J Insect Conserv
DOI 10.1007/s10841-013-9563-y

ORIGINAL PAPER

Quantifying edge effects: the role of habitat contrast

and species specialization

Marina Peyras * Natalia I. Vespa - M. Isabel Bellocq -
Gustavo A. Zurita

Received: 2 October 2012/ Accepted: 24 March 2013
© Springer Science+Business Media Dordrecht 2013

Abstract Edge effect is a key process influencing popu-
lations and communities, particularly in fragmented land-
scapes. A general analytical framework has been proposed
to quantify the strength of the edge effects (extent and
magnitude); however, factors determining the later remain
poorly explored. Using a continuous approach we explore
the response of dung beetle species and assemblages to
ecotones which differ in environmental dissimilarity in the
Southern Atlantic forest of Argentina. Using baited pitfall
traps and automatic sensors, we estimated dung beetle
abundance, microclimatic conditions and vegetation
structure along five different forest-plantations transects.
At the assemblages level, the majority of species showed
either edge avoidance or preference; however, the response
depended on the environmental dissimilarity between
habitats (plantation and native forest) and varied from a
neutral response on mature plantations (low contrast eco-
tone) to edge avoidance on recent ones (high contrast
ecotone). At the species level, the degree of habitat spe-
cialization explains the differential response of species to
edge effects; more specialized species showed stronger
edge response while generalist species showed softer or
neutral responses. Environmental dissimilarity between
confronted habitats and species specialization explain the
quantitative component of edge effects on species and
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assemblages. Functional groups (rollers and tunnellers)
often showed opposite responses to edge effects. At the
landscape level, functional connectivity of forest fragments
is probably drastically reduced by high contrasts matrices
(such as recent plantations) for native forest species,
whereas soft ecotones (such as native forest-mature plan-
tations) maintained functional connectivity. These results
are particularly relevant on highly fragmented landscapes,
such as the Atlantic forest, where edge effect is probably
one the most important mechanisms affecting native species
and communities.
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Introduction

Edge effects has largely been recognized as a key process
influencing individual behavior, population abundance,
community structure and ecological interactions in the
transitional area (or ecotone) between two or more con-
trasting habitats (Ries et al. 2004; Murcia 1995; Wimp
etal. 2011; Porensky 2011; van Halder et al. 2011). Despite
the large number of studies dealing with edge effects
(Murcia 1995; Ries et al. 2004), it is only recently that a
unified conceptual and analytical framework has been
proposed to understand and quantify the biological conse-
quences of this ecological process (Fagan et al. 1999; Ries
et al. 2004; Ries and Sisk 2004; Ewers and Didham 2006;
Porensky 2011). Mechanisms involved in the response to
edge effects include differential availability of resources
for individual species (ecological flows, access to com-
plementary resources or organisms mapping onto resource
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gradients) and changes in the intensity of biotic interactions
(such as predation or competition) (Ries et al. 2004; Ries
and Sisk 2004; Wimp et al. 2011) which result in a large
variety of responses to edge effects among species and
communities; moreover, the same species may have a
different response depending on the intensity of the edge
effect (e.g. “soft vs. hard” ecotones) (Reino et al. 2009;
Campbell et al. 2011; Zurita et al. 2012; Kotze et al. 2012).
The varied nature of biological responses make general-
izations difficult and lead to confusing classifications of
species according to their sensitivity to edge effects (Ries
and Sisk 2010; Zurita et al. 2012). In spite of biological
mechanisms, interior-edge patterns are also affected by
non-biological processes, such as geometric constraints and
the correlation with patch area that could artificially create
edge responses (Soga et al. 2012; Prevedello et al. 2012).

Proposed theoretical models, such as the resource-based
model (Ries and Sisk 2004) successfully predict and explain
the qualitative response to edge effects. Recently, Ewers and
Didham (2006) developed an analytical approach that quan-
tifies the magnitude and extent of edge effects. Through a
series of equations, these authors reproduced the theoretical
expected patterns of edge response, including edge preference
(unimodal response), edge avoidance (sigmoid response) and
edge insensitivity (neutral response). This new approach has
several advantages: (1) it can be applied to different biological
levels of organization (from individual to communities) and
geographical scales, (2) it allows comparisons among studies
through a standardized calculation of the magnitude and
extent of edge effects, (3) it can be applied to both complete
(covering the entire range of distances) and incomplete bio-
logical responses edge responses. While this methodology
provides a useful tool to quantify edge effects, factors
explaining the observed differences in both magnitude and
extent of the response among species and communities remain
poorly understood (Campbell et al. 2011). We expanded the
analytical approach proposed by Ewers and Didham (2006) to
further explore factors explaining the quantitative component
of edge effects on species and assemblages.

