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RESUMEN

La documentacion de la biodiversidad en los ecosistemas tropicales es una piedra
angular de la biologia de la conservacion. Este estudio describe la composicion de la comunidad
de hormigas en el dosel de los Andes Tropicales, uno de los puntos calientes de biodiversidad
mas significativos del mundo. El trabajo de campo se llevé a cabo en la Reserva Mashpi-Tayra,
situada en la Biosfera Andina-Choc6 a 775-1295 msnm en Ecuador. Utilizando hormigas como
grupo objetivo, nos centramos en tres objetivos principales: (1) evaluar la riqueza y abundancia
de Formicidae dentro de las bromelias del dosel del bosque nublado; (ii) entender qué variables
abidticas explican la composicion de la comunidad de hormigas; y (iii) vincular nuestros
resultados a los esfuerzos de conservacion. Tomamos muestras de 65 bromelias del dosel
ubicadas a diferentes elevaciones sobre el nivel del suelo (17.3-35.3 m). Dentro de esas
bromeliaceas, encontramos 1310 individuos de hormigas, representando 41 especies, con la
mayor posibilidad de encontrar especies endémicas. El analisis de rarefaccion estima que
nuestro muestreo document6 el 85% de la riqueza de especies de hormigas de la zona. El género
mas abundante muestreado fue Megalomyrmex con 557 individuos, un hallazgo ecologico
notable. Los Modelos Lineales Generales indican que las variables que mejor explican la
abundancia de hormigas son la localizacion de la altura de la bromelia y la temperatura interna
del deposito de agua de la bromelia. No encontramos influencia de la elevacion (m sobre el
nivel del mar) ni de la temperatura ambiental externa. Nuestros hallazgos son el primer intento
de documentar la diversidad de hormigas de dosel en el dosel de los bosques nublados
ecuatorianos. Esperamos que este estudio fundacional con la biodiversidad registrada sea
utilizado como una herramienta para los intentos de conservacion y los marcos legales
ambientales.

Palabras clave: Bosque nublado, hormigas, dosel, diversidad, ecologia de comunidad.



ABSTRACT

The documentation of biodiversity in tropical ecosystems is a cornerstone of conservation
biology. This study describes the ant community composition in the canopy of the Tropical
Andes, one of the most significant biodiversity hotspots in the world. Fieldwork was conducted
at Mashpi-Tayra Reserve, located in the Andean-Choco Biosphere at 775-1295 m.a.s.l in
Ecuador. Using ants as our target group, we focused on three main goals: (i) to assess the
richness and abundance of Formicidae inside the canopy bromeliads of the cloud forest; (ii) to
understand which abiotic variables explain the composition of the ants community; and (iii) to
link our results to conservation efforts. We sampled 65 canopy bromeliads located at different
elevations above ground level (17.3-35.3 m). Within those bromeliads, we found 1310 ant
individuals, representing 41 species, with the highest possibility of finding endemic species.
Rarefaction analysis estimates that our sampling documented 85% of the ant species richness
in the area. The most abundant genus sampled was Megalomyrmex with 557 individuals a
remarkable ecological finding. General Linear Models indicate that the variables that better
explain ant abundance are the location of the bromeliad’s height and the internal water tank
temperature of the bromeliad. We found no influence of elevation (m above sea level) and
external environmental temperature. Our findings are the first attempt to document the diversity
of canopy ants in the canopy of the Ecuadorian cloud forests. We expect that this foundation
study with the recorded biodiversity will be used as a tool for conservation attempts and

environmental legal frameworks.

