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ABSTRACT 

Habitat fragmentation due to urbanization is increasing rapidly worldwide. Although patch 

area and edge effect are both important determinants of species diversity and the number of 

individuals in fragmented landscapes, studies that tested interaction between two effects 

were limited. Here we examined the interaction between area and edge effects on species 

richness and the number of individuals of carabids in highly urbanized forests in Tokyo, 

central Japan. We surveyed carabids in each of 26 forest patches (1.1–121.6 ha) using pitfall 

traps set in both edge and interior zones. First, we correlated the edge-to-interior differences 

of both species richness and the number of individuals with patch area. Second, we examined 

the interaction between patch area and distance to the edge on species richness and the 

number of individuals using generalized linear models. We found a significant decrease in 

carabid species richness and the number of individuals in edge zones. The edge-to-interior 

differences in both species richness and the number of individuals were positively correlated 

with patch area. Model selection revealed the evident interaction effects between patch area 

and distance to the edge: higher number of individuals was predicted in only large interior 

zones. Our results indicated that carabid beetle assemblages were influenced by the 

interaction between area and edge effects. Thus, in urban areas where small forest remnants 

dominate, circularizing the shape of the forest patches to maximize the core areas may be the 

most feasible and realistic means to preserve biodiversity. 

 

Keywords: area effects, carabid beetles, edge effects, forest fragmentation, urban forests, 

urbanization 
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INTRODUCTION 

Today, more than half of the world's human inhabitants live in cities, and this 

proportion will increase further in the next 50 years (Grimm et al. 2008), making this an 

‘urban century’ (Gaston 2010). Global urbanization accelerates the mass production and 

consumption of natural resources (Millennium Ecosystem Assessment 2005; Bagliani et al. 

2008), causing many types of land-use changes (Kareiva et al. 2007; Gaston 2010). Therefore, 

understanding the causes, processes, and ecological consequences of land-use and land-cover 

changes, including urbanization, is considered as a critical topic in landscape ecology (Wu 

and Hobbs 2002), and clarifying the effects of urbanization on regional biodiversity is crucial 

for future biodiversity conservation (Dearborn and Kark 2009). Among the large-scale 

landscape changes that may profoundly influence community dynamics, habitat 

fragmentation is considered to be one of the greatest threats to global biodiversity loss 

(Fahrig 2003) and consequently attracts much attention in landscape ecology and 

conservation biology (Tscharntke and Brandl 2004; Ewers and Didham 2006). 

In fragmented landscapes, patch area and shape complexity are important factors 

determining species diversity within patches (Fahrig 2003; Fletcher et al. 2007; Yamaura et al. 

2008). In particular, the positive relationship between patch area and species richness is one 

of the most general laws in ecology (Lomolino 1990; Peay et al. 2007). Compared with small 

patches, large patches are more likely to intercept potential colonists (‘target area effect’; 

Lomolino 1990) and have lower extinction rates due to their greater population sizes (e.g., 

MacArthur and Wilson 1967; Russell et al. 2006). Moreover, large patches may have more 

habitat heterogeneity and are more complex, consequently promoting an increase in the 

number of species (e.g., Connor and McCoy 1979; Russell et al. 2006). Because patches with 

complex shapes have much higher proportions of edge habitat relative to core habitat than 

patches of the same size with simpler shapes (Laurance and Yensen 1991), the population 

densities of core-dwelling species are likely to decrease in such patches due to edge effects 

(Woodroffe et al. 1998; Ries et al. 2004; Yamaura et al. 2008). 

Recently, the rates of species loss and population declines in small patches were 

reported to accelerate as a result of synergistic effects between area loss and edge effects 

(Ewers and Didham 2007; Ewers et al. 2007). Ewers et al. (2007) and Banks-Leite et al. (2010) 

demonstrated that differences in species richness and community composition between edge 

and core zones are distinct only in large patches; differences in small patches are obscured 

because they have high perimeter/area ratios and their centers are consequently affected by 

multiple edges (Malcolm 1994). Because all areas within small patches are subject to edge 
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effects, forest-dependent species would be expected to disappear. Ewers and Didham (2007) 

also demonstrated that the effects of shape complexity on population density and size are 

altered by patch size, indicating that area and edge effects interact. Because habitat 

fragmentation and perimeter/area ratios simultaneously decrease as patch size increases 

(Fahrig 2003; Ewers and Didham 2006; Laurance 2008), the interaction between patch area 

and edge effects is considered to be universal in terrestrial landscapes and one of the most 

important processes that degrade biodiversity (Fletcher et al. 2007). 

