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Abstract Remnant isolation following fragmentation is considered to be one of the main
drivers of ecological decline in modified landscapes. Thereby, connecting remnants using
ecological corridors has been increasingly suggested as being important for conservation.
Our objectives were to test isolation effects on extinction, colonization and turnover rates
of a litter-dwelling ant assemblage, and to evaluate effectiveness of ecological corridors to
mitigate habitat fragmentation consequences. We used a mesocosm manipulative design,
with three different isolation treatments: far, near and near connected by a corridor,
sampled fortnightly for 60 days. Fragmentation caused an ongoing decrease in ant species
richness, probably due to a negative balance between extinction and colonization. Extinc-
tion was steady with time, while colonization decreased over the same period. This out-
come highlights the key role that colonization plays in the persistence of populations of
litter-dwelling ants. Turnover rates increased with time in the treatment with a corridor, but
remained steady in the other treatments. We conclude that corridors are important for not
only immigration to remnants, but also emigration, acting as a two way traffic route. Thus,
it may be an important “leakage” point for threatened species, with implications for their
conservation status.
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Introduction

Habitat fragmentation is the division of a landscape into two or more isolated and smaller
remnants (DeSouza et al. 2001; Laurance 2008), and is one of the main threats to biodi-
versity globally (Burkey and Reed 2006; Gonzalez and Chaneton 2002; Hanski 1998).
Higher extinction rates are expected to occur in smaller remnants, because these can only
support smaller populations, which are then more prone to stochastic and inbreeding events
(DeSouza et al. 2001). Additionally, more isolated and smaller remnants are also less likely
to receive colonizers compared to more connected and larger ones, thereby diminishing the
rescue effect (Brown and Kodric-Brown 1977; MacArthur and Wilson 1963, 1967). Even
in cases where species richness is unaffected by fragmentation, community composition
may change (Kadmon and Pulliam 1993; Sobrinho et al. 2003; Sodhi et al. 2005) due to
non-random extinction and colonization rates among species (Schoereder et al. 2004b).

The use of ecological corridors between remnants has been broadly suggested as a
means of reducing the negative effects of isolation among remnants (Beier and Noss 1998).
Several studies have concluded that connected patches are able to support more persistent
populations and higher species richness (e.g. Debinski and Holt 2000; Gonzalez et al.
1998; Gonzalez and Chaneton 2002; Holzschuh et al. 2008, 2009; Noss 1987; Staddon
et al. 2010), as well as mitigate ecosystem effects of habitat fragmentation (Staddon et al.
2010). Nevertheless, the usefulness of corridors is not universal, as several studies have
also found null and negative effects of corridors on populations (e.g. Boswell et al. 1998;
Burkey 1997; Collinge 2000; Rantalainen et al. 2005; Weldon 2006) and that corridors
may facilitate the spread of some invasive species (Alofs and Fowler 2010; Hulme 2006).

Since the development of the island biogeography theory (IBT) (MacArthur and Wilson
1963, 1967), numerous studies on habitat fragmentation have presumed that terrestrial
remnants will follow islands dynamics. But the validity of this assumption is being
increasingly contested, as terrestrial systems are repeatedly shown to be subject to different
processes and constraints (Laurance 2008; Watson 2002). This debate remains, as despite
the many tests of IBT’s predictions on terrestrial habitats (e.g. Brose 2003; Pellet et al.
2007; Simberloff and Wilson 1969; Steffan-Dewenter and Tscharntke 2000), aspects such
as accelerated turnover in fragments remain surprisingly understudied and therefore con-
troversial (Laurance 2008).

Much of the controversy associated with habitat fragmentation studies is due to
methodological drawbacks. For example, most study designs assessing corridor efficacy
utilise post-built corridors, but it may be difficult, or too slow, for conditions in the
corridors to become similar to the pre-existent remnant, impairing fauna spreading. Other
studies do not assess unconnected (control) and connected remnants with the same distance
from a species source (Gilbert-Norton et al. 2010; Laurance 2008), thereby impairing
comparisons. Most fragmentation studies are only conducted long after the fragmentation
event, preventing comparisons between the fragmented and pristine states. In addition, the
lack of areas with appropriate features to build true replicates may lead to pseudorepli-
cation and single snapshots experiments, which might mislead parameter estimates (ter
Braak et al. 1998). These issues can only be avoided by using well designed manipulative
experiments.

