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Abstract

In tropical disturbed forests, it is relatively unknown the extent insect communities are experiencing shifts in species diver-
sity and the consequences for ecosystem functions and services. In southern Mexico, we used the rove beetle community
associated to Heliconia wagneriana bracts, as a model system, to investigate differences in community attributes and feeding
habits between old-growth and human induced secondary forests. We tested if the beta diversity components of rove beetle
communities were influenced by forest type and bract traits. Furthermore, we described the topology of individual-based
heliconia-rove beetle ecological networks. Overall, we recorded 26 rove beetle species with significantly greater abundance
in secondary forests. High compositional dissimilarity between forest types was observed with saprophagous species being
more likely detected in old-growth forests; whereas predatory species in secondary forests. Heliconia-rove beetle networks
showed a significant nested pattern with incidence data for old-growth forests and incidence and abundance data for second-
ary forests. Compared to old-growth forests, the rove beetle community in secondary forests showed strong shifts in spe-
cies composition, diversity and differences in the detection probability of feeding habits, with consequences for ecosystem
functioning. We further discuss these findings according to the forest disturbance and phytotelm systems. Implications for
insect conservation: Individuals of H. wagneriana represent biodiversity reservoirs for invertebrates, especially in human-
modified landscapes.
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Introduction Heliconiaceae (Zingiberales) are able to establish in a wide
range of environmental conditions, including human-mod-
ified landscapes, but with modifications in their vegetative

and chemical traits and in their biotic interactions with dif-

Tropical rainforest deforestation and consequent habitat
loss, usually distress plant and animal populations and the

different types of biotic interactions among them. Gener-
ally, specialist species preferentially inhabit old-growth pre-
served forests, while generalist species are present in both
preserved and disturbed forests (Melo et al. 2013; Kormann
et al. 2018). In the Neotropics, herbaceous species in the
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ferent organisms (Berry and Kress 1991; Benitez-Malvido
et al. 2014, 2016). In tropical southern Mexico, effects of
human disturbances on the physical and chemical character-
istics of Heliconia species (i.e., leaf size, number of shoots,
toughness and condensed tannins, etc.) have been observed
(Santos and Benitez-Malvido 2012). Furthermore, helico-
nias in old-growth continuous forests harbor greater arthro-
pod diversity and ecological networks with higher diversity
of interactions, as compared with individual plants inhabit-
ing secondary forests and forest fragments (Benitez-Malvido
et al. 2014, 2016).

The erect inflorescences of some Heliconia species, rep-
resent ephemeral small ecosystems known as phytotelmata
where water is retained in the floral bracts. Phytotelmata
maintain diverse animal communities and are considered
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as biodiversity reservoirs for invertebrates (Seifert 1982;
Kitching 2000). These ephemeral microhabitats are used by
terrestrial and aquatic invertebrate species for feeding, ref-
uge and reproduction (Seifert 1982; Aristizabal et al. 2013;
de Oliveira et al. 2018; Sayers et al. 2019). In some cases,
the physical and chemical conditions in phytotelmata influ-
ence the abundance and the species richness of invertebrates
inhabiting them, promoting high invertebrate species turno-
ver (Jalinsky et al. 2014; de Oliveira et al. 2018). Inverte-
brate communities in the phytotelmata of bromeliads and
heliconias exhibit different trophic guilds and a positive size-
diversity relationship (Seifert and Seifert 1976; Antiqueira
et al. 2018). Therefore, Heliconia species represent an ideal
study system for evaluating the impact of forest disturbance
on animal diversity, trophic guilds, and their patterns of
interactions with their host plants.

Beetle species within the Staphylinidae (commonly
known as rove beetles) are abundant and frequent oppor-
tunistic floral visitors (Thayer 2016; Sayers et al. 2019), and
commonly found in Heliconia inflorescences (Seifert and
Seifert 1976; Frank and Barrera 2010; Frank and Morén
2012; Bersosa et al. 2014; Jalinsky et al. 2014; de Oliveira
et al. 2018). Rove beetle species present numerous feed-
ing habits (e.g., predators, phytophagous, parasitoids and
saprophagous), and are often observed preying actively on
fly larvae and pupae (Frank and Barrera 2010; Frank and
Morén 2012; Lopez-Garcia and Marin-Gémez 2018) and
feeding on decomposing organic matter in the bracts of heli-
conias (Frank and Barrera 2010; Lopez-Garcia et al. 2011).
Rove beetles are not directly involved in pollination however,
as floral visitors they could affect plant fitness by consum-
ing floral parts and pollen or by predating insect folivores
(McCall and Irwin 2006; Klimaszewski et al. 2010; Thayer
2016; Sayers et al. 2019). Therefore, the interaction between
plants and rove beetles could range from commensalistic
to mutualistic or antagonistic, but further research about
the natural history of rove beetles inhabiting heliconias is
required (Sayer et al. 2019).

