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A B S T R A C T

Species do not function as isolated entities, rather they are organized in complex networks of interactions. These
networks develop the ecological processes that provide ecosystem services for human societies. Understanding
the causes and consequences of changes in ecological networks due to landscape modification would allow us to
understand the consequences of ecological processes. However, there is still few empirical data on the effects of
network characteristics on the loss of natural environments. We investigated how bat–fruit networks respond to
three landscapes representing the gradient of modification from pre-montane forest to a heterogeneous agri-
cultural landscape in the Colombian Andes (continuous forests, forest fragments, and crops). We found that
forest contained smaller bat–fruit networks than forest fragments and crops. Modified landscapes had similar
ecological network structures to forest (nestedness and modularity), but crops contained less specialized net-
works compared to forests and fragments and the species role in these habitats were changed. The networks in
the rural coffee landscape maintain their structure in the different transformation scenarios, indicating that seed
dispersal services are maintained even in the most transformed scenarios. Although the number of species does
not decrease due to transformations, species change their roles in the most transformed habitats. This result
sheds light on the way that bat-fruit networks respond to anthropogenic transformations, showing higher sta-
bility than theoretically predicted.

1. Introduction

Anthropogenic landscape transformations have caused the loss and
fragmentation of many natural habitats with progressive and detri-
mental effects on species abundances and the continuous decrease of
habitat quality and quantity (Fahrig et al., 2011). This is why forest loss
due to anthropogenic landscape transformations is considered the
single most pervasive threat to biodiversity worldwide (Fahrig, 2013).
However, often, land use changes produce a mosaic of habitat patches
with different quality and characteristics, where species may be able to
use resources from patches of alternative and modified habitats in ad-
dition to resources usually found in patches of their natural habitats
(Brotons et al., 2005).

Species do not function as isolated entities, instead, they are orga-
nized in complex networks of interspecific interactions. For example,
the complex network formed by plant–frugivore interactions in tropical
forests, between fruit-eating vertebrates and plants (Palacio et al.,

2016). These networks substantiate the ecological processes that ulti-
mately provide valuable ecosystem services for human societies
(Bascompte and Jordano, 2014). Therefore, if species’ occurrences and
abundances change as a consequence of landscape modification, the
interactions between species and the structure of the interactive net-
works is also expected to change (Woodward et al., 2010). By under-
standing what causes changes in ecological networks and the con-
sequences these changes have on species interactions, it should be
possible to predict how ecological processes and ecosystem services can
respond to further landscape transformations (Valiente-Banuet et al.,
2014).

The network structure may be related to emerging properties such
as nestedness, modularity, and complementary specialization, which
are key factors for the stability of ecological communities, the main-
tenance of ecological processes, and biodiversity conservation
(Tylianakis et al., 2010). Nestedness measures how much (and how
many) of the interactions among specialists species are a subset of the

https://doi.org/10.1016/j.actao.2020.103550
Received 2 August 2019; Received in revised form 27 February 2020; Accepted 1 April 2020

∗ Corresponding author. Grupo de investigación en Biología de la Conservación y Biotecnología, Corporación Universitaria de Santa Rosa de Cabal, Santa Rosa de
Cabal, Colombia.

E-mail addresses: jhcastano@gmail.com (J.H. Castaño), jcarranzaquiceno@gmail.com (J.A. Carranza-Quiceno), jaiperez@javeriana.edu.co (y.J. Pérez-Torres).

Acta Oecologica 105 (2020) 103550

1146-609X/ © 2020 Elsevier Masson SAS. All rights reserved.

