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Edge effects strongly affect the abundance and distribution of organisms across landscapes, with wide-ranging impli-
cations in ecology and conservation biology. The extensive literature on the subject has traditionally considered that  
edge effects result from the active avoidance or preference of organisms for certain portions of the habitat patch, assuming 
that abundance is uniform across a patch when environmental conditions are uniform. We demonstrate that this assump-
tion is incorrect due to the so-far ignored ‘geometric edge effect’ (GEE). In the absence of environmental gradients, abun-
dance of any organism living in a bounded habitat patch will tend to be lower in areas located near the edges compared 
to areas in the centre of the patch, simply because the areas in the centre receive individuals from all directions, whereas 
areas near the edge do not receive individuals from outside the patch. This geometric effect was already known for species 
richness at large geographic scales, the mid-domain effect, but its importance in the literature of edge effects remained 
neglected so far. Using simulations, we show that the GEE tends to reduce population abundance and community  
richness near the edges of bounded habitat patches, and that apparently neutral or negative responses to the edge may  
occur even when habitat quality is higher near the edges. A published study that detected significant edge effects is reana-
lyzed, demonstrating that interpreting observed abundance patterns without taking the GEE into account – as tradition-
ally done in the vast literature on edge effects – could provide misleading conclusions. The incorporation of the GEE  
into sampling and analytical protocols of future studies could advance substantially our ability to understand and predict 
edge effects in heterogeneous landscapes.

Edge effects are the set of processes resulting from an abrupt 
transition between two adjacent ecosystems or patches  
with differing qualities (Murcia 1995, Ries and Sisk 2004). 
Some of these effects involve changes in abiotic conditions 
such as temperature and humidity, whereas other are related 
to biological responses such as species abundance and distri-
bution (Murcia 1995, Didham and Lawton 1999, Laurance 
et al. 2002). Due to their widespread effects on biodiver-
sity distribution across landscapes, edge effects have been a  
central research issue in ecology (Murcia 1995, Ries and  
Sisk 2004, 2010, Banks-Leite et al. 2010, Wimp et al.  
2011), with important implications for the management  
and conservation of fragmented habitats (Laurance et al. 
2002, Ewers and Didham 2007).

The vast literature on edge effects has traditionally con-
sidered, at least implicitly, that biological responses to edges 
are driven by the active avoidance or preference of organ-
isms for certain portions of the habitat patch. Consequently, 
reduced abundances near the edges are frequently attrib-
uted to poor local environmental conditions as perceived by  
the organism under study, such as decreased availability of 

food and shelter or increased predation pressure (Murcia 
1995, McCollin 1998, Lidicker 1999, Cadenasso et al. 
2003). The perception that edge effects reflect habitat  
selection is evident in comprehensive reviews of the subject, 
which attributed edge responses to variations in environ-
mental factors such as resources, microclimatic conditions,  
vegetation structure, competitors and predators (Murcia 
1995, McCollin 1998, Lidicker 1999, Cadenasso et al. 
2003). Also, the only general predictive model of edge effects 
available so far is based essentially on resource distribution 
across edges (Ries and Sisk 2004). Because most of these 
studies and models considered that abundance patterns are 
reflecting environmental gradients, they implicitly assumed 
that organism abundance should be uniform across a patch 
when habitat quality is uniform. This assumption underlies 
most hypotheses, statistical tests and interpretation of results 
available in the vast literature on edge effects.

We show here that this assumption is flawed due to a 
fundamental and widespread causal mechanism of edge 
effects, acting even in patches of homogeneous habitat qual-
ity, which we refer as the ‘geometric edge effect’ (GEE). 
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The GEE is produced by simple geometric constraints: in 
a bounded habitat patch, an area located in the center of 
the patch receives individuals from all directions, whereas an 
area located near the edge does not receive individuals from 
the outside. In other words, the source of individuals is  
limited near the edges compared to the center of the patch,  
at least for an organism limited to the habitat patch. The 
result is that abundance will tend to be lower near the edges 
even when habitat quality is uniform, i.e. even when the 
organism does not prefer any specific portion of the patch.

The mechanism underlying the GEE was previously  
recognized by Bowers et al. (1996) in a different context. 
Bowers et al. (1996) realized that abundances in fragments 
of original habitat could be lower compared to large contin-
uous areas simply because fragments have a restricted source 
of individuals, restricted to the inside of the fragment. In 
other words, a point located in a habitat fragment would be 
crossed only by individuals entirely restricted to the fragment, 
whereas a point in a large continuous area of habitat could 
be crossed by individuals coming from far away. However, 
Bowers et al. (1996) were concerned only with total abun-
dance in the grid or patch, ignoring the consequences of a 
restricted source of individuals on estimates of edge effects. 
A closer approximation of the GEE was made by King et al. 
(1997), who showed through empirical data and simple 
simulations that lower abundances of birds near the edges 
of forest patches could be simply a consequence of animals 
avoiding the use of the surrounding matrix. Nevertheless, 
King et al. (1997) proposed, modeled and interpreted this 
effect very narrowly, as an exclusive response of forest birds to 
edges, and not as a general causal mechanism of edge effects. 
For this reason, the effect recognized by King et al. (1997) 
was treated solely as an idiosyncrasy of forest birds by the  
few studies that took it into account (Fletcher and Koford 
2003, Ries et al. 2004, Bayne et al. 2005), passing unnoticed 
even in comprehensive reviews of edge effects (McCollin 
1998, Lidicker 1999, Cadenasso et al. 2003).