Despite of the high species diversity of rove beetles
worldwide (e.g., approximately 63,000 known species,
Irmler et al. 2018) and of their functional importance in
ecosystemes, little is known about their interactions with their
host plants and the role of phytotelmata as habitat refuges for
the preservation of rove beetle species in human-modified
landscapes (Sayers et al. 2019). In this study, we compared
the rove beetle community inhabiting Heliconia wagneriana
Petersen inflorescences present in old-growth and human
induced secondary tropical forests. Firstly, we tested if rove
beetle species diversity and their feeding habits differed
between old-growth and secondary forests. Secondly, we
evaluated if phytotelmata traits and forest type influence
rove beetle species composition. Finally, we described the
topological structure of individual-based heliconia-beetle
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ecological networks in each forest type. We expected that
rove beetle community attributes and interactions were
affected by forest type while phytotelmata traits influence
species composition (Benitez-Malvido et al. 2014, 2016).
We also discussed and highlighted the ecological role of
Heliconia herbs as microhabitats for different native rove
beetle species in human-modified landscapes.

Material and methods
Study area

The study was conducted in the Lacandona rainforest region,
in the state of Chiapas, southeastern Mexico (16° 03'N;
90° 64'W, 170 m, Fig. 1). This region contains the Montes
Azules Biosphere Reserve (MABR, 331,200 ha) and some
protected areas in the Marqués de Comillas municipality.
The MABR has around 4000 species of vascular plants
(Medellin 1994), is one of the most biodiverse regions in
Mexico and is considered the largest remnant of tropical
rainforest of Mesoamerica (Mendoza and Dirzo 1999).
Temperature ranges between 18° and 32 °C, and annual
precipitation averages 3000 mm (Meave del Castillo 1990).
Human activities, such as cattle ranching, forestry and agri-
culture, are the main causes of deforestation (Durand 2019).
Two contrasting common forest types in the region were
considered for this study including: old-growth continuous
forests and secondary forests. Forest types are divided by
the Lacantin River, which forms the southern boundary of
the MABR. The old-growth forest corresponds to well-pre-
served lowland tropical rainforest within the MABR, while
the secondary forests areas have regrown after forest clear-
ance and are close to human settlements with paved and
unpaved roads (see details in Benitez-Malvido et al. 2016).

Study species

In the Lacandona rainforest, eight natives Heliconia spe-
cies are found, including the following: Heliconia auranti-
aca Ghiesbreghtii ex Lemaire, H. bourgaeana Petersen, H.
collinsiana Griggs var. collinsiana, H. latispatha Bentham
cv. Orange Gyro, H. librata Griggs, H. spissa Griggs, H.
vaginalis Bentham and H. wagneriana (Santos et al. 2009;
Benitez-Malvido et al. 2014, 2016). Some of these Helico-
nia species are found in old-growth continuous forests and
secondary forests concurrently, e.g., H. latispatha, H. collin-
siana, and H. wagneriana. For the purposes of this study, we
selected H. wagneriana because the species presents erect
inflorescences arranged in concave bracts forming phytotelm
systems and is commonly found in preserved and disturbed
forests.
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Fig. 1 The map shows the study area with the location of Heliconia
wagneriana individuals (red and black dots) growing in old-growth
continuous forests (OGF, green color) and secondary forests (SF, grey
color) within the Lacandona rainforest region, Chiapas, Mexico. The

The species H. wagneriana is mainly distributed in Cen-
tral America and the Caribbean; with a narrow blooming
season during the dry season from March to April, in Mex-
ico (Criley and Sakai 1997). The species attracts pollinators
with long curved bills, such as the hummingbird species
Phaethornis longirostris and Campylopterus hemileucurus
(Stiles 1975; Berry and Kress 1991; Gannon et al. 2018).
Furthermore, H. wagneriana can establish in open areas and
tolerate up to 40% shade, its height ranges from 1 to 8 m, and
the erect inflorescences are composed by 6-20 large bright
pink and green bracts (approximately 200 flowers) forming
phytotelms (Stiles 1975; Berry and Kress 1991). In the study
area, H. wagneriana was relatively common in old-growth
continuous forest gaps and in secondary forest regrowth,
however individuals were not evenly distributed through the
study area. In old-growth continuous forest, H. wagneriana

image shows two common beetle species visiting the heliconia bracts:
Belonuchus rufipennis (predator, left-bottom side) and Coproporus
sp. (saprophagous, right-bottom side). (Color figure online)

individuals were more aggregated and located along forest
trails, paths and canopy gaps, while in secondary forest, the
species was common along forest edges and clear-cut forest
along paved and unpaved roads (Fig. 1).