T

http://www.sciencedirect.com/science/journal/1146609X
https://www.elsevier.com/locate/actoec
https://doi.org/10.1016/j.actao.2020.103550
https://doi.org/10.1016/j.actao.2020.103550
mailto:jhcastano@gmail.com
mailto:jcarranzaquiceno@gmail.com
mailto:jaiperez@javeriana.edu.co
https://doi.org/10.1016/j.actao.2020.103550
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actao.2020.103550&domain=pdf


interactions among generalist species (Jordano et al., 2003). A nested
structure minimizes competition and increases the number of coexisting
species (Bastolla et al., 2009) and also makes the community more
robust to both random extinctions (Burgos et al., 2007) and habitat loss
(Fortuna and Bascompte, 2006). Modularity characterizes the existence
of densely connected, non-overlapping subsets of species (i.e. modules),
which are composed of species having many interactions among
themselves but with very few interactions between species from other
modules (Castaño et al., 2018). Modularity increases network stability,
retaining the impacts of a perturbation within a single module and
minimizing impacts on other modules (Fortuna et al., 2010). Com-
plementary specialization (H2’) measures the extent by which specialist
species interact with other specialist species (Blüthgen et al., 2006). H2’
apprises us if there is high or low niche differentiation in the network.
The importance of understanding why H2’ is changing has its basis in
the fact that the system is losing species that are always specialists or
because species behaving as specialists in that situation are being lost or
becoming more generalist (Soares et al., 2017).

Not all species contribute equally for the dynamics and stability of
an ecological network (Martín González et al., 2010). Some (central)
species play a more important role in maintaining network stability; the
structure of the network breaks down faster when central species are
selectively removed compared to random removals of other species
(e.g. Memmott et al., 2004). Centrality metrics are a useful tool for
assessing the relative importance of species (Palacio et al., 2016). Dif-
ferent centrality indices measure different aspects related to the posi-
tion of a species within its network. For example, closeness centrality
(CC) measures the proximity of a node to all other nodes in the network
(i.e. nodes with high CC values can rapidly affect other nodes and vice
versa). Alternatively, betweeness centrality (BC) describes the im-
portance of a node as a connector between different parts of the net-
work. Nodes with BC > 0 connect areas of the network that would
otherwise be sparsely or not connected at all (Martín González et al.,
2010). Furthermore, species may be ranked according to each of these
metrics as a way to choose target species for conservation efforts
(Palacio et al., 2016). Such target species may also serve as proxies to
evaluate changes due to habitat loss, fragmentation, and climate change
(Nielsen and Totland, 2014).

Even though it is expected that land use changes should modify
network characteristics, there is still few empirical studies show how
the loss of natural environments affect network nestedness, modularity,
complementary specialization and centrality, the growing evidence
indicate that, given a certain native vegetation cover, landscape het-
erogeneity may favor bigger and more complex networks (Moreira
et al., 2018) and that habitat loss had little influence on the structure of
the networks (Laurindo et al., 2019).

In this study, we investigated how a bat-fruit networks responds to
land use change in the Colombian Andes. We studied bat-fruit networks
in three different habitats: continuous forests, forest fragments, and
crops, across a gradient from pre-montane forest to a heterogeneous
agricultural matrix known as the “Coffee Cultural Landscape of
Colombia”. The “Coffee Cultural Landscape of Colombia” is a particular
combination of coffee-growing cultural customs and sustainable prac-
tices that shows how farmers have adapted to the difficult geographic
conditions of the area (Martínez Moreno, 2011).

By analyzing bat–fruit networks from three habitats representing a
gradient of modification we empirically validate whether the compo-
sition and structures of mutualistic networks are conserved after land
use change in an active agricultural landscape. We ask the following
questions: 1) Are network structural properties of bat–fruit networks
conserved along a gradient of modification? 2) Do species’ roles within
the bat–fruit network change along the transformation gradient? We
hypothesize that the bat–fruit networks in all the studied habitats, de-
spite contrasting modification history, will display nestedness and
modularity, structural properties previously found in other mutualistic
networks (Laurindo et al., 2019).

2. Methods

2.1. Study area

The study area is located on the western slope of the Colombian Central
Cordillera of the Andes in the municipalities of Santa Rosa de Cabal,
Marsella and Dosquebradas (Department of Risaralda ca 4°54′N, 17°39′W).
The study area ranges in elevation from 1616 m to 1990 m. UNESCO re-
cognizes this region (including the departments of Risaralda, Quindío,
Caldas and Valle del Cauca) as a World Heritage site known as the “Coffee
Cultural Landscape of Colombia”. In this region coffee has been produced in
small plots for more than 100 years and is one of the most important crops
in the area (Martínez Moreno, 2011). Other important crops are pastures,
bananas, vegetables, forest plantations and other fruits resulting in a high
heterogeneity agroecosystem (Villamil-Echeverri et al., 2015). The annual
mean temperature oscillates between 16 and 24 °C; the mean relative hu-
midity is 79% and the mean precipitation is 3358.4 mm (Cenicafé, 2011;
Jaramillo et al., 2011).

