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Abstract. Under a metacommunity framework, the spatial configuration of habitat frag-
ments could determine local community structure. Yet, quantifying fragment connectivity is
challenging, as it depends on multiple variables at several geographical scales. We assessed the
extent to which fragment connectivity and area explain patterns in interaction structure among
four herbivore guilds and their host plants in a metacommunity. We propose an integrative
connectivity metric including geographic distance, neighboring fragment area and similarity in
resource composition as an extension of Hanski’s classic metric. We then used nonlinear mod-
els to assess whether fragment connectivity and area predicted link richness and similarity in
link composition. We found that link richness was always negatively related to connectivity but
at different geographic scales depending on the herbivore guild. In contrast, while link compo-
sition was also related to connectivity, the direction and strength of this relationship varied
among herbivore guilds and type of link composition (qualitative or quantitative). Further-
more, focal fragment area was not an important determinant of interaction diversity in local
communities. Our findings emphasize resource similarity as a novel dimension of fragment
connectivity relevant in explaining interaction diversity patterns in natural trophic networks.

Key words: habitat fragmentation; habitat networks; herbivore guilds; interaction diversity; landscape
connectivity; trophic interactions.

INTRODUCTION

Habitat destruction, mainly due to land-use changes,
is negatively affecting global biodiversity and ultimately
leading to species extinction (Titeux 2018). Such envi-
ronmental changes can also influence the distribution
and abundance of species interactions through habitat
loss and changes in habitat configuration of the remain-
ing habitat fragments (Gonzalez et al. 2011). Currently,
most natural habitats throughout the world are being
increasingly fragmented, with short- and long-term con-
sequences on community structure and ecosystem

functioning (Haddad 2015), for example, through imme-
diate and delayed species extinctions that may affect
interaction diversity and topology of ecological net-
works. Interaction diversity of an ecological network can
be defined by simple metrics such as interaction richness
(i.e., the number of distinct pairwise interactions among
species), in an analogous way to species richness, or by
more complex metrics involving interaction frequencies.
Although interest on ecological networks is not new, we
know much less about how ecological network proper-
ties, such as interaction diversity, are being affected by
habitat fragmentation (Sabatino 2010) than the conse-
quences for populations and communities belonging to
particular trophic levels.
As a consequence of habitat fragmentation, natural

habitats are being transformed into a set of fragments of
different sizes, shapes and biological features, separated
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from each other by variable geographical distances and
different matrix types (Fahrig 2003). Previous studies on
trophic networks have shown that decreased habitat size
leads to decreased species richness and that phenotypic
traits influence the rates at which species are lost from
fragmented landscapes (Holt et al. 1999, Cagnolo 2009).
Likewise, link richness in mutualistic networks decreases
faster than species richness with decreasing habitat size
(Sabatino 2010), and rare, specialized interactions are
more likely to go extinct (Aizen et al. 2012). In contrast,
habitat connectivity, defined by Taylor et al. (1993) as
the functional relationship among habitat patches due to
their spatial distribution and the movement of organisms
in response to landscape structure, seems to be a more
complex predictor because it may depend on neighbor-
ing distances and areas within a spatial scale (Moilanen
and Neiminen 2002), which is related to species life-his-
tory traits, such as dispersal ability (Jones et al. 2015),
niche breadth, and reproductive rate (€Ockinger 2010).
Although some theoretical (Economo and Keitt 2010),
experimental (Chisholm et al. 2011), and observational
studies (Kaartinen and Roslin 2011, Borthagaray et al.
2015) have shown that habitat spatial configuration has
significant effects on local community structure, the
extent to which habitat size and connectivity simultane-
ously influence species interaction patterns is still
unclear.
Habitat networks are powerful tools to represent spa-

