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Abstract

Habitat degradation is pervasive across the tropics and is particularly acute in
Southeast Asia, with major implications for biodiversity. Much research has ad-
dressed the impact of degradation on species diversity; however, little is known about
how ecological interactions are altered, including those that constitute important
ecosystem functions such as consumption of herbivores. To examine how rainfor-
est degradation alters trophic interaction networks, we applied DNA metabarcoding
to construct interaction networks linking forest-dwelling insectivorous bat species
and their prey, comparing old-growth forest and forest degraded by logging in Sabah,
Borneo. Individual bats in logged rainforest consumed a lower richness of prey than
those in old-growth forest. As a result, interaction networks in logged forests had a
less nested structure. These network structures were associated with reduced net-
work redundancy and thus increased vulnerability to perturbations in logged forests.
Our results show how ecological interactions change between old-growth and logged
forests, with potentially negative implications for ecosystem function and network
stability.
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1 | INTRODUCTION

Many tropical forests have been degraded by human activity, leading
to biodiversity loss (Barlow et al., 2016) as well as the modification of
key ecological processes such as the regeneration of plant communi-
ties (Ghazoul et al., 2015). Land-use activities are the main driver of
vegetation change in Asia (Song et al., 2018), with degraded forests
being of particular conservation interest; these habitats may retain

high biodiversity yet have minimal protection and are vulnerable to
clearance for agriculture and development (Meijaard et al., 2018).
The island of Borneo hosts high biodiversity but has lost much of
its old-growth forest, with 46% of its remaining forest classified as
degraded by selective logging (Gaveau et al., 2014). Through this pro-
cess many of the largest and most commercially important trees are
removed, leaving a residual forest stand. While logged forests still
provide potential wildlife habitat, they typically have a depleted tree
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community and altered vegetation and soil structure, although not
to the same extent as secondary forests recovering from complete
deforestation (Gibson et al., 2011). Given the large extent of logged
forest in Borneo and other tropical regions, there is considerable in-
terest in understanding the conservation value and viability of these
disturbed habitats for biodiversity (Meijaard & Sheil, 2007; Melo
et al., 2013), especially given their minimal conservation protection
under current policies (Struebig et al., 2015). Mounting evidence
suggests that selectively logged forests can support a substantial
proportion of the original biota, and are generally more biodiverse
than secondary forests (Gibson et al., 2011). Indeed, despite their
degradation, Borneo's logged forests retain potentially important
communities of ground-dwelling mammals (Deere et al., 2017), bats
(Struebig et al., 2013), birds (Edwards et al., 2010) and invertebrates
(Slade et al., 2011). Much less is understood, however, about how
such habitat degradation impacts the ecological interactions among
co-occurring species, such as between predators and prey, hosts and
parasites, and plants and their pollinators (Andresen et al., 2018).

A powerful approach for understanding ecological interactions
is through network analyses, in which interactions (“edges”) are rep-
resented by links among biological “nodes” (usually species) (Cirtwill
et al., 2018). These networks most commonly depict mutualisms
such as pollination and seed dispersal (Bascompte, 2009) or an-
tagonisms such as parasitism and predation (Lafferty et al., 2006).
Measuring and comparing aspects of network structure can be in-
formative about a system's resilience to perturbations (Memmott
et al., 2004), the importance of component species to a given net-
work function (Freeman, 1978), and the potential for competition
between species (Bastolla et al., 2009). Ecological networks have
revealed that even when habitat degradation results in increased
species richness the community can be more vulnerable to second-
ary extinctions, showing an “extinction debt” (Magrach et al., 2016).
Altered network structure may thus reveal functionally important
shifts within ecological communities.

Highly mobile predators such as many birds and bats may be
important for stabilizing numbers of prey throughout their habitat
(McCann et al., 2005; McCracken et al., 2012), by dampening boom
and bust cycles of their prey (Kunz et al., 2011). Forest degradation
has been linked to lower bird abundances and reduced top-down
control of herbivorous insects, thus increasing herbivory (Peter
et al.,, 2015) and potentially affecting forest restoration (Bohm et al.,
2011). Similarly, since bats may suppress herbivorous insects in rain-
forests (Kalka & Kalko, 2008), the loss of bats might be expected to
alter ecosystem functioning via trophic cascades.