We selected nine sampling localities representing three habitats (3
localities for each habitat: (1) continuous forests, (2) forest fragments
immersed in a matrix of crops, and (3) crops without forests). Each
sampling locality was in the center of a 1 km buffer of each habitat;
each sampling point was separated by at least 4 km from other sampling
points. We follow a factorial design (Electronic supplementary material
Figure A1).

Data sampling: We captured bats using mist nets located at 1–5 m
above the ground between August 2016 and August 2017. Each locality
was surveyed four consecutive nights every three months. We used 5–7
mist nets (12 × 2.5 m; 30 mmmesh) per survey; we opened mist nets at
18:00 p.m. and closed them at 06:00 a.m. In the event of ongoing heavy
rain, the nets were closed. We avoided surveys during full moon nights
in order to prevent the influence of lunar phobia (Saldaña-Vázquez y
Munguía-Rosas 2013). In total, we accumulated 47,012 net hours of
sampling effort (forests: 12,297; fragments: 19,116; crops: 18,599).
Species were identified using the most updated taxonomic key for the
region (Diaz et al., 2016). Captured bats were held in cloth bags for no
longer than 2 h to allow them to defecate so we could maximize sample
yield. We cleaned the bags thoroughly between captures to prevent
cross-contamination of fecal samples. Bats were released after the col-
lection of data and fecal samples. Voucher specimens were collected to
represent the species diversity of bats at each sampling locality and
were deposited in the “Colección de Vertebrados UNISARC (Electronic
supplementary material Table A3)”. Each sample from every bat was
collected separately and then dried and stored in plastic bags. Seeds
were identified up to species level based on a reference collection of the
study area (Rodríguez-Duque, 2018). Seed samples were deposited in
“Herbario UNISARC (CUS-P747-1064)”.

2.2. Bat-fruit network structure

To analyze bat-fruit network structure we created binary and
weighted matrices with bat species in rows and plant species in col-
umns. Inside binary matrices, cell values of 1 (presence) represented an
interaction between a specific bat species and a specific plant species.
Zeros (absence) indicated no interaction. Weighted matrices were filled
with the number of “consumption events”, defined as the sum of the
presences of plant seeds in the fecal samples of each bat species
(Castaño, 2009). We created matrices for each of the nine study plots
separately and for the three habitat types by pooling the data obtained
from the three study plots within each habitat.

2.2.1. Species and interaction richness
For each of the nine study plot matrices we calculated plant network

species richness (P), bat network species richness (B), network size (S]
B + P) and interaction richness (I= cell values of 1 inside binary
matrices, or number of interaction between bats and plants).
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2.3. Complex network metrics

For each of the three habitat type matrices (calculated by pooling
the three study plots within each habitat) we calculated: (1)
Complementary Specialization (H2’), varying from 0 (all bat species in-
teracting with the plant species) to 1 (each species interacting with a
particular subset of partners). This determined high or low niche dif-
ferentiation in the network and could be used to compare which net-
works have more interactions between generalist or specialist species
(Blüthgen et al., 2006). Then we calculated (2) Weighted Nestedness
(WNODF) ranging from 0 (non-nested) to 100 (fully nested), to measure
how strongly species interactions of seldom connected species were
nested within those of highly connected species (Almeida-Neto and
Ulrich, 2011). To test whether estimates of WNODF differed sig-
nificantly from networks with randomly interacting species, we com-
pared the observed nestedness with the nestedness of 1000 random
networks based upon a Patefield null model (Dormann et al., 2009).
Finally we calculated (3) Quantitative Modularity (QuanBiMo) ranging
from 0 (non-modular) to 100 (fully modular) using the algorithm
QuanBiMo (Dormann and Strauss, 2014). This algorithm uses the
hierarchical random graph approach, which organizes interacting spe-
cies into a graph so that close species are more likely to interact. Then it
swaps branches randomly at different levels and reassesses the mod-
ularity of the network selecting the more modular organization Quan-
BiMo. To test the significance of modularity, we generated 1000
random networks fixing the probability that two species would interact
based on the observed real networks. We used the Patefield null model
to estimate the significance of the observed network metrics. We then
calculated the modularity of the networks and evaluated whether ob-
served modularity fell within the 95% confidence interval calculated
from the randomized matrices. We finally standardized the modularity
by calculating the Z-score Q (ZQ).

