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Abstract

Ants often interact with other invertebrates as predators or mutualists. Epiphytic bromeliads
provide nesting sites for ants, and could increase ant abundances in the tree canopy. We
surveyed ants in the foliage of orange trees that either hosted bromeliads or did not. To
determine if observed associations between bromeliads and tree ants were causal, we
removed bromeliads from half of the trees, and resurveyed ants six weeks later. Our results
show that bromeliad presence is correlated with higher ant abundances and different spe-
cies of ants on orange trees during the dry season. This increase in ant abundance was
driven primarily by Solenopsis ants, which were both numerous and found to facultatively
nest in bromeliads. Bromeliad removal did not affect either ant abundance or composition,
potentially because this manipulation coincided with the transition from dry to wet season.
Other ant species were never encountered nesting in bromeliads, and the abundances of
such ants on tree leaves were unaffected by bromeliad presence or removal. Considering
the importance of ants in herbivore regulation, our findings suggest that bromeliads—through
their association with ants—could indirectly be associated with biological control in agricul-
tural systems.

Introduction

Ants are a powerful ecological force, making up more than 10% of animal biomass of the earth
[1] and up to 80% of animal biomass in the tropics [2,3]. They play a key role in plant pollina-
tion, soil perturbation, and regulation of crop-damaging insects [1] and often benefit plants by
preying on herbivores. These effects are particularly significant in tropical regions, where ant
removal in plants resulted in a decrease in plant fitness of 59%, in part due to the role of ants
in preventing herbivore damage [4,5]. However, ants also have mutualistic interactions with
herbivores, such as aphid-tending and butterfly larva-tending behaviours, which may or may
not benefit plants. On the one hand, tending behaviours by ants may result in higher densities
of aphids and butterfly larvae and consequently higher herbivory rates and/or higher rates of
disease-spread by aphids [6-9]. On the other hand, studies have shown that the majority
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(73%) of ant-hemipteran associations enhance ant predation and harassment of more damag-
ing herbivores and thus confer a net benefit on the host plant [6,10]. Understanding these rela-
tionships can have important implications for the management of tropical agroecology
operations, especially citrus orchards where ants are one of the most abundant insect groups
[11]. A meta-analysis of the effects of ants on citrus pests and their natural enemies demon-
strated the complexity of these relationships [11]. While ants are effective in controlling non-
honeydew producing citrus pest abundance, their presence can also result in an increase in the
abundance of honeydew-producing pests. That being said, the potential for ants to positively
affect honeydew producers depends strongly on the identity of the ant species; Lasius grandis-
an ecologically and behaviourally dominant ant species in Mediterranean citrus orchards-, for
example, suppresses natural enemies of honeydew-producing pests by up to 145% relative to
other less abundant ant species [11-13].

Many tropical ants have positive associations with plants, ranging in strength from faculta-
tive to obligate [14,15]. Well-known obligate associations include acacia ants of the subgroup
Pseudomyrmex ferrugineus, which are only able to nest in domatia of their Vachellia host plant
[16,17], as well as Neotropical ant gardens formed by a symbiosis between specific ants and
specific plants [18]. Many other ant-plant associations are facultative, in that ants use a range
of plant species. For example, the majority of domatia-using ants are able to occupy a range of
host plant species [19]. Ants can indirectly benefit their host plants by reducing herbivore
abundance [20] or by forming and enriching soil around plant roots [21]. When the host plant
is epiphytic, these benefits of ants may extend to the support tree. Epiphytes have been shown
to be correlated with higher ant abundances on plantation trees, compared to trees without
epiphytes [22]. Furthermore, the presence of epiphytes on trees has often been found to be
associated with an increase in ant species richness [23,24]. In the Neotropics, ants have both
facultative and obligate associations with epiphytic plants in the family Bromeliaceae, nesting
in terraria formed by their outer axils and roots and foraging in their leaf baskets [25,26]. In
this study we use experimental manipulations of bromeliads in orange trees to examine how
bromeliads influence the ant community on orange tree leaves.

A previous study [27] showed that orange trees with bromeliads tend to have lower leaf
damage, especially when the bromeliads contain ants; however, this pattern is so far only cor-
relative. Thus, the goal of our research is to first establish whether orange trees that naturally
differ in bromeliad presence also differ in their arboreal ants, and then to test if any observed
association is causal by following ant response to bromeliad removals. To further investigate
the causal mechanism, we ask whether ant species known to nest in bromeliads are the most
affected by bromeliad removal. To study these correlative and causal effects of bromeliads on
arboreal ants, we implemented three treatments: trees without bromeliads (hereafter “without-
without™), trees with bromeliads (hereafter “with-with”), and trees whose bromeliads were
removed after the first round of sampling (hereafter “with-removal”). We hypothesize that
bromeliads primarily affect ants by providing nesting habitat, and, because ants nesting in bro-
meliads forage on the host orange tree, bromeliads will increase arboreal ant densities. Specifi-
cally, we predict that: (1) ant abundance on orange tree leaves will be greater on trees naturally
with bromeliads (Fig 1A: trees “with-with” bromeliads have more ants than those “without-
without”); (2) removal of bromeliads will decrease ant abundance (Fig 1A: “with-removal”
trees originally have similar ants abundances to “with-with” trees, but following the manipula-
tion have fewer ants); (3) removal of bromeliads will result in the species composition of the
ant community on orange tree leaves resembling that on trees naturally without bromeliads
(Fig 1C: the “with-removal” ant communities move in multivariate space from near the “with-
with” communities to near the “without-without” communities); and (4) any effects of brome-
liad presence or removal on the ant community will be primarily due to ant species found
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Fig 1. Figures depicting our predictions for A. Mean total ant abundance or “bromeliad” (i.e. species known to nest in
bromeliads) ant abundance B. Mean “other” (not associated with bromeliads) ant abundance C. Principal coordinates
analysis (PCoA) for bromeliad ants and D. PCoA for other ants on orange trees across both sites before and after
bromeliad removal. Colours represent 3 treatments: Trees with bromeliads (with-with), trees without bromeliads
(without-without), and trees with bromeliads removed (with-removal). Centroids represent these three fitted
categories.

https://doi.org/10.1371/journal.pone.0271040.9001

nesting in bromeliads (“bromeliad ants”), not “other” ant species (Contrast Fig 1A with 1B,
and Fig 1C with 1D).

