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Increasing anthropization is detrimental to the natural environment and the quality of life,
affecting populations, communities, and the relationships between organisms. One of the
most unique relationships in the animal world is parasitism, which often involves tightly
specialized interactions between pairs of species. Bat flies, for example, are obligate
ectoparasites represented by two highly adapted dipteran families that usually parasite a
single bat species or genus. Recent studies have shown that bat flies could carry
pathogens such as bacteria and viruses, transmitting them among bat individuals in a
colony. Because host roost characteristics can influence bat-fly parasitism, we aimed to
assess whether the ecological networks between parasites and their host bats are
influenced by the degree of habitat anthropization. Our hypothesis was that bat-fly
interaction networks would be less specialized and more nested in highly anthropized
sites. We collected bat fly individuals from bats captured at 21 sampling sites located in the
Federal District of Brazil and quantified the amount of natural and anthropized area within a
3-km buffer from the sampling site. Areas consisting of agriculture, construction, mining,
roads, or any man-made structure were considered anthropized. Sites presented different
degrees of anthropization, with areas ranging from 100% anthropized to areas retaining full
natural cover. We built bat-bat fly networks for each of the sites and excluded those with
sampling completeness values smaller than 0.7. We calculated key weighted structural
metrics for each network, such as nestedness, specialization, andmodularity. The effect of
the reduction in natural cover on structural metrics was assessed through GLMMs,
controlling for network size and ectoparasite diversity. Nestedness increased with the
amount of anthropization, while specialization and modularity did not change and were
overall high in all networks. This result suggests that anthropization may influence the
assembly of bat-bat fly networks, leading to the emergence of a hierarchical assembly of
interactions as parasites become less specialized and interact with a wider variety of hosts.
Less specialized relationships could influence parasite fitness or even increase the
likelihood of transmitting pathogens between populations of different bat species.
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INTRODUCTION

Increasing anthropization is one of the most ecologically
threatening human activities worldwide as it occurs to the
detriment of the natural environment and the quality of life of
many species (Fahrig 2003; Haddad et al., 2015). Anthropization
brings consequences such as habitat loss, increased pollution, and
habitat degradation (Haddad et al., 2015; Russo and Ancillotto
2015), leading to different effects on biodiversity, such as abrupt
changes in community composition (Caughley 1994; Willig et al.,
2007; Mbora and McPeek 2009; Russo and Ancillotto 2015). Bats,
for example, usually display shifts in species abundances, with
increases in the abundance of species resistant to anthropized
habitats while those with more ecologically specialized
requirements are severely hampered (Willig et al., 2007;
Bobrowiec and Gribel 2010; Russo and Ancillotto 2015). This
shift in species abundances, coupled with environmental
alterations derived from anthropization, may also affect
relationships between bats and other organisms, such as prey,
predators, and parasites (Russo and Ancillotto 2015). In urban
areas, insect availability is lower, limiting the amount of prey for
insectivorous bat species (Threlfall et al., 2011; Russo and
Ancillotto 2015). Conversely, a higher abundance and diversity
of predators can be found in urban areas, posing great danger to
bats in those habitats (Threlfall et al., 2013; Russo and Ancillotto
2015). Moreover, recent studies have reported that bats
inhabiting anthropized areas present a greater diversity of
zoonotic parasites, including fungi, bacteria, and viruses
(Mühldorfer et al., 2011; Nunes et al., 2017).

Parasitism is a unique relationship in the animal world as it
often involves tightly specialized interactions between pairs of
species (Combes, 2001). Bat flies, for example, are obligate bat
ectoparasites represented by two highly adapted dipteran
families: Streblidae and Nycteribiidae (Marshall, 1982). Bat
flies’ morphology reflects their role as ectoparasites, with many
species having absent or reduced wings, with long limbs that
facilitate locomotion on the host body, claws on the distal region
of the limbs or ctenia on the ventral lower end of the head to help
individuals to hold onto the fur, and specialized buccal structures
for piercing the skin (Peterson and Wenzel 1987; Whitaker Jr.
1988). Both bat fly families are usually highly specific parasites,
with each species of bat fly parasitizing a single bat species or
genus (Wenzel et al., 1966; Marshall 1982). Although there is no
evidence that bat flies could affect the health condition of the host,
recent studies showed that those flies harbor potentially
pathogenic microorganisms such as bacteria, viruses, and fungi
(Morse et al., 2012; Dick and Dittmar 2013; Gay et al., 2014;
Abundes-Gallegos et al., 2018; Martínez et al., 2021).