2.3.1. Species roles within the networks
In each of the habitat type matrices we assessed the functional role of

bat and plant species using three centrality metrics. The (1) degree centrality
(DC) measured the number of interactions of a given species, reflecting its
degree of generalization versus specialization, The (2) betweenness centrality
(BC) measured the extent by which a species acts as a connector to the
lowest number of direct or indirect interactions among other pairs of spe-
cies, The (3) closeness centrality (CC) was the mean of the lowest number of
direct or indirect interactions from one species to every other species in the
network with higher numbers yielding lower CC scores. Species with high
CC scores act as local hubs and are responsible for cohesiveness within
networks. DC works at the local level, while BC and CC are meso-scale
measures that consider indirect relationships that spread across the network.
(Palacio et al., 2016). We computed the indices using Pajek software
(Batagelj and Mrvar, 2008). In the Complex network metrics and Species
roles analyses we used the three networks pooled over three study plots
rather than the nine separate networks as the number of species and in-
teractions found in all nine networks were small. While 18 species were
found in all three pooled networks, only two species were found in all nine
separate networks, reducing the strength of the analyses. We performed the
analyses using Bipartite 2.02 (Dormann et al., 2008) implemented in the
statistical software package R 3.0.2 (R Core Team, 2016).

2.4. Comparison between landscapes

To compare if there were any effects of habitat modification on the
species and interaction richness in the network we made post hoc
comparisons using a Duncan test. Variables were log transformed to
meet assumptions of the tests. In order to compare if there were any
effects of landscape modification on the complex network metrics (H2’,
WNODF and Q) we compared pairs of networks using monte carlo
procedures (Muylaert and Dodonov, 2016). To test whether a particular
species’ functional role within the networks varied among the three

habitat types we used the Pearson correlation coefficient for each
centrality metric (DC, BC, CC) between pairs of habitats. Our goal was
to assess whether the functional role of a species in one habitat could
explain the same species functional role in another habitat; high cor-
relations would suggest that the species had similar roles in the two
communities compared. In these analyses, we pooled the three net-
works over three study plots rather than the nine separate networks as
the number of species found in all nine networks was smaller.

3. Results

We captured thirteen bats species (Phyllostomidae, subfamilies
Stenodermatinae and Carolliinae) that consumed 37 plant species belonging
to 11 botanical families (Araceae, Campanulaceae, Cyclanthaceae,
Ericaceae, Gesneriaceae, Hypericaceae, Moraceae, Myrtaceae, Piperaceae,
Solanaceae y Urticaceae) (Electronic supplementary material Tables A1,
A4). The plants most consumed by bats were Cecropia telealba (Urticaceae,
22% of all fecal samples), Solanum aphiodendrum (Solanaceae, 17%), Ficus
americana (Moraceae, 9%), Piper aduncum (Piperaceae, 6%), Piper crassi-
nervium (Piperaceae, 6%), and Ficus tonduzi (Moraceae, 5%).

The continuous forest habitat contained the lowest network size,
interaction richness, and richness of plants on average. The bat network
species richness was not different between habitats (Figs. 1 and 2,
Electronic supplementary material Figure A2). The three networks
(each habitat) were all nested, modular and specialized compared with
respective null models (Electronic supplementary material Table A2).
Moreover, there were no differences between landscapes in nestedness
or modularity; however, the crop habitat contained less specialized
networks compared to continuous forests and fragments (Fig. 3).