Rove beetle sampling

In the southern boundary of MABR, we searched for indi-
viduals of H. wagneriana with their inflorescences at simi-
lar developmental stages (i.e., holding up to12 bracts, with
an average length of 45 +6.97 cm). In an area of 334 km?
during the blooming season of 2022 and 2023, 20 differ-
ent individuals of H. wagneriana in each forest type were
located. The sample of individuals was constrained by the
presence of fresh inflorescences and a minimum distance of
60 m between them. Given accessibility limitations within
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the MABR, H. wagneriana individuals in old-growth
continuous forest were located at an average distance of
554.7+167.8 m from the river. Conversely, individuals in
the secondary forests were more scattered and located at an
average distance of 1218 + 896 m from the river border close
to human settlements (e.g., the ejido Boca de Chajul, Play6on
de la Gloria, Galicia and Zamora Pico de Oro). Though H.
wagneriana is relatively common in the study region, the
requirement for fresh inflorescences and accessibility limita-
tions, influenced the differences in average distance among
H. wagneriana individuals in old-growth continuous forests
(60-750 m) and in the secondary forests (153-3729 m).

Sampled H. wagneriana individuals were used as inde-
pendent sampling units. Two inflorescences per individual
were removed from the most basal part of the plant and cov-
ered with plastic bags (i.e., 80 inflorescences from 40 plants
in total). Each inflorescence was sectioned, the bracts split,
and the floral contain was pulled apart in search of rove
beetle adults. A total of 743 bracts, 371 bracts in secondary
forests and 372 in old-growth forests, were examined. Bee-
tles were captured manually and collected in vials filled with
90% alcohol. Rove beetle abundance, richness and feeding
habits (assigned following Navarrete-Heredia et al. 2002)
were recorded for each plant. Adult specimens were deter-
mined to the lowest possible taxonomic level using dichoto-
mous keys for the Staphylinidae (Sharp 1884; Smetana 1995;
Navarrete Heredia et al. 2002; Chani-Posse 2014; Marquez
and Asiain 2022). All species were confirmed as independ-
ent taxonomic entities based on differentiating external char-
acters and the extraction of male genitalia. Specimens were
deposited in the Coleoptera Collection, at the Universidad
Auténoma del Estado de Hidalgo (CC-UAEH).

Rove beetle species composition is strongly influenced
by environmental and microhabitat variables (Irmler and
Giirlich 2007; Gutiérrez et al. 2009). Therefore to assess if
phytotelmata traits influenced rove beetle species composi-
tion between forest types, the following bract traits were
recorded by using a measuring tape and a digital caliper:
length, width and thickness. Using a digital water quality
tester WALFRONT, three physicochemical variables of the
liquid contained within the bracts were recorded for each
bract, including the following: liquid pH, temperature and
volume (Table S1).

Data analysis

Species diversity

Species diversity of the rove beetle community was esti-
mated using Hill numbers (Hill 1973) or 9D diversity (Jost
2006), which indicates the effective number of species in

a sample. The exponent g determines the influence of spe-
cies abundance on diversity values, whereas °D is equal to
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species richness and 'D gives a proportional weight to spe-
cies based on their abundances and is known as the effective
number of equally common species. Finally, the effective
number of dominant species 2D gives greater weight to those
species that are the most abundant in the community. Diver-
sity values were compared between forest types, using the
sample-completeness profile through all 9D values ({Cmax,
Chao et al. 2020), which allows for fair comparisons under
the replication principle (Jost 2006; Chao and Jost 2012).
A cutoff for comparison was defined as the reference sam-
ple extrapolated up to double the reference sample size
(Cmax,=96%, Supplementary Information Table 1, Chao
et al. 2020). Significant differences between 9D were identi-
fied when there was no overlap with a confidence interval of
95% (Cumming et al. 2007).

Evenness is a measure of variation in species relative
abundance. When species abundances are perfectly even,
diversity of all orders 9D >0 are identical and equal to spe-
cies richness. When species abundances are not even, spe-
cies diversity declines as the diversity order g increases.
Therefore, the steepness of the slope reflects the uneven-
ness of species abundances, but as °D only considers spe-
cies richness, abundance is disregarded, and it is not mean-
ingful to evaluate evenness (Chao and Ricotta 2019; Chao
et al. 2020). Here, we focus on evenness measures of orders
'D and %D at the coverage level of Cmax=96%; and the
comparison between forest types was realized using 95% of
confident intervals (Chao et al. 2020). The iNEXT-4-steps
package for R.v.4.3.2 was used for calculating the values of
9D (+95% CI), the evenness and sample completeness pro-
files (Chao et al. 2020). To visualize rove beetle community
structure between forest types, we constructed rank-abun-
dance curves with the BiodiversityR package for R.v.4.3.2
(Kindt and Kindt 2019).

To assess changes in rove beetle species abundance
between forest types, a generalized linear model with nega-
tive binomial error was fitted with glm.nb function in MASS
package (R Core Team 2020). The GLM was compared with
a null model using ANOVA (Chi-squared LR test) in Stats
package (R Core Team 2020). The probability of finding one
feeding habit in each forest type was estimated using gener-
alized linear models with a binomial distribution. A two-col-
umn matrix—used as a response variable—was constructed
using the cbind function in R (i.e., “cbind (Predators, Sap-
rophagous)”, which represents the abundance of predator or
saprophagous species found in each inflorescence by forest
type; these were the only two feeding habits found in our
samples (Rodriguez-Pefa et al. 2023). The models were fit-
ted and compared with null model using the glm and anova
function (Chi-squared test) for Stats package R.v.4.3.2 (R
Core Team 2020), and the heteroscedasticity and normality
assumptions of all generalized linear models were evaluated
with residual plots (Burham and Anderson 2002).
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Table 1 Rove beetle species collected in the inflorescences of Heliconia wagneriana in old-growth and secondary forests in the Lacandona rain-

