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Summary

1. Edge effects are pervasive in landscapes yet their causal mechanisms are still poorly

understood. Traditionally, edge effects have been attributed to differences in habitat quality

along the edge–interior gradient of habitat patches, under the assumption that no edge effects

would occur if habitat quality was uniform. This assumption was questioned recently after

the recognition that geometric constraints tend to reduce population abundances near the

edges of habitat patches, the so-called geometric edge effect (GEE).

2. Here, we present the first empirical, landscape-level evaluation of the importance of the

GEE in shaping abundance patterns in fragmented landscapes.

3. Using a data set on the distribution of small mammals across 18 forest fragments, we

assessed whether the incorporation of the GEE into the analysis changes the interpretation of

edge effects and the degree to which predictions based on the GEE match observed responses.

Quantitative predictions were generated for each fragment using simulations that took into

account home range, density and matrix use for each species.

4. The incorporation of the GEE into the analysis changed substantially the interpretation of

overall observed edge responses at the landscape scale. Observed abundances alone would

lead to the conclusion that the small mammals as a group have no consistent preference for

forest edges or interiors and that the black-eared opossum Didelphis aurita (a numerically

dominant species in the community) has on average a preference for forest interiors. In con-

trast, incorporation of the GEE suggested that the small mammal community as a whole has

a preference for forest edges, whereas D. aurita has no preference for forest edges or interiors.

Unexplained variance in edge responses was reduced by the incorporation of GEE, but

remained large, varying greatly on a fragment-by-fragment basis.

5. This study demonstrates how to model and incorporate the GEE in analyses of edge

effects and that this incorporation is necessary to properly interpret edge effects in landscapes.

It also suggests that geometric constraints alone are unlikely to explain the variability in edge

responses of a same species among different areas, highlighting the need to incorporate other

ecological factors into explanatory models of edge effects.

Key-words: Atlantic Forest, edge avoidance, edge preference, geometric edge effect, habitat

fragmentation, habitat selection, mid-domain effect, null model, small mammals

Introduction

Edge effects are one of the most pervasive forces driving

the distribution and abundance of organisms across land-

scapes (Ries et al. 2004; Ewers & Didham 2006a). Such

effects comprise both biotic and abiotic changes related to

the proximity of a habitat boundary (Murcia 1995), which

may exert strong influence on species distribution and

abundance (Ries et al. 2004; Ewers & Didham 2006a;

Villase~nor et al. 2014). The responses of species to edges

are generally highly variable and context dependent

(Villard 1998; Ries & Sisk 2004; Ewers & Didham 2006a;*Correspondence author. E-mail: suzyemidio@yahoo.com.br
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Hurst et al. 2013). A major challenge is to under-

stand what factors cause this variability, which requires

correctly identifying the causal mechanisms or processes

that underlie edge effects (Ries et al. 2004; Ewers & Did-

ham 2006a; Villase~nor et al. 2014).

Traditionally, edge effects have been attributed to dif-

ferences in habitat quality along the edge–interior gradient
of a patch or habitat fragment, in terms of quantity and

quality of resources and conditions (Malcolm 1994; Ries

& Sisk 2004; Villase~nor et al. 2014). For example, differ-

ences in abundance and diversity between edge and

interior areas have been attributed to differences in

microclimate (Urbina-Cardona, Olivares-P�erez & Reynoso

2006), density of predators (Lahti 2001; Batary &

Baldi 2004) or food availability (Fischer et al. 2005).

Consequently, most studies have assumed, at least

implicitly, that no edge effects would occur when habitat

quality is uniform along the edge–interior gradient of a

patch (Prevedello et al. 2013). This assumption has served

as the basis for most studies and models in the large liter-

ature on edge effects (Ries & Sisk 2004; Villase~nor et al.

2014).

This assumption was questioned recently with evidence

that geometric constraints, acting on the distribution of

individuals within habitat patches, tend to produce lower

abundances near the edges of patches, even if patches

were completely homogeneous (Prevedello et al. 2013).

This ‘geometric edge effect’ (GEE) would occur simply

because areas located in the interior of a habitat patch

could be used by individuals coming from all directions,

whereas areas near the patch–matrix boundary would be

used by no or few individuals from the matrix, if the use

of the surrounding matrix is restricted (Prevedello et al.