3.1. Species’ roles within the network across habitats

The most central bat in continuous forest and fragments was Carollia
brevicauda, whereas in crops it was Artibeus lituratus. Similarly the most
central plant species in forest and fragments was C. telealba, whereas in
crops it was S. aphiodendrum (Electronic supplementary material Table A3).

There was no pairwise correlation in DC, BC and CC for particular
plant species between crops and the other two habitats (forest fragment
and continuous forest). For bats, however, the DC (number of inter-
acting partners) showed low correlation (R2= 0.39, P < 0.05) between
crop and forest fragments. There was no pairwise correlation in BC and
CC between crops and the other two habitats. A negative correlation
would have indicated a systematic change, but the lack of correlation
suggests a more random pattern. The pair-wise correlations between
forest fragments and continuous forest were significant (R2 =
48%–94%, P < 0.05) in all centrality metrics for both plant and bat
species (Table 1).

4. Discussion

By analyzing the bat–fruit networks along a gradient of increasing ha-
bitat modification in the “Coffee Cultural Landscape of Colombia” we ob-
served the following. The non-modified habitat (continuous forest) con-
tained smaller bat–fruit networks than the modified forest fragments and
crops. The modified landscapes had similar ecological network structures
compared to continuous forest, with no significant differences observed for
nestedness and modularity metrics. Despite similar network properties
among the three levels of habitat modification, the more modified habitats
induced a homogenization of the bat–fruit networks; crops contained less
specialized networks and the species’ roles in crops changed in relation to
the roles in continuous forests and fragments.

4.1. Species and richness of interaction

The non-modified habitat (continuous forest) contained, on average,
smaller network size, lower interaction richness, and lower plant richness

J.H. Castaño, et al. Acta Oecologica 105 (2020) 103550

3



than did forest fragments and crops. Although no significant differences in
bat richness were detected among habitats, continuous forest had a slightly
lower bat richness than the modified habitats. This result is partially con-
sistent with a study of the effect of landscape transformations on bat-fruit
networks evaluated in the atlantic forest in Brazil (Laurindo et al., 2019)
where continuous forests had similar number of bat species than fragmented
forests but forests had higher fruit than fragmented forests.

Moreover, our result is consistent with previous studies on plant-
pollinator networks where forests contained smaller plant–pollinator
networks than the more disturbed habitats (Hagen and Kraemer, 2010;
Nielsen and Totland, 2014). These results confirm that coffee agri-
cultural landscape is not hostile for bat and plant species (Meyer et al.,
2016; Saldaña-Vázquez et al., 2010); in fact, it can harbor com-
plementary resources (sensu Brotons et al., 2005) favoring interactions
that are typical of both modified and unmodified habitats and conserve
in some instance, the capacity of tropical bats to provide key ecosystem
services as seed dispersal.

4.2. Complex network metrics

Modified habitats (e.g. forest fragments and crops) had similar bat-
fruit network structures to continuous forest with no significant dif-
ferences observed for nestedness and modularity metrics. Few empirical
studies have shown that structural properties of ecological networks
withstand habitat degradation (Laurindo et al., 2019; Nielsen and
Totland, 2014; Tylianakis et al., 2007). However, theoretical models
have suggested that networks can remain robust as long as habitat loss
does not exceed 80%. Below this threshold, networks showed massive
and rapid species extinctions (Fortuna and Bascompte, 2006). The fact
that the bat-plant networks maintain their structure in this agricultural
landscape and the fact that species and interactive richness were high
even in habitats with a high degree of modification suggests that forest
loss in this type of agricultural system does not necessarily lead to a
cascade of secondary extinctions that would lead to an ecosystem col-
lapse. Rather, new interactions are reconfigured where bats feed on
plants that grow in the crops (e.g. Psidium guajava or Solanum aphyo-
dendrum). This result sheds light on the way that Bat-fruit networks can
respond to particular anthropogenic transformations, showing higher
stability than theoretically predicted. This is consistent with previous

studies that have shown that the heterogeneity of the “Coffee Cultural
Landscape of Colombia” is able to maintain high levels of biodiversity
that provide valuable ecosystem services (Carranza-Quiceno et al.,
2018). Thus, appropriately managed agroecosystems can retain ecolo-
gical networks that are structurally and functionally similar to un-
modified habitats (Tylianakis et al., 2007). Nonetheless, we must take
these results with caution because, despite similar network properties
among the three levels of habitat modification, the more modified a
habitat is, the more homogeneous its bat–fruit networks become. For
example, the crop habitat contained less specialized networks and the
species role in this habitat changed, compared to those in continuous
forests and fragments.