From a conservation viewpoint, such an interaction suggests that the core zone is more 

important for the diversity and the number of individuals of core-dwelling species than the 

edge zone. Consequently, single large-circular reserves are most desirable (e.g. Diamond 1975). 

However, especially in urban areas, preserving or restoring large reserve areas is often 

difficult because of the high costs associated with their protection (Franklin 1993). Therefore, 

urban planners and conservation agencies need to evaluate whether increasing the 

circularization of patches can compensate for the inherent disadvantages of small urban 

forests. Urban forests offer wildlife habitat and improve human health and well-being 

(Gaston 2010), thus detecting interactions between patch area and shape and increasing 

patch quality by circularizing small patches are crucial for habitat management and 

restoration in fragmented landscapes (Ewers et al. 2007). If this interaction will degrade 

biodiversity in small patches in urban areas, clarifying the mechanism of the interaction will 

be crucial for conserving urban biodiversity in the future. 

Here, we examined the relative importance of area and edge effects and their 

interaction for carabid beetle assemblages in Tokyo, central Japan, a ‘hyper city’ or ‘megacity’ of 

more than 20 million inhabitants (United Nations 2008). In western Tokyo, deciduous 

forests were once maintained as part of the traditional agricultural system and were 

widespread. However, since 1970, many of these deciduous forests have been entirely lost due 

to one of the most drastic urbanizations in Japan, the ‘Tama Newtown Development’. The 

remaining forest patches, which vary in size and shape, provide an excellent model system to 

examine area and edge effects in an urban area (Appendix 1). In Japan, most carabid species 

depend on forest environments for foraging, egg-laying, and hibernation (Sota 2002) and are 

consequently sensitive to forest fragmentation (e.g., Rainio and Niemelä 2003; Fujita et al. 

2008). In this study, we tested the prediction that edge effects would interact with patch 

area such that the magnitude of edge-to-interior differences in species richness and the 

number of individuals of carabid beetles would increase with patch size. 

 

http://www.springerlink.com/content/?Author=Jari+Niemel%c3%a4
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METHODS 

Study area and sampling sites 

The study site (approximately 150 km2) is located in the Tama area, southwestern 

Tokyo, central Japan (Appendix 1). The western boundary of the study area was formed by a 

mountain range dominated by Mount Takao (599 m a.s.l.). The forest patches were 

dominated by deciduous forests of two oak species, Quercus serrata and Q. acutissima, with Pinus 

densiflora, Abies firma, and the evergreen oaks Q. glauca and Q. acuta also present. In this region, 

such deciduous forests were mostly maintained as part of the traditional agricultural system. 

Past aerial photographs show that such deciduous forests were once widespread in the study 

area until 1970. However, approximately from 1970 to 1980, many of these deciduous forests 

have been lost and fragmented rapidly due to the Tama New Town Development. These data 

suggest that the origin of forest patches in this region is the same, and they have relatively 

similar fragmentation history. Now, the remaining forest patches are small and isolated 

within a matrix of mainly residential areas, traffic roads, and office buildings. A total of 26 

forest patches that ranged in area from 1.1 to 121.6 ha were selected for this study. We 

classified the patches into three size categories: small (1–5 ha, n = 9), medium (5.1–10 ha, n = 8), 

and large (>10.1 ha, n = 9) (Appendix 1). We defined the forest edge zone as a strip 20-m wide 

extending from the border of each patch into the forest and the forest interior zone as the 

remaining core area, because it is reported that woody plant species composition changes 

drastically in the border of 15 – 30-m from the forest edge in Japanese lowland forests 

(Iwasaki and Ishii 2005). Therefore, in this study, we sampled two habitat types (i.e. edge 

and interior habitat) from sites of three different sizes: large-interior (LI), large-edge (LE), 

medium-interior (MI), medium-edge (ME), small-interior (SI), and small-edge (SE) sites 

(Appendix 1). 