Geometric constraints were previously recognized at 
a continental scale for species richness, the mid-domain 
effect (MDE), which results in higher species richness in the 
middle of a geographic domain even in the absence of any 
effect of environmental gradients on range location (Colwell  
and Lees 2000). Tiwari et al. (2005) were the only ones to 
realize that the MDE could also affect intraspecific distri-
bution patterns, specifically the spatial and temporal distri-
bution of turtles’ nests in a Costa Rican beach. However, 
the implications of the MDE for evaluating edge effects 
in local habitat patches remain unnoticed so far. This is  
a major drawback of published studies of edge effects,  
aimed to determine gradients from the edge to the interior 
of habitat patches, which clearly must be subject to geomet-
ric constraints. Despite both MDE and GEE being caused  
by the same phenomenon – geometric constraints – it is 
useful to distinguish between them because of their dif-
ferent applications and implications for ecological studies. 
Ecologists studying edge effects are concerned with organ-
ism survival and reproduction on the border of local habi-
tat patches. Biogeographers and macroecologists studying 
MDE are concerned with species distribution, a phenom-
enon of a much larger scale, despite the suggestion of Laurie 
and Silander (2002) that investigations of the MDE should 

include the study of edge effects on individuals. We con-
sider the term GEE particularly appropriate for edge effect 
studies because it emphasizes that geometric constraints  
are a causal mechanism of habitat edge effects, potentially 
affecting organisms together with environmental gradients.

In this study we quantify how the GEE influences  
abundance and richness of organisms along the edge-interior 
gradient of local habitat patches, to explore for the first time 
the implications of geometric constraints for the study of 
habitat edge effects. We show through simulations how the 
GEE affects population abundance and community rich-
ness, and how it can interact with gradients of environmen-
tal quality to shape observed abundance patterns. We also 
explore an empirical dataset to assess the degree to which 
expectations based on the GEE match real abundance and 
richness patterns.

Methods

Simulations of the GEE on population abundance

To quantify the geometric edge effect (GEE), we extended 
and modified the approach used by King et al. (1997) to  
provide a more robust and general evaluation of how geo-
metric constraints affect organisms. King et al. (1997) simu-
lated the random distribution of individual bird ranges by 
drawing 100 circular ranges of fixed size (1 ha) at randomly 
located points on scale maps of real forest plots. Simulated 
ranges could not overlap the domain limits and range over-
lap was unlimited (stochastic). King et al. (1997) did not 
attempt any replication or experimentation with range sizes. 
We extended this model by considering that individual 
ranges could vary in shape and by evaluating the effects  
of range size, habitat quality, territorialism, and spatial res-
olution on abundance patterns. We also provide the first  
evaluation of community responses in terms of species rich-
ness and total abundance.

We randomized ranges of hypothetical individuals  
within a bounded habitat patch, and determined how abun-
dances of the species vary with distance from the edge.  
An individual range corresponds to the area used by an 
individual during its vital activities, such as home ranges in  
non-sessile animals. The habitat patch was represented by 
a grid of 100  100 square cells to simplify calculations;  
preliminary test with circular patches returned similar  
results. In this first exploration of the GEE we analyzed  
only animals that do not use the environment outside  
the patch, thus all simulated ranges were entirely located 
within the habitat patch. Each range was randomly posi-
tioned in the patch by using a ‘spreading dye model’ (Jetz 
and Rahbek 2001), following the approach employed by 
Colwell et al. (2009) to quantify the MDE. First, one ini-
tial grid cell was chosen randomly from a uniform distri-
bution to represent the origin (birth) of an individual. The 
second grid cell was also chosen randomly, but restricting  
the candidate grid cells to those adjacent to a currently  
occupied cell, hence a maximum of eight grid cells were 
available for range expansion at each step of the simula-
tion. This procedure was repeated until all grid cells of the  
individual had been placed, resulting in contiguous ranges 
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varying in form but without disjoint portions. In a first 
analysis the next individual ranges were positioned in the 
same way, ignoring cells occupied by the previous simulated 
individuals, i.e. assuming complete absence of exclusive ter-
ritoriality. In a second analysis simulations with territorial 
ranges were performed for comparison, detailed in the next 
paragraphs.