forest region, Mexico

Subfamily Species Feeding habits  Code  Old- Secondary forest
growth
forest
Aleocharinae Aleocharinae sp. 1 Predator Al 3 101
Aleocharinae sp. 2 Predator A2 0 3
Aleocharinae sp. 3 Predator A3 2 4
Aleocharinae sp. 4 Predator A4 1 103
Aleocharinae sp. 5 Predator A5 0 59
Osoriinae Naceus sp. Saprophagous 01 0 1
Thoracophorus sp. Saprophagous 02 1 11
Paederinae Lithocharis sp. 1 Predator Pal 0 12
Lithocharis sp. 2 Predator Pa2 1 1
Scopaeus sp. Predator Pa3 0 2
Deroderus sp. Predator Pa4 0 1
Piestinae Piestus sp. aff. mexicanus Laporte, 1835  Saprophagous Pil 0 47
Piestus sp. Saprophagous Pi2 3 16
Hypotelus sp. Saprophagous Pi4 0 1
Staphylininae Belonuchus rufipennis (Fabricius, 1801)  Predator S1 1 17
Belonuchus bidens Sharp, 1885 Predator S2 1 0
Belonuchus iridescence Solsky, 1868 Predator S6 1 0
Belonuchus sp. 1 Predator S3 17 2
Belonuchus sp. 2 Predator S5 0
Quedius sp. Predator S7 0 1
Paederomimus sp. Predator S11 0
Tachyporninae Coproporus sp. 1 Saprophagous T1 35 24
Coproporus sp. 2 Saprophagous T2 13 12
Coproporus sp. 3 Saprophagous TS 1 1
Coproporus sp. 4 Saprophagous T6 39 2
Coproporus sp. 5 Saprophagous T7 0 2
Sample coverage (Cmax) 0.62 0.962
No individuals 191 473
Observed species richness 16 22
Species richness ("D) 24 22
Number of equal effective species ('D) 4.86 9.64
Number of dominant species (*D) 3.14 7.31

Rove beetle species composition and phytotelmata
traits

Compositional dissimilarity based on the Jaccard index
(Pcc) was used to determine the variation of rove beetle
species composition in H. wagneriana bracts between for-
est types. Compositional dissimilarity (fcc) is separated
into two additive components: replacement (frepl, species
replacement) and richness difference (frich, loss or gain of
species, Podani and Schmera 2011; Carvalho et al. 2013).
These measures are insensitive to undersampling (Cardoso
et al. 2009) and do not overestimate the species turnover
component (Carvalho et al. 2012). The compositional dis-
similarity matrices were calculated with the betamulti and

beta function in the BAT package for R.v.4.3.2 (Cardoso
et al. 2015). By using a Mantel test with Spearman’s correla-
tion and 9,999 permutations (Legendre and Legendre 2012)
there was no significant relationship between compositional
dissimilarity of rove beetles and geographic distance among
plants for either forest type: old-growth forest (Mantel test,
r=0.138 and p=0.142) and secondary forest (Mantel test,
r=-—0.09 and p=0.73). In order to evaluate if forest type
and physical and chemical variables of H. wagneriana inflo-
rescences determine the rove beetle species composition,
we use the non-metric multidimensional scaling (NMDS,
Legendre and Legendre 2012). Goodness-of-fit measure for
NMDS configuration was inspected by stress values, i.e., the
sum of the squared differences between fitted and original
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distances (Legendre and Legendre 2012) and by Shepard
diagrams, which compare the distances among objects in
the ordination plot with the original distances. Replacement
(Prepl) and richness difference (Brich) dissimilarity matrix
were used for NMDS with metaMDS function for Vegan
package (Oksanen et al. 2015), the non-metric fit (based on
stress) and linear fit (the correlation between fitted values
and ordination distances) were provided. The envfit function
was used to calculate multiple regression of bract trait vari-
ables and forest type with ordination axes of each NMDS
(i.e., for the replacement and richness difference compo-
nent), with the length of the arrow proportional to the cor-
relation with the ordination. Biplots of species and envfit
vectors were generated to visualize.

Ecological networks

We assessed the topological structure of individual-based
H. wagneriana-rove beetle networks in old-growth and
secondary forests. Each individual-based heliconia-beetle
network was built with an adjacency matrix A, where aij
is the number of interactions from an individual plant j by
rove beetle species i (Bascompte et al. 2003). To describe
the topological structure of the heliconia-beetle network in
old-growth and secondary forests, and to assess how con-
nected are the networks the following metrics were calcu-
lated (Tylianakis et al. 2007; Benitez-Malvido et al. 2014,
2016). Connectance is the sum of links divided by the total
number of cells within the interaction matrix. Links per spe-
cies indicate the sum of connections divided by the number
of species. The network metrics were calculated using the
networklevel and plotweb functions in the bipartite package
for R (Dormann et al. 2009).