Key words: Cloud Forest, ants, Canopy, diversity, community ecology.
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INTRODUCTION

The conservation of the Andean-Choc6 forests of Ecuador depends, to a large extent, on the
documentation of species, evaluation of their conservation status, and endemism (Guayasamin
etal., 2021; Justicia, 2007; Myers et al. 2000). In this context, because of their overall diversity
and abundance, invertebrates represent an ideal group of study especially in unexplored
environments and ecosystems, such as the canopy layer (Adis, Didham & Stork, 1997; Erwin,
1982). Invertebrates are the most diverse and abundant groups on Earth and recently have
received particular attention due to evidence of worldwide declines (Eisenhauer, Bonn &
Guerra, 2019; Sanchez-Bayo & Wyckhuys, 2019). Among terrestrial insects, ants (family:
Formicidae Latreille, 1809) are one of the most diverse taxa with cosmopolitan distribution,
reaching almost every microhabitat (e.g., underground, forest floor, understory, and canopy),
except for some high latitude zones and oceanic islands that have no native species (Janicki et
al. 2016; Bleil, Bliithgen, & Junker, 2011; Heil & McKey, 2003). Ants have been studied for
centuries, and so there is a good overall understanding of their ecological roles, and they are
relatively easy to sample in comparison to other taxa, making them ideal for biodiversity studies
(Vergara-Torres et al. 2017; Lach et al. 2010; Andersen, 2000; Holldobler & Wilson, 1990;

Wilson, 1987; Brown & Wilson, 1959).

Since their diversification during the Cretaceous, ants have become the most abundant diverse
group of eusocial terrestrial insects (King, Warren & Bradford, 2013; Moreau et al. 2006;
Holldobler & Wilson, 1998). In the Neotropics, more than 4000 ant species have been
described, and Formicidae currently represents one of the best-studied invertebrate groups from

a taxonomic perspective, although numerous species are still undescribed (Fernandez, Guerrero
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& Sanchez-Restrepo, 2021). Recently ecological ant research in the neotropical mountains has
received attention (Floren et al. 2014; Donoso & Ramon, 2006). Within tropical Andean Cloud
Forests, the canopy layer remains understudied (Perillo et al. 2021; Longino & Nadkarni, 1990),
and most studies concentrate sampling efforts in habitats such as the forest floor, low

vegetation, and the understory layer (Basset, 2001).

The canopy of the tropical cloud forest possesses unique climatic (i.e., constant humidity and
rainfall) and biotic (abundance of moss and bromeliads) characteristics (Gongalves-Souza et
al., 2010; Lowman & Rinker, 2004). Many organisms use bromeliads during various stages of
their life cycle (Balke et al. 2018; Gongalves-Souza et al. 2010), and it has been shown, for
instance, that ant community structures are maintained by bromeliads both in native and
agroforestry systems (DaRocha et al. 2016). For instance, one of the most remarkable and
fascinating ecological complex relationship known as Ants gardens (AGs) occurs between ants
and epiphytes including Bromeliaceae (Morales-Linares et al. 2017; Holldobler & Wilson,
1990). This complex interaction between plants and ants consists of the formation of a “garden”
created by the ants with the deliberately selected seeds of the implemented epiphyte for the
formation of carton nests. Carton nests are a fructiferous environment for plants to grow
(Campbell, Kiers & Chomicki, 2022; Corbara, 2021; Dejean et al. 2018; Davidson, 1988); the
material of the nest is called “Carton” and consists of a mix of organic matter (e.g.: plants,
vertebrates’ poop, soil) and ant secretions; however, the specific mix can vary depending on
the species of ant and the species of epiphyte interaction (Cobrera, 2021; Yu, 1994; Davidson,

1988).

In addition, the canopy is a fascinating habitat for ants; tropical lowland canopies show

remarkable ecological characteristics such as high abundance, which increases when we
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increase the canopy height (McCaig et al. 2020; Herz et al., 2007; Davidson & Patrell-Kim,
1996); or the presence of territorially dominant arboreal ant species documented for tropical
lowlands such as the genera Azteca, Crematogaster and Camponotus (Dejean et al. 2018). For
instance, the genus Azteca is characterized by its aggressive behavior linked with canopy

microhabitat colonization (Philpott et al. 2018).