Here we present a manipulative experiment that measures three basic IBT parameters,
extinction, colonization and turnover, to assess isolation effects and corridor effectiveness
for litter-dwelling ant assemblages. We first tested the assumption that ant species richness
would decrease with time after fragmentation, and then assessed which ecological pro-
cesses were involved, by testing the following hypotheses: (i) extinction rate does not
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change with time after fragmentation, increasing with remnant isolation; and (ii) coloni-
zation rate does not change with time after fragmentation, decreasing with remnant iso-
lation. Further, we aimed to evaluate the influence of isolation on turnover rates, testing the
hypothesis (iii) species turnover increases over time and with remnant isolation.

Materials and methods
Sampling area

The study was conducted in an approximately 300 ha forest remnant in Vigosa, Minas
Gerais, Brazil (20°48'08 S, 42°51'31 W). The local climate is moderate subtropical moist,
with a rainy season from September to April, and a dry season from May to August
(Golfari 1975). The annual mean temperature is 20 °C, relative humidity of 80 % and with
an annual rainfall of 1,800 mm (Castro et al. 1983). Altitude ranges from 600 to 800 m,
and the dominant vegetation is secondary seasonal semi deciduous montane forest (Veloso
et al. 1991). Until 1966, the studied area was subject to selective logging and conversion
into coffee plantations. Logging has since ceased, but pastures, coffee and Eucalyptus
plantations, and urban areas now surround the area. The experiment was conducted from
January to March 2008 during the rainy summer. Conducting the experiment during this
particular period decreases the chance of a seasonal effect because there is little variation
in temperature and rainfall in this tropical climate during this period.

Sampling design

This study utilised natural mesocosms, which are as versatile as artificial micro/mesocosms
and as complex and biologically real as any natural system. This approach potentially
offers a way to circumvent the trade-off between artificiality and tractability (Srivastava
et al. 2004). We used ants as the study organism because they are easily collected, and are
commonly used in fragmentation studies (e.g. Carvalho and Vasconcelos 1999; Gascon
et al. 1999; Leal et al. 2012; Majer et al. 1997; Schoereder et al. 2004b; Sobrinho et al.
2003; Suarez et al. 1998).

Our experimental design consisted of forest floor portions, naturally covered with litter,
that were experimentally isolated from the remaining forest floor by the removal of the
surrounding litter. We conducted the experiment in five 11 x 29 m rectangles, hereafter
called mesocosm landscapes, positioned at least 10 m apart from each other. In each of
these mesocosm landscapes, we removed litter to create twelve 1 m plots, hereafter called
mesocosm remnants, divided into the following three treatments (Fig. 1): positioned 5 m
from the outside forest floor (“far”), positioned 1 m from the outside forest floor (“near”)
and positioned 1 m from the outside forest floor, connected to it by a 0.3 m wide litter
corridor (“corridor”). We set up all mesocosm remnants with the same area and shape to
standardise area, shape and edge effects. Each of the five mesocosm landscapes
was therefore a true replicate, representing independent fragmented landscapes on a
micro-scale.

Before creating the experimental fragmentation, we haphazardly collected five 1 m>
samples from each mesocosm landscape to access the pre-fragmentation ant species
richness and composition. The experiment was sampled fortnightly for 60 days. In each
sampling event, 15 mesocosm remnants, being one mesocosm remnant of each treatment
category within each mesocosm landscape, were randomly removed from the site.
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Fig. 1 Schematic representation of a mesocosm landscape. All three isolation treatments (far, near and
corridor) in the microcosm landscapes are represented, as well as the distance between them. Matrix area is
bare soil

This staggered design enabled us to track temporal variation of the three isolation treat-
ments after manipulative fragmentation.