tially explicit landscapes and to quantify spatial pro-
cesses (Dale and Fortin 2010). In a habitat network,
migration and dispersal pathways are represented as
links between habitat fragments that may have different
weights (e.g., dispersal rates) and features (e.g., dispersal
direction), and habitat fragments are represented as
nodes that may also have different weights (e.g., frag-
ment size) and features (e.g., resource composition).
Although island biogeography theory (MacArthur and
Wilson 1967) assumes dispersal from a mainland or con-
tinuous habitat to islands or habitat patches as a regio-
nal mechanism to predict local diversity, it does not
consider among-patch dispersal explicitly (Prugh et al.
2008). In contrast, the metacommunity approach (Lei-
bold and Chase 2018, Leibold 2004) posits that local
communities are linked by dispersal of multiple poten-
tially interacting species, highlighting the relevance of
individual flow among neighboring patches on local
community structure (Economo and Keitt 2010). There-
fore, dispersal represents a spatial process that prevents
local extinction and allows recolonization of locally
extinct species from neighboring patches, and not only
from a continuous habitat (Thompson et al. 2017). Fur-
thermore, the network conceptualization allows model-
ing these more realistic landscapes to evaluate
simultaneously the effects of links and nodes on local
communities (Chisholm et al. 2011, Urban and Keitt
2001).
The geographic position of a fragment in a landscape

defines which fragments are its neighbors. Several

connectivity metrics have been proposed, defining it as
either independent from organisms (structural metrics;
e.g., distance to nearest patch using Euclidean distances)
or dependent on them (functional metrics; e.g., least-cost
paths using distances weighted by matrix composition).
How structural and functional components are related is
key to improve our understanding of habitat connectiv-
ity for whole communities and their potential conse-
quences (€Ockinger et al. 2018). Geographical distance is
the most obvious component of structural connectivity
in a habitat network, while non-geographical distance,
such as compositional distance in terms of shared
resources among fragments, will determine functional
connectivity. Species establishment in a community is
related to local resources, so that patches with similar
resources usually contain similar consumer assemblages
(Tilman 1982). Until now, local resources have been con-
sidered a surrogate or modulator of fragment area (e.g.,
resource richness or diversity and effective area; Schoo-
ley and Branch 2011) but, to our knowledge, not as a
component of local connectivity. Here we propose to
expand the concept and measurement of habitat connec-
tivity by adding resources shared among habitats (i.e.,
similarity in resource composition) as a component of
habitat connectivity, thus modulating the effects of geo-
graphical distance and fragment area on connectivity.
Our aim is to assess the extent to which fragment area

and connectivity, including geographical distance, area
of neighboring fragments and among-fragment similar-
ity in plant composition, explain the diversity of interac-
tions between plants and four herbivore guilds in a
fragmented landscape. We define connectivity as a func-
tion of geographical distance to neighboring fragments
weighted by their area and the similarity in resource
composition between fragments, thus extending previous
connectivity metrics (Hanski and Thomas 1994, Steffan-
Dewenter 2003). We assume that there are discrete
trophic guilds within which species have similar ecologi-
cal requirements and, consequently, relate to the land-
scape in a similar way (e.g., in their use of dispersal
pathways). Thus, we expect that for each trophic guild
we can define a characteristic habitat network based on
a specific connectivity model (Borthagaray et al. 2015).

MATERIALS AND METHODS

Study area

To assess the extent to which fragment connectivity
and area explain interaction diversity in local communi-
ties, we targeted an area of ~50,000 ha of a fragmented
dryland habitat in Valle de Uco, Mendoza Province, cen-
tral-western Argentina. This area is characterized by an
intense, recent habitat modification, which has resulted
in strong fragmentation, degradation, and loss of the
native Monte Desert ecosystem since ~20 yr ago. Rem-
nant fragments are mostly surrounded by vineyards and
to a lesser extent by other types of agriculture (e.g.,
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walnut orchards; Appendix S1: Fig. S1), usually with
grass and herbs under crops. This type of matrix may be
considered highly homogeneous and not totally inhos-
pitable, as it may provide additional resource or refuge
to insects. The natural vegetation is predominantly xero-
phytic, including several shrubs (e.g., Larrea divaricata,
Prosopis alpataco, Accantholippia seriphioides, and
Lycium chilense), cacti (e.g., Opuntia sulphurea), and
some perennial (e.g., Sphaeralcea miniata) and annual
herbs (e.g., Plantago patagonica). In this setting, we
defined a natural fragment as any patch of remnant
native vegetation with more than 70% of its perimeter
surrounded by strongly modified habitat (e.g., agricul-
tural land, roads, human settlements) and without indi-
cation of strong human disturbance (e.g., vegetation
clearing). We identified 19 natural fragments within the
target region, 14 of which were sampled with permission
from land owners; the other five sites were left unsam-
pled because of logistical constraints, but were included
in our estimates of fragment connectivity in spatial anal-
ysis for the sake of completeness (Appendix S1: Fig. S2).
We used QGIS software to measure fragment area and
geographical distance among all fragments (the shortest
edge-to-edge distance between fragments).