2013). The GEE is analogous to the ‘mid-domain effect’

(MDE) (Colwell & Lees 2000), which is now recognized

as a potentially important influence on the geographical

distribution of species at large, continental spatial scales

(Gotelli et al. 2009). The incorporation of the MDE into

explanatory models has promoted substantial advances in

the understanding of variation in species richness across

continental scales, allowing the correct inference of bio-

logical, historical and climatic forces (e.g. Rangel &

Diniz-Filho 2005; Rahbek et al. 2007; see also Gotelli

et al. 2009). It has been suggested, analogously, that the

incorporation of the GEE into the analysis of edge effects

is necessary to correctly infer edge responses among and

within species (Prevedello et al. 2013). However, the

empirical influence of the GEE on organisms in real land-

scapes was not evaluated yet, as this effect has been inves-

tigated only in simulated habitat patches of constant size

and shape, and for species that are entirely restricted to

those patches (Prevedello et al. 2013). The GEE could be

more variable in real landscapes composed of habitat

patches of different sizes and shapes, and for species with

different home range sizes and degree of matrix use, mak-

ing its influence on organisms more challenging to be

quantified and difficult to predict.

Here, we present the first empirical, landscape-scale

evaluation of how the GEE affects abundance patterns

within habitat patches across a fragmented landscape. We

performed two complementary analyses using a data set

on the distribution of 15 small mammal species across 18

forest fragments and their surrounding matrix in a land-

scape of the Atlantic Forest biodiversity hotspot. In the

first analysis, we focus on overall edge responses by small

mammals in the studied landscape, and assess whether the

incorporation of the GEE into the analysis of edge effects

changes the interpretation of overall edge responses, in

terms of preference or avoidance of edge environments by

each species or group of species. To do so, initially, we

analyse edge effects using a traditional approach, which

ignores the existence of the GEE and considers only

empirical data observed in the field to classify edge

responses as positive, negative or neutral. We then model

the GEE using simulations that take into account individ-

ual movement areas (home range size), the degree of

matrix use and the density of each species. Finally, we

compare model predictions and observed patterns to infer

patterns of edge preference or avoidance that take into

account the GEE.

In the second analysis, we focus on the variability in

edge responses of a same species across different forest

fragments, rather than on overall (average) edge

responses. We assess the ability of a GEE model to

account for such variability, by determining the correla-

tion between predicted and observed abundances across

different forest fragments of the studied landscape.

Materials and methods

field methods

Small mammal communities were sampled in the Macacu River

watershed, state of Rio de Janeiro, Brazil (22°200–22°440S,
42°390–42°590W). The studied landscape is located within the

Atlantic Forest, one of the top-ranked world biodiversity hot

spots (Myers et al. 2000). Eighteen forest fragments were sur-

veyed, with sizes ranging from 15 to 273 ha and embedded within

predominantly open matrix types (pastureland), and also planta-

tions, mixed-use areas and peri-urban areas (details in Vieira

et al. 2009). Three forest fragments were sampled between 1999

and 2000, and the other 15 fragments were sampled between

2005 and 2009.

In each forest fragment, four 300-m-long transects oriented to

different cardinal directions (north, south, east and west) were

established, from the edge to the centre of the fragment. Each tran-

sect had 16 trap stations located 20 m apart, each trap station

with two livetraps, one Tomahawk� (40�6 9 12�7 9 12�7 cm,

Tomahawk Live Trap Co., Tomahawk, WI, USA) and one Sher-

man�. (7�6 9 9�5 9 30�5 cm, H.B. Sherman Trap Co.,Tallahas-

see, FL, USA). In six trap stations of each transect, one of the

traps was set from 1 to 2 m above the ground attached to tree

branches. Each transect was also extended to the outside of the

forest fragment with another four trap stations, located 10 m

apart at the surrounding matrix. All traps were set open for five

consecutive nights, corresponding to an effort of 640 trap nights
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inside each forest fragment and 160 in the matrix surrounding

each fragment. Captured individuals were removed from the study

area at least until the end of the trapping session (details in Vieira

et al. 2009).

modell ing and quantifying the geometric
edge effect

To quantify the GEE for each species in each forest fragment, we

used the stochastic simulation model of Prevedello et al. (2013),

hereafter called the GEE model. This model simulates the

stochastic placement of individual movement ranges within a

habitat patch, analogously to MDE models used in macroecol-

ogy, which simulate the stochastic placement of species’ geo-

graphic ranges within geographical domains (Gotelli et al. 2009).