To assess the degree of nestedness of each network per
forest type, the NODF metric was used for incidence data in
ANINHADO (Almeida-Neto et al. 2008) and the wNODF
metric was used for abundance data with NODF software
(Almeida-Neto and Ulrich 2011). To assess if nestedness
values are higher than those expected by chance, 1000 ran-
dom networks were generated using Null Model II-CE for
incidence networks (Bascompte et al. 2003), and Null Model
RC for abundance networks (Almeida-Neto and Ulrich
2011). In these null models, the probability of an interac-
tion occurring is proportional to the number of interactions
between beetles and plant inflorescences (Bascompte et al.
2003). Nestedness values range from 0 (non-nested) to 100
(perfectly nested). Using a simulated annealing algorithm,
we calculated modularity (index M, from O to 1 for non-
subgroups and completely separated subgroups) with the
MODULAR software (Marquitti et al. 2014). In a nested
network, peripheral species (i.e., beetles with few visits)
interact with a subgroup of inflorescences that are also vis-
ited by a generalist core species (i.e., beetles with a higher
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number of visits). The core-periphery measure was evalu-
ated to determine the core groups (i.e., highly connected
nodes) and peripheral groups (i.e., poorly connected nodes)
using the formula proposed by Déttilo et al. (2013).

Results
Rove beetle species diversity

In the 80 H. wagneriana inflorescences sampled from 40 dif-
ferent individuals, a total of 26 species within six Staphyli-
nidae subfamilies and 11 genera were recorded (N =664
individuals, Supplementary Information, Table 1). All indi-
viduals of H. wagneriana were inhabited by at least one
rove beetle species (range from 1 to 13 species in one plant).
Rove beetle abundance was significantly higher in second-
ary forests than in old-growth forests (Z=-2.753, df =76,
and p=0.005; Shapiro test W =0.95; p=0.008; Chi-squared
LR =7.03, p=0.008). Both forest types showed a sample
completeness profile of 100% for 9D values > 0, but 78% for
species richness in secondary forest and 28% in old-growth
forests (Fig. 2a). Total rove beetle species richness (°D) did
not differ between forest types (Fig. 2b, 9D +95%), while
the effective number of equally common species (‘D) and
dominant species (’D) was twice as diverse in secondary
forests than in old-growth continuous forests (Fig. 2b). The
evenness profile showed a more uneven distribution for old-
growth forests than for secondary forests (Fig. 2c), coincid-
ing with the rank-abundance curves where the secondary for-
est reveals a more equitable abundance distribution among
species (Fig. 2d). Two species in the genus Coproporus were
dominant in the old-growth forest (Fig. 2b): Coproporus sp.
1 (T1, Fig. 2b) and Coproporus sp. 4 (T6, Fig. 2b), and
represented about 75% of the total abundance, while two
Aleocharinae species were dominant in the secondary forests
with 43% of the total abundance.

Only two feeding habits were recorded in the bracts of H.
wagneriana, saprophagous and predator species. A total of
315 individuals in 10 species and 349 individuals in 16 spe-
cies for saprophagous and predatory species, respectively,
were found in both forest types (Fig. 3, Table 1). The detec-
tion probability of saprophagous and predator rove beetles
was significantly influenced by forest type, where sapropha-
gous species were predominantly found in old-growth forests
(Z=10.95 and p<0.001 in Fig. 3), and predator rove beetles
in secondary forests (Z=— 10.95 and p <0.001 in Fig. 3).

Rove beetle species composition and phytotelmata
traits

A high compositional dissimilarity of rove beetle spe-
cies was found between forest types (fcc=87.07%). The
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richness difference component (frich=47.95%) had a
slightly higher contribution than the replacement compo-
nent (frepl=39.11%). Twelve species were shared between
forest types, four species were recorded exclusively in old-
growth forests, and ten species were unique to secondary
forests. The NMDS ordination showed that the rove beetle
dissimilarity composition by forest type was better explained
in the replacement component frepl (R>=0.22, p=0.001)
than in the richness difference component frich (R*=0.032,
p=0.311, Fig. 4b). Nevertheless, the relationship between
compositional dissimilarity and bract traits showed signifi-
cant values only with the frich matrix, where liquid tem-
perature (R*=0.29, p=0.003), volume (R>=0.26, p=0.006)
and bract width (R2 =0.16, p=0.037, Fig. 4a) were the bract
traits that best explained the variation in beetle species com-
position between forest types (Supplementary material,
Table S2). The inflorescences in secondary forest with rela-
tively smaller bracts and higher liquid temperature showed
higher number of rove beetle species (see grey arrow in
Fig. 4b). The bract traits were not significant for the replace-
ment component (Supplementary material, Table S2).
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Fig.4 Non-metric multidimensional scaling (NMDS) for richness
difference component (a, prich) and replacement component (b,
Prepl). Stress value and non-metric fit R? (NmR?) are provided. Bract

