Challenging urban species diversity: Contrasting phylogenetic patterns across plant 

functional groups in Germany. Ecol. Lett. 11, 1054–1064 (2008).
	24.	 Knapp, S. et al. Phylogenetic and functional characteristics of household yard floras and their changes along an urbanization 

gradient. Ecology 93, S83–S98 (2012).
	25.	 Zobel, M. The relative of species pools in determining plant species richness: an alternative explanation of species coexistence? 

Trends Ecol. Evol. 12, 266–269 (1997).
	26.	 Pausas, J. G. & Verdú, M. The jungle of methods for evaluating phenotypic and phylogenetic structure of communities. Bioscience 

60, 614–625 (2010).
	27.	 Magura, T., Bogyó, D., Mizser, S., Nagy, D. D. & Tóthmérész, B. Recovery of ground-dwelling assemblages during reforestation with 

native oak depends on the mobility and feeding habits of the species. For. Ecol. Manage. 339, 117–126 (2015).
	28.	 Hubbell, S. P. Neutral theory and the evolution of ecological equivalence. Ecology 87, 1387–1398 (2006).
	29.	 Vellend, M. Conceptual synthesis in community ecology. Q. Rev. Biol. 85, 183–206 (2010).
	30.	 Lövei, G. L. & Sunderland, K. D. Ecology and behavior of ground beetles (Coleoptera: Carabidae). Annu. Rev. Entomol. 41, 231–256 

(1996).
	31.	 Spellerberg, I. F. Monitoring Ecological Change. (Cambridge University Press, 2005).
	32.	 Niemelä, J. et al. Carabid beetle assemblages (Coleoptera, Carabidae) across urban-rural gradients: an international comparison. 

Landsc. Ecol. 17, 387–401 (2002).
	33.	 Magura, T., Tóthmérész, B. & Molnár, T. Changes in carabid beetle assemblages along an urbanisation gradient in the city of 

Debrecen, Hungary. Landsc. Ecol. 19, 747–759 (2004).
	34.	 Elek, Z. & Lövei, G. L. Patterns in ground beetle (Coleoptera: Carabidae) assemblages along an urbanisation gradient in Denmark. 

Acta Oecologica 32, 104–111 (2007).
	35.	 Gaublomme, E., Hendrickx, F., Dhuyvetter, H. & Desender, K. The effects of forest patch size and matrix type on changes in carabid 

beetle assemblages in an urbanized landscape. Biol. Conserv. 141, 2585–2596 (2008).
	36.	 Magura, T., Lövei, G. L. & Tóthmérész, B. Time-consistent rearrangement of carabid beetle assemblages by an urbanisation gradient 

in Hungary. Acta Oecologica 34, 233–243 (2008).
	37.	 Niemelä, J. et al. The search for common anthropogenic impacts on biodiversity: a global network. J. Insect Conserv. 4, 3–9 (2000).
	38.	 Molnár, T., Magura, T., Tóthmérész, B. & Elek, Z. Ground beetles (Carabidae) and edge effect in oak-hornbeam forest and grassland 

transects. Eur. J. Soil Biol. 37, 297–300 (2001).
	39.	 Hůrka, K. Carabidae of the Czech and Slovak Republics. (Kabourek, 1996).
	40.	 Baars, M. A. Catches in pitfall traps in relation to mean densities of carabid beetles. Oecologia 41, 25–46 (1979).
	41.	 Gerisch, M. Non-random patterns of functional redundancy revealed in ground beetle communities facing an extreme flood event. 

Funct. Ecol. 28, 1504–1512 (2014).
	42.	 Koch, K. Die Käfer Mitteleuropas. Ökologie. (Goecke & Evers Verlag, 1989).
	43.	 Larochelle, A. The food of the carabid beetles (Coleoptera: Carabidae, including Cicindelinae). Fabreries Suppl. 5, 1–132 (1990).
	44.	 D’Orazio, M., Di Zio, M. & Scanu, M. Statistical Matching: Theory and Practice, https://doi.org/10.1002/0470023554 (John Wiley & 

Sons, 2006).
	45.	 Beutel, R. G., Ribera, I. & Bininda-Emonds, O. R. P. A genus-level supertree of Adephaga (Coleoptera). Org. Divers. Evol. 7, 255–269 

(2008).
	46.	 Dray, S. & Dufour, A. B. The ade4 package: Implementing the duality diagram for ecologists. J. Stat. Softw. 22, 1–20 (2007).
	47.	 Heikkala, O. et al. Retention forestry and prescribed burning result in functionally different saproxylic beetle assemblages than clear-

cutting. For. Ecol. Manage. 359, 51–58 (2016).
	48.	 Kluge, J. & Kessler, M. Phylogenetic diversity, trait diversity and niches: Species assembly of ferns along a tropical elevational 

gradient. J. Biogeogr. 38, 394–405 (2011).
	49.	 Kembel, S. W. et al. Picante: R tools for integrating phylogenies and ecology. Bioinformatics 26, 1463–1464 (2010).
	50.	 R Core Team. R: A language and environment for statistical computing. R Found. Stat. Comput. Vienna, Austria (2017).

http://dx.doi.org/10.1111/1744-7917.12504
http://dx.doi.org/10.1002/0470023554


www.nature.com/scientificreports/

8SCiEnTiFiC Reports |         (2018) 8:16992  | DOI:10.1038/s41598-018-35293-8

	51.	 Taboada, A., Kotze, D. J. & Salgado, J. M. Carabid beetle occurrence at the edges of oak and beech forests in NW Spain. Eur. J. 
Entomol. 101, 555–563 (2004).