Both GEE and MDE models simply shuffle empirical ranges

within a spatial domain, generating statistical expectations of

abundance or richness patterns under the assumption of random

range location (Colwell, Rahbek & Gotelli 2004; Prevedello et al.

2013). In the case of GEE models, departures from model predic-

tions may be attributed to a preference or avoidance for certain

areas of the patch, such as patch edges or interiors (Prevedello

et al. 2013). Here, ‘preference’ or ‘avoidance’ is used in a broad

sense to include all factors that result in an increased or reduced

abundance of a species at a certain area, including individual

behavioural choices and birth and death rates.

To model the GEE, we adopted the home range-based

approach of Prevedello et al. (2013), which is arguably the most

simple and robust approach to investigate how geometric con-

straints affect mammal distribution within habitat patches. This

modelling approach can be used as long as movement ranges can

be defined, either home ranges or lifetime movement ranges,

although the latter may be much harder to estimate than home

ranges (e.g. Negro et al. 2008; Watts et al. 2011). An alternative

approach could be modelling movement paths of individuals,

rather than movement ranges (e.g. Turchin 1998). Such approach

requires detailed information on turning angles, distribution of

step lengths and total path length for each studied species

(Turchin 1998), and may be the best or only option to model

geometric constraints for arthropods or organisms that do not

maintain any kind of movement ranges. A second alternative

approach could be the use of neutral models, modelling individ-

ual birth, death and migration at each cell of a habitat patch.

Again, however, robust estimates of birth, death and migration

are not available and difficult to obtain for most organisms,

reducing the potential usefulness of this approach. The range-

based approach requires estimating a single parameter for each

species (i.e. home range or lifetime movement range), which can

be done for mammals if empirical data on body mass is available

(e.g. Kelt & Van Vuren 2001). In addition, an analogous range-

based approach has been successfully used in macroecology,

allowing important advances in the study of the factors underly-

ing biodiversity distribution patterns (Gotelli et al. 2009).

To quantify the GEE for each species, we first obtained the

image of each forest fragment from Google Earth� (Google Inc.,

Silicon Valley, CA, USA) (dated from 24 March 2010). This

image was subdivided into a gridded map of 10 9 10 m cells,

which corresponds to the minimum distance between the traps

used during small mammal sampling. Cells with more than 50%

of forest cover were considered as forest, otherwise being consid-

ered as matrix. For the simulations of the GEE, detailed below,

forest cells received a value of 1, whereas matrix cells received a

value between 0 and 1, representing the probability of occupation

of the cell by an individual. We classified cells only as forest/non-

forest because the central aim of our GEE model was to obtain

predicted abundances for each habitat cell if patches were of uni-

form (homogeneous) quality. Values of probability of occupation

for matrix cells were calculated for each species based on empiri-

cal data, by dividing the capture success of the species in the

matrix by the capture success within forest fragments (data avail-

able from the Dryad Digital Repository: http://dx.doi.org/

10.5061/dryad.72c92). All species included in the simulations

occurred primarily inside forest fragments, using the matrix only

occasionally (Pires et al. 2002); thus, the capture success in the

matrix was always lower than capture success inside the forest

fragments.

We also compiled from the literature information on average

population density and home range size of each species (data avail-

able from the Dryad Digital Repository: http://dx.doi.org/10.5061/

dryad.72c92), which were used on simulations of the GEE. To

determine how many individuals of each species would be allo-

cated to each forest fragment during the simulations, we multiplied

the average population density of the species by the size of each

fragment. Home range size was used to determine how many grid

cells of a fragment would be occupied by each individual. Home

range estimates were obtained preferentially from studies con-

ducted in fragmented landscapes of the Atlantic Forest using the

radiotelemetry technique (data available from the Dryad Digital

Repository: http://dx.doi.org/10.5061/dryad.72c92). For the few

species for which information on home range sizes was unavail-

able, we used data from species with similar body size, feeding

behaviour and locomotory habit (data available from the Dryad

Digital Repository: http://dx.doi.org/10.5061/dryad.72c92).