Research in palaeotropical forests suggests logging affects bat
community composition and abundance by altering roost availabil-
ity (Struebig et al., 2013), reflecting patterns seen in the neotropics
(Peters et al., 2006). While altered bat communities might be pre-
dicted to show altered network structures, studies from mutualistic
neotropical systems of bats dispersing seeds have shown little differ-
ence in network structure in fragmented forest, despite a reduction
in the number of food species consumed (Laurindo et al., 2019), pos-
sibly as a result of highly resilient bat species which are core to their

networks. Bat-seed dispersal networks can be robust to secondary
extinctions (Mello et al., 2011), but parallels between mutualistic and
antagonistic networks may be limited due to known differences in
their structure (Lewinsohn et al., 2006; Thébault & Fontaine, 2010).
Therefore, given the key roles of insectivorous bats as predators of
arthropods in rainforests, an improved understanding of their feed-
ing ecology and the relationship between forest type and network
structure is a priority for the conservation research of bats in forest
ecosystems (Meyer et al., 2016).

Genetic tools, particularly high throughput sequencing (HTS), are
increasingly used for dietary analyses (Aizpurua et al., 2018; Clare
et al., 2009; Czenze et al., 2018; Razgour et al., 2011). The applica-
tion of DNA metabarcoding to bat and bird faeces makes it possible
to obtain detailed information on previously unknown species inter-
actions (Clare, 2014; Creer et al., 2016; Evans et al., 2016; Roslin &
Majaneva, 2016). Traditional techniques for studying bat diet typi-
cally relied on morphological identification of prey remains, giving
researchers a poor taxonomic resolution of the prey taxa consumed,
whereas metabarcoding allows much greater levels of precision in
dietary analysis (Clare, 2014).

Here we use DNA metabarcoding to assess the impact of rain-
forest degradation on predator-prey interactions, focusing on insec-
tivorous bats that forage under the forest canopy in Borneo. We
captured bats in old-growth and logged rainforest and analysed net-
works of their interactions with prey using sequence data generated
from metabarcoding of their guano. Comparing the taxonomic com-
position, completeness and structure of these networks, we hypoth-
esized that disturbance causes networks in logged forest to have
lower functional complementarity and nestedness than networks in
old-growth forest. We also hypothesized that bats in logged forest

consume fewer prey taxa than those in old-growth forest.

2 | METHODS

2.1 | Sample collection

We sampled bats using harp traps in three sites within lowland
tropical rainforest in Sabah, Malaysian Borneo. Sites were sepa-
rated by distances of 34-94 km, <500 m above sea level and ex-
periencing similar environmental conditions, with little within-year
and between-year climatic variation. In total we sampled at 336
unique trapping locations over 420 trap nights, using up to six traps
per night at two old-growth sites (Danum Valley Conservation Area,
hereafter “Danum”; Maliau Basin Conservation Area, “Maliau”), and
a site heavily disturbed by multiple rounds of logging: the Stability
of Altered Forest Ecosystems Project (“SAFE”). For the old growth
sites “Danum” and “Maliau,” traps were set each night over a 10-
night period in both 2016 and 2017. For the logged forest site, traps
were set in two 15-night periods each in 2015, 2016 and 2017: the
logged site was given a higher sampling effort than the old-growth
sites as capture rates were lower, probably due to altered vegeta-
tional structure.
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Traps were set on access trails and old logging skids, erected
by midday each day, and then checked in the evening and follow-
ing morning, after distinct peaks in bat foraging activity known at
the site (8-9 p.m. and 7-8 a.m.) (Struebig et al., 2013). Bats were
released immediately at the point of capture if they were pregnant,
lactating or juvenile. Otherwise, captured bats were placed into in-
dividual cloth bags and processed at a research camp, where any
guano was removed and stored at -20°C. Bats were hung in individ-
ual bags in a secure humid place during the night/day so that they
could rest before release at the following trap check (i.e., all ani-
mals were released within 12 hr). For full information on fieldwork
see Appendix S1: section 1. This work complied with the ethical
and handling guidelines of the American Society of Mammologists,
and was approved by Queen Mary University of London, Sabah
Biodiversity Centre, Danum Valley Management Committee and
Maliau Basin Management Committee (permit numbers in Appendix
S1: Section 1).