Sampling

To describe plant composition in habitat fragments, in
austral spring (October) 2015 and summer (December)
2016, we sampled vegetation at the centroid of each frag-
ment using the point-intercept method along four 50-m
transects defining a square whose center was the frag-
ment’s centroid, with sampling points every 2 m (Bul-
lock 1996). With these data, we estimated species’
abundance as the number of points in a fragment in
which the species was present. To describe interaction
diversity, at the centroid of each fragment we also sam-
pled plant–herbivore interactions along two 50 9 2 m
transect bands during the spring and summer of two
consecutive years (2015–2016 and 2016–2017). We
applied the same sampling effort in all fragments regard-
less of their area to maintain sampled area constant
among fragments. To describe plant–herbivore interac-
tions in the study fragments, in each transect band, we
identified and estimated the abundance of all galls on
leaves and stems, mined leaves, aphid colonies (family
Aphididae), and scale insects (superfamily Coccoidea)
on shrubs and herbs. We identified galls and mines in
the field based on host plant identity and on their posi-
tion, shape, color, and size. To confirm whether galls
and mines collected in the field were correctly identified,
we kept them in the laboratory for 1 yr after collection
to allow for the emergence of adult gallers and miners.
Based on adult morphology, we identified all emerged
insects associated with mines and galls to the lowest pos-
sible taxonomic level (Appendix S1: Table S1). Scale
insects and aphids were identified to the morphospecies
level based on external morphology.

Interaction diversity metrics

We described interaction diversity of each plant-herbi-
vore network using three different metrics: (1) interac-
tion richness, calculated as the number of links per
fragment (one value per guild and fragment); (2) quanti-
tative (frequency-based) similarity in interaction compo-
sition, calculated as the sum of the Bray-Curtis
similarity index (i.e., one minus Bray-Curtis dissimilar-
ity) from four quantitative matrices (one for each guild)
with plant–herbivore interactions in columns, fragments
in rows, and abundance of each individual interaction in
cells (number of galls, mines, scale insects, and aphid
colonies); and (3) qualitative (presence–absence) similar-
ity in interaction composition, calculated as the sum of
the Jaccard similarity index (i.e., one minus Jaccard dis-
similarity) from the same four matrices described above
but as qualitative matrices, i.e., with plant–herbivore
interactions in columns, fragments in rows, and 1–0 as
presence–absence of each individual interaction in cells.
As these three metrics describe different components of
biodiversity (Borcard et al. 2011), they gave us comple-
mentary information about how many different interac-
tions there are, how abundant they are and who they are
to assess the distribution and abundance of trophic
interactions on fragments. Similarity indices were calcu-
lated with the vegan package of R statistical software
(Oksanen 2019).

Fragment connectivity metrics

We described fragment connectivity based on the
classic metric proposed by Hanski and Thomas
(1994) and later modified by Steffan-Dewenter (2003):
ci ¼

P
e�adijAj , where dij is the geographic distance

between fragments i and j, a is a parameter describing
the decay of connectivity with distance, and Aj is the
area of fragment j. To represent the greater flux of herbi-
vores between communities with similar resources, we
modified this index by adding similarity in plant
resource composition (Sij) as a factor affecting species
dispersal probability among neighboring communities.
Sij was measured as Bray-Curtis’ similarity index calcu-
lated from plant species composition in each fragment.
Thus, this component modulates the contribution of
geographic distance and area to connectivity, so that
fragments are more or less connected according to their
resources. Fig. 1 illustrates a spatially explicit landscape
composed by three patches of different sizes and
resource composition, using one hypothetical resource
in patches 1, 2, and 3 with abundance 10, 1, and 7,
respectively. In Fig. 1a, patch 2 has the highest connec-
tivity owing to its geographical position in spite of being
the most dissimilar, and patch 3 has the lowest connec-
tivity in spite of being the most globally similar. A con-
trasting situation is shown in Fig. 1f where patches 1
and 3 are more similar to each other than to patch 2,
while patch 3 is slightly more similar to patch 2, resulting
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in greater connectivity in patch 3, even though it is the
most distant patch. In addition, when geographical and
non-geographical distances are weighted by neighboring
area, larger neighbors weigh more (as illustrated by
arrow direction and width). Thus, in Fig. 1b and e, patch
1 is the most connected, as it has at the same time the
largest and nearest neighbor (patch 2) and the most sim-
ilar neighbor (patch 3), which is also relatively large. In
this study, we assessed six connectivity metrics with dif-
ferent combinations of the above three components to
assess their relative contributions (Fig. 1). Overall, these
metrics cover the entire gradient from strictly structural
to strictly functional:

CD : ci ¼
X

e�adij

CDA : ci ¼
X

e�adijAj

CDAS : ci ¼
X

e�adijAjSij

CDS : ci ¼
X

e�adij Sij

CSA : ci ¼
X

SijAj

CS : ci ¼
X

Sij :

Statistical analyses

To assess whether fragment area and/or connectivity
components explained interaction diversity responses in
the 14 studied habitat fragments, we used a maximum
likelihood approach to select among competing models.
We built all possible competing models using these two
predictors (area and connectivity metric CD, CDA, CDAS,

CDS, CSD, and CS), which resulted in 19 models, includ-
ing (1) a series of full models, composed by area, one
connectivity measure, and their interaction; (2) a series
of additive models composed by area and one connectiv-
ity measure; and (3) a series of individual models com-
posed by either area or one connectivity measure. This
set of models was built for each trophic guild. To find
the most relevant geographic scale describing fragment
connectivity (metrics CD, CDA, CDAS, and CDS), we also

FIG. 1. An illustration of connectivity metrics. Each panel shows three habitat fragments (circles) linked by one of the six types
of connectivity metrics (Ci, a–f, CD, CDA, CDAS, CDS, CSA, CS; see Materials and Methods: Fragment connectivity metrics); circle
color represents patch connectivity (Ci) from low (red) to high (blue), while circle area represents patch area. Patch inputs represent
Ci (focal patch connectivity) and outputs represent Cj (neighboring patch connectivity); arrow line widths are proportional to the
magnitudes of Cij and Cji. In the equations, Dij is the geographical distance between patches i and j, a is a parameter controlling the
slope of the exponential decay of connectivity with distance, Aj is the area of neighboring fragments, and Sij is the similarity in
resource composition between fragments i and j; seeMaterials and Methods for further details. Thus, for instance, in panel c, arrows
between circles 1 and 3 are thinner than between 1 and 2 and 2 and 3 because geographic distances contribute less to connectivity;
circle 1 contributes less to connectivity of circles 2 and 3 (thinner arrows from 1 to 2 and 1 to 3 than in the opposite sense) because
circle 1 is the smallest; and circle 2 contributes less to connectivity of 1 and 3 because it is the most dissimilar, as shown in panel f.
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estimated the a value that best fit the data. We allowed a
to vary from positive to negative values, so that connec-
tivity could decrease or increase, respectively, with
increasing distance. We then ranked models using
Akaike’s Information Criterion (AIC) and calculated
Akaike weights (AIC weights) and evidence ratio for
each model (Appendix S1: Table S2). The best-fitting
model was that with the lowest AIC (defined as having
DAIC = 0), selecting all models with DAIC ≤2. Analyses
were carried out with the bbmle package in R (Bolker
2007).

RESULTS

Interaction diversity

We identified a total of 40 host species of shrubs and
herbs, which we found to interact with 40 morphospecies
of stem and leaf galls on 23 plant species, 25 miner mor-
phospecies on 22 plant species, aphid morphospecies on
21 plant species, and scale insect morphospecies on 30
plant species (Appendix S1: Table S3). Furthermore, we
identified some emerged adults from galls as the most
likely gall inductors belonging to families Cecidomyi-
idae, Tanaostigmatidae, Cynipidae, and Psyliidae, while
others were classified as gall inquilines rather than gal-
lers sensu stricto. In 32% of galls, we found no herbivore
emerged adults. although in most of them, we detected
parasitoids or an exit hole that confirms the emergence
of insects. Emerged adults from mines were identified as
leaf miners belonging to families Agromyzidae, Gelechi-
idae, Bucculatricidae, Nepticulidae, and Gracillariidae,
or as parasitoids, which represent 76% of all collected
mines. Aphids (family Aphididae) and scale insects (su-
perfamily Coccoidea) were not identified to any lower
taxonomic level (Appendix S1: Table S1).