The home range of each individual was randomly placed in the

fragment (and potentially the surrounding matrix) by using the

spreading dye algorithm (Jetz & Rahbek 2001), as follows. First, a

starting cell was chosen from all cells of the gridded map of the

fragment to represent the birth of the individual, with a probabil-

ity previously attributed to the cell (between 0 and 1). The second

and remaining cells were also chosen based on their a priori proba-

bility of occupation, but only cells adjacent to a previously occu-

pied cell were available for the expansion of the home range. This

ensured that home ranges could vary in shape but were always

cohesive (without disjoint portions), as is typically the case for

small mammals (Bowers et al. 1996; Prevedello et al. 2013). The

same procedure was repeated independently for all individuals,

allowing their home ranges to overlap, thus assuming absence of

territorial behaviour. Evidence of strict territorialism in the studied

species is absent; some degree of consistent home range segrega-

tion, when detected, was restricted only to females during particu-

lar time periods, such as the reproductive season (e.g. Pires &

Fernandez 1999). In addition, Prevedello et al. (2013) showed that

the GEE occurs even when strictly territorial behaviour is present.

After all individuals had been placed in a fragment, we recorded

the number of home ranges occurring in each cell, thus obtaining

a measure of abundance as predicted by the GEE for each cell.

This value was calculated for 300 realizations of the simulation,

and the average value was used in the subsequent analyses as the

predicted value. The total abundance of the community predicted

by the model was obtained by summing the average predicted

abundance of each species in each cell. These simulations were run

using the software BioGeoSim (Gotelli et al. 2011).
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data analysis

For data analysis, we grouped observed (empirical) data from all

transects and trap stations of a given fragment into three classes

of distance of the traps from the nearest edge, considering all

edges surrounding the fragment: class 1 (0–60 m from the edge),

class 2 (80–140 m) and class 3 (>160 m). Data grouping was nec-

essary because capture success was relatively low (3�7%), as is

commonly the case in studies with small mammals in tropical

areas (Lacher & Alho 2001; Bezerra, Carmignotto & Rodrigues

2009). Despite reducing the resolution of the analysis, data

grouping results in robust estimates of observed abundances at

patch edges and interiors. Besides, comparison of these two

broadly defined environments has been the focus of most research

on edge effects (Ries et al. 2004), as it allows classifying edge

responses by species as ‘neutral’, ‘positive’ or ‘negative’ (Ries

et al. 2004). We then recorded for each distance class the

observed total abundance of small mammals, as well as the abun-

dance of two numerically dominant species in the studied frag-

ments (see Vieira et al. 2009), the black-eared opossum Didelphis

aurita and the grey four-eyed opossum Philander frenatus. Fol-

lowing Ofungwu (2014), we added a small constant of 0�5 to the

observed abundance values obtained at each class, to be able to

calculate interior/edge ratios for all fragments (see below). To

account for differences in sampling effort between classes in the

observed data, as the number of livetraps frequently differed

between the three classes, the abundance values were divided by

the number of livetraps in the respective class for standardization,

and the resulting values (capture successes) were used in

subsequent analyses.

To obtain values predicted by the GEE for each class of

distance from the edge, we first recorded for each species the

average number of individuals (as obtained after 300 simulation

iterations) in each cell of the simulated fragments. Such predicted

values were recorded only for cells of the simulated fragment

located at the same position of a trapping station in the corre-

sponding real fragment, thus obtaining predicted values for the

same locations where observed values had been recorded. Pre-

dicted values for each sampled cell were then grouped into the

three distance classes used to group the observed values (0–60,

80–140 and >160 m), and divided by the number of trapping sta-

tions in each class, resulting in predicted abundances (represented

as capture successes). In five fragments, which were small or had

complex shapes, no traps could be placed in class 3, and there-

fore, only classes 1 and 2 were used in the analysis.

To analyse edge effects considering the information for all the

18 forest fragments simultaneously, we used an approach which

is analogous to meta-analysis (Hedges, Gurevitch & Curtis 1999).

