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Edges are on the increase world-wide due to increasing fragmentation and loss of natural 
habitats. After formation, edges are maintained by various processes (natural vs. contin-
ued anthropogenic interventions: forestry, agriculture, urbanization) which influence the 
reaction of individual species to edge effects (history-based edge effect hypothesis), and 
this will be reflected in the diversity of assemblages. Diversity, however, is not the most 
appropriate indicator of the edge effect because species with different traits may respond 
differently to the edges. To further articulate the history-based edge effect hypothesis, we 
evaluated the edge effect on one of the most commonly used life-history traits, the feed-
ing habit of ground beetles in forest edges. A meta-analysis based on 28 publications and 
422 comparisons showed that natural vs. continued anthropogenic interventions as edge-
maintaining processes reflected at the trait level. Abundance of herbivorous, omnivorous, 
and predatory ground beetle species were all higher in the natural edges than in the forest 
interiors, while no similar pattern occurred in edges with continued anthropogenic influ-
ence. These results suggest that structural and environmental changes at edges sustained 
by repeated anthropogenic influence adversely influencing ecosystem functions, with neg-
ative effects on ecosystem services like pest or weed control.
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INTRODUCTION

Ecological research traditionally sought to understand the working of 
major ecosystems as relatively large, homogeneous landscape elements. Start-
ing with the 20th century there has been an increasing interest in studying 
transitional areas because it is realised that such areas between landscape units 
take on important control functions in flows of abiotic and biotic components 
of a spatial system (Turner & Gardner 2015). Ecotone is a transitional zone 
between adjacent ecological systems, having a set of characteristics uniquely 
defined by space and time and by the strength of interactions between adja-
cent ecological systems (Turner & Gardner 2015). Ecological systems include 
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commonly described hierarchical entities such as demes, populations, com-
munities, ecosystems, landscapes and biomes. Thus, ecotones can be defined 
at several hierarchical levels, from population to the biosphere; at any exten-
sion, from few centimetres to thousands of kilometres; and at both horizontal 
and vertical scales (Cadenasso et al. 2003b).

Habitat edge is a type of ecotone; it is interpreted on the meso-spatial 
scale and at the community level. At the border between two neighbouring 
habitats, environmental conditions are altered. Thus edges have abiotic attrib-
utes considerably different from either adjacent habitats (Murcia 1995, Ewers 
& Didham 2006). Altered abiotic conditions and habitat characteristics on and 
near habitat edge have a direct impact on the spatio-temporal distribution 
and dynamics of many species. These changes in abundance and distribu-
tion, in turn, may modify species interactions (predation, brood parasitism, 
competition, herbivory, pollination and seed dispersal) in the habitat edges. 
These abiotic, direct and indirect biotic changes in edges form the “edge ef-
fect” (Murcia 1995). Because of their importance and ubiquity, ecological 
responses to the presence of habitat edges are one of the most extensively 
researched topics in ecology.

In the past three decades, edge research has focused on a wide range 
of organisms and on an increasingly diverse number of edge types, as well 
as on the mechanisms that can cause edge effects (Ries et al. 2004). Ries et 
al. (2004) have identified four fundamental mechanisms (ecological flows, ac-
cess to spatially separated resources, resource mapping, and species interac-
tions) that change species abundance patterns across habitat edges. Moreover, 
based primarily on resource distribution, Ries and Sisk (2004) have presented 
a predictive model forecasting changes in abundance near edges for any spe-
cies in any landscape. By using this predictive model, several edge responses 
for different species at various edge types were predictable, but clearly, some 
variability remained unexplained. These unexplained responses have made 
generalizations difficult and generated attempts to account for it (Ries & Sisk 
2004). Edge orientation (edges in different positions relative to the sun; Ries et 
al. 2004), temporal effects (at a variety of scales, including time of day, season, 
and year; Ries et al. 2004), habitat fragmentation effects (including patch size, 
isolation, quality of adjacent habitats, and landscape composition; Ries et al. 
2004, Hardt et al. 2013), edge contrast (low vs. high; Ries et al. 2004, Peyras et 
al. 2013), magnitude of the edge effect (the difference between habitat patch 
and matrix; Ewers & Didham 2006), species traits (habitat specialization, dis-
persal ability, time of activity, body size, and type of reproduction of species; 
Peyras et al. 2013, Carvajal-Cogollo & Urbina-Cardona 2015) and habitat 
suitability (Peyras et al. 2013) were identified as the most important factors 
that may be responsible for the unexplained variation.
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The maintaining processes of habitat edges are also identified as impor-
tant drivers of the edge effect (Strayer et al. 2003). Magura et al. (2017) con-
ceptualised this as the “history-based edge effect hypothesis”, assuming that 
dissimilar edge-maintaining processes (natural vs. continued anthropogenic 
interventions: forestry, agriculture, urbanization) will be reflected in the diver-
sity of assemblages. A meta-analysis, focusing on one of the most common ter-
restrial habitat edges, forest edges, and on an abundant insect group, ground 
beetles (Coleoptera: Carabidae) shows that forest edges maintained by natural 
processes have significantly higher species richness than the forest interiors, 
while edges with continued anthropogenic influence do not have (Magura et 
al. 2017). Species richness, however, is not the most sensitive indicator of the 
edge effect, because species with different traits may respond differently to 
the same stimuli (Koivula et al. 2004, Brigić et al. 2014, Magura 2017). There-
fore, species with different traits should be analysed separately to evaluate 
their reaction to edges, otherwise basic ecological patterns may remain hidden 
(Nagy et al. 2018), and the biology of organisms cannot be neglected when 
trying to understand their ecological responses (Lövei & Magura 2006). To 
further articulate the history-based edge effect hypothesis, we evaluated the 
edge effect using the feeding habit (as a life history trait) of ground beetles at 
differently maintained forest edges. More specifically, we predicted that forest 
edges maintained by natural processes have significantly more herbivorous, 
omnivorous, and predatory ground beetle individuals than the forest interiors, 
while edges with continued anthropogenic influence do not.