	52.	 Skłodowski, J. Consequence of the transformation of a primeval forest into a managed forest for carabid beetles (Coleoptera: 
Carabidae) - a case study from Bialowieza (Poland). Eur. J. Entomol. 111, 639–648 (2014).

	53.	 Magura, T., Lövei, G. L. & Tóthmérész, B. Edge responses are different in edges under natural versus anthropogenic influence: a 
meta-analysis using ground beetles. Ecol. Evol. 7, 1009–1017 (2017).

	54.	 van Heezik, Y. et al. To what extent does vegetation composition and structure influence beetle communities and species richness in 
private gardens in New Zealand? Landsc. Urban Plan. 151, 79–88 (2016).

	55.	 Delgado de la Flor, Y. A., Burkman, C. E., Eldredge, T. K. & Gardiner, M. M. Patch and landscape-scale variables influence the 
taxonomic and functional composition of beetles in urban greenspaces. Ecosphere 8, e02007 (2017).

	56.	 Magura, T., Tóthmérész, B. & Molnár, T. A species-level comparison of occurrence patterns in carabids along an urbanisation 
gradient. Landsc. Urban Plan. 86, 134–140 (2008).

	57.	 Debastiani, V. J. et al. Recurrent patterns of phylogenetic habitat filtering in woody plant communities across phytogeographically 
distinct grassland-forest ecotones. Community Ecol. 16, 1–9 (2015).

	58.	 Luza, A. L., Gonçalves, G. L. & Hartz, S. M. Phylogenetic and morphological relationships between nonvolant small mammals reveal 
assembly processes at different spatial scales. Ecol. Evol. 5, 889–902 (2015).

	59.	 Hidasi-Neto, J., Barlow, J. & Cianciaruso, M. V. Bird functional diversity and wildfires in the Amazon: The role of forest structure. 
Anim. Conserv. 15, 407–415 (2012).

	60.	 Cavender-Bares, J., Kozak, K. H., Fine, P. V. A. & Kembel, S. W. The merging of community ecology and phylogenetic biology. Ecol. 
Lett. 12, 693–715 (2009).

	61.	 Kraft, N. J. B. et al. Community assembly, coexistence and the environmental filtering metaphor. Funct. Ecol. 29, 592–599 (2015).
	62.	 Vamosi, J. C. & Vamosi, S. M. Body size, rarity, and phylogenetic community structure: Insights from diving beetle assemblages of 

Alberta. Divers. Distrib. 13, 1–10 (2007).
	63.	 Mayfield, M. M. & Levine, J. M. Opposing effects of competitive exclusion on the phylogenetic structure of communities. Ecol. Lett. 

13, 1085–1093 (2010).
	64.	 Sargent, R. D. & Ackerly, D. D. Plant-pollinator interactions and the assembly of plant communities. Trends Ecol. Evol. 23, 123–130 

(2008).
	65.	 Niemelä, J. Interspecific competition in ground-beetle assemblages (Carabidae): What have we learned? Oikos 66, 325–335 (1993).
	66.	 Lenski, R. E. Food limitation and competition: A field experiment with two Carabus species. J. Anim. Ecol. 53, 203–216 (1984).
	67.	 Lenski, R. E. Effects of forest cutting on two Carabus species: Evidence for competition for food. Ecology 63, 1211–1217 (1982).
	68.	 Loreau, M. Competition in a carabid beetle community: A field experiment. Oikos 58, 25–38 (1990).
	69.	 Barraclough, T. G., Hogan, J. E. & Vogler, A. P. Testing whether ecological factors promote cladogenesis in a group of tiger beetles 

(Coleoptera: Cicindelidae). Proc. R. Soc. B Biol. Sci. 266, 1061–1067 (1999).
	70.	 Nelemans, M. N. E. Surface activity and growth of larvae of Nebria brevicollis (F.) (Coleoptera, Carabidae). Netherlands J. Zool. 38, 

74–95 (1988).
	71.	 Bilde, T. & Toft, S. Quantifying food limitation of arthropod predators in the field. Oecologia 115, 54–58 (1998).
	72.	 Eötvös, C. B., Magura, T. & Lövei, G. L. A meta-analysis indicates reduced predation pressure with increasing urbanization. Landsc. 