To simplify and maximize the robustness of the analyses (see

Murtaugh 2007), observed and predicted abundances recorded

for the three distance classes of a fragment were each converted

to a single value, the ‘interior/edge’ ratio, which is equivalent to

the ‘response ratio’ commonly used in meta-analysis (Hedges,

Gurevitch & Curtis 1999). This interior/edge ratio was obtained

dividing the abundance recorded at the innermost distance class

of a fragment (either class 3 or class 2; hereafter, ‘interior’) by

the abundance in class 1 (hereafter, ‘edge’). Such interior/edge

ratios were calculated for observed and predicted values, with an

interior/edge ratio >1 indicating higher abundance in the interior

compared to the edge of a given fragment, and an interior/edge

ratio <1 indicating lower abundance in the interior compared to

the edge.

We then performed two complementary analyses on the inte-

rior/edge ratios, the first focusing on the overall edge responses

by the small mammals in the studied landscape, and the second

focusing on the variability in edge responses across different

forest fragments. This analytical approach is analogous to the

one commonly used in meta-analysis, where first a ‘mean effect

size’ is calculated to summarize overall patterns, and secondly,

the heterogeneity or variation among studies is explored (Har-

rison 2011). The first analysis allows classifying species by their

overall response to the edges, for example as ‘edge-avoiding’ or

‘edge-loving’ species (Ries & Sisk 2004). The second analysis

allows understanding the variability in edge responses of a same

species across different areas, which is necessary for a more thor-

ough understanding of edge effects (Ries et al. 2004).

The first analysis, which evaluated overall edge responses, was

performed in two steps, one ignoring and another explicitly incor-

porating the GEE. In the step ignoring the GEE, we considered

only observed abundances (represented by interior/edge ratios),

as traditionally done in the literature on edge effects (Prevedello

et al. 2013). In this case, we tested the null hypothesis that

observed abundances were uniformly distributed along the edge-

to-interior gradient. To this end, after ln-transforming observed

interior/edge ratios to achieve normality (Hedges, Gurevitch &

Curtis 1999), we applied a one-sample t-test to verify the proba-

bility that such ratios came from a random distribution with

mean zero (=one in untransformed ratios).

In the second step, explicitly taken the GEE into account, the

null hypothesis tested whether the observed interior/edge ratios

did not differ from the interior/edge ratios produced by the GEE.

To do so, we calculated ‘selection ratios’, dividing the observed

by the predicted interior/edge ratios for each fragment. A selec-

tion ratio = 1 results from equal observed and predicted interior/

edge ratios, meaning that observed abundances matched those

produced by the GEE alone. Selection ratios >1 represent results

from observed larger than predicted interior/edge ratios, indicat-

ing that the species prefers interior and avoids edges of forest

patches; selection ratios <1 results from observed ratios smaller

than predicted ratios, indicating that the species prefers forest

edges. We tested for these possibilities by applying a one sample

t-test to the selection ratios after a ln-transformation, verifying

the probability that they came from a random distribution with

mean zero (=one in untransformed ratios).

For the second analysis, we explored the variability of responses

among fragments, and assessed the correlation between observed

and predicted interior/edge ratios, by calculating Pearson’s correla-

tion on ln-transformed interior/edge ratios. With this analysis, we

intended to investigate how much of the variability in edge

responses among fragments can be accounted for by the GEE

model. In this sense, high r2 values would indicate that the GEE

alone may explain a large amount of the variability in observed

responses, whereas low r2 values would indicate that other ecologi-

cal or environmental factors are more important to determine indi-

vidual’s distribution within fragments across the landscape. For all

these analyses, we only included fragments with more than five

individuals captured (N = 18 for total abundance, 15 for P. frena-

tus and 11 for D. aurita). Despite the fact that all statistical analy-

ses were conducted on ln-transformed data, we show in graphs

untransformed data to facilitate interpretation.
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Results

We captured a total of 536 individuals from 15 non-

volant small mammal species across the 18 forest

fragments and surrounding matrix (data available from

the Dryad Digital Repository: http://dx.doi.org/10.5061/

dryad.72c92), including 214 individuals of P. frenatus and

123 individuals of D. aurita. Most species were captured

exclusively inside forest fragments, with only 41 individu-

als (7�6%) captured in the matrix, being three P. frenatus

and four D. aurita (data available from the Dryad Digital

Repository: http://dx.doi.org/10.5061/dryad.72c92).

overall edge responses across the
landscape

For both D. aurita and P. frenatus, and also for the small

mammal community as a whole, the GEE model pre-

dicted on average lower abundances near forest edges as

compared to more internal portions of the forest frag-

ments (Fig. 1). This pattern was more pronounced for

total abundance and for the abundance of D. aurita, and

less pronounced for the abundance of P. frenatus (Fig. 1).