MATERIAL AND METHODS

Study and data selection

We performed a literature search in Web of Science (“All databases” option) for the 
period 1975–2015, using the following search term: TOPIC=(forest) AND TOPIC=(edge OR 
margin) AND TOPIC=(carabid*). The literature search was performed on 27 May 2016 at 
the University of Debrecen, Hungary. In addition, we also reviewed the papers on the sub-
ject for relevant publications that had remained undetected previously. To be included in 
the data matrix, a paper had to report data on carabid abundance in both forest interior and 
forest edge. From papers that studied carabids along transects, data from the interiormost 
location in the forest were used.

Classification of edges based on their maintaining process

Forest edges were classified based on their maintaining processes. Forest edges, 
whose neighbouring habitats (the forest interior and the adjacent grassland or meadows) 
were unmanaged (without fire damage, cutting, thinning, intensive grazing or mowing) 
for at least 50 years, were considered to be maintained by natural processes (succession). 
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Forest edges created by forestry (clear-cutting, forest management), urbanization (forest 
patches embedded in, and adjacent to an urbanised area) and agriculture (the neighbour-
ing habitat to the forest edge was cultivated, intensively grazed, mowed and/or regularly 
burned) were repeatedly disturbed and were considered as disturbance-maintained edges. 
Edges with anthropogenic disturbances were further divided into subgroups based on the 
type of human influence (forestry, urbanization, or agriculture). Forest edges maintained 
by a combination of these forces, and edges whose maintenance shifted between natural 
processes and anthropogenic disturbances over time were not included.

Data analyses

Ground beetles were categorized according to their feeding habit. Species that feed 
almost exclusively on seeds or other plant material were considered as herbivorous, while 
species mainly taking prey were considered predatory. Species using of live and/or dead 
prey, as well as plant or fungal material were considered omnivorous. The categorisation 
was made using information in Larochelle (1990).

For each edge-to-interior comparison, the unbiased standardized mean difference 
(Hedges’ g) as a common effect size was calculated between forest interior and forest edge:

=  , 

 

=
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where XF and XE are the mean abundance of beetles in forest interior and forest edge, nF 
and nE are the sample sizes of the forest interior and forest edge, and SF and SE are their SDs.

Subgroup meta-analysis was used to determine whether the edge has an effect on 
ground beetle abundance according to forest edge maintenance (natural or types of anthro-
pogenic influence). We estimated the overall effect and examined the effects of moderators 
(the type of edge maintaining process; type of anthropogenic influence) using a random-
effects model.