Materials and methods
Study sites

This study was conducted in two orange groves located around Santa Cecilia in northern Gua-
nacaste, Costa Rica. This project was completed under Ministerio de Ambiente y Energia de
Costa Rica (MINAE) research and collecting permits ACG-PI-012-2017, ACG-PI-PC-032-
2017 and ACG-PI-PC-034-2017 and export permit DGVS-015-2017-ACG-PI-012-2017. Per-
mission to DNA barcode the ants collected here was part of the Sistema Nacional de Areas de
Conservacion (SINAC) approved collection of biodiversity resources for the BioAlfa project
(CPI) No. CPI-SINAC-PNI-SE-001-2019. The operators of both sites agreed to preserve bro-
meliads on their trees to facilitate this study in November 2016. The two sites, hereafter CP
and ER, are non-commercial groves of respectively 100 and 400 trees and were never subject
to pesticide use. Moreover, both sites were surrounded by forest such that the distance of a
given tree to any edge varied between 50m and 100m.

Sampling design

For our experiment, we followed a Before-After-Control-Impact (BACI) design that consisted
of two rounds of sampling: one pre-impact, and one post-impact [28]. This protocol allowed
us to control for any pre-existing differences between replicates, as well as for any changes due
solely to time. Because the BACI model inherently contains this dual control system, we can
then attribute any variation we find in our results to our treatments.
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In each of two study sites, we identified 20 trees naturally with and 20 trees naturally with-
out bromeliads. Of these 20 trees with bromeliads, 10 trees would continue to bear bromeliads
(“with-with”) whereas the other 10 trees would eventually have their bromeliads removed
(“with-removal”). Due to the shape of the tree canopies and the low height of the trees (2.5m
to 4m), climbers were easily able to access bromeliads and visually ensure all large bromeliads
were removed. Pre-impact sampling of all trees was conducted in May 2017 (hereafter “Before
period”), before removing bromeliads from half of the trees that initially bore them. On aver-
age, trees contained about 3 bromeliads each. The arthropod community was allowed to
recover from the disturbance for between 54-56 days and then post-impact sampling was con-
ducted in June and July 2017 (hereafter “After” period). The duration of recovery was chosen
based on the timeframes used by other similar studies [29]. The trees selected for sampling
were devoid of domatia-providing epiphytes, and far enough apart that their crowns were not
touching. Large bromeliads accounted for between one third and one half of the overall abun-
dance of bromeliads on a given tree (longest leaf length > 15cm). Because small bromeliads
were extremely prevalent and found on the majority of trees in our study sites, trees bearing
small bromeliads (longest leaf length < 15cm) were considered part of the bromeliad-free
treatment. To minimize any potential effects these small bromeliads may have on the arthro-
pod community, they were removed prior to sampling if empty of predatory arthropods. All
fieldwork was led by P.R. as part of a larger, three-site study on how bromeliads affect arboreal
insect food webs and leaf herbivory [30]. The third site, a commercial orange plantation, had
such low ant abundances as to prevent analyses of ant composition, and is therefore excluded
in this study.

Field sampling

Within sites CP and ER, we set up four, three-dimensional sampling polygons (height: 50cm;
width: 50cm; depth:100cm) directed towards the center each tree and sampled each polygon
before (May 2017) and after (June-July 2017) the removal of bromeliads. In trees without bro-
meliads (without-without), the first polygon was randomly placed, whereas in trees with bro-
meliads in the Before period (with-with/with-removal), the first polygon was placed close to
the tree’s largest bromeliad (at a distance of one quarter of the tree’s total circumference). The
other three polygons were then placed clockwise, at regular intervals relative to the first poly-
gon, around the circumference of the canopy. The same polygons were used for sampling in
both the Before and After periods. To minimize disturbance due to our sampling procedure,
we sequentially sampled eight trees per day. We collected ants and other arthropods by vacu-
uming continuously for a minute using a cordless, electric leaf vacuum (IONBV-XR Model,
Snow Joe LLC, Carlstadt, NJ), identified collected ants to morphospecies, and preserved type
specimens of each in 70% ethanol for more thorough identification at the University of British
Columbia in Vancouver, Canada.

The 174 bromeliads that were removed were dissected leaf by leaf, and the presence of ant
nests was inferred based on the presence of workers, eggs, and larvae within the detritus within
a given bromeliad. On average, bromeliads measured 6.6cm + 0.2cm in diameter with an aver-
age longest leaf length of 52.1cm + 1.5cm. Nesting ants were preserved for later identification
and these species are considered “bromeliad-associated” ant species for our analyses of the
arboreal ant community.

Ant identifications were led by B.R-K and A.S. In the laboratory, we identified specimens
collected in Costa Rica to subfamily, and-if possible-further to genus and species. To confirm
provisional identifications, we point mounted individuals of each morphospecies, imaged
them laterally using Leica Z16APO microscope and focus-stacked these images using the Leica
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Microsystem Application Suite V4.3. In addition to morphological identifications, we used
DNA barcodes to identify ant samples to a species level [28]. Briefly, an individual point side
leg from each ant tissue was sampled for DNA extraction and the amplification of barcode
region of the mitochondrial gene cytochrome ¢ oxidase I (COI) using standard methods
[28,31,32]. Successful amplifications were bi-directionally sequenced, aligned by eye and
checked for insertions or deletions.

Statistical analysis

We conducted our data analysis using the R programming language [33]). We categorized
ants as “bromeliad-associated” if we found them at least once nesting in the dissected bromeli-
ads, and as “other” ants if we did not find nests during the dissections.

To examine the effect of the bromeliad treatments on arboreal ant abundance at tree level,
we fit generalized linear models with negative binomial errors to the ant abundance data using
the glm.nb function in the MASS package [34], and analyzed the explanatory variables (site,
treatment, and site x treatment) using an ANOVA.

To examine the effects of bromeliads on ant composition, we used the adonis function in
the R vegan package [35] to run a PERMANOVA-type analysis [36] on the abundance data.
The PERMANOVA analysis was conducted initially for all ant species, and then separately for
“bromeliad-associated” ants and “other” ants to study the effect of the bromeliad treatments
on ant composition. Dissimilarity was calculated using the Bray-Curtis method and 999 per-
mutations. The explanatory variables in the PERMANOVA were “site” to test for differences
between CP and ER, “treatment” to test for differences due to the presence, absence and
removal of bromeliads, and “sampling period” to test for differences between pre-removal and
post-removal sampling. We excluded any trees in CP and ER with abundance values of 0
because dissimilarity cannot be calculated between trees with no ant data. It is unlikely that
male flying reproductives are trophically connected to the orange tree food web, whereas the
queens are likely to be trophically connected due to new nest initiation; therefore, we chose to
exclude alates from our statistical analysis.