Fragment connectivity and fragment area as drivers of
interaction diversity in trophic networks

Link richness was negatively related to connectivity
for the four herbivore guilds, so that link richness tended
to be greater for the least connected fragments (Fig. 2a–
d; Appendix S1: Table S4). However, the connectivity
metric included in the best-fitting model varied among
guilds: while connectivity included only geographical
distances for aphids, it included geographical distances
weighted by similarity in resources for scale insects and
only similarity in resources for gallers and miners. Fur-
thermore, for those guilds for which the best-fitting
model included geographic distance as part of the con-
nectivity metric, the decay of connectivity with geo-
graphic distance also varied markedly among guilds
(Fig. 2b, d).
In contrast, interaction composition was negatively or

positively related to connectivity when similarity in com-
position was based on qualitative information (Jaccard’s
index) and quantitative information (Bray-Curtis index),

depending on the guild (Fig. 2e–l; Appendix S1:
Table S4). Likewise, the connectivity metric included in
the best-fitting model varied among guilds and qualitative
or quantitative indices. Connectivity included geographi-
cal distances weighted by resource similarity for aphids
(qualitative and quantitative composition) and leaf min-
ers (only quantitative composition), resource similarity
weighted by neighboring area for scale insects and gall
makers (qualitative information in both), and only
resource similarity for scale insects and gall makers
(quantitative composition in both) and leaf miners (quali-
tative composition). Furthermore, for those guilds for
which the best-fitting model included geographic distance
as part of the connectivity metric, as found for interaction
richness, the decay of connectivity with geographic dis-
tance also varied markedly among guilds (Fig. 2g, h, l).

DISCUSSION

Focusing on the interactions between plants and four
herbivore guilds, we found that interaction diversity was
related to fragment connectivity, suggesting an impor-
tant role for both spatial distance per se and functional
distances based on shared resources. This result was evi-
dent in terms of different connectivity models related to
link richness and composition. Surprisingly enough,
fragment area had no detectable imprint on interaction
richness and composition.

An imprint of shared resources

A landscape can be described in many alternative
ways. Here, we proposed to model the landscape as a
habitat network where the connectivity is a function of
geographic distance to neighboring fragments weighted
by their area, as well as the similarity in resource compo-
sition between habitat fragments. We found that similar-
ity in plant composition contributes more than the other
components of connectivity to explain local interaction
diversity between plants and herbivores, which suggests
that traits of herbivore species determine their coloniza-
tion and persistence in local communities regardless of
the type of feeding habits, i.e., endophagous for leaf min-
ers and gall makers or ectophagous for aphids and scale
insects. According to basic mechanisms proposed for
metacommunity dynamics, this finding suggests that
species sorting may be at play, whereby species distribu-
tions and abundances can be related to the environmen-
tal or biotic conditions in a particular habitat (Leibold
and Chase 2018). Thus, regional distribution of
resources (regional heterogeneity), and not only local
resources, seem to be important to explain local species
interactions.

Negative effect of connectivity on link richness

Surprisingly, we found that link richness in the four
plant–herbivore networks was negatively related to
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fragment connectivity when it included a strictly struc-
tural component (geographical distance), a functional
component (similarity in resource composition), or
both. Taken at face value, this result may seem counter-
intuitive, since we would expect that dispersal prevents
local extinction and allows recolonization of locally
extinct species from neighboring patches (Leibold 2004).
Sampling stochasticity could have played a role in

determining link richness found in the fragments, mainly
because detection of interactions involving rare species
is less likely than interactions between common species,
for example because they depend on where the sampling
points and transects were placed. Yet, the pattern could
also be attributed to landscape effects on another
trophic level. Why a plant–herbivore interaction occurs
in a local community depends not only on host plant