However, in fragments of more complex shape, predicted

abundances for some portions of the forest edges were

similar to those predicted for forest interiors. In addition,

in some fragments, predicted abundances were maximal at

cells located at an intermediate distance from the edge,

rather than at more internal portions of the fragments

(Fig. 1).

For total abundance, observed interior/edge ratios did

not differ significantly from one (t = �1�76, d.f. = 17,

P = 0�10; Fig. 2a), indicating that observed abundances

were similar at forest interiors and edges. In contrast, the

GEE model predicted consistently higher abundances in

forest interiors, indicated by predicted interior/edge ratios

>1 (t = 14�38, d.f. = 17, P < 0�001; Fig. 2a). Selection

ratios were significantly smaller than one (t = �5�11,

Total abundance

100 m

0 27 0 29 0 27

(b)

(a) 

Didelphis aurita

100 m

0 13 0 14 0 14

(c) Philander frenatus

100 m

0 5 0 6 0 5

Fig. 1. Examples of abundance patterns

as predicted by the geometric edge effect

for (a) total abundance of small mammals,

(b) abundance of Didelphis aurita and (c)

abundance of Philander frenatus, in three

of the 18 studied forest fragments (with

areas of 25, 112 and 135 ha, respectively).

Values and colors indicate predicted abun-

dance per habitat cell.
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d.f. = 17, P < 0�001; Fig. 2a), indicating avoidance of

interior and preference for edges of forest patches

(observed interior/edge ratios were on average lower than

predicted by the GEE model).

For D. aurita, both observed and predicted interior/

edge ratios were significantly greater than one (t = 1�71,
d.f. = 10, P = 0�058 and t = 14�11, d.f. = 10, P < 0�001,
respectively; Fig. 2b), indicating that, on average,

observed and predicted abundances were higher at forest

interiors compared to edges. Consequently, selection

ratios did not differ significantly from 1 (t = �1�41,
d.f. = 10, P = 0�19; Fig. 2b), indicating that observed and

predicted abundances were similar on average.

For P. frenatus, observed interior/edge ratios did not

differ significantly from one but were highly variable

(t = �0�81, d.f. = 15, P = 0�43; Fig. 2c), indicating an

absence of consistent differences in observed abundances

between forest edges and interiors across the landscape.

On the other hand, predicted response ratios were consis-

tently higher than one (t = 10�29, d.f. = 15, P < 0�001;
Fig. 2c). The resulting selection ratios did not differ sig-

nificantly from one but were again highly variable

(t = �1�82, d.f. = 15, P = 0�08; Fig. 2c), indicating that,

on average, observed and predicted abundances did not

differ across the landscape.

variabil ity in edge responses among forest
fragments

Both for total abundance and abundance of D. aurita and

P. frenatus, the correlation coefficients between observed

and predicted interior/edge ratios were low (Fig. 3). The

highest correlation value was for the abundance of P. fre-

natus (r2 = 0�12, n = 16, P = 0�20), followed by the abun-

dance of D. aurita (r2 = 0�06, n = 11, P = 0�46) and total

abundance (r2 = 0�01, n = 18, P = 0�67).

Discussion

This study represents the first empirical, landscape-level

test of the importance of geometric constraints as a deter-

minant of edge effects. By comparing edge responses

observed across many different forest fragments with

those predicted by a simple and robust model of geomet-

ric constraints, this study offers two main novel contribu-

tions to advance knowledge on this important subject.

First, it shows that the explicit incorporation of geometric

constraints in analysis of edge effects can change the

interpretation of overall edge responses. A traditional

analysis of our data, ignoring the GEE, would lead to the

conclusion that the small mammal community as a whole

has no overall preference for forest edges or interiors and

that D. aurita has a preference for forest interiors. In

contrast, when the GEE is taken into account, both

conclusions change: the small mammal community as a

whole has an overall preference for forest edges, whereas

D. aurita has no overall preference for forest edges or

interiors, as discussed in detail in the next paragraphs.