Edge effects and habitat use by species have usually
been considered separated processes; however, edge effects
may influence the dispersal abilities of individuals into
non-preferred habitats (e.g. anthropogenic habitats)
(Fonseca and Joner 2007; Hansbauer et al. 2010; Campbell
et al. 2011). Dispersal abilities and environmental filters
are probably the primary mechanisms structuring commu-
nities in natural and human-modified habitats (Kraft et al.
2008). As a consequence of the influence of edge effects on
individual dispersal abilities, the estimation of habitat
suitability for species without taking into account the dis-
tance to the native habitat may bias the perception of
habitat quality (Zurita et al. 2012). The direction of this
bias (positive or negative) will depend on the response of
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each species to edges; however, as a general trend, the
suitability of non-preferred habitats (such as human mod-
ified habitats) will be overestimated for species exhibiting
edge avoidance (sigmoid response) or edge preference
(unimodal response). At the landscape scale, the overesti-
mation of habitat suitability will result in the overestima-
tion of the functional connectivity among remnants of
native habitat affecting the performance of models used to
study the consequences of habitat loss and fragmentation
(such as metapopulation and metacommunity models and
individual based models) (Koh et al. 2010; Pe’er et al.
2011). Recently, Zurita et al. (2012) extended the analyti-
cal approach proposed by Ewers and Didham (2006) to
correct the bias introduced by edge effects on the estima-
tion of habitat suitability for species in both the preferred
and non-preferred habitats using the asymptote derivate
from unimodal and sigmoid models as a un-biased esti-
mation of habitat suitability. We used this approach to
explore the influence of environmental conditions on spe-
cies dispersion capacities into human-created habitats.

Dung beetles (Coleoptera: Scarabaeinae) have often been
used to study the effects of human disturbance including
habitat degradation, replacement and fragmentation (Nic-
hols et al. 2007; Qie et al. 2010). Dung beetles are useful
models in ecological studies because they play key roles in
ecosystem functioning, have a relatively well described
taxonomy and show a variety of responses to anthropogenic
disturbances (Spector 2006; Nichols et al. 2008). Moreover,
different species of dung beetles have showed a broad range
of responses to changes in habitat structure, microclimatic
conditions and resources abundance caused by human
activities (Spector and Ayzama 2003; Navarrete and Halffter
2008; Silva et al. 2010; Lopes et al. 2011).

We proposed that the contrast in environmental condi-
tions (environmental dissimilarity) between habitats and
the range of tolerance of individual species to environ-
mental conditions (species specialization) will determine
the magnitude and extent of edge effects on assemblages
and species. Species specialization (e.g. range of tolerance)
has been proposed as an important factor explaining the
differential response of species to habitat degradation
(specialization-disturbance hypothesis) (Julliard et al.
2006; Devictor et al. 2008), however, it has never been
proposed to explain their response to edge effects. We
expected a positive relation between the environmental
dissimilarity among ecotones and the response of dung
beetle assemblages and between specialization and the
response of individual species to edge effects. We con-
ducted the study in the southern Atlantic forest, one of the
most fragmented and threatened ecosystems (Myers et al.
2000), where recent studies suggested a central role of edge
effects in the response of species and assemblages to
habitat fragmentation (Banks Leite et al. 2010).
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Materials and methods
Study area

The study was conducted in the subtropical semideciduous
Atlantic forest of northeast Argentina (Fig. 1). Mean
annual precipitation and temperature are 2,000 mm and
20 °C respectively, with a cold season between June and
August; rainfall is evenly distributed throughout the year
with no dry season. Native forest is characterized by
complex vegetation structure and composition, with three
to five tree strata and an understory composed mainly by
ferns and bamboo. Landscape in the study area is com-
posed by large tracks of continuous native forest in pro-
tected areas, native forest fragments of varied size and
shape and commercial tree plantations (Zurita and Bellocq
2010) (Fig. 1).

Pine plantations (mainly Pinus taeda) occupy over 90 %
of the tree planted area, but the native Araucaria angusti-
folia and several species of Eucalyptus spp. are also
planted. All plantations in the study area belong to the
same forest industry, ensuring consistent forest manage-
ment. Given that access to private lands is limited,
uncontrolled human disturbance (such as hunting, tourism,
vehicles, etc.) is very low. The average size of individual
plantations stands in the area was 7.4 ha.
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Fig. 1 Study area in the northeast of Argentina. Atlantic forest
remnants are marked in grey and tree plantations in black on the
detailed study area

Experimental and sampling design

Five tree plantations of different age and type were sur-
veyed to represent a gradient of environmental dissimilar-
ity between human-modified habitats and the native forest
where old-growth plantations are more similar to the native
forest than recent plantations. As plantations grow, vege-
tation structure and microclimatic conditions become more
similar to the native forest (from hard to soft ecotones)
(Zurita and Bellocq 2012). Sampled plantations were: one
mature plantation of the native Araucaria angustifolia and
one mature plantation of Eucaliptus dunnii (both of
22 years old) and three plantations of Pinus taeda aged 19
(mature), 6 (intermediate) and 2 (recent) years old. Since
the objective of this study was not to obtain results which
can be extrapolated to a particular situation (ex. mature
plantations) we did not include replicates of each planta-
tions type. Instead, as our objective was to explore the
response of species and assemblages to edge effects in a
series of contrasting habitats, we decided to maximize the
number of different ecotones instead of replicating partic-
ular ecotone.

In each plantation, a linear transects which starts 300 m
inside the native forest and ends 300 m into the plantation
(600 m long) was marked. On each 600 m transect, 16
sampling sites comprising both the forest (negative values)
and the plantation (positive values) were located at the fol-
lowing distances: 300, 150, 100, 50, 30, 15, 5 and 1 m from
the edge between habitats. According to Larsen and Forsyth
(2005) a certain degree of interference among traps may
occur in the first distances of the gradient (0-30); however
Baker and Barmuta (2006) were not able to find autocor-
relation in a similar study and conclude that spatial auto-
correlation and depletion are unlikely to impair further
analyses of edges. In our study, interference among traps
will eventually affect the first’s distances of all gradients
similarly and, consequently, it will not affect the comparison
of species and assemblages responses among gradients.