FIG. 2. Best-fitting models linking connectivity and fragment area to three plant–herbivore network properties: interaction rich-
ness, quantitative (frequency-based) similarity in interaction composition, and qualitative (presence–absence) similarity in interac-
tion composition for four herbivore guilds (rows) on 14 habitat fragments in the study area in Valle de Uco (Mendoza, Argentina).
The fragment connectivity metric (C) in each panel is expressed in terms of their components: D, geographical distances (in blue),
A, neighboring area (in green), S, similarity in plant composition (in red); see Fig. 1 andMaterials and Methods for details. Connec-
tivity units are not standardized.
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availability but also on the presence of natural enemies,
namely the arrival of natural enemies with higher disper-
sal rates and wider home-range than herbivores (Grain-
ger et al. 2017) and of competitively superior herbivore
species (Meester et al. 2016); this may be truer for ecto-
phagous insects such as scale insects and aphids, which
are naturally more exposed to predators and parasitoids
and have a tendency to be sedentary and build up large
populations in a short time. In our study system, there
are several superhost shrub species that harbor high her-
bivore richness of multiple guilds. Therefore, these
superhosts may be a target for both dominant herbivore
species and natural enemies, resulting in decreased inter-
action richness. In addition, when the effect of similarity
in resource composition was stronger than the unique
spatial effect or of both components combined, we infer
that interaction richness is limited by common plants at
intermediate abundances, and thus a significant number
of interactions could occur between rare plants and rare
herbivores actually present in more dissimilar fragments.
Furthermore, an abundant superhost plant in a dissimi-
lar fragment could be a target of higher richness of her-
bivore or natural enemies than in similar fragments
where their abundance is lower. In addition, if specialist
parasitoids are extirpated first from a landscape, releas-
ing their target herbivores, leading to increased plant–
herbivore link richness. This mechanism may be stronger
in isolated fragments with highly dissimilar plant com-
position, where rare plants are more represented; this
may be especially important for endophagous insects
such as leaf miners and gall makers, which are highly
specialized guilds and can benefit from an abundant
superhost or specific rare hosts.

Positive and negative effects of connectivity on similarity
in link frequency and composition

The observed negative effect of similarity in resource
composition on similarity in link composition may be
related to priority effects of some herbivore competitors
(i.e., differences in the timing of species arrival in the
community; Leibold and Chase 2018), which could con-
tribute to define final community composition. Alterna-
tively, if different species of rare herbivores interact with
rare plants in different fragments, as we argued above
for link richness, similarity in link composition should
be negatively related to similarity in plant resources.
Furthermore, when neighboring fragment area is also
relevant, a mass effect could also be at play, which
means that excess of individuals in the regional pool
may disperse to less suitable habitat and survive even if
their local growth rate is negative (Amarasekare and
Nisbet 2001).

No effect of area per se?

Our results indicate that fragment area itself may not
be a relevant determinant of local interaction diversity

of plant–herbivore networks. A plausible explanation of
this result is that current plant resource configuration in
our study area is the result of recent habitat fragmenta-
tion (around 20 yr), which could imply that small, geo-
graphically isolated patches do not necessarily have
lower plant species abundances and richness, because
they are actually exhibiting their pre-fragmentation
structure: an extinction debt (Helm et al. 2006). We
found evidence for an extinction debt in our study sys-
tem (Appendix S1: Fig. S3). Therefore, although we
should expect that habitat loss and fragmentation lead
to changes in plant community structure in the long run
for the whole landscape, time since fragmentation in our
system may simply be too short. Thus, local resources
and plant–herbivore interactions are unlikely to have
resulted from decreased area in fragments, but a detect-
able influence of fragmentation in the oldest fragments
appears to be already on progress.

CONCLUSIONS

The long-term consequences of habitat fragmentation
and habitat loss on ecological networks are poorly under-
stood. Understanding how species and their interactions
change across time and space is essential to mitigate the
negative effects of habitat transformation and guarantee
ecosystem functioning. Overall, two main factors may be
driving plant–herbivore interaction diversity regardless
of herbivore guild in this recently fragmented landscape:
a so far unpaid extinction debt, especially involving
shrubs, which are perennial and were the most repre-
sented life forms, and predation/parasitism pressure,
which is likely strong and exerted mainly by generalists.
Future studies should start from the premise that frag-
mentation consequences are not the same for all species
(or species guilds); the challenge is to understand how
these differences in spatial and presumably temporal
scales among organisms are affecting local communities.
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