The second main contribution of this study is to sug-

gest, for the first time, that the variability in edge

responses of species across different habitat fragments

cannot be properly explained on the basis of geometric

constraints alone. This variability was relatively high in

the studied landscape, especially for P. frenatus (see

Fig. 2c), and it is also commonly observed for many taxa

in different types of landscapes (Ries et al. 2004). In con-

trast, the GEE varied little among fragments, and its vari-

ation had a poor match with the variation in observed

abundances among fragments. This result suggests that

the influence of geometric constraints on the distribution

of individuals is weaker than the influence of other eco-

logical factors, such as resource availability (Ries & Sisk

2004) or habitat quality (Villase~nor et al. 2014).

Overall, the total abundance of small mammals was

similarly distributed between forest edges and interiors in

the studied landscape (Fig. 2a). This probably reflects the

fact that some small mammal species increase, whereas

others decrease in abundance near edges, a common pat-

tern for small mammals (Laurance 1994; Bowman, For-

besa & Dilworth 2001; Pardini 2004; Campbell et al.

2005; Santos-Filho, da Silva & Sanaiotti 2008; Di Napoli

& C�aceres 2012). The similar overall abundance at forest

edges and interiors could lead to the conclusion that the

small mammal community is generally insensitive to edge

effects, with forest edges and interiors providing environ-

ments of similar quality, in terms of resources and condi-
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tions. However, the predictions of our GEE simulations

confirm that the GEE acts to consistently reduce abun-

dance near edges (see Figs 1 and 2), as also shown previ-

ously by Prevedello et al. (2013). Therefore, if forest edges

and interiors were of similar quality for individuals, mak-

ing the GEE the only factor in operation, community

abundance should be lower near the edges as compared

to interiors, due to the GEE. This was clearly not the

case, considering that the abundance of the community

near edges was on average higher than expected based on

the GEE alone (Fig. 2a). This suggests a preference of

forest edges by some of the studied species, which com-

pensates the opposing force of the GEE, resulting in simi-

lar abundances between forest edges and interiors on

average. A preference for forest edges probably occurs for

some species that use the open matrix, such as the rodents

Akodon cursor and Oligoryzomys nigripes, which are com-

mon at the edges of fragments in the Atlantic Forest

(Pardini 2004; Pires et al. 2005). In addition, the low cor-

relation between observed and predicted values suggests

variation in habitat quality both within and between frag-

ments, making the GEE only a minor factor among

others influencing abundance patterns.

The results for D. aurita illustrate the importance of

incorporating geometric constraints, as well as perform-

ing a landscape-level analysis, for a more thorough anal-

ysis of edge effects. This species was significantly more

abundant at forest interiors than edges, confirming a

previous study on this species (Stevens & Husband 1998)

and also on the congeneric D. marsupialis (Santos-Filho,

da Silva & Sanaiotti 2008). This overall higher abun-

dance in forest interiors has been attributed to differ-

ences in microclimatic conditions and vegetation

structure between forest edges and interiors (Stevens &

Husband 1998; Santos-Filho, da Silva & Sanaiotti 2008),

and could lead to the classification of D. aurita as an

‘edge-avoiding’ species. However, in our study, observed

abundances did not differ significantly from those pre-

dicted by the GEE (Fig. 2b), suggesting that the reduced

abundances near forest edges could be caused simply by

geometric constraints. If this was true, the species should

be assigned as a generalist rather than as an edge-avoid-

ing species (Prevedello et al. 2013), and it would not be

necessary to search for factors related to habitat quality

to explain the apparent ‘negative’ response of D. aurita

to the edges.

However, when the fragment-to-fragment variation in

observed and predicted values is analysed through their

correlation, it becomes clear that geometric constraints

cannot be assigned as the dominant influence. Despite the

fact that both observed and predicted abundances are

higher on forest interiors on average, there is much

variability in observed values from fragment to fragment,

with abundance being even lower on the interiors of some

fragments compared to their edges. Because predicted val-

ues are always higher on forest interiors compared to the

edges, we can conclude that D. aurita prefers the edge in

some fragments and the interior in others. This variation

in edge responses shows that the actual influence of the

GEE on the distribution of D. aurita individuals is only

weak, with other factors related to habitat quality being

more important. Analogously, despite the fact that geo-

metric constraints have sometimes been implicated as a

leading causal mechanism of spatial gradients in species

richness across large spatial scales (Colwell, Rahbek &

Gotelli 2004; Currie & Kerr 2008), in many cases, it was

considered only a minor factor (Koleff & Gaston 2001;

Rangel & Diniz-Filho 2003; see also Zapata, Gaston &

Chown 2005).