All transects were, at least, 500 m apart and sampling
sites within transects were a minimum of 300 m away from
the limit of the stand. To minimize differences related to
the origin of native forest species and the interaction
between edge effects and area (Gardner et al. 2008; Banks
Leite et al. 2010), all transects started at the same contin-
uous protected area (the Peninsula provincial park)
(Fig. 1). This protected area, in addition to other national,
provincial and private protected areas represent more than
100 km? of continuous forest.

At each sampling site (16 along each forest-plantation
transect), dung beetles were sampled during January—
February 2009 using baited pitfall traps for a total of 15
consecutive days. Traps were baited with approximately 20
gr of human dung and renewed every 72 h. Human dung is
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widely used in dung beetle studies in tropical and sub-
tropical ecosystems because it is attractive to the majority
of dung beetle species (Nichols et al. 2007). Traps were
filled with a 20 % solution of water and ethylene glycol, to
prevent decomposition. Collected specimens were identi-
fied to species, when possible, using taxonomic keys and
the assistance of a specialized entomologist (Vaz-de-Mello
et al. 2011).

Additionally, vegetation structure and microclimatic
conditions were described on each sampling site. Canopy
and understory cover were estimated on digital photos
taken from 1.5 m above the ground. The percentages of
canopy cover and understory vegetation in each photo were
estimated with Scion-Image Alpha 4.0.3.2. To estimate
litter biomass we collected leaf litter and fine wood debris
from a 15 x 15 cm plot and stored it in paper bags. Litter
was dried at 60 °C for 72 h until weight was constant and
then weighed. Ground temperature was recorded every
15 min with a data logger (iButton Termocron) for 10 days
of the 15-day sampling period. Average, maximum and
minimum daily temperatures and thermal amplitude
(maximum-minimum) were calculated from temperature
records.

Data analysis

We calculated the relative abundance of each dung beetle
species as the total number of individuals caught per pitfall
trap over the 15 days sampling period. At the assemblages
level differences in species composition (beta diversity)
among sampling sites on each forest-plantations transect was
estimated with the following procedure: First, an independent
multidimensional scaling analysis (MDS) was performed on
each forest-plantation transect to ordinate sampling sites
according to their similarity on species compositions (using
the Morisita-Horn index). Then, we calculated the Euclidian
distance on the bi-plot (axis I and IT of the MDS) between each
sampling site and the —300 m sampling site (interior forest).
This Euclidian distance represents the dissimilarity on
assemblage composition in relation to the interior forest
(—300 m) dung beetles assemblage (beyond edge effects)
(Banks Leite et al. 2010). Additionally, we classified dung
beetles into functional groups based on the general pattern of
dung manipulation (Simmons and Ridsdill-Smith 2011): (1)
rollers: species usually roll the ball away from the dropping
before burring; and (2) tunnellers: species usually burry
directly below the dropping (without rolling away).

The relative abundance of each species, dissimilarity in
relation to the forest assemblage (Euclidian distance),
abundance within functional groups (rollers and tunnellers)
and environmental conditions (temperature, understory,
canopy and litter cover) along each 600 m forest-planta-
tions transect were analyzed using the procedure described
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by Ewers and Didham (2006) and the modifications
introduced by Zurita et al. (2012). First, the best fit of each
dependent variable to five models (mean, lineal, power,
sigmoid and unimodal) was evaluated using the Akaike’s
information criteria with a correction for small sample size
(AICc). The five models represented the possible theoret-
ical edge responses, they were:

1. Mean: the dependent variable is constant along the
forest-plantation transect (neutral response).

2. Lineal: it represents an incomplete edge response; the
dependent variable is higher in one habitat type and
species response to edges extends beyond the sampled
range on both sides of the ecotone.

3. Power: similar to the lineal model, it represents a partially
incomplete edge response, the response variable reaches
an asymptote only on one side of the ecotone.

4. Sigmoid model: in this case, the dependent variable is
higher in one habitat type (in the case of species, one
habitat is preferred over the other). Ymax and Ymin
represent the recalculated variable in both habitat types
beyond the influence of edge effects (lower and upper
asymptotes). f0 and f1 are constants influencing the
shape of the sigmoid between asymptotes. Distance is
the independent variable (—300 to 300 m).

Dependant variable = Ymin + ((Ymax — Ymin)

/(1 + e([JOfDistance)xﬂl))

5. Unimodal model: the dependent variable increases
approaching the edge between both habitats (edge
preference). When variables fitted to this model, we
performed two separate power regression analysis to
recalculate the value of the dependent variable on each
habitat type beyond edge effects (Ymax and Ymin)
(Zurita et al, in press). We applied this correction
because of the symmetrical nature of the function that
tends to bias the value of the dependent variable in both
habitats. 0 is a constant indicating the peak of the
function while, i1, 2, and 52 are constants determining
the amplitude of the curve between the asymptotes.