Bat-fly parasitism can be influenced by different
characteristics of the host, such as age, sex, body size,
reproductive status, activity, and abundance (Muñoz et al.,
2003, Bertola et al., 2005, Patterson et al., 2008a,b, Presley and
Willig 2008, Esbérard et al., 2012, Fagundes et al., 2017). This
interaction can also be shaped by the type and characteristics of
the roost used by the host, with larger and more enclosed colonies
exhibiting higher parasitic rates, including higher prevalence,
mean intensity of infestation, and parasite richness (Patterson

et al., 2007). Habitat degradation can also influence parasitism
dynamics by affecting ectoparasitic survival and reproduction
rates or by causing stress in the host population (Patterson et al.,
2007; Mbora and McPeek 2009; Pilosof et al., 2012; Ramalho
et al., 2018). Moreover, in degraded areas, decreased roost
availability could force bats to roost in colonies with different
species, again affecting parasitism as well as facilitating horizontal
transmission (Urbieta et al., 2020), even between different bat
species. Because of the high degree of specialization of bat flies to
bats (Wenzel et al., 1966; Marshall 1982), the relationship
between them is considered an excellent model for studies of
host-parasite association.

Network science is a valuable framework for investigating
interspecific and community-wide assemblies of interactions, as it
can yield quantitative information on species specialization and
shared dependence on interacting partners (Dormann et al., 2009;
Ings et al., 2009). This tool has become increasingly popular for
describing several types of interaction at community-wide levels,
including host-parasite networks (Vázquez et al., 2005;
Löwenberg-Neto 2008; Canard et al., 2014). Bat-bat fly
interaction networks have recently gained much attention, and
research has shown that interactions in these systems tend to be
highly specialized, with networks often being compartmentalized
(Zarazúa-Carbajal et al., 2016; Saldaña-Vázquez et al., 2019;
Hiller et al., 2021), pointing to tight coevolution of certain
parasites with their host bats. However, the effect of land-use
change on the assembly of such networks has been poorly
explored. Hernández-Martinez et al. (2018) observed that bat-
bat fly networks were more specialized in less fragmented areas,
while Urbieta et al. (2020) have shown that bat-ectoparasite
networks preserve their structural characteristics even in areas
with differences in land use. However, no study to date has
performed a formal analysis to assess how the assembly of bat-
ectoparasite networks changes along an anthropization
continuum. We aimed to reconstruct several interaction
networks between ectoparasites and their host bats at sites
within and outside protected areas in central Brazil,
encompassing a wide range of anthropized land cover, to
assess the effect of the reduction of natural habitats on
network structure and assembly rules. We tested the
hypothesis that bat-fly interaction networks are affected by the
degree of anthropization surrounding the studied sites, leading to
less specialized and more nested networks in highly
anthropized areas.

MATERIALS AND METHODS

Study Area
We conducted this study in the Federal District of Brazil, located
in the core area of the Cerrado Biosphere Reserve (Figure 1). The
area comprises a mosaic of different vegetation types, with the
dominant typess consisting of savanna habitats and forested
riparian areas. The climate in the study area is classified as
Tropical Savanna (Aw) and consists of two well defined
seasons, a rainy season from September to April and a dry
season from May to August (Ratter et al., 1997).
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In order to assess information from different communities
of bats and their ectoparasites, we conducted captures in
areas within and in the proximity of the three main
protected areas in the Federal District: Brasília National
Park (PNB) (42,389 ha, 15°41′42″S, 48°08′10″W), Gama-
Cabeça de Veado Environmental Protection Area
(AGCV) (25,000 ha, 15°52′29″S, 47°50′48″W), and Águas
Emendadas Ecological Station (ESECAE) (10,547 ha,
15°36′32″S, 47°33′03″W) (Figure 1). We defined 21
sampling sites with different degrees of anthropization in
the study area to characterize the effects of habitat loss on
bat-bat fly assemblies. The minimum and maximum distances
between sampling sites were 2.6 and 64.8 km, respectively.