4.3. Species role within the network in three landscapes

The role of bat and plant species in continuous forest was correlated
with their role in forest fragments. In contrast, the species roles in crops
did not correlate with the other habitats. This means that both plants
and bats fulfill similar roles in the less transformed habitats that retain
some forest cover, but they change their roles in crops that represent
the highest transformation of the study area landscape, in this case,
open areas with isolated trees and shrub vegetation predominate.

With regards to bats, C. brevicauda has been considered the most im-
portant montane frugivore bat both in Central and South América in terms
of richness of plants consumed (Castaño et al., 2018). In this study C. bre-
vicaudawas the central-most bat in forests and fragments, however, in crops
it was replaced by Artibeus lituratus. This switch in centrality suggests that
functional traits could be influencing the species' role in plant-frugivore
networks. For example, A. lituratus is a larger and heavier bat and faces
lower predation risk compared to smaller frugivores (Cohen et al., 1993),
and these traits seem more suitable for occupying modified landscapes
(Saldaña-Vázquez and Schondube, 2015). The smaller but more maneu-
verable C. brevicauda would favor flight in spatially complex environments
such as the interior of forests and fragments of forest (Marinaello and
Bernard, 2014).

Regarding plants, C. telealba is a tall tree and was considered the
most consumed plant by bats in a subandean landscapes (Aguilar-
Garavito et al., 2014). In our study, we also found that C. telealba was
the most central plant in forest and fragments, however, in crops it was

Fig. 1. Quantitative bat–fruit networks
along a gradient of increasing habitat
modification (FOR: continuous forests, FRA:
forest fragments and CRO: crops). For each
web, left green circles represent fruit plant
and right red circles represent bats. Linkage
width indicates frequency of each trophic
interaction. (For interpretation of the re-
ferences to colour in this figure legend, the
reader is referred to the Web version of this
article.)
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replaced by a bush S. aphyodendrum, the latter, having a smaller size
and faster maduration. Which would be more likely to inhabit highly
changing enviroments rather than crops (Falster et al., 2018).

Besides our suggestion that functional traits could be influencing the
species role in plant-frugivore networks, several studies have found that
different ecological and physical attributes such as animal body mass
(Chamberlain and Holland, 2009; Sebastián-gonzález et al., 2017),
dietary specialization (Mello et al., 2015), seed width, and length of
plant fruiting period (Vidal et al., 2014) explain the structural im-
portance of the species in mutualistic networks. However, this is the

first study with evidence of changes in the species role within interac-
tion networks in response to habitat transformation (Nielsen and
Totland, 2014). Future studies should evaluate which variables affect
changes in the role played by species in interaction networks.

5. Conclusion

As far as we are aware, this is the first study that evaluates the
response of bat-fruit networks to a gradient of habitat transformation.
Our results suggest that the networks in the “Coffee Cultural Landscape

Fig. 2. The effects of habitat modification on four qualitative network metrics, plant richness (Pla), bat richness (Bat), network size (Net size) and interaction richness
(Int). Whiskers represents standard error, letters above individual means indicate significant differences (P ≥ 0.05) among habitat types (FOR: continuous forests,
FRA: forest fragments and CRO: crops) for that particular metric.
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of Colombia” maintain their structure across habitats in a landscape
with different land uses, which indicates that the seed dispersal service
is maintained even in the most transformed habitat. High network
richness could be related to the high heterogeneity present in this
agroecosystem. Future studies should evaluate how landscape hetero-
geneity affects interaction networks, also assess how fruit availability
can affect interactions. Our results have important implications for the
conservation of biodiversity and the maintenance of ecosystem services
- particularly seed dispersal - because we identified the most central and
important plant and animal species in the network. Even though the
number of species does not decrease due to habitat transformation,
species change their role in the most transformed habitat.
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