To visualize any compositional changes occurring in the bromeliad-associated, and non-
bromeliad ants between the pre-impact and post-impact sampling, we used principal coordi-
nate analysis (PCoA), implemented in the vegan package. This involved generating a dissimi-
larity matrix using the vegdist function and producing an ordination using the cmdscale
function. We fitted the treatment groups onto the ordination plot using the env.fit function.

We used an indicator species analysis to determine which species responded to treatments
and could potentially provide evidence for the impacts of environmental change. The multi-
patt function in the indicspecies package [37] allowed us to generate indicator values for spe-
cies based on individual species abundances and classification of the trees into their respective
treatment groups. Because the multipatt can only generate a P-value for an indicator value if
the species in question is strongly associated with a single of the three treatment groups, spe-
cies like Solenopsis sp. A (BIN code: BOLD:AAF4712) that were dominant in all three treat-
ment groups were not assigned a P-value. In such cases, we used the same mixed-effect
ANOVA model from our earlier abundance analysis to determine whether there was a treat-
ment effect for these individual species.

The data on ant community composition and species richness from this experiment has not
been previously published. The data on ant abundance has been only presented before in
aggregate form for a larger set of sites [30]. We re-analyse this abundance data just for the two
sites in our study to compare patterns in total abundance to those of the other community
descriptors.
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Results
Abundance

Regardless of site, total ant abundance on orange tree leaves was driven by primarily by brome-
liad-associated species, the ant species that we observed nesting in bromeliads at least once
(Table 1, Fig 2). Total ant abundances were similar between the Before period, which coin-
cided with the end of the dry season, and the After period, which was a few weeks after the
start of the wet season (Fig 2A). Ant abundances were consistently higher at site ER than at site
CP (Fig 2A). Furthermore, site ER also exhibited the most evident bromeliad effects on both
the total ant abundances and bromeliad-associated abundances: trees originally with bromeli-
ads (i.e., the with-with and with-removal treatments) had higher ant abundances than those
originally without (without-without treatment) during both sampling periods (Table 1, Fig 2A
and 2B). While the same pattern holds true at site CP in the Before period, it disappeared in
the After period (Fig 2A and 2B).

In the Before period, we expected ant abundances to be similar on trees with bromeli-
ads, regardless of whether these bromeliads were later maintained (with-with) or removed
(with-removal) (Fig 1A and 1B). This was generally true (Fig 2). In the After period, we
predicted bromeliad removal would reduce ant abundances in the with-removal trees to
more closely resemble abundances in the without-without trees, particularly among the
bromeliad-associated species, resulting in a significant sampling period x treatment inter-
action effect (Fig 1A). Our analysis, however, did not reveal significant sampling period x
treatment effects within any of total ants, bromeliad-associated ants, or other ants
(Table 1, Fig 2). While we were expecting the ant abundances on with-removal trees to
change over time, it was the abundances on the without-without trees that changed
between the Before and After periods (Fig 2). Specifically, a large increase in abundance
by ants not usually associated with bromeliads seems to have driven an increase in total
ant abundance on without-without trees (Fig 2C).

The most abundant ant species across both sites was the bromeliad-associated Solenopsis sp.
A (BIN code: BOLD:AAF4712) (Fig 3A). Due to high abundance levels, Solenopsis sp. A was a
key driver of the patterns we observed in both the bromeliad-associated ant abundances, as
well as in the total ant abundances, particularly at site ER (Fig 2A and 2B). At site CP, other
bromeliad-associated ants also contribute to the overall effects of bromeliads (Fig 2A and 2B).
While Solenopsis sp. A was often found nesting in bromeliads, its presence on without-without
trees suggests that the relationship between the two organisms may be more facultative than
obligate (Fig 3A). This is supported by our field observations of this ant species nesting in the
ground, as well as inside leaf rolls and bark crevices. In contrast to Solenopsis sp. A, the

Table 1. Total ant, bromeliad ant, and other ant abundances modeled as functions of sampling period, and treatment.

Sampling Period (SP)

Treatment (T)

SPxT

All Ants Bromeliad Ants Non-Bromeliad Ants
X2 (1) =0.88 X2 (1) = 0.58 X2 (1) = 0.06

P =0.348 P =0.446 P =0.808

X2 (2) =6.99 X% (2) = 16.42 X2 (2) = 8.02
P=0.030"* P < 0.001 * P=0.018 *

X2 (2) =3.39 X2 (1) =172 X2 (2) =3.44
P=0.183 P=0.423 P=0.179

All models are generalized linear models with negative binomial errors. Chi-square and P-values are generated by an analysis of variance (ANOVA).

wg»

https://doi.org/10.1371/journal.pone.0271040.t001

indicates statistical significance. Refer to Table 2 for a full list of ant species within each category.
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https://doi.org/10.1371/journal.pone.0271040.9002

indicator species analysis suggests that the relatively rare Camponotus rectangularis is more
strongly associated with bromeliads, at least in the Before period (Table 2). At both sites, the
highest abundances of this species were found in trees with bromeliads (with-with and with-
removal) in the Before period, but abundances declined to near zero in the After period (Fig
3B). However, we caution that inference on this species is limited by small sample sizes: this
species was found in only 9 trees, and nesting in bromeliads in only one of these trees.
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https://doi.org/10.1371/journal.pone.0271040.9003

Composition

We found that the presence of bromeliads on orange trees was associated with modest effects on
the composition of the total ant community (40 species) (Table 3). The bromeliad treatments dif-
fered in the subset of the ant community that was bromeliad-associated (14 species), but not the
subset of ants that were never found nesting in bromeliads (26 species) (Table 3). These results
are in line with our prediction that the presence of bromeliads correlates with trees being popu-
lated by a different set of ant species than if bromeliads were absent, and our prediction that bro-
meliad nesting ants account for this effect. However, contrary to our prediction that the with-
removal community would shift from resembling with-with in the Before period to more closely
resembling without-without trees in the After period, we found no significant sampling period x
treatment interaction for any of the three ant categories (Table 3, Fig 4).