We did simulations for sixteen hypothetical species  
varying in range size (1, 2, 4, 8, 16, 32, 64, 128, 256, 512, 
1024, 2048, 4096, 8192, 9000 and 10 000 grid cells),  
representing from 0.01 to 100% of patch size (follow-
ing Colwell et al. 2009). For each species we simulated  
a population size of 100 individuals with equal range size. 
Higher population sizes tested resulted in identical patterns  
of variation of abundance with distance from the edge, 
only reducing variance of the estimates. In these simula-
tions we held population size constant among species 
and assumed equal ranges among con-specific individu-
als to evaluate the effects of range size only, the same 
approach used by Colwell et al. (2009) to quantify the 
MDE. After the 100 individuals of the species had been 
placed on the patch, we counted the number of ranges  
overlapping in each grid cell to determine the abundance  
of the species in each grid cell. Simulations were run 300  
times resulting in a map with values of mean abundance 
expected for the species in each grid cell. We sampled  
the simulated square patch with four transects of 50 grid 
cells length each, starting at the mid-point of each side  
of the square grid, and extending towards the interior end-
ing at the centre of the patch. Transects were positioned at 
the mid-point of a side to avoid trends related to the four 
corners of the patch, where ranges are ‘reflected’ from both 
adjacent sides (Colwell et al. 2009). In preliminary tests the 
variation in abundance or richness along those transects 
was identical whether using circular or rectangular patches. 
The four abundance values (one per transect) for grid cells 
located at the same distance from the edge were averaged, 
resulting in a single curve showing how expected abundance 
varies with distance from the edge. All simulations were per-
formed in the software BioGeoSim (Gotelli et al. 2011).

Our initial simulations assumed complete absence of 
territoriality to simplify the calculations, but real organ-
isms usually have more or less exclusive ranges or territo-
ries (reviewed by Brown and Orians 1970, Maher and Lott 
2000). Territorial behavior reduces range overlap and could 
result in uniform abundances across the patch in cases of 
extreme territoriality and flexible range shapes, potentially 
reducing or eliminating the GEE. In order to evaluate 
that possibility, we explored the most extreme case of ter-
ritoriality, where individuals did not overlap any grid cell of  
their ranges, which varied in shape according to the spread-
ing dye model. Simulations were performed with only one 
hypothetical species with range size of 32 grid cells and 
abundance of 100 individuals. For smaller ranges the spa-
tial resolution of the analysis was inadequate to detect any  
GEE even in non-territorial species (see Discussion), and it 
was not possible to accommodate 100 individuals of strictly 
territorial species with larger ranges in the simulated 10 000 
grid cells patch. Each individual range was positioned sep-
arately in an empty patch using the software BioGeoSim. 
After each individual had an established range, one individual 

range was chosen at random, and the ranges of other indi-
viduals were overlapped in sequence, excluding ranges that 
overlapped in any grid cell with previously positioned  
ranges. The process continued until all the 100 individuals 
had been placed. Resulting abundance values in each grid 
cell could be only 0 or 1 because of the territorial behavior 
of individuals, hence we quantified abundances in sampling 
units located at increasing distances from the edge. Nine 
sampling units of 4 by 25 grid cells in area (perpendicu-
lar  parallel to the edge, respectively) were placed continu-
ously along each transect, from edge to interior, covering  
36 grid cells in each transect (9 units with perpendicular  
side of 4 grid cells). Sampling units were not placed up to 
the end of the transect to avoid overlap with units from  
other transects. The size of the sampling unit was chosen 
based on the results of the non-territorial species with range 
size of 32 grid cells (Fig. 1), to evaluate if the territorial  
species would also show a similar pattern of variation of abun-
dance with distance from the edge. The placement of indi-
vidual ranges and calculations of abundance were repeated 
100 times, using different ranges at each run. All these  
procedures were done in the software R 2.13 ( www.R-
project.org/ ). For comparison, we also randomized ranges 
of a non-territorial species with abundance of 100 indi-
viduals and range size of 32 grid cells, using the procedures 
explained in the previous paragraphs, and estimated abun-
dances using the 4  25 grid cells sampling units.