Meta-analyses are based on one of two statistical models, the fixed-effect model or 
the random-effects one (Borenstein et al. 2009). A fixed-effect model assumes that there is 
one true effect size and that all differences in the observed effects are due to sampling er-
ror. A random-effects model, more plausibly also attributes the distribution of effect sizes 
to real differences among studies and do not assume sampling error as the only source 
of variability in effect sizes (Borenstein et al. 2009). We used the random-effects model, 
because studies were not expected to estimate a common effect size due to differences 
in study regions, locations, conditions, experimental setups and research methods in the 
individual studies. Several effect sizes for edge-to-interior abundance comparison were 
obtained from the same publication. To account for this, we included a publication-level 
random effect as a nesting factor into the model. The mean effect size was considered 
statistically significant when the 95% bootstrap confidence interval (calculated with 999 
iterations) did not include zero.
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To describe heterogeneity, complementary measures of Q and I2 were calculated (Bo-
renstein et al. 2009). Q is the weighted sum of squares within a data set. For significant het-
erogeneity, it can be tested against the expected deviation assuming that all studies share 
a common effect size. I2 measures the proportion of the observed variance that reflects 
real differences in effect size between studies. Total variance (Qtotal) was partitioned into 
within- (Qwithin) and between group (Qbetween) variances and these were tested for statistical 
significance (Borenstein et al. 2009). Significant variance between groups (Qbetween) means 
that edge effect on abundance significantly differed according to the maintaining processes 
of edges. During the calculations, subgroups with less than five cases were excluded from 
analyses. Publication bias was tested using funnel plots and the Egger test (Borenstein et 
al. 2009). In the case of significant asymmetry, the trim and fill method was used (Duval & 
Tweedie 2000). During the calculations, the MAd (version 0.8-2, Del Re & Hoyt 2014) and 
metafor packages (version 1.9-9, Viechtbauer 2010) were used in R programming environ-
ment (version 3.4.3; R Core Team 2017).

RESULTS

The literature search yielded 204 publications; after applying the selec-
tion criteria, 53 papers were retained. Of these, mean abundance of herbivo-
rous/omnivorous/predatory ground beetle species with standard deviations, 
and sample sizes for forest interiors and edges were recoverable from 28 pub-
lications (Appendix, Table S1). Eleven papers compared forest edges main-
tained by natural processes, and 17 papers ones by continued anthropogenic 
interventions to the respective forest interiors. Edges maintained by human 
influence were further grouped according to the activity type: agriculture (7 
papers), forestry (8 papers), or urbanization (3 papers). A single study exam-
ined two types of human influence. In total, our meta-analyses were based on 
422 separate edge-to-interior abundance comparisons (15 for herbivorous, 70 
for omnivorous, and 337 for predatory species).

Data on the abundance of herbivorous species in edges maintained by 
human influence were few (n = 3); therefore, a subgroup meta-analysis could 
not be performed. The abundance of herbivorous species, however, was sig-
nificantly higher in the edges maintained by natural processes than the interi-
ors (Fig. 1a). No significant heterogeneity (Appendix, Table S2) was detected, 
but the Egger test indicated funnel plot asymmetry. The trim and fill proce-
dure (adding 6 data points) did not change the significance of the overall ef-
fect (Appendix, Fig. S1a).

The abundance of omnivorous species was higher at edges maintained 
by natural processes than the respective forest interiors, while no similar pat-
tern occurred in edges with continued anthropogenic influence (Fig. 1b), al-
though the between-group variance (Qbetween) was not significant (Appendix, 
Table S2). Neither the total nor the unexplained heterogeneity was significant 
(Appendix, Table S2). In either type of anthropogenically disturbed edges (ag-
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Fig. 1. Mean effect sizes of random-effect models (mean Hedges g ± 95% confidence inter-
val) for the abundance of herbivorous (a), omnivorous (b), and predatory ground beetle 
species (c). Values in brackets refer to the number of species for whose abundance the mean 
effect size was calculated. A negative g value means higher abundance in forest edges than 
interiors. The mean effect size was considered statistically significant if the 95% bootstrap 
confidence interval did not include zero. “Edges with human influences” represents data 

from edges under anthropogenic influences (agriculture, forestry, or urbanization)
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riculture or forestry), the abundance of omnivorous species was not signifi-
cantly different between edges vs. interiors (Fig. 1b), with no significant het-
erogeneity (Appendix, Table S2). Regression tests showed significant funnel 
plot asymmetries. The trim and fill method estimated 19 missing values, but 
adding these did not change the significance of the overall effect in the model 
(Appendix, Fig. S1b).

Forest edges maintained by natural processes had significantly higher 
abundances of predatory species than the forest interiors, while edges under 
continued anthropogenic influence showed no such difference (Fig. 1c), al-
though the between group variance (Qbetween) was not significant (Appendix, 
Table S2). There was significant total and unexplained heterogeneity (Appen-
dix, Table S2). In all types of edges maintained by continued anthropogenic 
interventions, the abundance of predatory species was not significantly differ-
ent between edges and respective interiors (Fig. 1c). In this model, both the to-
tal and the unexplained heterogeneity were significant (Appendix, Table S2). 
Neither the classical nor the random-effects version of the Egger test revealed 
significant asymmetry in the funnel plot, indicating the absence of publication 
bias (Appendix, Fig. S1c).