Discussion

We found that orange trees with bromeliads had, compared to trees without bromeliads, mod-
erately different species composition of the complete ant community (40 species) (Table 3).
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Table 2. Indicator values and F values generated via ANOVA analysis for a) bromeliad-associated ant species and b) non-bromeliad-associated ant species.

a) Sampling Period
Bromeliad-Associated Species Before After

Indicator Value P x> P Indicator Value P xX? P
Ant BD - - - - - - - -
Ant BF - - - - - - - -
AntZ = = = = = = = =
Azteca MAS004 0.274 0.254 - - - - - -
Camponotus atriceps 0.160 0.469 - - - - - -
Camponotus rectangularis 0.453 0.004* - - 0.183 1 - -
Camponotus sp. E - - - - 0.3 0.275 - -
Crematogaster brasiliensis - - - - 0.224 0.482 - -
Nylanderia MAS005 0.160 0.494 - - - - - -
Nylanderia sp. H - - - - 0.3 0.275 - -
Odontomachus sp. AA - - - - - - - -
Pheidole ACJ4651 - - - - 0.158 1 - -
Pheidole MAS027 = = 14.26 0.278 0.158 1 - -
Solenopsis sp. A - - 13.09 0.001* - - 0.79 0.673
b) Sampling Period
Non-Bromeliad-Associated Species Before After

Indicator Value P X? P Indicator Value P X? P
Ant Al 0.158 1 = = = = = =
Camponotus sp. AF 0.226 0.262 - - 0.210 0.928 - -
Camponotus sp. AG - - - - - - - -
Camponotus sp. AM 0.158 1 - - 0.158 1 - -
Camponotus conspicuus 0.224 0.5 = = 0.158 1 = =
Camponotus planatus - - 0.82 0.665 0.224 0.799 - -
Cephalotes sp. C - - - - 0.203 1 - -
Ectatomma MAS001 - - - - 0.224 0.524 - -
Ectatomma sp. Q = = = = = = = =
Nesomyrmex MAS001 0.224 0.492 - - - -
Neoponera striatinodis - - - - 0.230 0.228 - -
Nylanderia MAS001 0.160 0.489 - - - - 0.84 0.656
Paraponera clavata - - - - - - - -
Pheidole dossena - - - - 0.224 0.519 - -
Pheidole pugnax - - - - - - - -
Pheidole punctatissima - - - - - - - -
Pheidole sp. AW - - - - 0.230 0.229 - -
Pseudomyrmex simplex 0.160 0.481 - - 0.158 1 - -
Pseudomyrmex sp. AD - - - - - - - -
Pseudomyrmex sp. AL - - 0.86 0.650 - - - -
Pseudomyrmex sp. AO 0.160 0.481 - - 0.224 0.519 - -
Pseudomyrmex sp. O - - - - 0.224 0.492 - -
Pseudomyrmex sp. P 0.158 1 - - 0.224 0.514 - -
Pseudomyrmex sp. Y - - 2.25 0.324 - - - -
Tapinoma MAS003 - - - - - - - -

(Continued)
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Table 2. (Continued)

Tapinoma sp. AU

- - - - 0.400 0.121 - -

Morphospecies that we were not able to associate with a taxonomic name are indicated with ‘Ant’ followed by a letter code. Blanks represent species whose abundances

were too low to analyze or who were strongly associated with more than one of with-with, with-removal, and without-without trees.

s

indicates statistical significance.

https://doi.org/10.1371/journal.pone.0271040.t002

This pattern was repeated in the subset of the ant community that was bromeliad-associated
(14 species), but not the subset of ants that were never found nesting in bromeliads (26 species)
(Table 3). These results are in line with our prediction that bromeliad presence is associated
with a change in ant species composition, and our prediction that bromeliad nesting ants
account for this effect. By contrast, there was little support for our prediction that removing
bromeliads would shift ant communities from resembling those on “with-with” trees (Before
period) to more closely resembling without-without trees in the After period. Specifically, we
found no significant sampling period x treatment interaction for any of the three ant categories
(Table 3, Fig 4).

Instead, the removal manipulation may have been ineffective because it coincided with the
transition from dry (Before period) to wet (After period) seasons. If bromeliads benefit ants
most in the dry season by providing cool, moist microhabitats, then removing bromeliads just
before the wet season began may have had little impact on the ants [38]. The presence of epi-
phytes has previously been shown to contribute to an increase in insect individuals, particu-
larly ants, of up to 90% [22,39]. These findings are consistent with the results from our dry
season (Before) sampling period, during which bromeliads increased local ant abundance
across both sites. During the wet season (After) sampling period; however, the effects of bro-
meliads on local ant abundance were site-dependent. We believe that seasonal fluctuations in
insect abundance over the dry and wet seasons [40] coupled with the different degrees of asso-
ciation between particular ants and bromeliads, may explain why bromeliads seem to affect
local ant abundance differently between the wet and dry seasons. Considering that ants are
susceptible to desiccation, and that water-containing bromeliads provide habitats for potential
prey [38], perhaps the increase in local ant abundance that we observed is due to bromeliad-
associated ants’ attraction to the water that remains stored in bromeliads during the dry sea-
son. In tropical ecosystems, seasonal increases in precipitation and humidity have been found
to be associated with increased ant activity on tree trunks, as well as an overall increase in
insect activity and local abundance [41]. Thus, during the wet season, increased prey

Table 3. Total ant, bromeliad ant, and other (i.e. non-bromeliad) ant community composition modeled as a function of sampling period, treatment and their

interaction.
All Ants Bromeliad Ants Other Ants
Sampling Period (SP) F138=2.0 Fi122=22 Fi61=23
P=0.109 P =0.064 P=0.007*
Treatment (T) Fy138=22 Fy12,=28 Fo61=0.9
P=0.042" P=0.012" P =0.599
SPxT F135=0.9 Foip=12 Fo61=0.9
P=0.470 P=0.323 P=0.569

Community dissimilarity was calculated using the Bray-Curtis method. F- and P-values are generated by a PERMANOVA.

wx»

indicates statistical significance.

https://doi.org/10.1371/journal.pone.0271040.t003
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Fig 4. Principal coordinates analysis (PCoA) for bromeliad ants (i.e. species known to nest in bromeliads), and
other (non-bromeliad nesting) ants on orange trees at sites CP and ER before and after bromeliad removal.
Colours represent 3 treatments: trees with bromeliads (with-with), trees without bromeliads (without-without), and
trees with bromeliads removed (with-removal). Centroids represent these three fitted categories.

https://doi.org/10.1371/journal.pone.0271040.9004

availability and decreased risk of desiccation, may lead facultative bromeliad nesters to use
other structures for nesting, consequently negating the positive effect of bromeliads on ant
abundance.