Dependantvariable = Ymin + (( 0 — Ymin)

/ ( 1+ e(/)’l —Distance + {2 x Distance2) x [B) )

To describe the quantitative component of edge effect,
we estimated its magnitude and the extent on species
assemblages and environmental variables. In the sigmoid
model, the magnitude was calculated as the percentual (or
the percentage of difference) difference between the lower
and upper asymptote ((Ymax — Ymin)/Ymax*100) and
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the extent as the distance between the two inflection points
of the second derivate (Ewers and Didham 2006). In the
unimodal model, Ymax was calculated from the inflection
point of the first derivate to estimate the magnitude of edge
effect; the extent was calculated as the distance between
the two maxima of the second derivative of this function
(for more details on the used procedure, see Ewers and
Didham 2006 and Zurita et al. 2012).

We compared the proportion of species which showed
different patterns of response to edge effects (ecotone
preference, avoidance or neutral) among forest-plantation
ecotones (three mature plantations, one intermediate and
one recent plantation) through a 5 x 3 Chi® indepen-
dency table. We performed ANOVA to compare the
extent and magnitude of edge effects among forest-
plantation transects. We used multiple and partial
regression analysis to explore the relation between beta
diversity (dissimilarity with either the forest or the
plantation interior assemblages) and environmental vari-
ables along the forest-plantations transects. We excluded
canopy cover, maximum temperature and thermal
amplitude from regression analysis due to their high
correlation with the average temperature (R = 0.83,
R = 0.65, R = —0.79, p < 0.01 for all cases).

To test the hypothesis that environmental dissimilarity
between habitats will determine the quantitative compo-
nent of edge effects on assemblage composition, we
performed non-parametric correlation analysis between
the magnitude or the extent of edge effects on assemblage
composition (Euclidian distance) and on environmental
conditions. We used a non-parametric correlation instead
of a regression analysis to account for the low number of
independent points (10). We expected a positive rela-
tionship between the magnitude or the extent of edge
effects on environmental conditions and on assemblage
compositions.

At the species level, we expected a positive relation
between species specialization and their quantitative
response to edge effects (the more specialized species, the
stronger the magnitude and extent of edge effects). To test
this relation, we first calculated the coefficient of variation
(SD/Mean) of species abundance on the six sampled habitats
(plantations and native forest) as a measure of habitat spe-
cialization (SSI). This index has been proposed and tested by
Julliard et al. (2006) as a proxy to study the influence of
specialization on the response of species to disturbances. To
calculate the index we used the average abundance of each
species on each habitat on pitfall traps located at 100, 150 and
300 m (beyond edge effects). Higher values of SSI indicate
higher levels of habitat specialization. Then, we performed a
simple regression analysis between the index and the mag-
nitude of edge effects.

Results

Environmental conditions in native forest and tree
plantations

In general, environmental variables showed either a neutral
or a sigmoid response to the forest-plantation gradient (57
and 33 % of the cases, respectively). Mature plantations
(Araucaria, Eucalypt and Pine) and native forest differed
only in a higher litter biomass in the former; vegetation
cover (understory and canopy) and microclimatic conditions
(average and maximum temperature and thermal amplitude)
were similar in mature plantations and native forest. Ground
temperature was lower on the intermediate aged pine plan-
tation than in native forest while the recent pine plantation
showed the opposite pattern. Also litter biomass and vege-
tation cover differed between native forest and the recent
plantation (Table 1). In short, mature plantations were
environmentally similar to native forest while the recent
plantation differed markedly and the intermediate plantation
represents the intermediate situation.

Species and assemblage responses

A total of 9682 individuals from 28 species were captured
on the 80 baited pitfall traps (16 per forest-plantation
gradient) (Table 2). The number of captured individuals
was similar or higher to that found in recent studies in
tropical areas (Gardner et al. 2008); however the number of
captured species was lower, which is an expectable pattern
for a subtropical forest. The majority of individuals were
identified to the species level, with the general exception of
species from the genus Dichotomius and Canthidium. After
excluding species with less than 20 records (i.e., insuffi-
cient data for regression analysis), 10 species were left for
statistical analysis at the species level (9,403 individuals)
(Table 2).

A total of 39 % of species showed a neutral response to
ecotones (mean model), 36 % preferred one habitat type
(sigmoid and lineal models) and 25 % preferred ecotones
(unimodal model) (Fig. 2; Table 2). When comparing forest-
plantation ecotones, the relative importance of each response
type differed (n =8, y*> =21.5, p = 0.005). A neutral
response was the most common pattern observed in mature
plantations (Pine, Eucalypt and Aracuaria) while ecotone
preference (unimodal model) was the most common response
on the intermediate pine plantation. Finally, ecotone avoid-
ance (sigmoid and lineal responses) was the most common
pattern on the recent tree plantation (Fig. 3). In average, the
extent of the edge effect was higher on the intermediate tree
plantation compared to other forest-plantation gradients
(ANOVA, F4,; =33, p=0.03, Table3), while the
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Table 1 Average quantitative edge components (magnitude and extent) and the response of environmental variables along the continuous forest-
plantation gradient in the Atlantic forest of Argentina