Furthermore, the abundance and richness of the canopy ants suggest, in tropical and temperate
regions, a substantial impact on the ecosystem ecology and functionality, such as significant
consumption of vegetation, channelers of energy, and soil nutrients suppliers for epiphytes
(Floren et al 2014; Floren et al. 2002; Holldobler & Wilson, 1990; Wilson, 1987). Nevertheless,
Cloud Forests ecosystems such as the Andean Choco remain underrepresent in contrast to other

tropical ecosystems (Floren et al. 2014; Donoso & Ramon, 2006).

This study is a first in trying to describe the diversity and abundance of the bromeliad-inhabiting
ants in the canopy of a neotropical cloud forest and exploring the role that some abiotic factors
play in structuring this community. It is expected, based on four major diversity hypotheses
presented by Szewczyk & McCain (2016): Mid-Domain Effect, Elevational Climate Model,
Area, and Thermal Energy, that the abundance and diversity will be strongly influenced by
abiotic factors such as the temperature found inside (internal) and outside (external) the
bromeliads, the height of the bromeliad, and the altitude of the sampling sites. The specific
goals of this research are: (1) to assess the richness and abundance of the ant community inside
the canopy bromeliads of a neotropical cloud forest; (2) to understand the role of some abiotic
variables on the composition of the ant community; and (3) to provide a foundation study (first

insight of the canopy diversity) for conservation attempts.
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METHODS

Study area

The study was conducted in the Masphi-Tayra (0.167N, 78.887W) cloud forest, managed by
Fundacion Futuro and Masphi Lodge (Pichincha province, Ecuador). Located in the Andean-
Choco6 biogeographic region of Ecuador. This region is considered one of the 25 biodiversity
hotspots in the world, making it a priority area for conservation, especially for its high
endemicity and anthropogenic threats, such as mining and deforestation (Fagua & Ramsey,
2019). The Mashpi-Tayra cloud forest cover 2.500 ha, with an altitudinal gradient between 500
and 1200 m.a.s.l. The average temperature for the area is 23 °C with an annual average
precipitation of 2509 mm. The forest composition is cataloged as Piedmont Evergreen Forest

(Sierra, 1999), and is influenced by the Andes biogeographic region (Fig.1).

Canopy Sampling
This study was conducted under research permits MAATE-ARSFC-2022-2286 and MAATE-
CMARG-2022-0575, issued by the Ministerio del Ambiente, Agua y Transicion Ecologica of

Ecuador.

Tree climbing requires specialized training to learn access and movement techniques that
follow rigorous safety protocols (Jepson, 2000). The implemented methodology was proposed
by McCracken and Forstner (2008), where the sampling units are composed of bromeliads (n
= 65). Sampling was conducted in 13 trees (5 bromeliads per tree) across an elevational gradient
from 775 to 1295 m a.s.l. To avoid major impacts on the epiphyte community, only trees that
had more than 15 bromeliads were sampled. Additionally, we implemented a protocol to

minimize structural damage when climbing (i.e., Single Rope Technique; see McCracken &
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Forstner, 2008, see Figure 2.). Each collected bromeliad was photographed, and we collect the
following abiotic variables: elevation (m above sea level), height (distance from ground level),
external (air) temperature, internal (water) temperature, and pH of the water collected inside
the bromeliads (Szewczyk & McCain, 2016). Each bromeliad was bagged and removed from
the tree to the ground to collect all ants inside a tent. The ants were collected by an exhaustive
search through all parts of the bromeliad, regardless of the duration time, each bromeliad was
sampled in its entirety until no more ants were present. Life photos were taken for every ant
morphospecies, documenting color patterns, breeds, and developmental stages, then were
collected in 1L glass jars with 90% EtOH. All specimens were deposited at the Museo del

Laboratorio de Zoologia Terrestre, Universidad San Francisco de Quito.