The next simulations evaluated how the GEE affects 
abundance when habitat quality varies across the patch, that 
is, when the organism has a preference for edge or interior 
environments. Variation in habitat quality was simulated  
by varying the probability of occupation among candidate 
grid cells depending on their distance to the edge, similar to 
the approach used to investigate the role of environmental 
gradients in the context of the MDE (Rangel and Diniz-
Filho 2005, Storch et al. 2006, Rahbek et al. 2007). Each 
grid cell received a specific value (q) varying from 1.02 to 
2.00 (see below), which was used as a weighting variable 
when choosing new occupancy grid cells. The probability  
of choosing a candidate grid cell i (denoted pi) for range 
expansion from the set of candidate grid cells (denoted as  
set A) was calculated as

p
qi

j A j


qi

Σ ∈

To determine the q value of each grid cell, two scenarios of 
contrasting habitat quality were considered. In the first sce-
nario, habitat quality was higher at the edge and decreased 
towards the interior. The q value of the most external grid 
cells of the patch was maximum, set as 2.00; the q values 
of the remaining grid cells decreased linearly with their dis-
tance from the edge in steps of 0.02, such that qcell2  1.98; 
qcell3  1.96; qcell4  1.94 … qcell50  1.02, hence habitat  
quality at the edge and in the interior differed by ca 2 times 
(from 1.02 to 2.00). The second scenario had the opposite 
gradient, with habitat quality low at the edge and increas-
ing towards the interior, such that qcell1  1.02; qcell2  1.04; 
qcell3  1.06 … qcell50  2. Simulations for these two scenarios 
were carried out in the software BioGeoSim by choosing the 
option ‘proportional to area map value’ as the seeding and 
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Figure 1. Effects of geometric constraints on abundance of 16 hypothetical species varying in individual range size (RS, measured in  
number of grid cells). Graphs depict variation of expected abundance with distance from the edge in a habitat patch of 100  100 grid cells. 
Each plot is the average of 300 runs of random placement of 100 individuals, all with the same RS characteristic of the species. Habitat 
quality was uniform across the entire patch, thus gradients in abundance were caused solely by geometric edge effects.

colonization algorithms. Analyses were carried out for four  
representative non-territorial species with abundance of  
100 individuals and range sizes varying from very small to 
very large (2, 32, 512 and 8192 grid cells), in a 10 000 cells 
patch. These two scenarios were compared with the null 
model of uniform habitat quality across the patch, when  
all grid cells had q  1, which was simulated in BioGeoSim 
by choosing the option ‘equiprobable’ as the seeding and 
colonization algorithms.

Simulations of the GEE on communities

To model the impacts of the GEE on total abundance  
and richness of a community, we had to define a priori the 
abundance and range size of each species of the community, 
because both variables affect the occupancy and abundance 
of each species across the patch. To analyze how a large 
range of possible community types are affected by the GEE,  
we constructed 15 hypothetical communities of 50 species  
and 2000 individuals each, varying in the frequency of  

distribution of range sizes and population abundances 
of each species (Appendix 1). We held total richness and 
abundance constant because these parameters do not affect  
the differences between the edge and the interior of the 
patch, affecting only the scale of the values in each grid  
cell; rich and more abundant communities would have 
more species and individuals per grid cell than poor and less  
abundant communities. All species were assumed to be non-
territorial and entirely restricted to the 10 000 grid cells 
habitat patch. We used the same range sizes employed in 
the simulations of single-species abundance, but only ranges 
between 16 and 1024 grid cells were used, because smaller 
ranges resulted in a poor spatial resolution of the analy-
sis, and larger ranges were affected by multiple edges (see 
Discussion).

The simulated abundance of a given species in the com-
munity was determined based on its range size. However, 
because the relationship between abundance and range size 
is generally unavailable in the literature, we estimated it indi-
rectly by using relationships between range size and body 
mass, and between body mass and abundance, as follows.  
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First, we used the power-law relationship between abun-
dance (a) and body mass (m) from Damuth (1981):

a  cbma

where c is the base of the log-transformed relationship, a the 
slope, and b is its intercept. Then we related range ( home 
range) size (r) to body mass based on Harestad and Bunnell 
(1979) and Kelt and Van Vuren (2001):

r  dmb

where d and b are the intercept and the slope of the relation-
ship, respectively. Combining the two equations, we related 
range size with population abundance:

r d
a


c

b

β

α





In both cases we were not interested on the intercept (d or 
b), but only on the slope of the relationship, so

a ≅ ma and r ≅ mb, thus a ≅ r ab

The slope of the relationship between mass and home 
range (b) is close to or even higher than 1 in certain groups 
(Harestad and Bunnell 1979, Kelt and Van Vuren 2001). 
Assuming b  1,

a ≅ ra

The slope of the relation between abundance and body  
mass (a) varied from 20.20 to 21.2, which encompass 
empirical values known for almost all taxa (Peters 1983), thus  
representing a variety of organisms. We also varied the 
number of species of each range size class considering three 
contrasting scenarios, where a) species with small ranges  
dominate the community, b) species with medium  
ranges dominate the community, and c) species with large 
ranges dominate the community (Appendix 1). These hypo-
thetical scenarios and the range of a considered represent 
a broad variation in community structure and are likely  
to encompass most combinations of parameters in real  
communities.