Mature plantations Inter. P Recent P
Araucaria Eucalypt Pine Pine Pine
Average temperature (°C)
Edge resp. Mean (7) Mean (9) Mean (3.6) Sig. (13) Sig. (41)
Plantation 24.5 24.5 24.0 22.7 27.0
Forest 24.5 24.5 24.0 243 242
Extent 0 0 0 2 56
Magnitude 0 0 0 6.8 10.1
Maximum temperature (°C)
Edge resp. Mean (7) Mean (5) Mean (9) Sig. (4) Sig. (10)
Plantation 30.1 28.5 30.2 26.4 36.3
Forest 30.1 28.5 30.2 31.5 29.8
Extent 0 0 0 1 1
Magnitude 0 0 0 19.4 17.9
Thermal amplitude (°C)
Edge resp. Mean (5) Mean (6) Mean (9) Uni. (0.8) Sig. (8)
Plantation 8.0 5.9 9.0 5.7 12.8
Forest 8.0 5.9 9.0 6.7 7.7
Extent 0 0 0 62 32
Magnitude 0 0 0 46.9 40.2
Canopy (% cover)
Edge resp. Mean (9) Mean (10) Mean (10) Mean (6) Sig. (35)
Plantation 79.8 82.8 79.1 78.1 10.5
Forest 79.8 82.8 79.1 78.1 79.7
Extent 0 0 0 0 1
Magnitude 0 0 0 0 86.8
Understory cover (%)
Edge resp. Mean (8) Mean (8) Uni. (9) Mean (7) Uni. (13)
Plantation 32.7 294 20.1 9.5 4.5
Forest 32.7 294 24.1 9.5 9.1
Extent 0 0 68 0 89
Magnitude 0 0 71.8 0 79.7
Litter cover (gr.)
Edge resp. Sig. (4) Sig. (7) Sig. (12) Mean (8) Sig. (7)
Plantation 86.6 88.8 65.7 58.4 68.7
Forest 44.0 48.7 32.2 58.4 37.1
Extent 3 6 2 0 2
Magnitude 49.1 45.1 50.9 0 46.8
Average edge effect attributes on assemblages (mean & SE)
Extent 29 + 16™ 10+7 2420 45 £ 15° 33 + 22%
Magnitude 31 £ 15° 27 + 14° 17 £ 17° 81 + 3° 81 + 12°
Penetration 300 + 0° 267 + 33* 258 + 42 270 + 29* 168 + 52°

The value of environmental variables beyond edge effect is indicated (Plantation, Forest). The difference on the Akaike’s information criteria
between the best and the worst model (mean, sigmoid and unimodal) is indicated between parentheses. Inter. intermediate, P plantation.
Different letters indicate significant differences on Fisher post-hoc comparisons

magnitude was higher in the recent and the intermediate Sampling sites on the multidimensional scaling analysis
plantations than in mature plantations (F4p; = 4.5, (MDS) ordinate following consecutive distances (from
p = 0.006, Table 3). —300 to 300 m) on the intermediate and the recent pine
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Table 2 Edge response of dung beetle species and functional groups along different forest-plantation gradients in the Atlantic forest of
Argentina

Species N Gradient Model fit Abundance Edge response
Model R? A For. Pla. E M
Aphodiinae 8 Aracuaria NE - - - - - -
22 Eucalypt Mean - 13 14 14 0 0
M Pine NE - - - - - -
1. Pine NE - - - - - -
44 R. Pine Sig. 0.7* 7 0.5 8 4 93
Canthidium sp. 1 15 All NE - - - - - -
Canthidium sp. 2 1 All NE - - - - - -
Canthidium sp. 3 2 All NE - - - - - -
Canthidium sp. 4 0 Aracuaria NE - - - - - -
125 Eucalypt Sig 0.6* 5.0 4.2 19.0 27 78
0 M. Pine NE - - - - - -
9 1. Pine NE - - - - - -
41 R. Pine Sig 0.8* 10 0.0 7.8 50 100
Canthon quinquemaculatus 146 Araucaria Sig. 0.7* 19 233 3.6 84 84
729 Eucalypt Lin. 0.3* 2 78.3 26.6 59 66
30 M. Pine Mean - 13 1.9 1.9 0 0
595 I. Pine Uni. 0.8* 21 34.1 21.7 17 75
684 R. Pine Lin. 0.3 5 14.8 46.6 3 68
Canthon smaragdulus 33 All NE - - - - - -
Canthon sp. 1 11 All NE - - - - - -
Canthon virens 3 Araucaria NE - - - - - -
22 Eucalypt Uni. 0.9* 31 0.0 0.0 6 97
14 M. Pine NE - - - - - -
73 1. Pine Uni. 1.0* 54 0.0 1.4 5 98
667 R. Pine Sig. 0.8* 24 0.0 61.8 1 100
Coprophaneus jasius 14 All NE - - - - - -
Deltochilum brasiliensis 1 All NE - - - - - -
Deltochilum dentipes 1 All NE - - - - - -
Deltochilum sp. 1 27 Araucaria Mean - 26 1.7 1.7 0 0
66 Eucalypt Mean - 6 4.1 4.1 0 0
34 M. Pine Mean - 15 2.1 2.1 0 0
13 1. Pine NE - - - - - -
11 R. Pine NE - - - - - -
Dichotomius fisus 33 All NE - - - - -
Dichotomius sp. 1 208 Araucaria Uni. 0.7* 4 18.0 18.0 90 63
269 Eucalypt Mean - 5 16.8 16.8 0 0
300 M. Pine Mean - 12 18.8 18.8 0 0
475 1. Pine Sig. 0.8* 10 14.1 59.1 25 76
105 R. Pine Sig. 0.8* 14 27.5 0.0 175 100
Dichotomius sp. 2 20 Araucaria Mean - 13 13 1.3 0 0
13 Eucalypt NE - - - - - -
7 M. Pine NE - - - - - -
10 1. Pine NE - - - - - -
4 R. Pine NE - - - - - -
Dichotomus mormon 91 Araucaria Uni. 0.6x 4 3.8 2.1 115 62
110 Eucalypt Mean - 13 6.9 6.9 0 0
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Table 2 continued