Quantification of Anthropization
For each sampling site, we defined a 3-km buffer and quantified
the percentage of natural and anthropized area within that
radius. The distance was defined based on previous studies
that registered a flight distance between 1 and 3 km for bats in
Neotropical savanna areas (Bernard and Fenton 2003; Aguiar
et al., 2014). We used Mapbiomas Collections classification
maps (Souza et al., 2020, https://mapbiomas.org/) to identify
land use within each buffer in QGIS 3.6 Noosa (QGIS
Development Team 2021). Areas consisting of agriculture,
construction, mining, roads, or any man-made structure
were considered anthropized, while areas with natural
vegetation of any type (e.g., savanna, grasslands, and
gallery forests) were considered natural. Each site received
an anthropization value corresponding to the ratio of
anthropized cover in relation to natural vegetation within the
3-km buffer.

Capture of Bats and Bat Flies
We captured bats during 89 capturing sessions, with each of the
21 sites being sampled 4 or 5 times between April 2012 and
August 2013. Bats were captured with six to ten mist nets (12 ×
3 m) installed along natural paths through the vegetation or near
trees located in the sampling sites. Nets were opened at sunset and
remained open for 6 h per night. Bats were identified upon
capture under the criteria of Díaz et al. (2016). Shortly after
removing the bats from the nets, we inspected each individual for
the presence of ectoparasites with brushes and tweezers, placing
collected flies inside Eppendorf® microtubes containing 70%
ethanol. Bat flies were identified under a stereomicroscope
(Motic K-series) at the Bat Biology and Conservation Lab at
the University of Brasília using specialized identification keys
(Guerrero, 1993, 1994a,b, 1995a,b, 1996). Species identification
was confirmed by Prof. Dr. Gustavo Graciolli from the Federal
University of Mato Grosso do Sul. After manipulation, all bats
were tagged with numbered rings and released at the location of
capture.

Network Analysis and Effect of
Anthropization
We used interactions between bats and ectoparasites at each of the
sampling sites to build weighted adjacency matrices. Pairwise
interactions (cell values) corresponded to the number of
individuals of a bat species carrying a parasite species. With each
matrix, we built aweighted bipartite interaction network.We assessed
the sampling completeness of each network through individual-based
rarefaction curves (Colwell et al., 2012) of ectoparasites found on bats,
using the nonparametric Chao1 estimator of asymptotic species

FIGURE 1 | Location of the study area within South America. In small map light grey represents the Cerrado biome and dark grey represents the Cerrado Biosphere
Reserve. In large map light grey represents natural areas, dark grey represents anthropized areas, and black dots represent sampling sites.
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richness (Chao et al., 2009). We calculated the completeness of each
network as the ratio between observed ectoparasite richness and the
estimated asymptotic richness (Chacoff et al., 2012).We set a cutoff of
0.7 of sampling completeness, below which networks were discarded
from further analysis.

From each network, we calculated three structural metrics that
describe different aspects of network assembly and distribution of
interactions: nestedness, through the weighted NODF (wNODF)
metric (Almeida-Neto and Ulrich 2011); weighted modularity
(Qw) (Schleuning et al., 2014); and complementary specialization
(H2′ metric) (Blüthgen, 2010). Nestedness refers to whether the
interactions of specialist species form a subset of the interactions
of generalists (Bascompte et al., 2003). The wNODF index varies
from zero to 100, and a fully nested network is a highly
asymmetric network, where specialists always interact with
generalists that have a larger pool of partners. Modularity
assesses the existence of subgroups of species within the
network that interact more among themselves than with the
rest of the species and reveals patterns of affinity between the two
levels of the network (Olesen et al., 2007). The index Qw varies
from zero to one, and networks with high modularity have
conspicuous and tightly knit subgroups of species. Finally,
specialization is calculated as the average niche breadth of
species within the network. The index H2′ corrects for network
size and varies from zero to one, and species in a highly specialized
network have narrower niches and interact strongly with one or
few partners and thus leading to high niche complementarity
(Blüthgen, 2010). Analyses were conducted in R Studio 3.6.0 (R
Core Team, 2015). Network and sampling completeness analyses
were performed using the bipartite (Dormann et al., 2008) and
vegan (Oksanen et al., 2020) packages, respectively.