2.2 | Laboratory work

To build a network of bat-insect interactions for each of the three
forest sites studied (Danum, Maliau and SAFE), we sequenced prey
DNA from bat guano using metabarcoding. Laboratory work took
place following the protocol in Czenze et al. (2018). We extracted
DNA from all guano pellets given by each bat using a Qiagen stool
mini kit (Qiagen), alongside extraction negative controls, then am-
plified it using the ZBJ-ArtF1c and ZBJ-ArtR2c arthropod-specific
primers (Zeale et al., 2011). Each 10-ul PCR (polymerase chain re-
action) contained 5 ul of Qiagen multiplex PCR (Qiagen) master
mix, 3 ul of water, 0.5 ul of each 10 um primer and 1 pl of eluted
DNA. The PCR cycling profile was 95°C, 15 min; 50 cycles of 95°C,
30s; 52°C, 30s; 72°C, 30 s, and 72°C, 10 min. Quality control (QC)
took place on a DNA D1000 TapeStation (Agilent Technologies)
and amplicons were quantified on a Qubit dsDNA HS Assay Kit
(Invitrogen, Life Technologies). All sample and control amplicons
were then sequenced bidirectionally with 10-bp Fluidigm indexes
on the MiSeqv2 Chemistry using a 2 x 150-bp run with 300 cy-
cles (lllumina) along with unrelated samples which act as a posi-
tive control on sequencing batch effects. PCR, QC and sequencing
steps took place at the Genome Centre (Queen Mary University of
London).

2.3 | Bioinformatics

The resulting sequences were merged into contiguous reads, the
primers were removed, and the reads were length-filtered and
collapsed to haplotypes with any singletons excluded from the
resulting data set, before clustering sequences into molecular
operational taxonomic units (MOTUs) using the Uclust algorithm
(Edgar, 2010) in Qiime (Caporaso et al., 2010). To reduce costs
and standardize sampling across sites, we restricted sequencing

TABLE 1 Batspecies and samples used to construct the
ecological networks

Old-growth forest Logged forest

Danum Maliau SAFE

Hipposideros cervinus (fawn 184 90 110
roundleaf bat)

Hipposideros diadema 2 10 3
(diadem roundleaf bat)

Hipposideros dyacorum 0 13 9
(Dayak roundleaf bat)

Hipposideros ridleyi (Ridley's 2 1 14
roundleaf bat)

Kerivoula hardwickii 3 0 23
(Hardwicke's woolly bat)

Kerivoula intermedia (small 29 9 44
woolly bat)

Kerivoula papillosa 21 0 6
(papillose wooly bat)

Rhinolophus borneensis 1 26 10
(Bornean horseshoe bat)

Rhinolophus sedulus (lesser 10 4 14
woolly horseshoe bat)

Rhinolophus trifoliatus 14 19 28

(trefoil horseshoe bat)

to the 10 bat species for which we were able to obtain at least
10 guano samples from one or more forest sites (see Table 1 for
sample sizes). This approach was taken to ensure that, as much as
is possible, networks contained the same sets of bat taxa. Many
bat species trapped in this study are found across sites but at
very low density, with their capture or absence at any given site
largely a matter of chance. Including such species in a network
would distort the values of network metrics, so we restricted
analysis to a common set of species. Metrics analysed here such
as “nestedness” (described below) should be seen as representing
the core set of most common bat species and their interactions.
Removing rare or unevenly distributed species was suggested by
Bltithgen (2010) to reduce the confounding impact of observation
frequency. We only took this approach for bats and not for insect
prey, where diversity was much higher (see Section 3), and most
MOTUs were rare.