DISCUSSION

Our study, evaluating the edge response of ground beetles with various 
feeding habits in differently maintained forest edges, allows a deeper insight 
into the history-based edge effect hypothesis of Magura et al. (2017). Our re-
sults showed, that dissimilar maintaining processes (natural vs. continued an-
thropogenic interventions) of edges reflected not only at the community level 
(e.g. reflected by diversity, Magura et al. 2017), but also at the trait level. Her-
bivorous, omnivorous, and predatory ground beetle species showed similar 
trends; abundances were higher in natural edges than in the forest interiors, 
whilst no similar pattern at edges with continued anthropogenic disturbance 
was detectable. On par with our findings, Harper et al. (2015) concludes that 
the edge response is different at edges with natural disturbance (fire), than at 
edges with anthropogenic disturbance (forest harvesting). Based on our re-
sults, therefore, we propose to make a distinction between forest edges main-
tained by natural processes (mainly by succession), which are the “proper” 
edges and those maintained by repeated anthropogenic influence (agricul-
ture, forestry, urbanization), which we suggest to call borders. Mechanisms 
and functions in edges controlled by natural processes are considerably differ-
ent from anthropogenic disturbance-induced processes (Magura et al. 2017).

The main cause of the difference of forest edges with different maintain-
ing processes could arise from differences in structure. Forest edges main-
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tained by natural processes have a stratified horizontal structure: they have a 
shrub and sapling zone towards the forest interior, and a perennial herb layer 
towards the adjacent open habitat (Forman & Godron 1986). Due to this phys-
iognomy, natural edges have high habitat heterogeneity, and distinct envi-
ronmental conditions which change at a modest magnitude (Cadenasso et al. 
2003b). Habitat structure is an important factor in shaping the composition of 
ground beetle assemblages (structural heterogeneity hypothesis, Brose 2003), 
as structurally complex vegetation offers microhabitats for resting, hiberna-
tion and oviposition, widens the food spectrum, and the chance of escape 
from natural enemies (Magura 2002, Brose 2003). As a consequence, herbivo-
rous, predatory and omnivorous species are all likely to be attracted to edges 
maintained by natural processes (Cadenasso et al. 2003a,b). In contrast, for-
est borders under anthropogenic influence are repetitively exposed to several 
kinds of direct disturbance by management operations, such as tillage, graz-
ing, mowing, and anthropogenic fires. They also are exposed to indirect dis-
turbance, including pesticide, herbicide and fertilizer drifts. At forest borders 
adjacent to intensively farmed fields, the high input of fertilizers and plant 
protection products have adverse effects on vegetation diversity and compo-
sition: weeds and generalist species become more common, habitat specialists 
strongly decline, causing homogenized vegetation, and reduced species di-
versity (Boutin & Jobin 1998). Simplified habitat structure, and more widely 
fluctuating environmental conditions can also influence soil properties (in-
cluding soil moisture, acidity and fertility), litter turnover, evapotranspira-
tion, nutrient cycling and decomposition (Harper et al. 2005). The repetitive 
disturbance prevents the development of stratified horizontal structure and 
reduces habitat heterogeneity at borders under human influence. Changes in 
vegetation structure and composition, microclimate and microhabitats in the 
borders under human influence are detrimental for species from the neigh-
bouring habitats (Murcia 1995). Consequently, as our results showed, none of 
ground beetles with various feeding habits reached higher abundance at these 
human-influenced borders than in the respective adjoining habitats.

Individuals can disperse actively from the forest interior across the edge, 
and vice versa. If these individuals find appropriate conditions and micro-
habitats in forest edges, they may stay and even permanently settle down 
there. Therefore, forest edges can accumulate species from both adjoining 
habitats (Magura et al. 2001, Harper et al. 2005). Similar dispersal of ground 
beetles between forests and neighbouring open-habitat across edges is well 
documented (Lacasella et al. 2015, Boetzl et al. 2016, Magura 2017, Magura 
& Lövei 2018). They may have important roles in ecosystem services, like the 
pest control by predatory forest species in adjacent agricultural fields (Roume 
et al. 2011). However, our results showed that the abundance of predatory 
and omnivorous ground beetles was not higher at forest borders under ag-
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ricultural influence compared to the forest interiors, assuming that dispersal 
or spillover of these beetles into neighbouring agricultural field is limited. In 
correspondence with our assumption, a recent study, using artificial sentinel 
prey, also indicated little of predator spillover from the native forest remnants 
to the cultivated matrix in Argentina (Ferrante et al. 2017). It seems that the 
repeated anthropogenic interventions could have negative effect on ecosys-
tem functions at edges, with negative consequences for ecosystem services 
like pest control.