Other authors have stressed the strong influence of other patch factors such as shape 

complexity (Laurence 1991) and connectivity (Vos and Stumpel 1995) on the number of 

species in fragmented landscapes. For carabids, 3- dimensional patch factors (e.g. orientation 

and slope) are also considered as important drivers determining the species distribution 

(Sota 2002). Therefore, we measured the shape index (Laurence and Yensen 1991) and 

connectivity (i.e. isolation index) (Hanski 1994) and average slope and orientation of each 

forest patch using ArcGIS (ESRI, Redlands, CA) and a 10-m solution digital elevation model. 

However, in this study, all these geographic factors had no significant effects on both species 

richness and the number of individuals (Soga unpublished data), so we removed these five 

factors from later analysis. Our main purpose is whether strength of edge effect on carabid 
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beetle assemblages can be explained by only patch size (Ewers et al. 2007). 

 

Carabid beetles sampling 

We sampled carabid beetles using pitfall traps. In each patch, trapping was conducted 

in early summer (May–June) and autumn (September) of 2010. In both sampling seasons, we 

placed 40 pitfall traps within each patch, with 20 traps in the interior zone and 20 traps in 

the edge zone. The traps were 10 cm in diameter and 12 cm in depth and contained 

approximately 100 mL of propylene glycol as a preservative (Lemieux and Lindgren 1999). 

Traps were collected after two days. Individuals caught in each trap during the trapping 

period were dried, mounted, and identified to species, and data were pooled (i.e. mixing 

summer and autumn samples) for analyses. In this study, we classified all 23 carabid beetle 

species that were observed in the field surveys as either ‘forest species’ or ‘non-forest species’ 

based on Lake Biwa Museum (2012) and unpublished field experiences of the first author (M. 

Soga). Species that use woods or forests as their main habitat were classified as ‘forest 

species’. On the other hand, species that usually inhabit openlands or grasslands and do not 

need woody conditions were classified as non-forest species. In general, forest species are 

more sensitive to habitat fragmentation (e.g. Bender and Fahrig 2005; Devictor et al. 2008). 

Therefore, we excluded non-forest species (6 species and 6 individuals) and used only forest 

species (17 species and 1497 individuals) in latter analyses. 

 

Statistical analysis 

Patch edge versus interior 

We sampled carabid beetles in two habitat type from sites of three different sizes (i.e., 

LI, LE, MI, ME, SI, and SE sites). To estimate the strength of edge effects on carabid 

assemblages in each patch, we calculated the differences in species richness and number of 

individuals between the edge and interior zones (i.e. species richness and individuals of 

interior zone minus species richness of edge zone). Then, we related these differences to log-

transformed patch area using correlation coefficients and simple regression models. 

 

Interaction between area and edge effects 

Second, we examined the effect of distance to the forest border on carabid species 

richness and number of individuals. To examine the interactions between area and edge 

effects, we used generalized linear models (GLMs) with a Poisson distribution and a log-link 

function. The number of carabid species and the number of individuals in each sampling area 
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was used as a response variable, and patch area, distance to edge (in meters), and their 

interaction (area effect × edge effect) were used as explanatory variables. To select the best of 

the five possible combination models (i.e. full model, null model, model containing only patch 

area, model containing only distance to edge and model containing both patch area and 

distance to edge, see also Table 1), we used the small-sample corrected version of Akaike's 

Information Criterion (AICc, Burnham and Anderson 2002). The AICc for each model 

quantifies its parsimony (based on the trade-off between the model fit and the number of 

parameters) relative to other models considered. All of the models were ranked by ΔAICc 

(ΔAICci=AICci – AICcmin; where AICci and AICcmin represented the ith model and the best model 

in the model subset, respectively), such that the model with the minimum AICc had a value of 

0. Models for which ΔAICc ≤ 2 were considered to have substantial support (Burnham & 

Anderson 2002). The plausibility of each model was quantified by its relative likelihood, 

which was proportional to the exponent of −0.5×ΔAICc given our data. For each candidate 

model, we divided this likelihood by sum of the all models, and compiled the Akaike weights 

(wi). We conducted these analyses using the ‘dredge’ function in the ‘MuMIn’ package (ver. 1. 