Unless otherwise stated, we generated the three networks by
clustering sequences into MOTUs at 0.95 similarity, chosen to bal-
ance over- and under-splitting of MOTUs. We then compared rep-
resentative sequences of each MOTU to one another using Blast+
(Camacho et al., 2009), with the resulting data being filtered in
Lulu (Fragslev et al., 2017) to combine suspected duplicate MOTUs.
However, as the choice of clustering threshold used to cluster the
sequence data into prey MOTUs can have a strong effect on the
conclusions drawn (Clare et al., 2016; Hemprich-Bennett et al.,
2020), we examine a range of clustering thresholds for a subset of
the analyses to ensure that our conclusions are robust to our choice
of this key parameter.
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For a subset of analyses indicated below, networks were gen-
erated for each site at every MOTU clustering level from 0.91 to
0.98 similarity before quality control in Lulu, allowing us to test the

robustness of conclusions to changes in clustering level used.

2.4 | Analysis

We imported binary adjacency matrices, showing the presence or
absence of interactions between individual bats and the MOTUs that
they consumed into r version 3.4.4 (R Core Team, 2017) for analysis.
For network-level analyses, these matrices were then summed by
bat species (i.e., a; denotes all instances of bat species i consuming
MOTU j), giving weighting to the network. A weighting of “5” for
interaction a; would show that we detected five instances of bat
species i consuming MOTU j in a site.

To compare networks between logged and old-growth forest,
we focused on two components of network structure: nestedness
and functional complementarity (Figure 1). Nestedness represents
the extent to which the interactions of specialist nodes are nested
subsets of the interactions of the generalist nodes (Almeida-Neto
et al., 2008), which in this case would correspond to specialist bats
feeding on subsets of the prey of generalist bats, and the gener-
alist bats consuming both commonly and rarely consumed prey.
Highly nested communities are more resilient to perturbations
(Memmott et al., 2004), as the generalists and specialists perform
the same role, conferring redundancy. Decreases in the nested-

ness of plant-pollinator communities following disturbance leads to

<

reduced functional redundancy (Soares et al., 2017). We calculated
nestedness as weighted nestedness based on overlap and decreas-
ing fill (WNODF) (Almeida-Neto et al., 2008) and discrepancy (both
reviewed in Payraté-Borras et al., 2020). In the context of trophic
interactions, functional complementarity (Blithgen & Klein, 2011;
Devoto et al.,, 2012; Peralta et al., 2014) measures the extent to
which species have complementary, nonoverlapping diets by mea-
suring the branch lengths of a functional dendrogram of their dietary
dissimilarity, where bat species are more closely positioned in a den-
drogram based on how many prey they share (Petchey & Gaston,
2007). These metrics describe some of the most important elements
of network structure and respond relatively consistently to alter-
ations to MOTU clustering level (Hemprich-Bennett et al., 2020),
while allowing us to assess how phenomena such as habitat alter-
ation affect ecosystem functioning. We followed the recommenda-
tion in Hemprich-Bennett et al. (2020) to check how clustering level
influences these conclusions, as outlined below.

To test whether each of these metrics differ significantly be-
tween logged and old-growth habitats more than would be expected
by chance, we obtained two null distributions for each metric, net-
work and clustering threshold: (i) using the “permatswap” algorithm
(Oksanen et al., 2019) to randomize each network for each MOTU
clustering level 1,000 times, preserving the row and column sums,
and (ii) a more relaxed null-model using the “permatfull” algorithm
(Oksanen et al., 2019), where row sums were allowed to vary. Two
methods were then used to determine if the observed value was
significantly different from the null-distribution. First, the observed
value was deemed to be significantly different from chance if it was
8§§5 $§$V
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outside of the “expected” range of 2.5%-97.5% of the randomly gen-
erated values. Two networks were also deemed different from one
another if their “expected” ranges did not overlap. Second, a z-score
was calculated for each metric, network, null-model and clustering
threshold, using the formula (observed value - mean of the null-
values)/SD of the null-values. Values close to O indicate an observed
value which falls within the range expected based on the null model.

Choice of MOTU clustering threshold in ecological metabarcod-
ing studies has been shown to alter measurements of most network
metrics (Hemprich-Bennett et al., 2020), and so to assess the impact
of node resolution on the networks analysed here, we performed
this analysis on data generated at each MOTU clustering threshold
between 91% and 98%. A conclusion can be considered to be robust
if itis consistently found across all MOTU clustering thresholds used.