We ran three distinct mixed-effect generalized linear models
(GLMMs) to assess the effect of anthropization on network
structural metrics. The proportion of anthropized area within
each site’s buffer was set as an explanatory variable, and each of
the three metrics was each set as a response variable. We ran all
models with a logit link function and quasibinomial error
distribution to account for the proportion values of response
variables. Network size and ectoparasite diversity were set as
random variables. The metric wNODF was standardized to
range from zero to one to be consistent with the other metrics
(values were divided by 100). All models were checked a posteriori
for overdispersion.

Moreover, we constructed three meta-networks grouping
individual networks according to their degree of anthropization
to synthesize interactions: fully preserved (100% natural cover
within buffer), moderately anthropized (99.9–50% natural
cover) and highly anthropized (49.9–0% natural cover). The
three aforementioned structural metrics were calculated for each
of themeta-networks.Meta-networks were constructed with Gephi
0.9.2 (Bastian et al., 2009).

RESULTS

We captured 2,243 bats of 36 species in the 21 sampling sites,
of which 899 bats of 23 species were carrying bat flies, which

comprised 1,721 individuals of 38 species (Supplementary
Table S1). After excluding sites with low sampling
completeness (<0.7), 18 sites remained, leaving 21 bat
species, 33 ectoparasite species and 711 pairwise
interactions between 611 bats and 1,389 flies
(Supplementary Table S1). Sites showed a broad variation
in the percentage of natural cover within the buffer, from fully
preserved sites within protected areas (100% natural cover) to
fully anthropized sites outside of the national parks (0%
natural cover) (Supplementary Table S2).

Networks were overall highly specialized (H2′ � 0.90 ± 0.14),
modular (Qw � 0.65 ± 0.08), and showed a remarkable lack of
nestedness (wNODF � 2.41 ± 4.68). Anthropization did not affect
network specialization (β � −0.001, t � −0.105; p � 0.917) nor
modularity (β � −0.004; t � −1.452; p � 0.166), but nestedness
showed a positive response to an increase in anthropic cover (β �
0.034; t � 3.45; p < 0.005) (Figure 2). The most anthropized sites
(81.6 and 100% of anthropic cover) showed the most nested
networks among the pool (10.50 and 18.75 wNODF, respectively)
(Figure 2).

Regarding the meta-networks, the highly anthropized one
exhibited the highest nestedness value, followed by the fully
preserved and moderately anthropized meta-networks. The
highly anthropized meta-network was also the least modular
and the least specialized among the three meta-networks, and
consisted of only two separated compartments, contrasting
with three and eight compartments in the fully preserved and
moderately anthropized networks, respectively (Figure 3).

DISCUSSION

We evaluated how anthropization affects network assembly
between bats and their ectoparasitic bat flies. Network’s
specialization and modularity remained similar across all
the sampling sites in the study, while anthropization
positively affected nestedness across sites. Therefore, we
rejected our hypothesis that specialization would be lower
in highly anthropized sites and accepted the hypothesis that
networks were more nested in those sites. Previous studies
considering anthropic effects on bat-fly interactions have
considered only specialization (Hernández-Martinez et al.,
2018) or specialization and modularity (Urbieta et al., 2020)
in their analysis, with different responses for specialization.
Similar to our results, Urbieta et al. (2020) observed that
modularity and specialization remained consistent among
three sites with different degrees of urbanization in an area
of Cerrado in central Brazil. On the other hand, Hernández-
Martinez et al. (2018) recorded more specialized networks in
areas with lower degrees of fragmentation in a dry forest
habitat in western Mexico.

The decreased specialization of bat-fly interaction
networks in degraded areas could result from the smaller
number of roosts in those areas, which would lead to
increased aggregation of different species in the same
roost, thus facilitating intraspecific transmission and
leading to accidental infestations (Urbieta et al., 2018,
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2020). However, in our study area, roost availability can be
considered high, as the Brazilian Federal District is a largely
green city, with over 140 recorded tree species, most of them
exotic (Vale et al., 2005; Alencar 2008; Guimarães 2020).
Moreover, the presence of expansion joints on many of the
buildings in the city also facilitates the presence of house-
dwelling species, especially insectivores. The high
availability of roosts allows each species to roost
separately, thus avoiding the type of accidental
infestations observed in previous studies (Urbieta et al.,
2020) and resulting in the highly specialized networks
observed throughout our study area, regardless of the
degree of anthropization. It’s important to note that even
in natural areas where species share roosts the specificity of
Streblidae infestation is usually high, probably as a result of
co-evolutionary processes between flies and hosts
(Marshall, 1982; Patterson et al., 2007; Fagundes et al.,
2017).