Taxonomic identification

Ants were separated from other invertebrates and stored in 90% EtOH. Specimens were first
sorted into morphospecies and then identified to genus level. Each morphospecies was
photographed at least once using a Stereomicroscope (ZEISS SteREO Discovery.V12).
Samples were identified in Laboratorio de Ecologia Acudtica (LEA) USFQ, using the
systematics books by Fernandez et al. (2019) and Bolton et al. (2006) and taxonomical ant
genera keys (Baccaro et al. 2015; Schmidt & Shattuck, 2014). All bromeliads were identified

to the genus level as Guzmania Ruiz y Pav., 1802.

Ant community characterization

To estimate the diversity of the ant assemblage (Chao & Chiu, 2016), we used Hill numbers
(Chao & Chiu, 2016; Hsieh & Chao, 2016), complemented with a rarefaction curve analysis
(interpolation and extrapolation) to assess the richness of each sample (Chao & Jost, 2012),

using “INEXT” package in R version 4.2 (Hsieh & Chao, 2016; Chao et al. 2014). A
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Nonasymptotic Analysis (Rarefaction/Extrapolation) with ChaoRichness (Hill numbers of
order q = 0) was conducted to generate 3 curves: the sample-size-based rarefaction and
extrapolation sampling curves with 95% confidence interval; the sample completeness curve
that depicts how to sample completeness (measured by sample coverage) and, a Coverage-
based rarefaction (solid lines) and extrapolation (dashed lines) sampling curves with 95%
confidence intervals, to assess the richness and sampling coverage. Species richness, in order q
= 0, shows the basic data information that includes the sample coverage estimate or SC

(community total probability of occurrence of the species observed in the sample).

To understand how variables drive the ant community composition in cloud forest bromeliads,
a General Linear Model (GLM) with four variables: 1) Height from the ground (Hei): distance
(m) from ground level to the location of the sampled bromeliad in the tree, 2) Elevation (Elev):
elevation above sea level in meters, 3) Internal temperature (TI): temperature registered in the
water tank, measured in Celsius, and 4) External temperature (TE): air temperature registered
for the sampled bromeliad in Celsius, as correlates of the observed abundance variation in each
bromeliad were generated. GLMs were built in the package ‘Lme4’ in R version 4.2 (R Core
Team). Only statistically significant variables (p <0.05) were retained in the final models.
Model assumptions were evaluated by calculating the p-value for the fitted model by comparing
it to a null model using an ANOVA; the test was selected via a “Chisq” chi-square test
(Mangiafico, 2016). In addition, the overdispersion of the Poisson model was calculated with

the dispersion test (Kleiber, Zeileis & Zeileis, 2020; Smith & Warren, 2019).
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RESULTS

Ant community composition

The ant bromeliad survey resulted in a total of 1310 individuals from 41 morphospecies, 6
subfamilies (Ectatomminae, Formicinae, Heteroponerinae, Myrmicinae, and Ponerinae,, and 23
genera. The Dolichoderinae subfamily is represented by 3 genera: Azteca (2 morphospecies),
Dolichoderus (1), and Tapinoma (3). The subfamily Ectatomminae presents only 1 genus,
Holcoponera, and 1 morph. Formicinae is represented by 3 genera: Brachymyrmex (1
morphospecies), Camponotus (5 morphospecies), and Nylanderia (3 morphospecies).
Heteroponerinae is confirmed by 1 genus and 1 morphospecies, Acanthoponera. The subfamily
Myrmicinae is the most represented of all the 7 subfamilies with 8 genera: Acromyrmex (1
morphospecies), Apterostigma (2 morphospecies), Crematogaster (2 morphospecies),
Cyphomyrmex (2 morphospecies), Megalomyrmex (1 morphospecies), Pheidole (5
morphospecies), Solenopsis (2 morphospecies), Wasmannia (1 morphospecies). Finally, the
subfamily Ponerinae presented 7 genera: Anochetus (1 morphospecies), Hypoponera (1
morphospecies), Mayaponera (1 morphospecies), Neoponera (2 morphospecies),
Odontomachus (1 morphospecies), Pachycondyla (1 morphospecies), and Rasopone (1

morphospecies). (See Fig.3, Fig.4, and Table.1).