0. 0) (Barton 2009). All analyses were conducted using R software package (R Development 

Core Team 2003). 
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RESULTS 

Patch edge versus interior 

We recorded a total of 1,503 individuals belonging to 23 species in the 26 patches 

(Appendix 2). The samples were numerically dominated by Eusilpha japonica (496 individuals), 

Pterostichus prolongatus (340), Carabus insulicola (297), and Carabus albrechti esakianus (134). In 

total, we captured 22 (95.6 %) species in the interior zones and 11 (47.8 %) in the edge zones. 

Thirteen species were captured exclusively in interior zones, while only Lesticus magnus was 

captured exclusively in edge zones (1 individual). We found a significant decrease in the 

richness and the number of individuals of carabid species in edge zones (Mann-Whitney test, 

n = 26, U = 184.5, p < 0.01). 

 

Interaction between area and edge effects 

The strength of edge effects on species richness and the number of individuals was 

dependent on patch size: the edge-to-interior differences in species richness and the number 

of individuals were larger in large patches than in small patches (Fig. 2). The differences in 

species richness and the number of individuals between edge and interior zones were 

positively correlated to patch area (species richness: r = 0.60, p = 0.001; the number of 

individuals: r = 0.43, p = 0.03) (Fig. 2). By excluding one potential outlier in the number of 

individuals analysis (Fig. 2), a strong positive correlation was found (r = 0.62, p < 0.001). 

Model selection based on AICc showed that full models (containing all three 

explanatory variables) were best supported for the number of individuals analyses (Tables 1, 

2), suggesting that patch area and edge effect interacted. The full models (Tables 1, 2) 

predicted that interior zones in large patches had the highest number of individuals (Fig. 3). 

However, the interaction between patch area and edge effects was weak and model 

containing distance to edge was best supported in the species-richness analysis (Tables 1, 2). 
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DISCUSSION 

Relative importance of edge and core zones in urban remnant forests 

In this study, we captured 22 (1024 individuals) of 23 total carabid species in the 

interior zone, but only 11 species (479 individuals) in the edge zone (Appendix 2). These 

results indicate that the forest interior zone provided many carabid species with habitat 

indispensable to their persistence in our study area. In general, core areas are more stable, 

both abiotically and biotically (e.g., Murcia 1995); core areas within patches have been 

considered to be important determinants for forest-dependent species richness or the 

number of individuals (e.g., Ewers and Didham 2007; Yamaura et al. 2008). 

In contrast to our results, in forest-grassland transects, carabid species richness in edge 

areas was typically highest, because edge areas harbored both forest-dependent and 

grassland (i.e. non-forest) species (Báldi and Kisbenedek 1994; Magura et al. 2001; Magura 

2002). Also, in woodland-arable field transects, Bedford and Usher (1994) examined the 

distribution of carabids and reported that open habitats and forest edges had elevated species 

richness. Unlike these previous studies, however, we did not obtain high richness or the 

number of individuals of carabid species at the forest edges. One important difference 

between these previous studies and ours was that the matrix environments surrounding our 

patches were completely urbanized, whereas those in previous studies were mostly 

grasslands. Urbanization has substantial negative effects on carabids via high ground 

temperatures and low humidity (Magura et al. 2008). Traffic roads are also thought to have 

negative effects on the ability of carabids to migrate between patches (Koivula and 

Vermeulen 2005). Therefore, almost no species, including open-land species, would survive 

outside the remnant forest patches in our urbanized study area; consequently, species 

richness and the number of individuals of were both low in the edge zones. Although almost 

all grasslands in the matrix have been lost due to urbanization in this region, several small 

grasslands or openlands were left in forest patches. Therefore, in this study, 5 non-forest 

carabid beetle species would be found in interior zones. 

 

Patch area as the driver of edge effect strength 

In this study, large interior (LI) sites had the highest species richness and number of 

individuals, whereas those of other sites (i.e. LE, MI, ME, SI and SE) were low (Fig. 1). 