As sample size varied greatly across species and sites (Table 1),
we checked the impact of sample size and species diversity included
in our analysed networks by using random subsamples of the bats
captured at each site to generate smaller networks ranging from 40
individuals to the full network dimension, with 1000 iterations per
increment. Each focal metric was calculated for the subnetworks,
and the Shannon diversity (Shannon, 1948) of nodes used to create
the network was recorded. These values were plotted to observe if
network size (number of individuals used to make the network) or
bat diversity were important determinants of network structure. If
the rank order of a measured metric was not shown to be strongly
determined by network size or bat diversity, then any conclusions
drawn from it can be considered robust to sampling effort. We also
calculated each network-level metric using every possible subset of
bat species from the pool of bats sequenced for each network, and
using only the most abundant bat species sequenced, to estimate
how robust our conclusions were to the species selection criteria.

To determine the contribution of a given bat species to the mea-
sured networks, we also generated subnetworks by removing each
species individually from the original networks and calculating each
network metric. The influence of the species was then calculated
by subtracting the subnetwork's measured value from the whole-
network value. We then ranked these calculated differences to show
which species had the greatest and smallest impact on each network
metric per site. Species’ influence on the networks was also calcu-
lated by “species strength” as used by Bascompte et al. (2006).

To obtain information on the taxonomic composition of bat diets,
we compared a representative sequence for each MOTU using Blast+
2.7.1 (Camacho et al., 2009) against a database of arthropod CO1 se-
quences from the Barcode Of Life Database (BOLD) (Ratnasingham
& Hebert, 2007), as accessed on April 27, 2018. Using the program
Megan 6.11.7 (Huson et al., 2016) and the quality-control param-
eters outlined in Salinas-Ramos et al., (2015), we excluded all se-
quences that could not be assigned to order level, and used the Blast
assignments to determine the taxonomic composition of each guano
sample. For each bat species at each site, we calculated the propor-
tion of individuals that consumed a given order of prey. We focused
on taxonomic order (rather than, e.g., family or genus) due to the
greater success in sequence assignment (1921 MOTUs assigned to

order, compared to 692 MOTUs assigned to family) at this level as
sequence library completeness for Bornean arthropods is low.

To assess whether bats in logged forest consume fewer discrete
prey taxa than in old-growth forest, we calculated the degree (num-
ber of prey MOTUs consumed) for each individual bat using the R
package “bipartite” (Dormann et al., 2008) and analysed these data
with a fixed effects model, using species, habitat type (old-growth
or logged forest) and site as fixed effects, using backwards model
selection with the Akaike information criterion (AIC), to detect
whether models using habitat type or site were stronger predictors
of bat degree.

To assess the potential presence of prey species in bat diets,
we compared our sequence data to publicly available sequences on
BOLD (Ratnasingham & Hebert, 2007) on June 1, 2018 using the
R package “bold” (Chamberlain, 2019). We assigned sequences to
species level using the highest obtained “similarity” score per se-
quence if it was >0.98. The output data were then compared to a
list of Malaysian crop pest species names obtained from Vun Khen
(1996).

Beta-diversity of MOTUs detected between each site and
year was calculated using Whittaker's beta-diversity (Whittaker,
1960), and Bray-Curtis dissimilarity of the diets of each bat spe-
cies was calculated, both using the r package “vegan” (Oksanen
etal., 2019).

All code used for analyses in this paper can be found at: https://
doi.org/10.5281/zenodo.5236561; see Appendix S1: section 2 for

additional detail on laboratory work and bioinformatic analyses.

3 | RESULTS

We captured 3292 bats of 41 species, and from the 961 faecal sam-
ples collected, sequenced 699 from 10 focal species (Table 1). These
699 faecal samples yielded 18,737,930 contiguous reads, (x 19,324
SD 11,573 for each guano sample, x 3,925 SD 222 for negative con-
trols) which were used to assemble the paired-end files. After re-
moving adapters and primers, and any sequence with incomplete
adapter or primer, this was reduced to 10,064,815 sequences, which
was further reduced to 932,459 unique haplotypes after collapsing
to haplotype, removing singletons, and discarding sequences outside
of 2 bp of the expected read-length. At 95% clustering this was con-
densed to 14,623 MOTUs, which wuLu then reduced to 3526 MOTUs
(see Appendix S1: section 3). For basic network plots see Appendix
S1: section 4, for network summary statistics see Appendix S1: sec-
tion 5, and for degree distributions of nodes within the networks see
Appendix S1: section 6.