Interpolation and extrapolation for species diversity
The function iNEXT (iNtrapolation and EXTrapolation) from R generates the rarefaction
curves and sampling coverage. Based on the obtained results, with an observed richness (sample

size) of 41 (Quartile Deviation Lower Control Limit (LCL) 34.09 and Quartile Deviation Upper
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Control Limit (UCL) 47.90), we have an overall Sampling Coverage (SC) of 0. 85 (LCL 0.79
and UCL 0.91). The double sample size extrapolation reaches an SC of 0.94 (LCL 0.88 and
UCL 1) (Fig.3). Formicidae canopy community presents a species richness observed value of
41 and an estimator of 61 (Standard Error (S.E.) 15.13, 91-41). For the Shannon diversity or
Shannon entropy, we have an observed value of 28 with an estimator of 37 (S.E. 3.81, 44.13-

29.17). The Simpson diversity or inverse Simpson Concentration presents an observed value of

18 with an estimator of 21 (S.E. 3. 479, 28.29-14.66). (See Table 4, Table 5, and Table 6).

Shannon, Simpson, Evenness and, Density
Four diversity indices (Shannon, Simpson, Evenness, and Density) were calculated with the R
package “Vegan: Ecological diversity” (n = 65) in order to estimate the biodiversity of the cloud

forest canopy, see summary Table 7.

Environmental drivers of ant diversity in canopy bromeliads

The estimated results obtained by the GLM model are presented in Table 8. The variable Height
(Hei) and Internal Temperature (77) are significantly correlated with the abundance values. The
correlations are positive (an increase in Hei and 77 produces increases in abundance). The other
variables, Elevation (Elev) and, External Temperature (7E), do not significantly affect the
abundance. To test the influence of abiotic variables on the community composition, we

constructed a General Linear Model (GLM), as follows:

GLM
Full model

Ab ~ Elev + Hei + T] + TE
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Mathematical notation of the model

Abi ~ Poisson (ui)
E(Abj) = wi and var(4bi) = Wi

log(ui ) =ni

Ni =B 1 +B2 xElevi +B3 xHeii +B4 xTI; +B5 xTE;j

Call of the formula: 4b Abundance is the dependent variable, and Elev Elevation, Hei Height,
TI Internal temperature, and TE External temperature are the independent variables. *The

overdispersion of the model was: z = 2.3964, p-value = 0.008279 and dispersion 60.32102.

Analysis of Deviance (ANOVA)
The p-value obtained for the fitted model, by comparing it to a null model with the ANOVA

function, was significant statistically 2.2e-16 (<0.05) (See Table. 9).

DISCUSSION

Estimating species richness is a challenging task, especially in the canopy. Our sampling effort
proved to be adequate to estimate the number of species in our study, the bromeliad
microhabitat from the canopy layer of the Andean-Choco Cloud Forest of Mashpi-Tayra.
Rarefaction analyses estimated that we documented approximately 85% of the Formicidae
species from the Mashpi-Tayra canopy bromeliad microhabitat. This is an extraordinary result
given that sampling the canopy is a challenging endeavor, to say the least (McCracken &
Forstner, 2008); then, we can conclude that the analyses presented below, rely on a
representative measure of species richness, which is the most fundamental unit of biodiversity.

To exemplify the efficiency of the sampling, if we had doubled the number of surveyed
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bromeliads (n = 130), we would have documented 93% of the species (Fig.4), in other words,

just an additional 8% of what we found.