The restriction of treatment effects to bromeliad-associated ants is consistent with our pre-
diction that bromeliad nesters are the primary determinants of abundance patterns, as the
other ants did not display the same pattern (Table 1, Fig 2). However, many of these nesting
association with bromeliads are likely more facultative than obligate. For example, Solenopsis
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sp. A was able to maintain populations on orange trees even after all bromeliads were removed,
suggesting that it is also able to nest in other microhabitats on the trees. Similarly, Camponotus
rectangularis-a species we found was strongly associated with bromeliads—has previously been
shown to nest in bromeliads [42-44]; however, it is also known to establish mutualistic rela-
tionships with the orchid Myrmecophila tibicinis [45] and nest in various other tree species
[44,46]. This indicates a degree of resilience of the populations of certain ant species to brome-
liad removal. After observing similarly subtle effects of epiphytes on the composition of ant
assemblages, Stuntz et al. [22] proposed that this may be due to a tendency for arboreal ants to
behave highly opportunistically with respect to their host plants.

Epiphytic plants such as bromeliads have been shown to act as keystone species for the
maintenance of ant communities and services [47]. Their architectural morphometry and the
suspended soil formations associated with their roots are pivotal in structuring the forest can-
opy, providing vital nesting microhabitats, and offering foraging opportunities for a range of
ant species [48]. The degree of association between Neotropical ants and bromeliads seems to
vary depending on the species. In ant gardens, the workers of certain ant species collect and
incorporate the seeds of tank bromeliads into their nests, and thus influence the shape and size
of the bromeliad [49]. The nature of this particular relationship suggests a high degree of co-
dependence between ant and bromeliad; however, the microhabitats provided by bromeliads
also offer nesting and foraging opportunities for a range of more generalist canopy ants [50].
Our study provides further evidence that ant species found nesting in bromeliads account for
much of the effect of bromeliads on the ant communities on tree leaves.

These results point to a potentially important role for bromeliads and their associated ants
in tropical agroecosystems; however, the nature of their role may depend on the life history of
the ant species, and on the biology of a given pest [11]. Ants have been shown to act as induc-
ible defences against herbivory in mutualistic ant-plant systems such as the Pseudomyrmex-
Tachigali system [5] and are recognized as having a significant role in the elimination of fungi
and phytopathogens [51-53]. The presence of ants such as Solenopsis sp. A or Camponotus rec-
tangularis that exhibit tending behaviours towards honeydew-producing may also have an
indirect net positive effect on host plants by deterring non-honeydew producing herbivores
[11]; however, these benefits have been found to decrease with leaf size in some systems [54]
and be negated entirely by honeydew-producer herbivory in others [55]. In citrus orchards in
particular, the potential of ants as biological control agents against crop pests is being actively
explored, with results suggesting that ant presence is associated with increased abundance of
honeydew-producing pests, but reduced abundance of pests that spend part of their lives in
the soil. This reaffirms the importance of epiphytic plants like bromeliads in their role as a key-
stone resource in tropical systems [56], specifically as a correlate and potential determinant of
ant community composition in the context of biological control.

Supporting information

S1 File. Inclusivity in global research questionnaire.
(DOCX)

Acknowledgments

PR thanks Edd Hammiill for conceptual contributions to the experimental design. We would
like to thank Calixto Moraga, Petrona Rios, Ernesto Rodriguez, Del Oro S.A. (especially Hugo
Segini) and the Area de Conservaciéon Guanacaste for their invaluable help during this project.

PLOS ONE | https://doi.org/10.1371/journal.pone.0271040  July 6, 2022 12/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0271040.s001
https://doi.org/10.1371/journal.pone.0271040

PLOS ONE

The effects of bromeliads on arboreal ant communities

All work was performed under a MINAE research permit. This is a publication of the Brome-
liad Working Group.

Author Contributions

Conceptualization: Beatrice Rost-Komiya, Pierre Rogy, Diane S. Srivastava.
Data curation: Beatrice Rost-Komiya, Pierre Rogy.

Formal analysis: Beatrice Rost-Komiya, M. Alex Smith, Pierre Rogy.
Funding acquisition: Beatrice Rost-Komiya, Diane S. Srivastava.
Investigation: Beatrice Rost-Komiya, Pierre Rogy.

Methodology: Beatrice Rost-Komiya, Pierre Rogy, Diane S. Srivastava.
Project administration: Beatrice Rost-Komiya, Pierre Rogy, Diane S. Srivastava.
Supervision: Pierre Rogy, Diane S. Srivastava.

Visualization: Beatrice Rost-Komiya.

Writing - original draft: Beatrice Rost-Komiya.

Writing - review & editing: Beatrice Rost-Komiya, M. Alex Smith, Pierre Rogy, Diane S.
Srivastava.

References

1. DiaméL, Rey JY, Vayssiéres JF, Grechi |, Chailleux A, Diarra K. Ants: Major functional elements in fruit
agro-ecosystems and biological control agents. Sustainability (Switzerland). MDPI; 2018. https://doi.
org/10.3390/su10010023

2. Holldobler B, Wilson EO. The Ants. 1sted. Heidelberg: Springer Berlin; 1990.

3. Floren A, Biun A, Eduard Linsenmair K. Arboreal ants as key predators in tropical lowland rainforest
trees. Oecologia. 2002; 131: 137—144. https://doi.org/10.1007/s00442-002-0874-z PMID: 28547503

4. Rosumek FB, Silveira FAO, de S. Neves F, Newton NP, Diniz L, Oki Y, et al. Ants on plants: a meta-
analysis of the role of ants as plant biotic defenses. Oecologia. 2009; 160: 537-549. https://doi.org/10.
1007/s00442-009-1309-x PMID: 19271242

5. Pacheco PSM, Del-Claro K. Pseudomyrmex concolor Smith (Formicidae: Pseudomyrmecinae) as
induced biotic defence for host plant Tachigali myrmecophila Ducke (Fabaceae: Caesalpinioideae).
Ecological Entomology. 2018; 43: 782-793. https://doi.org/10.1111/een.12665

6. Kaplan |, Eubanks MD. Aphids alter the community-wide impact of fire ants. Ecology. 2005; 86: 1640—
1649. https://doi.org/10.1890/04-0016

7. Cushman JH, Rashbrook VK, Beattie AJ. Assessing Benefits to Both Participants in a Lycaenid-Ant
Association. Ecology. 1994; 75: 1031-1041. https://doi.org/10.2307/1939427

8. Kennedy JS, Day MF, Eastop VF. A conspectus of aphids as vectors of plant viruses. London: Com-
monwealth Institute of Entomology; 1962.