We used ant workers from each species as a surrogate for the presence of its nest in the
mesocosm remnant to calculate colonization and extinction rates. We believe that this
approach is justified because in the tropics the density of ant nests at the 1 m? spatial scale
is commonly high (Byrne 1994; Kaspari 1996b; Soares and Schoereder 2001), and because
ants naturally move their nests every 35-146 days (Byrne 1994), probably due to distur-
bance (Campos et al. 2007; Soares and Schoereder 2001). Thus, we could calculate
colonization, extinction and turnover rates, even within a small time span, because the
disturbance caused by us may have accelerated movements of colonies and consequently
caused changes in colonization, extinction and turnover patterns.

We extracted ants nesting within litter by placing the litter of each mesocosm remnant
in Berlese funnels for seven days under 40 watt light bulbs. In some instances foraging ants
not nesting within the litter may also have been collected, thereby giving a false coloni-
zation result, but this error was anticipated to be minor and not different among treatments.
Following extraction, the litter was oven dried at 55 °C for 72 h, and its weight was
recorded. We identified ants to morphospecies, with genus-level classifications according
to Bolton (1994) and Palacio and Fernandez (2003). The classification was checked and,
whenever possible, identified to species level by a specialist. Only ant workers were
considered in our analyses, because ergatoid and alate queens could represent colonizers
that would not necessarily succeed in nest founding.

Following Schoereder et al. (2004b) and Didham et al. (1998), we defined extinction to
be when a species found in a sampling event was not found in the subsequent sampling
event. Importantly, we always compared remnants from the same isolation treatment
within the same mesocosm landscape. We calculated the extinction rate of each sampling
event by dividing its number of extinct species by the total number of species sampled in
the previous sampling event. We considered as colonizers those species that did not occur
in one sampling event but were sampled in the subsequent sampling event in the same
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mesocosm landscape. We also calculated the colonization rate by dividing the number of
colonizers in a given sampling event by the total number of species sampled in the previous
sampling event.

Statistical analyses

To determine whether the manipulative fragmentation decreased ant species richness, we
adjusted generalized linear models (ANCOVA) with Poisson errors, corrected for under-
dispersion (Logan 2010). We used ant species richness as the response variable, time as the
explanatory variable and isolation and litter weight as co-variables, the latter in order to
avoid sampling artifacts. To estimate the pre-fragmentation ant species richness, we ran-
domly chose 15 samples within the 25 initially collected. It was necessary to standardise
treatments samples because each sampling time had 15 points (i.e. three isolation treat-
ments from five replicates). We additionally randomly allocated these pre-fragmentation
samples into isolation treatments, so that each of the three isolation treatments was rep-
resented by five samples.

To test our three hypotheses we performed ANCOVAs with binomial errors, corrected
for overdispersion. On hypotheses (i) and (ii) we respectively used extinction and
colonization rates as response variables, time as the explanatory variable and isolation
treatment as a co-variable. To calculate colonization and extinction rates for the first
sampling event after fragmentation, we randomly selected one of the pre-fragmentation
samples to act as a zero state. This procedure was necessary to keep sampling effort
homogenous between pre- and post-fragmentation calculations.

To test hypothesis (iii) we used turnover as the response variable, and time, treatments
and interaction between time and treatments as explanatory variables. We defined turnover
as that in Anderson et al. (2011), being the measure of community structural change from
one sampling unit to another with time. The points were obtained in the following way: a
sample of each isolation treatment, at each time, was compared using a Jaccard (J) simi-
larity index with the sum of the five initial samples, always from the same mesocosm
landscape. We used the sum of the five initial samples because they may well contain most
of the species composition from each mesocosm landscape. As we wanted to compare
changes in composition between a fragmented habitat and its previous continuous habitat,
the sampling effort had to be different (Schoereder et al. 2004a). Turnover was defined as
1-J. As suggested by Anderson et al. (2011), we used the Jaccard index to compare two
different communities because it excludes joint absences.

We performed all analyses using R (R Core Team 2011). The validity of all analyses
was assessed by residual analyses to check for suitability of error distribution and adequacy
of the adjusted models (Crawley 2007). In all analyses, we lumped the categorical vari-
ables together when they were not significantly different (Crawley 2007).