Our findings (41 morphospecies and 23 genera in 65 bromeliads) indicate the remarkable
diversity of ants in the cloud forest (Table 1 and Figure 2). For instance, another canopy
montane ecosystem studied in Costa Rica found a total diversity of 27 species inside 13 genera
from 14 trees across three different habitats and degraded ecosystems (Schonberg et al. 2004).
In addition, a canopy ant research study conducted in Panama found a diversity of 23 ant species
with the major dominance of the genus Azteca, also found in this study but with non-major
dominance (Ribeiro et al. 2013). Thus, our findings may reflect the biodiversity hotspot and
possible high-endemism linked to the Andean-Choc¢ region (Fagua & Ramsey, 2019; Sarkar
et al. 2006). In addition, the following results are just one token of the biodiversity puzzle from
the canopy layer of Mashpi-Tayra cloud forest since only the microhabitat provided by
bromeliads was sampled. It is strongly recommended that to understand the ants of the cloud
forest an exhaustive sampling including more canopy microhabitats must be performed (e.g.:
under tree bark, in holes, within specialized tree structures, other epiphyte species, etc.)

(Holldobler & Wilson, 1990).

There is also the caveat that our interpretation of ant species richness, due to hyper-diverse
groups, relies heavily on external morphology (Schér et al. 2022; van Elst et al. 2021; Wilson,
2003). Therefore, a pending study should approach species identity from a multivariate and
integrative perspective to solve the true ant diversity identity (De Queiroz, 2007; Vieites et al.
2009; Padial et al. 2010). Besides, elevational gradients present a strong congruence in patterns

which affects long-term macroevolutionary processes (Longino, Branstetter & Ward, 2019).
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Thus, expanding the elevational range studied may indicate insights into elevational influence

in the ant canopy community.

The three-dimensional structure of the canopy, and the abundance of bromeliads and other
epiphytic plants, provide a diversity of microhabitats that benefit the evolution of specialization
and ecological interactions (Scheffers & Williams, 2018; Petruzzellis et al. 2017; Basset et al.
2015; Lowman & Rinker, 2004). For instance, ants can shape and mediate the communities
found inside the bromeliads of their gardens (Talaga et al. 2015; Céréghino et al. 2010; Frank
& Lounibos, 2009). Additionally, these complex mutualistic associations shape the
microhabitat as well. Bromeliads obtain part of their nutrients by interacting with

microorganisms such as ants and enhancing their reproductive allocation (Leroy et al. 2016).

In parallel, bromeliads might function as islands of stability for invertebrate communities,
protecting them from extreme variations in wind, temperature, humidity, and light (Richardson
et al. 2015; Parker, 1995; Geiger, 1965). For example, ants use non-water-holding axils of
bromeliads as shelter, these plant species are known as “myrmecophytes” for their association
and specialization (Frank & Lounibos, 2009; Frank et al. 2004). Thus, interestingly, bromeliads
can be considered as a source of heterogeneity (a very different microhabitat when compared
to other microhabitats in the forest) but also a place of stability (relatively similar conditions
among different bromeliads); spatial heterogeneity promotes the diversification of species

(Stein et al. 2014) (see Table 2 and Table 3 for heterogeneity and ants bromeliads occurrence).

Furthermore, the Ecuadorian Andean-Choco6 is known for its biodiversity (Fagua & Ramsey,
2019), and in this sense, ants fit the perfect role as a focal taxon (Fernandez, Guerrero &

Sanchez-Restrepo, 2021). The most abundant genus was Megalomyrmex Forel, a distinct taxon
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from the Neotropics with 557 individuals of one morphospecies (Longino, 2010; Brandao,
1990). This genus is characterized by its diversity in form and behavior (Boudinot, Sumnicht
& Adams, 2013). For instance, some species tend sternorrhynchans, while others have
lestobiotic (thieves) behaviors stealing from fungi-growing ants (Attini tribe) or even
xenobiotic (guest ant) behaviors (Adams et al. 2012; Adams, 2008; Brandao 1990). In addition,
the Megalomyrmex was the most present genus in the canopy reaching an occupancy of 21 out
of 65 sampled bromeliads (See Table 3). It is strongly recommended to focus attention on these

findings due to the abundance and presence of this genus.