9. Matthews REF. Relationships between plant viruses and invertebrates. 3rd edition. Plant Virology. 3rd
edition. New York: Academic Press; 1991. pp. 520-561.

10. Styrsky JD, Eubanks MD. Ecological consequences of interactions between ants and honeydew-pro-
ducing insects. Proceedings of the Royal Society B: Biological Sciences. 2007; 274: 151-164. https://
doi.org/10.1098/rspb.2006.3701 PMID: 17148245

11.  Anjos Dv., Tena A, Maura Torezan-Silingardi H, Pekas A, Janssen A. Ants affect citrus pests and their
natural enemies in contrasting ways. Biological Control. 2021;158. https://doi.org/10.1016/j.biocontrol.
2021.104611

12. Pifol J, Espadaler X, Cafiellas N. Eight years of ant-exclusion from citrus canopies: effects on the
arthropod assemblage and on fruit yield. Agricultural and Forest Entomology. 2012; 14: 49-57. https:/
doi.org/10.1111/j.1461-9563.2011.00542.x

PLOS ONE | https://doi.org/10.1371/journal.pone.0271040  July 6, 2022 13/15


https://doi.org/10.3390/su10010023
https://doi.org/10.3390/su10010023
https://doi.org/10.1007/s00442-002-0874-z
http://www.ncbi.nlm.nih.gov/pubmed/28547503
https://doi.org/10.1007/s00442-009-1309-x
https://doi.org/10.1007/s00442-009-1309-x
http://www.ncbi.nlm.nih.gov/pubmed/19271242
https://doi.org/10.1111/een.12665
https://doi.org/10.1890/04-0016
https://doi.org/10.2307/1939427
https://doi.org/10.1098/rspb.2006.3701
https://doi.org/10.1098/rspb.2006.3701
http://www.ncbi.nlm.nih.gov/pubmed/17148245
https://doi.org/10.1016/j.biocontrol.2021.104611
https://doi.org/10.1016/j.biocontrol.2021.104611
https://doi.org/10.1111/j.1461-9563.2011.00542.x
https://doi.org/10.1111/j.1461-9563.2011.00542.x
https://doi.org/10.1371/journal.pone.0271040

PLOS ONE

The effects of bromeliads on arboreal ant communities

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

Pekas A, Tena A, Aguilar A, Garcia-Mari F. Effect of Mediterranean Ants (Hymenoptera: Formicidae)
on California Red Scale (Hemiptera: Diaspididae) Populations in Citrus Orchards. Environmental Ento-
mology. 2010; 39: 827—834. https://doi.org/10.1603/EN09207 PMID: 20550795

Chamberlain SA, Holland JN. Quantitative synthesis of context dependency in ant-plant protection
mutualisms. Ecology. 2009. https://doi.org/10.1890/08-1490.1 PMID: 19769117

Schmid VS, Langner S, Steiner J, Zillikens A. Inflorescences of the bromeliad vriesea friburgensis as
nest sites and food resources for ants and other arthropods in Brazil. Psyche (London). 2014. https://
doi.org/10.1155/2014/396095

Janzen DH. Coevolution of mutualism between ants and acacias in Central America. Evolution (N Y).
1966; 20: 249-275. https://doi.org/10.1111/j.1558-5646.1966.tb03364.x PMID: 28562970

Ward PS, Branstetter MG. The acacia ants revisited: Convergent evolution and biogeographic context
in an iconic ant/plant mutualism. Proceedings of the Royal Society B: Biological Sciences. 2017;284.
https://doi.org/10.1098/rspb.2016.2569 PMID: 28298350

Kleinfeldt SE. Ant gardens: mutual exploitation. In: Juniper B, Southwood R, editors. Insects and the
plant surface. London: Edward Arnold; 1986. pp. 283-294.

Rico-Gray V, Oliveira PS. The Ecology and Evolution of Ant-Plant Interactions. University of Chicago
Press; 2007. https://doi.org/10.7208/chicago/9780226713540.001.0001

Heil M;, Mckey D. Protective ant-plant interactions as model systems in ecological and evolutionary
research. Annual Review of Ecology, Evolution, and Systematics. 2003; 34: 425-553. https://doi.org/
10.1146/annurev.ecolsys.34.011802.132410.

Folgarait PJ. Ant biodiversity and its relationship to ecosystem functioning: a review. Biodiversity and
Conservation. 1998; 7: 1221-1244. https://doi.org/10.1023/A:1008891901953

Stuntz S, Linder C, Linsenmair KE, Simon U, Zotz G. Do non-myrmocophilic epiphytes influence com-
munity structure of arboreal ants? Basic and Applied Ecology. Basic Appl Ecol. 2003. Available: http://
www.urbanfischer.de/journals/baecol.