Edge responses by P. frenatus were highly variable

across the landscape, and they also cannot be properly

explained on the basis of geometric constraints alone. The

high variability in edge responses of the same species

across different habitat patches is common for many taxa

(Ries et al. 2004; Hurst et al. 2013) and has motived

much discussion and the development of predictive

models (Ries & Sisk 2004; Villase~nor et al. 2014). For

P. frenatus, simulations of the GEE predicted consistently

lower the abundances near the edges, with predictions

varying little among fragments, in contrast to the high

variability in observed abundances (see Fig. 2c), resulting

in a low correlation between observed and predicted val-

ues (Fig 3c). Therefore, the variability in observed abun-

dances is probably caused by variation in the distribution

of some particular resources or conditions across the

edge–interior gradient, and also across different forest

fragments in the landscape. The studied fragments vary in

shape, size and type of economic activities in their

surroundings (Vieira et al. 2009), which could lead to

variation in the distance of penetration of edge effects

by changing the availability of resources across the edge–
interior gradient (Villase~nor et al. 2014).
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Our simulations of the GEE frequently resulted in areas

of higher predicted abundances located at intermediate

distances from the edges of the fragments, especially in

those with more complex shapes (see Fig. 1). This so-

called doughnut effect has been identified before in simu-

lations of the MDE (Connolly 2005, 2009; Colwell et al.

2009) and of the GEE (Prevedello et al. 2013). The

doughnut effect emerges because the home ranges that

reach an edge are ‘reflected’ towards the interior of the

habitat patch, producing a zone of higher accumulation

of ranges at intermediate distances from the edge. This

effect only occurs for ranges of intermediate size relative

to the size of the studied domain, whereas very small or

very large ranges tend to be more uniformly distributed

(Fig. 1; see also Colwell et al. 2009; Prevedello et al.

2013). Variations in habitat quality are unlikely to pro-

duce a doughnut effect, which is therefore a unique pre-

diction of the GEE that can be used to disentangle the

relative importance of geometric constraints and habitat

quality as determinants of edge effects (Prevedello et al.

2013). Unfortunately, as in most studies on edge effects

with vertebrates (Ries et al. 2004; Ewers & Didham

2006b), our study lacked enough spatial resolution to

allow the analysis of edge effects in a more continuous

fashion, hampering a proper test of the doughnut effect.

This should be a focus of future studies aiming at disen-

tangling the relative importance of geometric constraints

vs. ecological factors as determinants of edge effects.

The incorporation of the GEE into the analyses clearly

improved our ability to detect and understand the influ-

ence of edge effects on the abundance of small mammals

across the landscape. This improvement was achieved

through the use of a relatively simple model, which incor-

porated geometric constraints by taking into account only

species-specific variables, but not variables from the envi-

ronment. Future studies should attempt to build models

that incorporate not only geometric constraints but also

ecological factors supposed to be acting as causal mecha-

nisms of edge effects, such as the distribution of particular

resources and predators. An analogous approach has been

advocated for general use in macroecology and biogeogra-

phy (Gotelli et al. 2009) and has already allowed substan-

tial advances in the understanding of spatial variation in

species richness (Colwell, Rahbek & Gotelli 2004; Currie

& Kerr 2008; Gotelli et al. 2009). In addition to incorpo-

rating environmental variables, we demonstrate that the

analysis of various fragments is crucial to predict with

more confidence both edge effects in general form (on a

landscape scale), and to assess the GEE contribution to

the responses observed. The systematic incorporation of

the GEE into explanatory models of edge effects may

improve our ability to identify the causal mechanisms

driving such effects and also help explaining the variabil-

ity in edge responses within and among species, the two

topics at the frontier of the research on edge effects (Ries

et al. 2004; Ewers & Didham 2006a).
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