Urban Plan. 180, 54–59 (2018).
	73.	 Heessen, H. J. L. Egg Mortality in Pterostichus oblongopunctatus (Fabricius) (Col., Carabidae). Oecologia 50, 233–235 (1981).
	74.	 Mizser, S. & Nagy, L. & Tóthmérész, B. Mite infection of Carabus violaceus in rural forest patches and urban parks. Period. Biol. 118, 

307–309 (2016).
	75.	 Gilbert, G. S. & Webb, C. O. Phylogenetic signal in plant pathogen-host range. Proc. Natl. Acad. Sci. 104, 4979–4983 (2007).
	76.	 Desender, K., Anton, E. & Tack, G. Beetle diversity and historical ecology of woodlands in Flanders. Belgian J. Zool. 129, 139–156 

(1999).
	77.	 Brandmayr, P., Pizzolotto, R., Colombetta, G. & Zetto, T. In situ extinction of carabid beetles and community changes in a protected 

suburban forest during the past century: the “Bosco Farneto” near Trieste (Italy). J. Insect. Conserv. 13, 231–243 (2009).
	78.	 Nagy, D. D., Magura, T., Horváth, R., Debnár, Z. & Tóthmérész, B. Arthropod assemblages and functional responses along an 

urbanization gradient: a trait-based multi-taxa approach. Urban For. Urban Green. 30, 157–168 (2018).
	79.	 Desender, K. Theory versus reality: a review on the ecological and population genetic effects of forest fragmentation on wild 

organisms, with an emphasis on ground beetles in European Carabidology 2003: Proceedings of the 11th European Carabidologists’ 
Meeting. DIAS Report 114 (eds Lövei, L. G. & Toft, S.) 49–72 (Ministry of Food, Agriculture and Fisheries and Danish Institute of 
Agricultural Sciences, 2005).

	80.	 Niemelä, J. & Kotze, D. J. Carabid beetle assemblages along urban to rural gradients: A review. Landsc. Urban Plan. 92, 65–71 (2009).
	81.	 Magura, T., Lövei, G. L. & Tóthmérész, B. Does urbanization decrease diversity in ground beetle (Carabidae) assemblages? Glob. 

Ecol. Biogeogr. 19, 16–26 (2010).
	82.	 Martinson, H. M. & Raupp, M. J. A meta-analysis of the effects of urbanization on ground beetle communities. Ecosphere 4, 60 

(2013).
	83.	 Kitagawa, R., Ueno, M. & Masaki, T. Thinning affects understorey tree community assembly in monoculture plantations by 

facilitating stochastic immigration from the landscape. Appl. Veg. Sci. 20, 673–682 (2017).
	84.	 Sobral, F. L. & Cianciaruso, M. V. Functional and phylogenetic structure of forest and savanna bird assemblages across spatial scales. 

Ecography (Cop.). 39, 533–541 (2016).
	85.	 Lövei, G. L. & Magura, T. Body size changes in ground beetle assemblages - A reanalysis of Braun et al. (2004)’s data. Ecol. Entomol. 

31, 411–414 (2006).
	86.	 Talarico, F., Giglio, A., Pizzolotto, R. & Brandmayr, P. A synthesis of feeding habits and reproduction rhythm in Italian seed-feeding 

ground beetles (Coleoptera: Carabidae). Eur. J. Entomol. 113, 325–336 (2016).

Acknowledgements
We thank T. Molnár for his help during the field and laboratory work. This publication was supported by the 
SROP4.2.2.B15/1/KONV20150001 project, financed by the European Union and the European Social Fund, and 
by the OTKA K 116639 and NKFI KH 126477 grants.

Author Contributions
T.M. and B.T. conceived the experiment and conducted field work. The concept of evaluation was jointly 
developed by T.M., G.L.L. and B.T. T.M. wrote the main manuscript text and supplementary information, with 
contributions from G.L.L. and B.T.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-35293-8.

http://dx.doi.org/10.1038/s41598-018-35293-8


www.nature.com/scientificreports/

9SCiEnTiFiC Reports |         (2018) 8:16992  | DOI:10.1038/s41598-018-35293-8

Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://creativecommons.org/licenses/by/4.0/

	Conversion from environmental filtering to randomness as assembly rule of ground beetle assemblages along an urbanization g ...
	Materials and Methods

	Study area and sampling design. 
	Data analyses. 

	Results

	Discussion

	Conclusion

	Acknowledgements

	Figure 1 The strength of the relationship (expressed as R2adjusted) between the standardized effect size and the position along the urbanization gradient for 41 levels of the functional-phylogenetic weighting parameter (a).
	Figure 2 The significant negative relationship (F = 10.
	Figure 3 The mean standardized effect sizes calculated for phylogenetic-weighting parameter value of a = 0 (±95% confidence interval) along the urbanization gradient.
	Table 1 Traits used to calculate functional distances between ground beetle species.