Significant total and unexplained heterogeneity, and non-significant be-
tween group variances in the models underline that besides the maintaining 
processes of habitat edges, other inherent features of forest edges (size, iso-
lation, type and quality of adjacent habitats, temporal effects, edge orienta-
tion, see Ries et al. 2004, Ewers & Didham 2006) must also be considered in 
edge effect studies. Moreover, species with identical feeding habits may react 
differently to edge conditions depending on other traits. These species-level 
differences may be responsible for the remaining heterogeneity, suggesting 
that other species characteristics and traits (habitat specialization, dispersal 
ability, time of activity, body size, and type of reproduction) could be also 
important factors influencing edge response (Ries et al. 2004).

Our finding that the edge response can be mediated by maintaining pro-
cess of edges is based on ground beetles, which are at the consumer trophic 
level of the food web. Similar responses may be expected for organisms with a 
different trophic position, mobility, development type, life history or life span 
(see for butterflies, Pryke & Samways 2003; for millipedes, Bogyó et al. 2015). A 
global meta-analysis incorporating all the above-mentioned variables would 
be challenging but very informative for testing the generality of our history-
based edge effect hypothesis.
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Table S1. Publications used in the meta-analyses, which reported mean values of abun-
dances, standard deviation, and sample size for both the forest interior and the forest edge.
Edge type Human dis-

turbance
Feeding type of the studied 
species

Reference

Natural none herbivorous, omnivorous, 
predatory

Elek & Tóthmérész 2010

Natural none herbivorous, omnivorous, 
predatory

Lacasella et al. 2015

Natural none omnivorous, predatory Magura 2002
Natural none omnivorous, predatory Magura & Tóthmérész 1997
Natural none omnivorous, predatory Magura & Tóthmérész 1998
Natural none herbivorous, omnivorous, 

predatory
Magura et al. 2000

Natural none herbivorous, omnivorous, 
predatory

Magura et al. 2001

Natural none omnivorous, predatory Magura et al. 2002
Natural none herbivorous, omnivorous, 

predatory
Máthé 2006

Natural none herbivorous, omnivorous, 
predatory

Molnár et al. 2001

Natural none herbivorous, omnivorous, 
predatory

Tóthmérész et al. 2014

Disturbed agriculture predatory Bedford & Usher 1994
Disturbed agriculture predatory Ewers 2008
Disturbed agriculture predatory Kagawa & Maeto 2009
Disturbed agriculture omnivorous, predatory Kagawa & Maeto 2014
Disturbed agriculture predatory Sklodowski 1999
Disturbed agriculture omnivorous, predatory Taboada et al. 2004
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Table S1 (continued)
Edge type Human dis-

turbance
Feeding type of the studied 
species

Reference

Disturbed agriculture predatory Yu et al. 2007
Disturbed forestry predatory Gaublomme et al. 2013
Disturbed forestry omnivorous, predatory Halaj et al. 2008
Disturbed forestry predatory Heliölä et al. 2001
Disturbed forestry predatory Lemieux & Lindgren 2004
Disturbed forestry predatory Phillips et al. 2006
Disturbed forestry omnivorous, predatory Spence et al. 1996
Disturbed forestry herbivorous, omnivorous, 

predatory
Ulyshen et al. 2006

Disturbed forestry predatory Yu et al. 2009
Disturbed urbanization omnivorous, predatory Gaublomme et al. 2008
Disturbed urbanization predatory Gaublomme et al. 2013
Disturbed urbanization omnivorous, predatory Silverman et al. 2008
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Regression Test for Funnel Plot Asymmetry
model: weighted regression with multiplicative dispersion
predictor: standard error
test for funnel plot asymmetry: t = –2.4181, df = 13, p = 0.0310
model: mixed-effects meta-regression model
predictor: standard error
test for funnel plot asymmetry: z = –1.1134, p = 0.2655

Model Results after Trim and Fill:
Estimated number of missing studies on the right side: 6 (SE = 2.4826)

Estimate Hedges g Lower bound Upper bound Std. Error p value
–0.2859 –0.4336 –0.1381 0.0754 0.0001

Figure S1. Funnel plots of the tested variables with missing studies (empty circles), regres-
sion tests for funnel plot asymmetry, and model results after trim and fill for the abun-

dance of herbivorous (A), omnivorous (B), and predatory ground beetle species (C)
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model: weighted regression with multiplicative dispersion
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model: mixed-effects meta-regression model
predictor: standard error
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Model Results after Trim and Fill:
Estimated number of missing studies on the right side: 19 (SE = 5.4397)
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