To estimate total abundance of the community in each 
grid cell of the habitat patch, we simulated together all  
individuals from all species of the community in BioGeoSim 
and then recorded the mean abundance for each grid cell  
in 300 simulations. Species richness was estimated by the 
number of species present in each grid cell, using the mean 
values recorded in 300 simulations. The number of species in 
each grid cell was recorded using the software R 2.13, after 
each species had been simulated separately in BioGeoSim.

Empirical dataset

To provide a first evaluation of the explanatory potential  
of the GEE on real distribution patterns, we reanalyzed the 
empirical dataset of Stevens and Husband (1998). This study 
evaluated edge effects on small mammals of the Brazilian 
Atlantic Forest, and was selected for several reasons. First, 
it reported clear patterns of reduced abundance and rich-
ness near the edges of habitat patches, with corresponding 

changes in microclimatic variables, being frequently cited as 
evidence of the poor environmental conditions near habitat 
edges. Second, several species are compared, and measures 
of species richness are also provided. Third, animals were  
not captured in the matrix surrounding the studied frag-
ments, and there is no consistent evidence of widespread ter-
ritorialism in these species, facilitating simulations. Finally, 
data on home range and density are available for all species.

We estimated mean home range size and density of  
each species based on the literature (Appendix 2), and  
simulated the GEE using the procedures explained in the  
previous sections. Grid cell size was defined as 5  5 m, 
smaller than the distance between traps (20 m) used to sample  
the small mammals in the field, allowing an adequate  
resolution for the analysis. Simulations were conducted 
using only the two patch (fragment) sizes of the study,  
145 and 547 ha. Stevens and Husband (1998) mentioned 
that transects were located in places with  300 m buffer  
of forest, avoiding possible effects of multiple edges. We  
simulated square patches to simplify calculations as before, 
but tests with circular shapes returned the same results. 
The two simulated patches were sampled using four 180 m 
transects, located on the central point of each side of the 
square patch, starting on the edge and extending towards the 
interior. Abundances and richness of the four transects and 
of the two fragments were averaged except for the rodent 
Akodon sp., which was captured in one fragment only. 
We grouped the resultant values in five classes of distance 
from the edge (from 0 to 180 m) as in the original study. 
A model-selection approach could be used to estimate the  
contributions of the GEE and environmental variables  
to the patterns, but for this illustrative example we con-
cluded that visual inspection of bar graphs was sufficient 
to illustrate the degree to which expectations based on the 
GEE match observed gradients of abundance and rich-
ness. Traditional null hypothesis tests are not appropriate in  
this context because the GEE is not a null model or hypoth-
esis to be falsified, but a mechanism that interacts with 
environmental gradients in bounded habitat patches. We 
excluded from the analyses of species abundances three  
species with fewer than ten individuals captured in the origi-
nal study (Rhipidomys sp., Metachirus nudicaudatus, and 
Oxymycterus sp.).

Results

GEE and population abundance

The influence of the GEE on abundance depended on 
the range size (RS) of the species (Fig. 1). When RS was  
small (1–8) variation in abundance was clearly random,  
with absent or negligible geometric constraints. As RS 
increased, points became less scattered and fell into a 
well-defined curve, reflecting the increasing frequency of  
overlap in individual ranges. When RS was 16, abundance 
was consistently lower in the 1st grid cell but variation  
in abundance in the rest of the transect was still random. 
When RS was  32, abundances near the edges were always 
lower compared to more internal portions of the transect. A 
peak of higher abundances at intermediate distances from 
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and then reached a nearly stable plateau at larger distances 
from the edge. Abundance values of the non-territorial  
species were in general slightly higher compared to the ter-
ritorial species (Fig. 2).

When habitat quality varied across the patch, abun-
dance patterns depended on an interaction among the GEE,  
habitat quality and the RS of the species (Fig. 3). When RS 
was very small ( 2), the GEE was negligible and the curves 
of abundance reflected solely variations in habitat quality 
(Fig. 3a). Points were scattered because ranges overlapped 
little, but there was a tendency toward a positive linear  
relationship between abundance and habitat quality. At  
the other extreme, when RS was very large (8192), the  
opposite occurred: habitat quality almost did not affect  
the pattern and the GEE dominated (Fig. 3d). As a result, 
the three scenarios of habitat quality were almost indistin-
guishable, and abundance increased towards the interior  
even when habitat quality varied in the contrary direction 
(Fig. 3d). For intermediate RS (32 or 512), both geometric 
and habitat quality effects influenced abundance patterns 
(Fig. 3b, c). Abundance generally followed habitat quality, but 
the GEE dominated in the initial portions of the transects 
(1st to 12th grid cells), and as a result abundance increased 
towards the interior even when habitat quality decreased.