Table 2 Ecological networks descriptors of rove beetle species asso-
ciated to Heliconia wagneriana inflorescences in old-growth and sec-
ondary forests. (*) indicates P<0.001 i.e., significantly nested

Network descriptor Old-growth forest Secondary forest

No. of rove beetle species 16 22
No. of inflorescence 20 20
Link per species 1.4 2.66
Connectance 0.16 0.25
NODF 47.82% 50.93*
wNODF 33.86 31.95*
Modularity 0.42 0.25

Ecological networks

The individual-based heliconia-beetle networks descrip-
tors differed between forest types, the connectance values
and the link per species were higher in secondary forests
(Table 2). No modular pattern was found, but nested sig-
nificant patterns with incidence data in old-growth forest
and with incidence and abundance data in secondary forest,
were found (Table 2, Fig. 5). The Coproporus genus showed
the greater number of links in both forest types and was the
most important species in determining the nested pattern;
Coproporus sp. 1., and Coproporus sp. 4 constituted the old-
growth forest core species and concentrated 75% of the total
abundance; whereas Coproporus sp. 1, Coproporus sp. 2,
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(b) Replacement (8= 39%)
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traits are presented in black arrows for those no significant and red
arrows for those significant P<0.001 (see abbreviation in Supple-
mentary material, Table S2)

Aleocharinae sp. 4, Aleocharinae sp. 1 and Aleocharinae sp.
5 formed the secondary forest core species and concentrated
70% of the total abundance.

Discussion

This study is the first attempt to estimate the diversity of rove
beetle communities associated with a tropical host plant,
H. wagneriana, throughout feeding habits and ecological
networks in old-growth and secondary forests. According to
our predictions, forest type originated from tropical rainfor-
est disturbance affected rove beetle diversity, the incidence
of feeding habits and the network structure. The study high-
lights the important role of H. wagneriana inflorescences
in the community structure of associated rove beetles. Fur-
thermore, our results indicate that H. wagneriana act as an
important microhabitat for rove beetle species in conserved
and disturbed tropical forests.

Rove beetle feeding habits and species diversity

In our study, although total species richness was similar
in old-growth and secondary forests, we found differences
between forest types when comparing equally common ('D)
and dominant (°D) species diversity. Inflorescences of H.
wagneriana in secondary forests hold twice as diverse ('D,
’D) rove beetle species than those in old-growth forests.
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Fig.5 Ecological networks between Heliconia wagneriana and their
associated rove beetles showing a significant nested pattern for inci-
dence data in old-growth forests (a), and both incidence and abun-
dance data in secondary forests (b). Core species are indicated by a

Species richness (°D) is the most difficult diversity expres-
sion to estimate because of the high influence of rare spe-
cies (Chao et al. 2020). The sample completeness analyses
showed higher rare undetected species in old-growth for-
ests than in secondary forests. Old-growth forests present
a greater number of ephemeral microhabitats for opportun-
istic rove beetle species such as decomposing tree trunks
and litter, fallen rotten fruits, mushrooms, bromeliads, and
other Heliconia species (Arnan et al. 2011). Thus, the large
extension of the old-growth continuous forest and its high
offer of ephemeral resources contributes to the high propor-
tion of rare undetected species. Furthermore, the dominance
of species in the saprophagous genus Coproporus in old-
growth forests generated an uneven distribution of species
abundance compared with secondary forests. Seasonality is
also another important factor in the structure of rove beetle
communities, some species are dominant during the dry sea-
son while others during the rainy season (Reyes-Hérnandez
and Navarrete-Heredia 2021). The herbaceous species H.

star. The lines represent the number of interactions between each rove
beetle species (dark green squares) with individuals of H. wagneri-
ana (gray squares). The left codes represent different individuals of
H. wagneriana and rove beetle species code are presented in Table 1

wagneriana, may represent a shelter and feeding source for
rove beetle species during the dry season. The rove beetles
associated to inflorescences are restricted to the blooming
season, however.

The proportion of rove beetles within different feeding
habits shifted between forest types. Saprophagous species
are generally more sensitive to microclimatic changes than
generalist predator species (Nagy et al. 2015), which could
explain the higher detection probability of saprophagous
species in old-growth forests. The prevalence of different
microhabitats in old-growth forests could explain greater
resource availability for saprophagous and other undetected
species. For instance, Piestus beetles were observed con-
suming fallen decomposing fruits of Pouteria sp. in old-
growth forest (D.M. Méndez, personal observation). Four
Coproporus species were the most abundant (60% of col-
lected individuals) and occupied more than 50% of H.
wagneriana inflorescences in both forest types. Little it is
known about Coproporus life history, but larvae and adults
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have mainly saprophagous habits and can be found in leaf
litter, dung, carcasses, fungi, decomposing fruits and cacti
(Navarrete-Heredia et al. 2002; Thayer 2016). Since H. wag-
neriana inflorescences accumulate their own organic matter
in the bracts, they represent a favorable environment for sap-
rophagous species such as Coproporus. Species in the genus
Coproporus, have also been found in inflorescences with
high humidity and organic matter content, such as Heliconia
stricta, Calathea luthea and Etlingera elatior (Lopez-Garcia
et al. 2011; Jalinski et al. 2014).