Even though we recorded no effect of anthropization on
network specialization, we observed a higher level of
nestedness and a reduced number of network compartments
in sites located in highly anthropized areas. Increasingly nested
networks indicate that, although parasites retain their host
specificity, some bats tend to be more frequently parasitized
by a richer ectoparasite assemblage, becoming hub species and
approaching the role of keystone species often present in
mutualistic networks (Mello et al., 2015). Thus, the most
anthropized networks exhibit the emergence of a hierarchical
assembly of interactions, as interaction asymmetries start to
become apparent, that is, more generalist bats harboring
specialized ectoparasites.

The increased level of nestedness and reduction of network
compartments observed along the anthropization continuum in
our study area suggest that specialization is not the best metric for
evaluating how bat-fly networks respond to habitat degradation.
Our results suggest that, even in anthropized areas, bat flies still
retain their specialized host selection, possibly because of
adaptations and evolutionary constraints that prevent them
from parasitizing other bat species (Petersen et al., 2007; Dick
and Dittmar 2013; Dittmar et al., 2015). For bats, on the other

hand, anthropization may lead to a higher diversity of
ectoparasites per host, possibly due to increased stress or
worsened health conditions (Pilosof et al., 2012; Russo and
Ancillotto 2015).

Regarding the meta-networks, we observed that the fully
preserved meta-network behaved similarly to the highly
anthropized one in terms of nestedness, probably because
the fully preserved meta-network is larger, which may
influence nestedness (Freitas Júnior et al., 2020). Such an
outcome was expected, as more preserved areas tend to have
richer species assemblages (Russo and Ancillotto 2015)
potentially sharing roosts more often. A more
informative comparison can be made between the
moderately anthropized and the highly anthropized
networks, which have similar sizes but behave very
differently in terms of specialization and nestedness. The
less anthropized meta-network is much more fragmented
into compartments and is highly specialized, with fewer bats
connected by common ectoparasites. Meanwhile, species
previously occurring in compartments were incorporated
into the network core in highly anthropized areas. Due to a
lower availability of natural roosts in anthropized sites,
different bat species may share man-made roosts more
often or share the same natural roosts encroached upon
by rural or urban environments (Kunz, 1982). This scenario
may lead to the exchange of ectoparasites between bat
species that were not previously in contact (Urbieta et al.,
2018, 2020), which leads to a more structured network. Such
exchanges may have important epidemiological
implications.

Recent studies indicate that ectoparasitic bat flies can carry
disease agents, such as bacteria of the genus Bartonella (Morse
et al., 2012) and viruses from families Flaviviridae, Rhabdoviridae,
Reoviridae, and Peribunyaviridae (Abundes-Gallegos et al., 2018;
Martínez et al., 2021). Moreover, Gay et al. (2014) observed a
positive correlation between ectoparasite and virus richness in
Southeast Asia, which is especially concerning considering that
both the prevalence of infectious diseases and the diversity of
zoonotic parasites in bats are higher in urban areas (Mühldorfer
et al., 2011; Nunes et al., 2017). Therefore, an increased number of

FIGURE 2 | Distribution of structural metrics from bat-bat fly interaction networks along an anthropization continuum in Central Brazil. (A): nestedness; (B):
modularity; (C): complementary specialization. Networks are divided according to their position in the landscape (inside or outside Protected Areas). Points with denser
colors indicate overlapping values.
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accidental infestations of ectoparasites in different bat species could
facilitate the spread of such disease agents in anthropized areas,
leading to public health issues.

Many studies have indicated that environmental
degradation, including anthropization and habitat
suppression, could be responsible for the increased
occurrence of emerging diseases (Daszak et al., 2001;
Nabi et al., 2020). Nevertheless, the role of bat flies in
microorganism transmission and the extent to which
environmental degradation affects bats and their
ectoparasites still requires better elucidation.
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