Null models (Figure 2, Table 2) indicated that the logged site
was consistently less nested than the old-growth sites (using the
metrics “discrepancy” and “WNODF”). In an old-growth forest
site (Danum), values for functional complementarity were almost
always within the expected range. No metrics analysed showed
alterations in their rank order between the different MOTU clus-
tering thresholds used, and so any conclusions drawn are unaltered
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by this bioinformatic parameter. Relatively high values of WNODF
would indicate a nested structure, and relatively low values of
functional complementarity indicate less complementarity be-
tween the predators. Functional complementarity in logged forest
was intermediate between the old-growth sites, and was probably
not impacted by habitat degradation. While the logged forest site
(SAFE) was consistently more less nested than the two old-growth
forest sites, at some clustering thresholds for these metrics one
of the old-growth sites (Maliau) was closer in value to the logged
forest site than it was to the other (Danum), indicating that not all
between-site network differences can be attributed to the logging.
The common bat species Hipposideros cervinus and Kerivoula inter-
media had the highest species strengths across sites (Appendix S1:
section 7), and their removal caused the largest alteration to most
metrics (see Appendix S1: section 8). Rhinolophus borneensis was
shown to be important for the functional complementarity of an
old-growth site (Maliau).

Rarefaction revealed little impact of the diversity or richness of
bats included in a network on any observed metric, but strong ef-
fects of the number of samples used to generate a subnetwork (see
Appendix S1: section 9). Functional complementarity and WNODF
showed distinctions between logged and old-growth forest sites
once sampling effort approached completion. Reducing the num-
ber of bat nodes in a network to the possible subsets of bat species

sequenced altered the network metrics calculated, but it only con-
sistently altered the rank order of the networks studied for a given
metric when a large number of bat species were removed (Appendix
S1: section 10) and importantly was robust to removing the rarer
species (Appendix S1: section 11), showing that our criteria for de-
ciding which samples to sequence probably had little effect on the
conclusions.

The lowest AIC was given for models retaining all three explan-
atory variables (site, habitat type and species) to explain a bat's
degree (number of MOTUs detected). Using this model we found
a significant difference in degree for bats in old-growth vs. logged
forest (F: 84.84 on 11 and 688 df, p < .01, adjusted R? = .57; see
Table 3). The effect of habitat type on the number of MOTUs con-
sumed by an individual bat (its degree) was greater than the effect
of species identity (Table 3, Figure 3), with bats in old-growth forest
consuming a greater number of MOTUs than bats in logged forest.
There was no significant difference shown between the two old-
growth forest sites. The difference was lowest in Hipposideros spe-
cies and greatest in Rhinolophus species such as R. trifoliatus. This
lower degree in logged forest shows that bats in this habitat gener-
ally consumed a lower richness of prey items than their conspecifics
in old-growth rainforest.

Lepidoptera, Diptera (especially Cecidomyiidae) and Blattodea
(especially Ectobiidae) were the most common prey orders consumed
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TABLE 3 Degree model coefficients

from fixed effects model, testing for Term SUEL 3 Sl -

the effects of habitat type (logged or Habitat: Logged 9.078 0.874 10.384 <.001

old-growth) and species identity on the Habitat: Old-growth 14.330 0.630 22.740 <.001

degree of the individual bats studied Site: Maliau 1903 1187 1,603 109
Site: SAFE NA NA NA NA
H. diadema -2.680 2.948 -0.909 364
H. dyacorum -5.045 2.458 -2.053 .040
H. ridleyi 2.407 2.820 0.854 394
K. hardwickii -0.915 2.336 -0.392 695
K. intermedia 0.708 1.382 0.512 .609
K. papillosa -3.681 2.230 -1.651 .099
R. borneensis 4.198 1.928 2.178 .030
R. sedulus 0.617 2.201 0.281 779
R. trifoliatus 2.491 1.552 1.605 109