GEE and communities

For all communities investigated, the GEE reduced total 
abundance (Fig. 4a) and richness (Fig. 4b) near the edges  
of the patch. The different communities responded similarly 
to the GEE, with lower values of richness and total abun-
dance near the edge, followed by an intermediate peak – more 

the edge was observed when 32  RS  2048, but when 
RS  4096 abundance increased continuously towards the 
interior without an intermediate peak, reaching a stable pla-
teau. Finally, the pattern was uniform when RS  10 000, as 
all individual ranges occupied the entire patch.

The territorial and the non-territorial species responded 
similarly to the GEE (Fig. 2). For both, abundance was  
lower near the edge, had a peak in the second distance class 
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RS characteristic of the species. Three scenarios of varying habitat quality were simulated: habitat quality uniform across the patch (circles), 
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Discussion

The GEE produced clear gradients of population abun-
dance even in patches of uniform habitat quality. These  
gradients are identical to those found by Colwell et al. 
(2009) in their explorations of the MDE, which is not 
surprising considering that we used identical simulation 
procedures to quantify the GEE. A characteristic aspect 
of those gradients was a reduced abundance (richness 
in Colwell et al. 2009) near the edges, at least for species 
with 32  RS  9000. When species have large ranges,  
the abundance in a given point or grid cell depends on the 
occupancy of the surroundings, which is affected by the 
existence of a border (beyond it occupancy does not occur).  
When species have very small ranges, the abundance in  
a grid cell is practically unaffected by the occupancy of the 
surroundings, hence unaffected by the existence of a bor-
der. The stronger effect of geometric constraints for species 
with larger ranges is already known in the MDE literature 

visible for the communities dominated by large ranges – and  
then reaching a nearly stable plateau (Fig. 4). However,  
communities differed in the scale of the values: the higher 
the number of individuals with large ranges in the commu-
nity, the higher the richness and total abundance recorded at 
any given grid cell (Appendix 2, Fig. 4).

Empirical dataset

The observed variation in abundance from edge to interior 
was very similar to the pattern predicted by the GEE in 
two species, Marmosa paraguayana and Marmosops incanus, 
less similar in Didelphis aurita and in Trinomys sp., and was 
clearly different in Gracilinanus microtarsus and in Akodon 
sp. (Fig. 5). In community comparisons, observed total 
abundance and richness were lower than predicted by the 
GEE for the outer distance classes (1, 2), and higher than the 
predicted for the inner classes (4, 5; Fig. 6).
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Because the GEE reduced abundances of individual spe-
cies near the edges, it is not surprising that it had similar 
effects on richness and total abundance of communities, 
independent of their structure in terms of distribution 
of range sizes and abundances. However, we modeled a 
very simplistic situation in which all species were entirely 
restricted to the patch, which may be appropriate for the 
community analyzed in our study case (Stevens and Husband 
1998), but unlikely in nature. Most real communities con-
tain species that tolerate to some extent or even prefer the 
surrounding matrix in which habitat patches are embedded, 
with neutral or positive responses to edges in terms of species  
richness (reviewed by Murcia 1995, Ries et al. 2004, Ewers 
and Didham 2006). We did not model how matrix use  
affects the GEE, but it is intuitive to expect weaker GEEs 
for species using extensively the matrix: points on the edge 
could be crossed by individuals coming from all directions 
similarly to points in the center of the patch. It is possible 
to reanalyze published results for the occurrence of GEE  
on communities as we did for Stevens and Husband (1998), 
but it is necessary to know the degree of matrix use by  
each species or group of species, information not provided  
by most studies. It would be important to analyze sepa-
rately species primarily or exclusively associated with habi-
tat patches, because they are more likely to be affected  
by the GEE and are more sensitive to habitat fragmenta-
tion (Laurance et al. 2002, Ewers and Didham 2007, Vetter 
et al. 2011).

The incorporation of the GEE into explanatory models 
may change the interpretation of observed abundance pat-
terns, providing different conclusions regarding the toler-
ance of organisms to edge environments. Because abundance  
patterns are usually assumed to reflect active habitat selec-
tion, it is common to classify species as ‘edge-loving’ or 
‘edge-avoiding’ based on observed abundance gradients  
(Sisk et al. 1997, Villard 1998, Ries and Sisk 2010). For 
example, when abundance is significantly higher in the inte-
rior than near the edge, the organism is frequently classi-
fied as an ‘edge-avoiding species’. However, our simulations  
show that in some situations abundance may be reduced  
near the edges even if the organism actually prefers edge  
environments (Fig. 3). Real examples are provided by the 
marsupials Marmosa paraguayana and Marmosops incanus, 
which would be traditionally classified as ‘edge-avoiding 
species’ due to reduced abundances near the edges (Fig. 5). 
However, observed abundances matched very closely the  
predictions of the GEE, suggesting that edge environments 
are not avoided, but used in similar proportion as the inte-
rior. Similarly, equal abundances in the edge and interior 
are traditionally considered a ‘neutral response’ to the edge, 
implying that the organism is not affected by the proximity of 
the boundary (Sisk et al. 1997, Ries and Sisk 2004, Brand 
et al. 2006). However, because of the GEE, equal abun-
dances could also occur when the organism prefers edge 
environments (Fig. 3). Such differences of interpretation 
could be important not only to identify the real causal mech-
anisms underlying edge responses, but also to guide appro-
priate conservation actions derived from knowledge of edge 
responses (Laurance et al. 2002, Lindenmayer et al. 2008).