Species N Gradient Model fit Abundance Edge response
Model R’ A For. Pla. E M
76 M. Pine Sig. 0.6* 4 6.1 0.0 10 100
101 1. Pine Uni. 0.7* 15 26.7 26.7 93 83
82 R. Pine Sig. 0.9* 22 10.0 0.0 1 100
Diloboderus abderus 1 All NE - - - - - -
Eurysternus caribaeus 462 Araucaria Uni. 0.8% 7 15.9 214 30 73
652 Eucalypt Mean - 12 40.8 40.8 0 0
829 M. Pine Mean - 10 51.8 51.8 0 0
1080 1. Pine Uni. 0.9* 15 26.7 26.7 93 83
631 R. Pine Uni. 0.6* 10 49.3 1.4 30 90
Gromphas lacordairei 1 All NE - - - - - -
Ontherus appendiculatus 2 All NE - - - - - -
Ontherus azteca 24 All NE - - - - - -
Ontherus sp. 1 10 All NE - - - - - -
Onthophagus hirculus 60 Araucaria Mean - 13 3.8 3.8 0 0
126 Eucalypt Mean - 6 7.9 7.9 0 0
41 M. Pine Mean - 13 2.6 2.6 0 0
254 1. Pine Lin. 0.3 3 6.8 24.7 86 72
126 R. Pine Mean - 9 7.9 7.9 0 0
Phanaeus splendidus 4 All NE - - - - - -
Trichilum sp. 1 5 All NE - - - - - -
Uroxys epipleuralis 3 All NE - - - - - -
Uroxys latus 11 All NE - - - - - -
Functional groups
Rollers Aracuaria Sig, 0.6* 33 19.5 6.5 66 10
Eucalypt Mean - 2.6 26.1 26.1 0 0
M Pine Mean - 3.0 19.2 19.2 0 0
1. Pine Uni. 0.7* 1.0 25.7 159 38 30
R. Pine Sig. 0.7* 3.0 19.2 57.5 67 120
Tunnelers Aracuaria Mean - 2.7 6.2 6.2 0 0
Eucalypt Mean - 2.6 7.4 7.4 0 0
M Pine Sig. - 0.5 54 9.1 41 10
1. Pine Sig. 0.6* 0.5 6.8 26.5 74 80
R. Pine Sig. 0.6* 29 104 3.5 66 200

A difference on the corrected Akaike value between the best and the worst model (mean, sigmoid, unimodal). For. and Pla., abundance in native
forest and plantations beyond edge effect (interior habitat abundance); E extent of the edge effect (m); M magnitude of the edge effect (%). R
recent plantations; / intermediate plantations; M mature plantations. Sig. sigmoid, Uni. unimodal. * p < 0.01, * p < 0.05. NE: <20 captured

individuals

plantation gradients, while no clear pattern of ordination
was observed in mature plantations (Fig. 4). In the
regression analysis, the dissimilarity on dung beetle
assemblages in relation to the forest assemblage (Euclidian
distance to the —300 m sampling site in the MDS bi-plot)
remained constant along the forest-plantation gradient (best
fit to the mean model) in mature plantations and showed a
sigmoid response in the intermediate and the recent pine
plantations (Fig. 5). This result indicates that the compo-
sition of the dung beetle assemblage remains constant

@ Springer

along forest-mature plantations gradients, but changes
along forest-plantation transition in the recent and the
intermediate plantations.

In the analysis of functional groups, the abundance of
rollers and tunnellers showed different pattern of response
among and within ecotones. Rollers showed no response
(mean model) on the ecotones between native forest and the
Eucalypt or the mature Pine plantations, a sigmoid response
on the ecotone with the Araucaria or the recent Pine stands
(with opposite direction), and a unimodal response on the
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intermediate Pine stand. Tunnellers exhibited no response in
the ecotone with either Eucalypt or Araucaria stands and a
sigmoid response on Pine stands (Fig. 6).

On multiple regression analysis, the dissimilarity of
dung beetle assemblages in relation to the forest interior
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Fig. 2 Patterns of dung beetle response to the forest-plantation
gradient in the Atlantic forest of Argentina. a Neutral response
(Dichotomius sp.) fitting to the mean model, b Edge avoidance
(Dichotomus mormon) fitting to the sigmoid model and ¢ Edge
preference (Eurysternus caribaeus) fitting to the unimodal model.
Negative values represent the native forest and positive values tree
plantations

assemblages was not related to environmental variables on
the Araucaria and the mature Pine plantation (Table 2). On
the Eucalypt plantation, dissimilarity with the forest inte-
rior assemblage increased with understory and litter bio-
mass (Table 3). Finally, for the recent plantation, average
temperature (primarily) and understory cover (secondarily)
were the main determiners of the dissimilarity with both
the forest interior assemblage (Table 2).