Hipposideros cervinus || Hipposideros diadema || Hipposideros dyacorum || Hipposideros ridleyi || Kerivoula hardwickii |

Danum
Maliau

y
y

A N
A

b

>
4

Kerivoula intermedia Kerivoula papillosa

Rhinolophus borneensis | l

Rhinolophus sedulus | Rhinolophus trifoliatus |

Danum ﬁ_\__\

Maliau

SAFE

I
A

o
A

a3

0 20 40 80 0 20

o

40 60 80 0 20 40 60 80 80

Number of prey MOTUs

Habitat type |I| Old growth |I| Logged

FIGURE 3 Smoothed histograms showing the number of MOTUs consumed by the individual bats for each focal bat species at each site.
Species on average consumed a greater number of MOTUs in old-growth forest than in logged forest. The y-axis is unique for each species,
but is uniform within a species. The vertical line within a plot shows the mean number of prey MOTUs for that bat species at that site

(Figure 4; Appendix S1: section 12). The lepidopteran pest species
Pleuroptya balteata was detected in the diet of several bat species
(Appendix S1: section 13) and at each site sampled, and Psilogramma
menephron was consumed by H. cervinus in the logged forest site.
However, relatively few individual bats were recorded as consuming
these species.

Beta-diversity of MOTUs detected between sites and sampling
events was high (Appendix S1: section 15), and between species
(Appendix S1: section 16).

4 | DISCUSSION
We found substantial differences in bat-insect interactions between
logged and old-growth forest networks. Bats consumed significantly
fewer prey MOTUs in the logged forest site than both old-growth
forest sites; indeed, habitat type had a stronger effect on the num-
ber of MOTUs consumed by an individual bat than species identity.
Network structure also differed in several key aspects between
the logged forest and old-growth sites. Structural differences in
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nestedness indicate that logged forest networks are more specialized
than old-growth rainforest networks. Systems that are specialized in
this manner may be more vulnerable to extinctions than those with a
more generalized structure (Memmott et al., 2004), such as the old-
growth rainforest networks analysed. Rainforests in Southeast Asia
are facing multiple stressors, including the effects of selective logging,
habitat fragmentation and climate change (Deere et al., 2020; Struebig
etal., 2015). Our findings of altered network structure in an area which
has been selectively logged indicate that such logged forests may be
more sensitive to the effects of these future perturbations.

Bats foraging within the logged forest site consumed fewer
prey MOTUs than those within old-growth forest. For example,
Rhinolophus trifoliatus consumed a mean of 10 MOTUs in the logged
forest at SAFE, but a mean of 17 at Maliau and 18.5 at Danum (SD 9.5
at SAFE, 14.2 at Maliau, 13.4 at Danum). Indeed, the effect of habitat
type was greater than that of the bat species in question, showing a
strong alteration to foraging activity within logged forest. The most
abundant bat species were found to have key roles in the structuring
of their networks (Appendix S1: sections 7 and 8). Common pred-
ators will encounter a greater richness of prey than rarer species,
through the ecological sampling effect (Dormann et al., 2017). While
rare nodes are thought to have a stabilizing effect on ecological net-
works (McCann, 2000) and are of conservation interest, abundant
species are probably key to ecosystem functioning (Baker et al.,
2018) as they are involved in a high proportion of the trophic energy
transfer within a system. A possible strategy for conservation of
ecological function could therefore be to prioritize the species most
important to a system (Montoya et al., 2012). If, using this frame-
work, we find that the most common bat (Hipposideros cervinus) is
probably the species most key to the network, while also being the
species with the least reduction in the number of prey MOTUs it
consumes in the logged forest site (Figure 3).