DaRocha WD, Neves FS, Dattilo W, Delabie JHC. Epiphytic bromeliads as key components for mainte-
nance of ant diversity and ant-bromeliad interactions in agroforestry system canopies. Forest Ecology
and Management. 2016; 372: 128—136. https://doi.org/10.1016/j.foreco.2016.04.011

Yanoviak SP, Berghoff SM, Linsenmair KE, Zotz G. Effects of an Epiphytic Orchid on Arboreal Ant
Community Structure in Panama. Biotropica. 2011; 43: 731-737. https://doi.org/10.1111/j.1744-7429.
2011.00764.x

Frank JH, Lounibos LP. Insects and allies associated with bromeliads: a review. Terrestrial Arthropod
Reviews. 2009; 1: 125—153. https://doi.org/10.1163/187498308X414742 PMID: 20209047

Camargo RX, Oliveira PS. Natural History of the Neotropical Arboreal Ant, Odontomachus hastatus:
Nest Sites, Foraging Schedule, and Diet. Journal of Insect Science. 2012; 12: 1-9. https://doi.org/10.
1673/031.012.4801 PMID: 22957686

Hammill E, Corvalan P, Srivastava DS. Bromeliad-associated Reductions in Host Herbivory: Do Epi-
phytic Bromeliads Act as Commensalists or Mutualists? Biotropica. 2014; 46: 78—82. https://doi.org/10.
1111/btp.12073

Smith MA, Hallwachs W, Janzen DH. Diversity and phylogenetic community structure of ants along a
Costa Rican elevational gradient. Ecography. 2014; 37: 720-731. https://doi.org/10.1111/j.1600-0587.
2013.00631.x

Wetzel WC, Screen RM, Li I, McKenzie J, Phillips KA, Cruz M, et al. Ecosystem engineering by a gall-
forming wasp indirectly suppresses diversity and density of herbivores on oak trees. Ecology. 2016; 97:
427-438. https://doi.org/10.1890/15-1347.1 PMID: 27145617

Rogy P, Hammill E, Srivastava DS. Complex indirect effects of epiphytic bromeliads on the invertebrate
food webs of their support tree. Biotropica. 2019; 1—13. https://doi.org/10.1111/btp.12672

Fisher BL, Smith MA. A revision of Malagasy species of Anochetus Mayr and Odontomachus latreille
(hymenoptera: formicidae). PLoS ONE. 2008;3. https://doi.org/10.1371/journal.pone.0001787 PMID:
18509544

Ivanova N v., Dewaard JR, Hebert PDN. An inexpensive, automation-friendly protocol for recovering
high-quality DNA. Molecular Ecology Notes. 2006; 6: 998—1002. https://doi.org/10.1111/j.1471-8286.
2006.01428.x

R Core Team. R: A Language and Environment for Statistical Computing. Vienna, Austria: R Founda-
tion for Statistical Computing; 2021. Available: https://www.R-project.org/.

Venables WN, Ripley BD. Modern Applied Statistics with S. Fourth Edition. New York: Springer; 2002.

Oksanen J, Simpson GL, Blanchet FG, Kindt R, Legendre P, Minchin PR, et al. vegan: Community
Ecology Package. 2022. Available: https://CRAN.R-project.org/package=vegan.

PLOS ONE | https://doi.org/10.1371/journal.pone.0271040  July 6, 2022 14/15


https://doi.org/10.1603/EN09207
http://www.ncbi.nlm.nih.gov/pubmed/20550795
https://doi.org/10.1890/08-1490.1
http://www.ncbi.nlm.nih.gov/pubmed/19769117
https://doi.org/10.1155/2014/396095
https://doi.org/10.1155/2014/396095
https://doi.org/10.1111/j.1558-5646.1966.tb03364.x
http://www.ncbi.nlm.nih.gov/pubmed/28562970
https://doi.org/10.1098/rspb.2016.2569
http://www.ncbi.nlm.nih.gov/pubmed/28298350
https://doi.org/10.7208/chicago/9780226713540.001.0001
https://doi.org/10.1146/annurev.ecolsys.34.011802.132410
https://doi.org/10.1146/annurev.ecolsys.34.011802.132410
https://doi.org/10.1023/A%3A1008891901953
http://www.urbanfischer.de/journals/baecol
http://www.urbanfischer.de/journals/baecol
https://doi.org/10.1016/j.foreco.2016.04.011
https://doi.org/10.1111/j.1744-7429.2011.00764.x
https://doi.org/10.1111/j.1744-7429.2011.00764.x
https://doi.org/10.1163/187498308X414742
http://www.ncbi.nlm.nih.gov/pubmed/20209047
https://doi.org/10.1673/031.012.4801
https://doi.org/10.1673/031.012.4801
http://www.ncbi.nlm.nih.gov/pubmed/22957686
https://doi.org/10.1111/btp.12073
https://doi.org/10.1111/btp.12073
https://doi.org/10.1111/j.1600-0587.2013.00631.x
https://doi.org/10.1111/j.1600-0587.2013.00631.x
https://doi.org/10.1890/15-1347.1
http://www.ncbi.nlm.nih.gov/pubmed/27145617
https://doi.org/10.1111/btp.12672
https://doi.org/10.1371/journal.pone.0001787
http://www.ncbi.nlm.nih.gov/pubmed/18509544
https://doi.org/10.1111/j.1471-8286.2006.01428.x
https://doi.org/10.1111/j.1471-8286.2006.01428.x
https://www.R-project.org/
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1371/journal.pone.0271040

PLOS ONE

The effects of bromeliads on arboreal ant communities

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Anderson MJ. A new method for non-parametric multivariate analysis of variance. Austral Ecology.
2001; 26: 32—46. https://doi.org/10.1111/].1442-9993.2001.01070.pp.x

de Caceres M, Legendre P. Associations between species and groups of sites: indices and statistical
inference. Ecology. 2009; 90: 3566—3574. https://doi.org/10.1890/08-1823.1 PMID: 20120823

Céréghino R, Leroy C, Dejean A, Corbara B. Ants mediate the structure of phytotelm communities in an
ant-garden bromeliad. Ecology. 2010; 91: 1549—1556. https://doi.org/10.1890/09-1534.1 PMID:
20503886

Cruz-Angon A, Baena ML, Greenberg R. The contribution of epiphytes to the abundance and species
richness of canopy insects in a Mexican coffee plantation. Journal of Tropical Ecology. 2009; 25: 453—
463. https://doi.org/10.1017/S0266467409990125

Kishimoto-Yamada K, Itioka T. How much have we learned about seasonality in tropical insect abun-
dance since Wolda (1988)? Entomological Science. 2015; 18: 407—419. https://doi.org/10.1111/ens.
12134

Wolda H. Insect seasonality: Why? Annual Review of Ecology and Systematics. 1988; 19: 1—18. hitps://
doi.org/10.1146/annurev.es.19.110188.000245