The GEE was clearly visible in our simulations, but is it 
evident in empirical patterns reported so far in the literature  

(Colwell and Hurtt 1994, Colwell and Lees 2000, Jetz and 
Rahbek 2001, Dunn et al. 2007). Another pattern observed 
for species with intermediate range sizes was a peak of higher 
abundances at intermediate distances from the edge, which 
is known in the MDE literature as the ‘doughnut effect’ 
(Connolly 2005, 2009, Colwell et al. 2009). This effect occurs 
because individual ranges are ‘reflected’ towards the interior 
of the patch when they reach an edge, producing an accu-
mulation of ranges in intermediate distances (Colwell et al. 
2009). The doughnut effect was detected only in previous 
investigations of the MDE that analyzed equal-size ranges, 
and that used the spreading dye algorithm to randomly  
place them (Connolly 2005, 2009, Colwell et al. 2009).

The GEE appear to have no effects on species with 
small individual ranges, but this occurred only because the  
spatial resolution of the analysis was inadequate to detect 
it for those species. Individual ranges of a given size could 
be simulated by using grid cells of any size: the smaller the 
size of the grid cell, the better the spatial resolution of the 
analysis. For example, for a species with individual ranges of  
100 m2 a simulation using a grid cell size of 100 m2 would 
return an entirely random pattern, as each range would 
occupy only one grid cell (RS  1 in Fig. 1). If the analy-
sis was rerun using a grid cell size 512 times smaller, hence 
increasing spatial resolution of the analysis by 512 times,  
the same range would occupy 512 grid cells and the resul-
tant pattern would be completely different (RS  512 in  
Fig. 1). Thus, the GEE has the potential to affect even spe-
cies with tiny ranges living in extensive bounded habitat 
patches, but its effects will be detected only if an appropri-
ate scale of analysis is used. Considering that spatial resolu-
tion is crucial to detect not only the GEE, but also edge 
effects in general (Sisk et al. 1997), it should be chosen  
carefully based on the biology of the focal species. This  
means choosing appropriate distances between sampling 
points in the field, and corresponding grid cell sizes in sim-
ulations. Special care should be taken in studies focusing  
on multiple species, because frequently the same spatial reso-
lution (e.g. spacing of traps) is used for all species regardless 
of differences in range size.

The GEE affected population abundance even when 
strictly territorial behavior was imposed, and using the 
spreading dye model, which may seen counterintuitive as 
territories should produce a uniform abundance distribu-
tion. Of course, if analyzed grid cell by grid cell no GEE 
would be detected for strictly territorial species, as each cell 
would contain a maximum of one individual. However, 
empirical studies record individuals occurring not in points 
but within sampling areas, which contain more than one 
grid cell and usually many ranges. Individuals whose ter-
ritory overlaps or only touches the sampling area may be 
counted, and sampling areas at the edge of the patch will 
have few individuals to be counted. Even the intermediate 
peak, the doughnut effect, occurred for the simulated ter-
ritorial species. Considering that the GEE occurred in the 
two extremes of territoriality tested (strict territoriality to 
strict non-territoriality), we can expect similar effects for 
real species which will fall along this continuum (reviewed 
by Brown and Orians 1970, Maher and Lott 2000), pro-
vided that they have a restricted use of the environment  
outside the habitat patch.
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the MDE (Storch et al. 2006, Rahbek et al. 2007, Rangel 
et al. 2007, Gotelli et al. 2009). In any case, empirical tests 
of the GEE will demand models specifically designed to  
the organism and habitat being studied. Models could 
incorporate intraspecific differences in range size, the degree 
of movements outside the habitat patch, and the shape of  
the studied edge, providing quantitative expectations tai-
lored to specific questions and species biology.