The magnitude and extent of edge effects on assemblage
composition was positively related to the magnitude and
extent of temperature change (r; = 0.99 and ry = 0.81;
p < 0.001 in both cases) but not to understory and litter
biomass (r; < 0.5 and p > 0.05 in both cases). Also, as
expected, at the species level the magnitude of edge effects
increased with the degree of habitat specialization (SSI)
(R2 = 0.47, p = 0.04); however, the extent of the edge
effect was not related to habitat specialization (R* = 0.14,
p = 0.32).

Discussion

As we proposed, environmental dissimilarity and the
degree of species specialization successfully explained the
magnitude (not the extent) of the biological response of
dung beetle assemblages and species to edge effects.
Results of this study contribute to the current theoretical
edge effect framework (Fagan et al. 1999; Ries et al. 2004;
Ries and Sisk 2004); explanatory and predictive models,
such as the resource based model (Ries and Sisk 2004), can
be improved through the incorporation of the present
results to perform more precise predictions.

The resource-based model predicts the qualitative
response of species to edge effects (it predicts edge

L]

Proportion of species
=] o o
E-Y [+7] [e:]

o
[N]
L

0.0 - T -

Pine Eucalypt Araucaria Intermediate Recent

Mature plantations Pine plantations

Fig. 3 Proportion of species showing edge avoidance (sigmoid
model, light grey), edge preference (unimodal model, dark grey), a
neutral response (mean model, black) in five different forest-
plantations gradients in the Atlantic forest of Argentina
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Table 3 Relationship (regression and partial correlations) between
environmental variables and the dissimilarity (Euclidian distance on a
MDS analysis) with the forest interior dung beetle assemblage along
the forest-plantation gradient in the Atlantic forest of Argentina

avoidance, preference or a neutral response) based on the
spatial distribution of resources and environmental condi-
tions between habitats (Ries and Sisk 2004). This model
excludes changes on biotic interactions that may be an

Mature plantations Inter. P RecentP  jmportant mechanism in specific cases (Wimp et al. 2011).
Araucaria Eucalypt Pine Pine Pine When complementary resources from both habitats are
) available on the ecotone, edge preference is the most
Rfegsrslstsslon probable response; in contrast, when habitats offer sup-
R2 04 07 05 06 0.8 plementary resources, a neutral or edge avoidance response
. ' ' . ' re the most plausibl responses. Th litativ
F s 9.5% 32 46" 15.3% are the most plausible edge' esponses e qua'tat e
response of dung beetle species and assemblages in this
Temperature K
R o2 03 05 study can be directly related to the resource-based model
B ’ ' 0.6 considering the temperature as an important environmental
Underst ’ filter for these taxa (Scheffler 2005; Verda et al. 2007).
; erstory 0.8+ 03 03" Previous studies showed that tropical dung beetle species
5 - 0'9 - o 70'4 are, in general, unable to exploit modified habitats exhib-
i ) a ' - - e iting high temperatures (Klein 1989; Navarrete and Halff-
Litter biomass . ter 2008). Similar temperature between native forest and
R B 0.3 B -0 02 mature tree plantations may explain the neutral response
B B 0.6 B B B observed in most species and assemblages. In contrast, the
* p <0.01, X p < 0.05. R = partial correlation, B = slope (beta) extreme temperature in the recent plantation created an
20
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Fig. 4 Multidimensional scaling analysis (first and second axis)
based on the Morisita-Horn index of similarity in five different forest-
plantation gradients in the Atlantic forest of Argentina. Negative
values indicate distances inside forest and positive values distances
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inside plantations. a—c¢ Araucaria, Eucalypt and Pine mature planta-
tions respectively; d 7-year-old (filled circles) and 2-year-old (open
circles) pine plantations
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unsuitable habitat for most native forest species; explaining
the sigmoid response exhibited by the majority of forest
species and assemblages. The same process probably
occurs in the opposite direction, native forest represents a
low quality habitat for open habitat species occurring in the
recent plantation. Similarly to our results, Pawson et al.
(2008) and Kotze et al. (2012) found stronger edge
responses of different arthropod assemblages to high con-
trast ecotones (open habitats) compared to low contrast
ecotones (tree plantations) in New Zealand. Also, consis-
tent with the observed patterns and the scale of dung
beetles response to edge effects, previous studies in Costa
Rica have shown that major changes on microclimatic
conditions occur within the first 300 m from the edge
(Didham and Lawton 1999; Harper et al. 2005).
Functional groups based on dung manipulation exhib-
ited opposite response patterns to the same ecotone. The

Distance to the edge (m)

importance of dung beetles on ecosystem functioning and
the role of disturbance on the functional composition of
assemblages has been recognized in several studies
(Nichols et al. 2007; Barragan et al. 2011). Our study
showed that changes in functional groups occurred gradu-
ally from the ecotone between habitats; that may affect
differentially ecological functions in both the native and
the human-created habitat. Effects of functional changes on
dung beetles assemblages are unclear; however variations
in the relative abundance of rollers and tunnellers will
probably modify spatial patterns of secondary seed dis-
persal and nutrient cycling affecting future vegetation
structure and composition on the ecotone between habitats.
A marked increase on the abundance of rollers on the
recent plantation was primarily associated to a drastic
increase on the abundance of species on the genus Canthon
(in particular, Canthon quinquemaculatus and Canthon

@ Springer
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Fig. 6 Abundance (number of 40 -

individuals per pitfall trap) of 5. (@)

functional dung beetles groups ¢
along five different forest- 30 4
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virens); however, species in that habitat were observed
leaving dung balls on the surface (Zurita per. obs.), pre-
sumably reducing seed burial and germination due to high
soil temperatures.