Conversely predator species were less likely detected
in old-growth forests than in secondary forests probably
because generalist predator species present high dispersal
capability, are less sensitive to environmental conditions and
have opportunistic habits (Rusch et al. 2015; Hanson et al.
2016). Nevertheless, habitat specificity could change among
Staphylinidae’s subfamilies. Six predator species of the
Staphylininae subfamily were found in old-growth forests,
and only three species in secondary forests, while predator
species of Aleocharinae and Paederinae prevail in second-
ary forest. It is likely that predator species used Heliconia
inflorescence for feeding on dipteran larvae that are more
abundant in secondary forests, as has been shown for other
invertebrates associated to heliconias (Benitez-Malvido et al.
2014). Greater abundance of invertebrates could result in
greater prey availability for rove beetles. It has been reported
that Belonuchus, Platydracus, Chroaptomus and Paedero-
mimus species visit heliconia inflorescences for hunting
(Seifert and Seifert 1976; Frank and Barrera 2010; Frank
and Morén 2012; de Oliveira et al. 2018). Congeneric spe-
cies of heliconia like H. bihai in Venezuela (i.e., four Belo-
nuchus species, Frank and Barrera 2010) and Brazil (i.e.,
one Paederomimus, de Oliveira et al. 2018), H. stricta in
Peru (i.e., one Philonthus species Jalinski et al. 2014) and
H. bourgaeana in Veracruz, Mexico (i.e., four Platydracus
and one Chroaptomus species, Frank and Morén 2012) also
supported rove beetle predator species.

Rove beetle species composition in H. wagneriana
inflorescences

At alocal scale, the species composition of rove beetle com-
munities tend to be explained by environmental conditions
(Irmler and Giirlich 2007; Caballero et al. 2009) and, at the
landscape scale, by the degree of habitat loss and forest frag-
mentation (Golden and Crist 2000). Our study showed that
forest type and the physical and chemical traits of the bracts
influenced the beta diversity components in rove beetle com-
munities. The ephemeral nature of heliconia inflorescences
ensures high turnover of insect communities offering food
and shelter for many rove beetle species (Jalinsky et al.
2014). Our results reveal the importance of two different
components of beta diversity, although 12 common species
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were shared between forest types, species replacement fSrepl
(39% of beta diversity) was mainly explained by the loss of
old-growth forests species (Carvalho et al. 2012). Assum-
ing that old-growth forests were our experimental control,
we found that different rove beetle species were replaced
by others in secondary forests. Predator species such as
Paederomimus and those within the genus Belonuchus
(i.e., B. bidens, B. iridescens, Belonuchus sp. 1 and Belo-
nuchus sp. 2) were unique to old-growth forests; and were
replaced by predator species unique to secondary forest such
as Lithocharis sp. 1, Scopaeus sp., Deroderus sp., Quedius
sp., and two Aleocharinae species.

Physical and chemical conditions of heliconia bracts
could have contributed to rove beetle species turnover due to
space availability and to the amount of prey that bracts can
sustain. It has been reported that arthropod abundance and
species richness are influenced by bract size and resource
heterogeneity in H. imbricata (Naeem 1990). In our study,
bract size (i.e., width bract and volume) and temperature
contributed to explain only the richness difference compo-
nent frich (i.e., 48% of total composition dissimilarity). The
beta diversity component known as richness difference is
referred to the number of different species that each inflores-
cence contained (Carvalho et al. 2012). The NMDS from the
richness difference component revealed an indirect gradient,
ordering individual inflorescences from those with higher
number of rove beetle species and individuals, to those with
lower number of species and individuals. Particularly some
inflorescences in secondary forest with smaller bracts and
greater liquid temperature, hosted up to 13 rove beetle spe-
cies. In contrast, inflorescences that showed lower liquid
temperature and larger bracts housed only one beetle spe-
cies in both forest types. Our results highlighted the impor-
tance of intraspecific trait differences among H. wagneriana
individuals in rove beetle species composition. Ten species
including Coproporus sp. 5, Naceus sp., Hypotelus sp., and
Piestus aff. mexicanus were unique in secondary forests.
These species are generally found inhabiting the leaf-litter
and are usually locally restricted, but in secondary forest
they were also found in H. wagneriana inflorescences above
the soil level (Anderson and Ashe 2000; Navarrete-Heredia
et al. 2002).