Diptera and Lepidoptera were commonly consumed across
all bat species, with Blattodea also being consumed frequently
(Figure 4). Most of the consumed members of Blattodea were within
the family Ectobiidae (Appendix S1: section 12), a family of cock-
roaches which had not previously been documented to be important
for rainforest bats. Two species of moths known as crop or forestry
pests were found in bat diets: Pleuroptya balteata was consumed at
all sites and Psilogramma menephron was consumed in the logged
forest. Although they represented only a small percentage (0.4%) of
the MOTUs consumed by the bats overall, the bats were foraging
in forest habitat and so these prey species are probably occurring
at lower densities than would be expected in managed landscapes.
Natural habitats can be important sources of pests to nearby agri-
cultural areas (Tscharntke et al., 2007) and so their consumption by
predators is potentially of some economic importance; in this case
Ps. menephron is an important pest of timber trees and PI. balteata
feeds on leaves of mango, tea and rambai (Vun Khen, 1996). These
observations represent one of the few examples of bats in the re-
gion consuming pests, potentially providing ecosystem services.

Due to the highly labour-intensive nature of capturing forest-
interior bats it was only possible to sample three ecological

networks. With limited replication (only one logged forest site
and two old-growth sites sampled), it is not possible to attribute
differences between the sites unambiguously to the effects of
logging, rather than other site-specific differences. In particular,
while our species-removal analyses show our conclusions are ro-
bust to species-inclusion criteria (Appendix S1: sections 10 and
11), we caution that the data sets are a sample of the overall bat
community. Beta-diversity of MOTUs detected between the sam-
pling events was high (Appendix S1: section 15), indicating prob-
able sampling incompleteness, although we stress that the most
functionally important interactions are typically captured in “in-
complete” networks (Hegland et al., 2010). Sampling complete-
ness is a common issue in both tropical entomology (Novotny &
Basset, 2000) and network ecology (Chacoff et al., 2012), due to
the large number of species and interactions and the frequently
prohibitive sample sizes required to fully sample a site. Interaction
weighting of our network was generated using the frequency with
which an interaction was detected, but this may understate the
importance of specialists in a system because while their individ-
ual interactions may in fact be stronger than those of generalists
(e.g., consuming a greater biomass of the prey nodes which they
interact with), an individual's strong interaction in nature could
be interpreted as equivalent to any of the more abundant weak
interactions belonging to a generalist. However, using weight-
ing in ecological networks remains more informative of network
structure than omitting weighting and constraining a network
to be binary (Bersier et al., 2002). The networks studied are also
composites of multiple sampling events, due to the low proportion
of bats and interactions in a site that can be captured per round
of sampling. While internetwork differences are assumed to be
due to differences in bat feeding between sites, it is impossible to
exclude temporal effects. Bats sampled for this study were neces-
sarily restricted to adult males and nonreproductive adult females.
As there is some evidence for demographic differences in bat diet
(Czenze et al., 2018), it is possible that this affected our data set.
However, as this criterion was applied uniformly across all study
sites, it is unlikely to have altered our conclusions.

This work documents marked differences in network struc-
ture across the landscape that are consistent with variations in
forest management, and which are likely to have implications for
community stability and dynamics. It also highlights the utility of
metabarcoding-based approaches for more comprehensive investi-
gation of between-habitat differences in tropical forest predator-
prey networks. The PCR primers used are the most commonly used
primer pair for studying insectivorous bat diet, and so their perfor-
mance is well known. However, they have previously been stated
to preferentially amplify Diptera and Lepidoptera (Alberdi et al.,
2018), and so the frequent detection of these orders may be due to
primer bias. However, insectivorous bats such as the species stud-
ied here are broadly expected to feed predominantly on Diptera
and Lepidoptera (Arrizabalaga-Escudero et al., 2019; Bell & Fenton,
1984; Clare et al., 2009), and a test of the correlations between
occurrences of prey orders in our sequencing data (Appendix S1:
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section 14) found few negative correlations between these two or-

ders and any others detected.

5 | CONCLUSIONS

Combining DNA metabarcoding and network analysis allowed us to
measure how the ecological interactions which structure ecological
communities differ between logged and old-growth forest. We show
that in a logged forest bats and their prey exhibit altered network
structures, which make them more at risk of local extinctions, add-
ing to the previous findings that logged forest bat communities have
altered composition and abundance (Struebig et al., 2013). Logged
forests, although often heavily degraded, comprise a large propor-
tion of the remaining rainforest extent and support considerable
biodiversity, and so are highly important for conservation. However,
our data also indicate that such forests are potentially more fragile
than their old-growth counterparts, and so efforts should be made

to reduce future environmental perturbations where possible.
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