Consequently, the edge-to-interior differences in species richness and the number of 

individuals were especially clear in large patches, whereas those in small patches were not 

evident (Fig. 2). In this study, we found a five-fold increase in the strength of edge effects (i.e. 
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edge-to-interior differences in the number of individuals) when patch size increased by a 

factor of ten (e.g., a comparison between 100.5 ha and 101.5 ha) (Fig. 2). GLM analyses also 

supported that large interior sites had the highest number of individuals, whereas those of 

small patches were low even in the interior patches (Fig. 3). These results indicate that patch 

area not only had direct effects on carabid assemblages, but also indirect effects through edge 

effects (Ewers et al. 2007): i.e. there is an interaction between area and edge effects. 

There are two main concepts of interactive effect between area and edge effects. First, 

Malcolm (1994) suggested that the total strength of the edge effect within patches is the sum 

of the edge effects from multiple edges (i.e., the ‘additive model’). Second, Ewers et al. (2007) 

demonstrated that there is a synergistic interaction between area and edge effects and that 

the strength of the edge effect increases exponentially with decreasing patch size (i.e., 

‘synergistic model’). In either case, the models based on our results indicated that species losses 

and population declines associated with urbanization would be accelerated by both area and 

edge effects. Another reason why edge-to-interior differences were not evident in small 

patches may be that interior zones were not left in such small patches (i.e. small patches are 

composed of only edge zones). 

 

Conservation and management implications for urban fragmented forests 

Interactions between area and edge effects revealed by this study have particular 

relevance for the conservation and management of urban remnant forests. Based on our 

results, large interior habitats are most valuable for conserving diversity and populations of 

carabid species. In this study, we define the edge zone as a 20-m wide swath along the border 

of the forest patch following to Iwasaki and Ishii (2005). Theoretically, in this case, if a 1 ha 

circle were maintained, the edge area would not exceed the core area. This fact optimistically 

suggests that the maintenance of the forest interior is comparatively easy. However, in our 

study area, the edge area exceeded the core area even in 6 ha patches (Soga unpublished data) 

because patches in actual landscapes are not circular. Core area is rapidly lost as patch shape 

becomes increasingly irregular (Laurance and Yensen 1991). Furthermore, edge penetration 

distance depends on the abiotic environments (e.g. Magura 2002), so we might 

underestimate such distances in this study. From these reasons, species diversity in urban 

landscape, where most patches have complex shapes, may be more seriously impacted than 

formerly thought (Ewers and Didham 2008). 

Based on these facts, the most effective strategy to conserve carabids in urbanized areas 

would be to establish large forest remnants with compact shapes (i.e. more circular shape). In 
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urban area, square shape may be more desirable for nature reserves than circular shape 

because cities are typically more likely to show linear designs. Therefore, to maintain 

populations that are able to resist local extinction, a single large nature preserve is more 

desirable than several small preserves of equal total area. However, in urban areas, forest 

patches are typically small and scattered. Therefore, instead of increasing patch area, 

simplifying the shapes of forest patches to minimize edge effects and to maximize the core 

areas may be the most feasible and realistic means of preserving biodiversity in urban 

woodlots (Yamaura et al. 2008). In fact, we observed high numbers of carabid individuals, 

even in small patches (Fig. 1). In this case, circularization of small forest patches, could 

compensate for their small population sizes. Therefore, (1) when large forest remnants remain, 

they should be preferentially preserved, and (2) when the small forest remnants dominate, 

their shapes should be circularized as an effective means of conserving forest-dependent 

species like carabids. 

In this study, we demonstrated that carabid diversity was lowest in small patches due 

to a synergistic interaction between area and shape. However, the intrinsic value of small 

patches should not be overlooked, because such small patches could contribute to the 

persistence of regional populations by serving as stepping stones to larger patches (Urban 

and Keitt 2001). In fact, we observed several forest species in small forest patches. However, 

patterns of carabid beetle movement across patches are unclear in this study. Such 

metapopulation patterns merit further investigation using DNA and mark-recapture analyses. 
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FIGURE LEGENDS 

Fig. 1 

Carabid beetle species richness (left) and the number of individuals (right) in two habitat 

types from sites of three difference sizes (Appendix. 1). The horizontal bar in the boxplot 

indicates the median, the ends of the boxes indicate the interquartile range, and the whiskers 

indicate the 10th and 90th quantiles. 