Vergara-Torres CA, Diaz-Castelazo C, Toledo-Hernandez VH, Flores-Palacios A. Lowering the den-
sity: Ants associated with the myrmecophyte Tillandsia caput-medusae diminish the establishment of
epiphytes. AoB Plants. 2021;13. https://doi.org/10.1093/acbpla/plab024 PMID: 34249306

Dejean A, Olmsted I. Ecological studies on Aechmea bracteata (Swartz) (Bromeliaceae). Journal of
Natural History. 1997; 31: 1313-1334. https://doi.org/10.1080/00222939700770741

Pérez-Lachaud G, Lachaud J-P. Co-occurrence in ant primary parasitoids: a Camponotus rectangularis
colony as host of two eucharitid wasp genera. Peerd. 2021; 9: e11949. https://doi.org/10.7717/peer].
11949 PMID: 34466288

Rico-Gray V, Thien LB. Effect of different ant species on reproductive fitness of Schomburgkia tibicinis
(Orchidaceae). Oecologia. 1989; 81: 487—489. https://doi.org/10.1007/BF00378956 PMID: 28312641

Vergara-Torres CA, Vasquez-Bolafios M, Corona-Lopez AMa, Toledo-Hernandez VH, Flores-Palacios
A. Ant (Hymenoptera: Formicidae) Diversity in the Canopy of a Tropical Dry Forest in Tepoztlan, Central
Mexico. Ann Entomol Soc Am. 2016; saw074. https://doi.org/10.1093/aesa/saw074

Gras P, Tscharntke T, Maas B, Tjoa A, Hafsah A, Clough Y. How ants, birds and bats affect crop yield
along shade gradients in tropical cacao agroforestry. Journal of Applied Ecology. 2016; 53: 953—-963.
https://doi.org/10.1111/1365-2664.12625

Paoletti MG, Taylor RAJ, Stinner BR, Stinner DH, Benzing DH. Diversity of Soil Fauna in the Canopy
and Forest Floor of a Venezuelan Cloud Forest. Source: Journal of Tropical Ecology. 1991. Available:
https://about.jstor.org/terms.

Leroy C, Corbara B, Dejean A, Céréghino R. Potential sources of nitrogen in an ant-garden tank-brome-
liad. Plant Signaling and Behavior. 2009; 4: 868—870. https://doi.org/10.4161/psb.4.9.9423 PMID:
19847109

Bluthgen N, Verhaagh M, Goitia W, Bliithgen N. Ant nests in tank bromeliads—an example of non-spe-
cific interaction. Insectes Sociaux. 2000; 47: 313-316. https://doi.org/10.1007/PL0O0001722

Gonzélez-Teuber M, Heil M. Pseudomyrmex ants and acacia host plants join efforts to protect their
mutualism from microbial threats. Plant Signaling and Behavior. 2010; 5: 890—892. https://doi.org/10.
4161/psb.5.7.12038 PMID: 20484982

Gonzalez-Teuber M, Kaltenpoth M, Boland W. Mutualistic ants as an indirect defence against leaf path-
ogens. New Phytologist. 2014; 202: 640—-650. https://doi.org/10.1111/nph.12664 PMID: 24392817

Thornham DG, Smith JM, Ulmar Grafe T, Federle W. Setting the trap: Cleaning behaviour of Campono-
tus schmitzi ants increases long-term capture efficiency of their pitcher plant host, Nepenthes bicalcar-
ata. Functional Ecology. 2012; 26: 11-19. https://doi.org/10.1111/j.1365-2435.2011.01937.x

Zhang S, Zhang YX, Ma KM. Fine-scale variation of a keystone interaction: aphid-tending ants show
stronger anti-herbivory effects on small leaves. Arthropod-Plant Interactions. 2020; 14: 357-361.
https://doi.org/10.1007/s11829-020-09754-9

Grinath JB, Inouye BD, Underwood N, Billick |. The indirect consequences of a mutualism: Comparing
positive and negative components of the net interaction between honeydew-tending ants and host
plants. Journal of Animal Ecology. 2012; 81: 494-502. https://doi.org/10.1111/j.1365-2656.2011.
01929.x PMID: 22098489

Nadkarni NM. Diversity of Species and Interactions in the Upper Tree Canopy of Forest Ecosystems.
American Zoologist. 1994; 34: 70-78. https://doi.org/10.1093/icb/34.1.70

PLOS ONE | https://doi.org/10.1371/journal.pone.0271040  July 6, 2022 15/15


https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x
https://doi.org/10.1890/08-1823.1
http://www.ncbi.nlm.nih.gov/pubmed/20120823
https://doi.org/10.1890/09-1534.1
http://www.ncbi.nlm.nih.gov/pubmed/20503886
https://doi.org/10.1017/S0266467409990125
https://doi.org/10.1111/ens.12134
https://doi.org/10.1111/ens.12134
https://doi.org/10.1146/annurev.es.19.110188.000245
https://doi.org/10.1146/annurev.es.19.110188.000245
https://doi.org/10.1093/aobpla/plab024
http://www.ncbi.nlm.nih.gov/pubmed/34249306
https://doi.org/10.1080/00222939700770741
https://doi.org/10.7717/peerj.11949
https://doi.org/10.7717/peerj.11949
http://www.ncbi.nlm.nih.gov/pubmed/34466288
https://doi.org/10.1007/BF00378956
http://www.ncbi.nlm.nih.gov/pubmed/28312641
https://doi.org/10.1093/aesa/saw074
https://doi.org/10.1111/1365-2664.12625
https://about.jstor.org/terms
https://doi.org/10.4161/psb.4.9.9423
http://www.ncbi.nlm.nih.gov/pubmed/19847109
https://doi.org/10.1007/PL00001722
https://doi.org/10.4161/psb.5.7.12038
https://doi.org/10.4161/psb.5.7.12038
http://www.ncbi.nlm.nih.gov/pubmed/20484982
https://doi.org/10.1111/nph.12664
http://www.ncbi.nlm.nih.gov/pubmed/24392817
https://doi.org/10.1111/j.1365-2435.2011.01937.x
https://doi.org/10.1007/s11829-020-09754-9
https://doi.org/10.1111/j.1365-2656.2011.01929.x
https://doi.org/10.1111/j.1365-2656.2011.01929.x
http://www.ncbi.nlm.nih.gov/pubmed/22098489
https://doi.org/10.1093/icb/34.1.70
https://doi.org/10.1371/journal.pone.0271040