The varied nature of contrasts between habitats (or “not
all ecotones are the same”) has been recognized as an
important factor influencing the response of species and
assemblages to edge effects (Reino et al. 2009; Pawson
et al. 2008). However, our results support the idea of a
gradient of hardness (or softness) rather than a dichotomist
classification (soft vs. hard ecotones) (Ries and Sisk 2010).
The ecotone between tree plantation and native forest
become “softer” for dung beetles as plantations grow in
association with a decrease in ground temperature and
increasing understory cover. As a consequence, through the
plantation cycle the most common response switches from
edge avoidance (sigmoid model) to a neutral response
(mean model).While changes in environmental conditions
probably have a central role on the response of dung

@ Springer
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beetles to edges and on the use of anthropogenic habitats;
differences in the period of time since disturbance started
may also influence richness and composition of dung
beetles assemblages on tree plantations (Pawson et al.
2008); stochastic colonization of plantations increases with
plantation age. Recently Prevedello et al. (2012) suggested
that edge avoidance could simply be explained by geo-
metric constraints; areas in the center of the patch receive
individuals from all directions whereas areas near the edge
receive individuals only from the center of the patch. In our
study, geometric constraints can inflate the proportion of
species showing edge avoidance; however, because of all
transects limited with the same large continuous area
(protected area), the comparison among transects will not
be affected.

Interestingly, the high permeability of mature tree
plantations for native species was independent of the
plantation type (native Araucaria and exotic Pine and
Eucalypt) which is consistent with the results from the
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meta-analysis of Nichols et al. (2007) but contradicts the
results of Gardner et al. (2008) who found a severely
impoverished dung beetle assemblage in Eucalypt planta-
tions in relation to native forest. Some methodological
limitations suggested by Gardner et al. (2008) to explain
differences with the results of Nichols et al. (2007) were
overcome in our study by including the distance to edges,
the source of native species and the landscape context. A
plausible explanation is the difference in plantation age
between the results of Nichols et al. (2007), and those of
Gardner et al. (2008) and our study; Pine and Eucalypt
plantations surveyed in our study and the revision of
Nichols et al. (2007) were at least 10 year-old, while
Eucalypt plantations sampled by Gardner et al. (2008) were
only 4-5 years-old. As we previously mentioned, this dif-
ference in plantation age may drastically change the suit-
ability of tree plantations for native species. An alternative
explanation is related to biogeographic differences in the
regional pool of species; species in tropical forest (such as
the Amazon) are probably more specialized and less
capable of exploiting modified habitats compared to spe-
cies in subtropical forests, such as the semidecidous
Atlantic forest (R0s et al. 2012). A differential distribution
of dung along the forest-plantation gradient is an alterna-
tive hypothesis to explain the response of dung beetle
species to edge effects. In this case, the magnitude and
extent of edge effects on medium and large mammals
should be similar to those of dung beetles. However, it is
unlikely that a differential distribution of dung is the main
factor determining dung beetle responses to ecotones for at
least three reasons: (1) the extent of edge effects on dung
beetles occurs at a small scale (meters), while medium and
large mammals respond to larger scales; (2) edge effects on
medium and large mammals typical from the study area
(Tapirus terrestres, Tayassu pecari, Pecari tajacu,
Mazama spp, Cerdocyon thous and several species of
Felidae) result mainly from an increase of the interaction
with humans (hunters) and domestic dogs rather than from
changes on habitat structure (Lacerda et al. 2009); how-
ever, all gradients were located in a highly protected area
and subjected to similar human pressure; and (3) the
majority of these mammals are capable of using, or at least
freely move, along forest and open habitats.

While the quantitative response of assemblages depends
on the contrast of resources and conditions between habitats,
the response of species depends on the degree of species
specialization (or niche amplitude). Confronted with the
same ecotone, specialized species exhibited stronger edge
response compared to generalist species. This selection of
species along the ecotone based on the range of tolerance
probably occurs through environmental filtering and results
in different dung beetle assemblages in young plantations.
The positive relation between specialization and the

response to habitat disturbance is, in fact, a prediction of the
specialization-disturbance  hypothesis (Vazquez and
Simberloff 2002; Colles et al. 2009); however, the hypoth-
esis has never been tested on the species edge response. One
limitation of this hypothesis is the complexity encountered to
identify the specific component of the niche in relation to the
response to disturbance and the measurement of the niche
amplitude. This limitation was partially solved by the index
proposed by (Julliard et al. 2006) which successfully
explained the response of species to habitat disturbance and
fragmentation (Devictor et al. 2008). While more research is
needed to identify the specific component of the niche
responsible for the response of dung beetles to edge effects,
we found evidence that tolerance to different temperatures is
probably an underlying mechanism.

The role of edge effects influencing populations and
communities is currently a central area of study, particularly
in tropical and subtropical forests where edge effect is now
recognized a central process explaining the response of spe-
cies to habitat fragmentation (Banks Leite et al. 2010). A
general edge effects framework which could predict the
strength will increase the explanatory and predictive power of
theoretical models dealing with edge effects and functional
connectivity. This is particularly important to improve land
management both at a local (stand) and landscape context on
hyper fragmented landscapes, such as the Atlantic forest.
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