 

Fig. 2 

Relationships between patch area and edge to the difference in species richness (left) and the 

number of individuals (right) between interior and edge habitats (i.e. species richness and 

individuals of interior zone minus species richness of edge zone). Lines indicate the fitted 

regression models. On the right, the white circle was a potential outlier that was not used to 

calculate the regression. 

 

Fig. 3 

Relationships between patch area and distance to forest edge and the number of individuals 

(right). Contour lines show carabid species richness predicted by the best model (full model) 

in Table 1. 

 

 

 

SUPPLEMENTARY INFORMATION 

Appendix 1 

Map of forest cover in 2010 (gray) and 26 sampling patches (black) in the Tama Newtown 

Development, Tokyo, Japan, and depictions of two habitat types from sites of three different 

sizes (SE, small-edge; SI, small-interior; ME-medium-edge; MI, medium-interior; LE, large-

edge; LI, large-interior). 

 

Appendix 2 

List of 23 carabid beetle species observed in this study. 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Table 1 

Table 1. Results of model selection based on Akaikes information criterion .

Rank Variable (s) K * Deviation AICc ⊿ AICc w i

Species richness
Model 1 Edge 2 -91.77 187.8 0.00 0.459
Model 2 Area + Edge 3 -91.21 188.9 1.14 0.260
Model 3 Area + Edge + Area×Edge 4 -90.15 189.2 1.38 0.230
Model 4 Area 2 -94.40 193.0 5.26 0.033
Model 5 null model 1 -96.04 194.2 6.38 0.019

Number of individuals
Model 1 Area + Edge + Area×Edge 4 -442.47 893.8 0.00 0.969
Model 2 Area + Edge 3 -447.10 900.7 6.90 0.031
Model 3 Edge 2 -460.05 924.4 30.55 0.000
Model 4 Area 2 -507.92 1020.1 126.27 0.000
Model 5 null model 1 -545.51 1093.1 199.29 0.000

* Number of model parameters,  ⊿ AICc : AICc  differences, w: Akaike weights (wi).
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Table 2 

Table 2. Coefficients of best models (Model 1) in Table 1.

Coefficients Estimate SE z-value Pr(>|z|)

Species richness
(intercept) 1.49 0.86 5.92 <0.0001
Edge 0.01 0.004 3.00 0.003

Abundance
(intercept) 2.77 0.13 20.99 <0.0001
Area 0.03 0.11 0.31 0.76
Edge 0.00 0.004 0.92 0.36
Area×Edge 0.01 0.003 3.04 0.002
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Appendix 1 
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Small forests (n = 9) Medium forests (n = 8) Large forests (n = 9) 



 

23 

Appendix 2 

Appendix. List of 23 species observed in this study.

Species Interior Edge Total

Carabus insulicola 186 111 297
Carabus albrechti esakianus 112 22 134
Leptocarabus procerulus 1 0 1
Trigonognatha cuprescens 1 0 1
Lesticus magnus 0 1 1
Pterostichus yoritomus 41 20 61
Pterostichus prolongatus 244 96 340
Pterostichus takaosanus 1 0 1
Synuchus nitidus 1 1 2
Synuchus cycloderus 41 5 46
Synuchus.  ssp 30 12 42
Amara chalcites 12 22 34
Amara macronota ovalipennis 1 0 1
Harpalus tridens 1 0 1
Diplocheila zeelandica 1 0 1
Haplochlaenius costiger 3 0 3
Chlaenius abstersus 1 0 1
Chlaenius micans 9 0 9
Chlaenius naeviger 21 7 28
Chlaenius posticalis 1 0 1
Ophionea indica 1 0 1
Planetes puncticeps 1 0 1
Eusilpha japonica 314 182 496

Species richness 22 11 23
Abundance 1024 479 1503

 

 