Results

We collected 85 ant species from nine subfamilies. Ant species richness decreased with time
after fragmentation (F7; = 10.9, P = 0.0015) and was positively correlated with litter
weight (Fy 7, = 6.13, P = 0.015). There was no significant relationship between ant spe-
cies richness and distance of isolation (F; ;o = 2.73, P = 0.10), but there was a significant
interaction between time after fragmentation and isolation (F; g9 = 7.54, P = 0.007), as ant
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Fig. 2 Relationship between ant species richness and time after fragmentation. Richness decreases through
time after the fragmentation event (F, 7; = 10.9, P = 0.0015), despite the absence of relationship between
the near treatment and time after fragmentation (F, 54 = 0.01, P = 0.91). Day zero is the pre-fragmentation
state

species richness in the “near” treatment did not vary with time after fragmentation (F; 4 =
0.01, P = 0.91; Fig. 2).

Extinction rates did not vary with time (F ss = 0.07, P = 0.78) or isolation (F, 56 =
0.93, P = 0.40). Colonization rates decreased with time (F; 5¢ = 3.87, P = 0.054; Fig. 3),
but did not vary with isolation (F,s¢ = 0.81, P = 0.45; Fig. 3).

Turnover did not vary with time (F 57 = 2.27, P = 0.14) or isolation (F; 5 = 0.008,
P = 0.93) independently, but varied with the interaction between them (F; 55 = 13.33,
P = 0.0005). The turnover in the corridor treatment increased with time after fragmen-
tation (F'; ;5 = 29.19, P = 0.0001), but in the near and far treatments it remained steady
(F137 = 0.66, P = 0.42) and equal among them (F,ss = 1.59, P = 0.21; Fig. 4).

Discussion
Extinction and colonization

As expected, the fragmentation event caused an ongoing decrease of ant species richness,
indicating a negative balance between extinction and colonization. Extinction rates were
steady over time, though higher than zero, and did not vary with isolation, whereas
colonization rates decreased with time, also not varying with isolation (Fig. 3). We suggest
that extinction rates were steady and non-variable among treatments because it is a local
process. Local extinction can be driven by mechanisms such as resource depletion,
inbreeding and stochastic effects (DeSouza et al. 2001). Smaller populations are more
prone to these last two effects, but in the time scale of this study inbreeding effects were
unlikely to have occurred. Stochastic effects, however, may have contributed to extinction
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Fig. 3 Relationships between colonization and extinction rates with time after fragmentation. Extinction
rates did not vary with time (F, 55 = 0.07, P = 0.78) or isolation (F, s = 0.93, P = 0.40). Colonization
rates decreased through time (F;s¢ = 3.87, P = 0.054), but did not vary with isolation (Fsc = 0.81,
P =045)
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Fig. 4 Relationship of turnover rate with time after fragmentation. Interaction between time and isolation
was significant (F 55 = 13.33, P = 0.0005). The turnover in corridor treatment increased over time after
fragmentation (F ;3 = 29.186, P = 0.0001), while in near and far treatments it remained steady
(F137 = 0.6562, P = 0.4231) and statistically equal among them (F, 55 = 1.59, P = 0.21)
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rates, but due to their random nature they are not expected to vary with time after frag-
mentation or with remnant isolation. Consequently, stochastic effects could have diluted
eventual treatment effects. Resources in the litter, notably nest sites, may limit local
patchiness (Kaspari 1996b) and therefore be a driver of extinction (or emigration) of ants in
our experiment. As mentioned above, litter ants naturally change nest location every
35-146 days (Byrne 1994), probably due to natural disturbance such as litter decompo-
sition and litter-fall (Campos et al. 2007; Soares and Schoereder 2001). These conditions,
which possibly occurred in our experiment, are thought to shape litter ant patchiness at fine
(1 m?) spatial scales (Kaspari 1996a). A fragmentation event merely results in greater
disturbance and resource depletion than a natural disturbance alone.

Another possible explanation for the lack of a relationship between extinction and
isolation may be that colonization rates were also independent of isolation. This may have
caused a lack of differences in the “rescue effect” among isolation treatments, which we
term here the “differential rescue effect”. Thereby, extinction rates would be dependent
only on local processes. As an example, Schoereder et al. (2004b), surveying the same
region, also did not find an effect of isolation on colonization rate. Although they did
not measure extinction as response variable to isolation, it is expected that it also would
not vary, due to a lack of the differential rescue effect. According to this hypothesis,
when there is a differential rescue effect, extinction rates are expected to vary with
isolation.