Heliconia-rove beetle interaction networks

Our study contributes to untangling the structure of rove bee-
tle communities that exploit ephemeral, rare and unpredicta-
ble resources in preserved and disturbed tropical rainforests.
Overall, the individual-based heliconia-rove beetle networks
were significantly nested. As it has been documented, some
networks descriptors usually employed in ecological inter-
actions are quite sensitive to data category (Miranda et al.
2019). In mutualistic plant-ant interactions, nested patterns
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are more commonly found with binary networks (93%) than
quantitative networks (21%), while binary and quantitative
data are less commonly found (14%, as seen in Dattilo et al.
2014). In our study, nestedness differed with incidence and
abundance data between forest types. Moreover, nestedness
was detected only with incidence data in old-growth forests.
Although Coproporus sp. 4 and Coproporus sp. 1 were core
species inhabiting 15 of 20 individual plants, all interac-
tions in networks with binary data are ecological equivalent
because the strength of the interaction is not represented
(Almeida-Neto and Ulrich 2011).

In secondary forests, nestedness was detected in abun-
dance and incidence data, where only one H. wagneriana
individual showed up to 13 species with 30% of the total
beetle abundance recorded. This could be related to intrinsic
plant traits, resource availability and competition with other
arthropod species. The blooming season of H. wagneriana
is between January and April (Stiles 1975; Berry and Kress
1991), with greater resources offered to invertebrate species
in the dry season. The inflorescence life span is up to five
months. Some rove beetle species and other invertebrate spe-
cies could take advantage of this time window with higher
resource availability for visiting the inflorescences more
frequently. It is likely that greater resource availability may
contribute to beetle abundance within a bract. An abundant
and rich community of ants, earwigs, bugs and other beetle
families (e.g., Carabidae, Chrysomelidae, Curculionidae,
and Hydrophilidae) has been reported in H. latispatha, H.
collinsiana, H. stricta and H. bihai (Benitez-Malvido et al.
2014; Jalisnki et al. 2014; de Oliveira et al. 2018), which
is an indicator that phytotelmata environments form more
complex interaction networks than shown at present.

A nested pattern for individual-based heliconia-inverte-
brate (Benitez-Malvido et al. 2014, 2016) and cactus-Syrphi-
dae ecological networks have been reported (Martinez-Fal-
con et al. 2010). Connectance values of the heliconia-rove
beetle networks were also similar to those found for inver-
tebrate networks in H. collinsiana and H. latispatha at the
same study region (C=0.3-0.4; Benitez-Malvido et al. 2014)
and for one cactus species in a semiarid region (C=0.35;
Rosano-Hinojosa et al. 2019) but higher for palm-rove
beetle networks (Nifio-Pérez and Nuiiez-Avellaneda 2018;
C=0.078). Low connectance is generally an indicator of low
specialization, which could be expected for rove beetle floral
visitors. The rove beetle species associated with heliconia
inflorescences are mostly generalists. The most abundant
species (Coproporus spp.) were core species in the networks
and suggesting that these species could be permanent resi-
dents in H. wagneriana inflorescences and developing part
of their life cycle therein. Predators could be considered as
peripherical species because they are more itinerant moving
to other substrates or visiting H. wagneriana clumps with
greater number of inflorescences. Until now, there have been

no reports of direct mutualistic interaction between rove bee-
tles and heliconias (Seifert 1982; Frank and Barrera 2010,
Frank and Morén 2012; Aristizabal et al. 2013; de Oliveira
et al. 2018). Nevertheless, the high abundance and species
richness of rove beetles in heliconia inflorescences could
indicate indirect mutualistic interactions. While heliconias
offer shelter and resources, some rove beetles may consume
herbivores that cause floral damage.

Conclusions

Our study revealed the impact of forest disturbance on the
rove beetle community associated to H. wagneriana inflores-
cences. Species diversity, compositional dissimilarity, pro-
portion of feeding habitats and nestedness varied between
forest types. The structural and environmental complexity
that characterize preserved forests offer greater resource
availability and microhabitats for rove beetle species, where
many rare rove beetle species were undetected. By contrast,
H. wagneriana inflorescences inhabiting secondary forests
are suitable microhabitats for many rove beetle species not
recorded in old-growth forests.

This is the first attempt to quantify the topology of eco-
logical networks in H. wagneriana inflorescences and their
associated rove beetles growing in different forest type.
Despite the increasing knowledge regarding rove beetles
in heliconia inflorescences, their functional roles and their
direct or indirect mutualistic interactions are still poorly
understood. It is unclear which rove beetle species are per-
manent residents or itinerant visitors in heliconia inflores-
cences, and we still ignore if they cause some indirect advan-
tages to heliconias by hunting herbivores.

The ephemeral and scattered nature of heliconia inflo-
rescences in human-modified landscapes may serve as bio-
diversity reservoirs hosting rich invertebrate communities.
Bracts offer food, shelter and sites for mating, oviposition
and development for a diverse invertebrate community; and
the aggregated distribution of heliconias (i.e., clumps) form
complex ecological micro-systems hosting different trophic
guilds. Different heliconia species can commonly growth in
disturbed forest, along roadside, on riverbanks and patches
of secondary forest, became an important shelter for insect
conservation in tropical human-modified landscapes. In
addition, heliconias represent important landscape elements
in the control of soil erosion (Alvarado and Ziaiga 2018),
therefore we propose the use of heliconia species as land-
scape elements for maintaining distinct insect communities.
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