Conclusions

Environmental gradients certainly affect edge responses as 
previously documented (Murcia 1995, McCollin 1998, Ries 
et al. 2004), but abundance and richness gradients may still 
exist even in the absence of environmental gradients, due 
to the GEE. Reduced abundance of organisms near habitat 
edges – the pattern that has received more attention in the 
literature because of conservation concerns (Laurance et al. 
2002, Ewers and Didham 2007) – could result simply from 
the GEE or be amplified by the GEE. This does not mean 
that edge effects are spurious or unimportant, only that 
environmental gradients are not necessarily the only causal 
mechanism. We argue that the analysis of species responses 
to habitat edges requires the evaluation of GEE, to disen-
tangle geometric and environmental factors. The simulations 
presented here demonstrate that the GEE occurs in organ-
isms of all sizes, territorial and non-territorial. Are environ-
mental effects so strong that they make the GEE a minor 
contributor? That question can only be answered with the 
accumulation of studies incorporating GEE in their concep-
tion and design.
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Appendix 1

Description of the 15 hypothetical communities constructed to investigate the impacts of the geometric edge effect on total abundance  
and richness. The communities differed in the distributions of frequencies of range sizes (Community structure) and in the exponent of the 
relationship between abundance and range size (a). Range: size of the range occupied by each individual, measured in number of grid cells; 
Nspp: number of species with the indicated range size; Abund: abundance of each species.

Community structure

Species with  
small ranges dominate

Species with  
medium ranges dominate

Species with  
large ranges dominate

a Range Nspp Abund Range Nspp Abund Range Nspp Abund

20.2 16 15 417 16 6 417 16 6 417
32 12 363 32 4 363 32 4 363
64 9 316 64 15 316 64 3 316

128 6 275 128 12 275 128 1 275
256 4 239 256 9 239 256 15 239
512 3 208 512 3 208 512 12 208

1024 1 181 1024 1 181 1024 9 181
20.5 16 15 643 16 6 643 16 6 643

32 12 454 32 4 454 32 4 454
64 9 321 64 15 321 64 3 321

128 6 227 128 12 227 128 1 227
256 4 161 256 9 161 256 15 161
512 3 114 512 3 114 512 12 114

1024 1 80 1024 1 80 1024 9 80
20.7 16 15 795 16 6 795 16 6 795

32 12 490 32 4 490 32 4 490
64 9 301 64 15 301 64 3 301

128 6 186 128 12 186 128 1 186
256 4 114 256 9 114 256 15 114
512 3 70 512 3 70 512 12 70

1024 1 43 1024 1 43 1024 9 43
20.9 16 15 940 16 6 940 16 6 940

32 12 504 32 4 504 32 4 504
64 9 270 64 15 270 64 3 270

128 6 145 128 12 145 128 1 145
256 4 78 256 9 78 256 15 78
512 3 42 512 3 42 512 12 42

1024 1 22 1024 1 22 1024 9 22
21.2 16 15 1133 16 6 1133 16 6 1133

32 12 493 32 4 493 32 4 493
64 9 215 64 15 215 64 3 215

128 6 93 128 12 93 128 1 93
256 4 41 256 9 41 256 15 41
512 3 18 512 3 18 512 12 18

1024 1 8 1024 1 8 1024 9 8
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Appendix 2

Home range and density estimates used to simulate the geometric edge effect on the small mammal species studied by Stevens and Husband 
(1998). 

Species* Home range (ha) Density (number of individuals ha21) Ref**

Akodon sp. 0.20 4.2 1, 2
Didelphis aurita ( Didelphis marsupialis) 3.80 1.0 3, 4, 5, 6
Gracilinanus microtarsus ( Gracilinanus sp.) 0.20 2.0 3, 4, 5
Marmosa paraguayana ( Micoureus cinereus) 0.95 1.4 3, 4, 5, 7, 8
Marmosops incanus ( Marmosops sp.) 0.40 1.0 3, 4, 5
Metachirus nudicaudatus 2.80 1.3 3, 4, 5
Oxymycterus sp. 0.80 0.5 1
Rhipidomys sp. 0.80 0.8 1
Trinomys sp. ( Proechmys trinomys) 0.95 0.5 1, 2

*Species names were updated when necessary; the names inside the parentheses are the ones used by Stevens and Husband (1998).  
**References are mostly reviews, complemented with relevant papers when needed, prioritizing studies conducted in the Atlantic Forest:  
1) Oliveira, J. A. and Bonvicino, C. R. 2011. Ordem Rodentia. – In: Reis, N. R. et al. (eds), Mamíferos do Brasil 2a edição. Edição do autor, 
pp. 358–406. 2) Bergallo, H. G. and Magnusson, W. E. 2004. Effects of climate and food availability on four rodent species in southeastern 
Brazil. – J. Mammal. 80: 472–486. 3) Rossi, R. V. and Bianconi, G. V. 2011. Ordem Didelphimorhia. – In: Reis, N. R. et al. (eds), Mamíferos 
do Brasil 2a edição. Edição do autor, pp. 31–60. 4) Cáceres, N. C. and Monteiro Filho, E. L. A. 2006. Uso do espaço por marsupiais: fatores 
influentes, comportamento exploratório e heterogeneidade especial. – In: Cáceres, N. C. and Monteiro Filho, E. L. A. (eds), Marsupiais  
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