Unlike extinction, which occurred at the level of each remnant, colonization is a
regional process, influenced by the landscape structure. Colonization rate did not differ
among isolation treatments, which indicates that the main colonizers source was not the
forest, but the surrounding matrix. All mesocosm remnants were within the same sur-
rounding matrix, but at different distances to continuous litter habitat. This scenario would
also explain the reduction in colonization rates, as the matrix colonizers’ pool might have
shrunk with time, thereby reducing colonization capacity. In our experiment we isolated
remnants, and consequently the bare soil surrounding them became an artificial matrix
within which the litter-dwelling ant diversity would have been dramatically reduced.
Nevertheless, the area relationship between matrix and mesocosm remnants was high,
enabling this vast matrix area to harbour some individuals. This habitat is thought to be an
important colonizers resource (Cook et al. 2002), especially for some ant species, which
are able to perennially survive in matrix habitat (Perfecto and Vandermeer 2002).

Although a flux of individuals among mesocosm remnants might have occurred, this
was overcome in our study by the independence of established nests within each remnant.
Furthermore, a non-independence among remnants is inherent in the fragmentation pro-
cess, which generates a matrix that allows a flux of individuals, greater or smaller
depending on its harshness (Gascon et al. 1999).

Turnover

By the end of the experiment, the mesocosm remnants connected with corridors had the
highest turnover rates, indicating that corridors greatly influenced colonization and emi-
gration. Given that species richness decreased with time in this treatment, it is plausible to
assume that our mesocosm remnants were lower-quality compared with the original
habitat, due to habitat fragmentation secondary effects and smaller size (DeSouza et al.
2001). Therefore, the corridor might have been used more frequently as an escape route
from habitat impacted by fragmentation, supporting the idea that high-quality remnants
may attract more immigrants or facilitate settlement (Jaquiéry et al. 2008).
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According to IBT, weakly isolated fragments should have higher turnover rates. Nev-
ertheless, Brown and Kodric-Brown (1977) incorporated the rescue effect into the model
and, accordingly, turnover rates should increase with distance to a source until reaching a
maximum, and then decrease. Our result supports IBT’s assumption, probably because our
system did not experience a significant rescue effect, as colonization was lower than
extinction with time. In addition, the presence of a corridor boosted the turnover on this
treatment. Besides colonizers from surrounding matrix, this treatment also had the forest as
a source of different species, and consequently a higher colonizers pool.

Conclusions

Steady and higher than zero extinction rates, associated with decreasing colonization rates
by the depletion of the colonizer source, may lead a community to an extinction vortex.
Remnants embedded in a harsh matrix, incapable of supplying colonizers, may experience
gradually decreasing species richness by this mechanism, which in long term can generate
“empty forest” remnants. Hence, a secondary decrease in species richness can be caused
by regional effects (colonization) and not by local effects (extinction). Our outcomes
corroborate Byrne’s (1994) conclusion that twig-dwelling ant species richness is main-
tained by external immigrants, which highlights the key role that colonization plays on the
persistence of litter ant populations.

In our study, ecological corridors seem to have been used by species to arrive and leave
remnants, therefore acting as a “two way traffic route”. Typically, literature on ecological
corridors has measured their effects only on the isolated habitat, discussing corridors role
as a biotic immigration route (e.g. Collinge 2000; Gonzalez and Chaneton 2002; Ranta-
lainen et al. 2006; Schmiegelow et al. 1997; Staddon et al. 2010). If species richness in a
connected remnant is lower than in a remnant without connectivity, for example, most
studies conclude that corridors had a negative or at least null effect (e.g. Burkey 1997;
Collinge 2000; Rantalainen et al. 2005). But species that would not survive in remnants
could have just emigrated to a higher quality habitat through the corridor, which we argue
is a positive effect. Thus even when a habitat connected by corridors has higher species
richness than another one not connected, there may be additional unseen benefits. A change
between capable and incapable surviving species appears to be easier with the presence of
a corridor. We believe that this different point of view needs to be considered in future
ecological corridor research, as it might have important implications for conservation.
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