The Megalomyrmex genus is more related to predation and being social parasites rather than
herbivorous (Adams et al. 2000; Brandao, 1990). Moreover, this genus is known for its low
abundance (Longino, 2010). This insight should be followed to understand the true ecological
dynamics of the Formicidae taxa in the canopy. If the canopy layer is being assessed, a deeper

focus on the ecology of the group is needed.

The second most abundant taxa sampled in the canopy was the genus Pheidole Westwood, 1839
with 5 species. The genus Pheidole is the most common in the family Formicidae making it a
hyper-diverse genus, especially in the neotropics (Fernandez, Guerrero & Sanchez-Restrepo,
2021; Sarnat et al. 2015). Pheidole and Megalomyrmex belong to the most abundant and diverse
subfamily Myrmicinae. In addition, our study has found 3 different genera which belong to the
Attini tribe: Acromyrmex, Apterostigma, and Cyphomyrmex. The last two genera were
documented for the first time inside the canopy by our study (Greer & Moreau, 2021). Many
species of this tribe have developed specialized skills such as fungus farming (Schultz et al.
2015; Ward et al. 2015). Further studies focused on interspecific relationships to understand

the dynamics of the community are needed.
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The presence of the genera: Rasopone, Mayaponera, Odontomachus, Anochetus, Neoponera,
Pachycondyla, and Hypoponera which belongs to the subfamily Ponerinae, suggests a strong
prevalence of predation in the canopy due to their almost exclusive predatory behavior
(Fiorentino et al. 2023). The presence of these predators has been used as an insight for
understanding the abundance of ants in tropical lowlands (Davidson et al. 2003). Thus, focusing
on the ant predators found inside the Andean-Choco Cloud Forest of Ecuador will help to
understand the ecological relationships between ants. However, our study serves as a baseline
for further taxonomical and ecological characterizations. Finally, the richness assessment

presents a sample coverage of 85% with 41 different species found inside 65 bromeliads.

Despite the high diversity of tropical arboreal ants, perhaps the most remarkable aspect of them
is their abundance (biomass) (Davidson & Patrell-Kim, 1996). The main hypotheses that have
been proposed to explain ant diversity, size, and spatial location are (i) thermal energy (TE),
(i1) mid-domain effect (MDE), (iii) area (A), and (iv) the elevational climate model (ECM)
(Szewczyk & McCain 2016). TE (i) is supported as a driver of diversity in Formicidae because
warmer temperatures could lead to longer foraging periods and more energy is available for a
variety of ecological functions. MDE (ii) If species ranges are randomly distributed within a
bounded domain, they will overlap closer to the center of the domain than at the edges, thus
decreasing species richness from the center toward the edges. However, this distribution,
geometric in nature, can be found elsewhere in the curve. A (iii) based on the species-area
relationship, predicts that as the area in a determined elevational increase, diversity in that
elevation should increase. Finally, ECM (iv) states that precipitation and temperature drive

diversity due to the impact on productivity. (Szewczyk & McCain 2016).
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Our study provides several insights for understanding what drives ant abundance. The
abundance model, including the four variables (Elev, Hei, TI, TE), is the only model that
reaches statistical support (Fox et al. 2015). Additionally, two variables reach a satisfactory p-
value, the height from the ground (Hei), and the internal temperature (TI). Both variables, when
compared against the dependent variable of abundance, present an "arch" pattern (Fig. 6), which
seems to support the Mid Domain Effect hypothesis. Figure 6 suggests that the geometric
restriction is in the middle section c.a. 25 meters. This big-scale pattern presented in groups
like birds (Jetz & Rahbek, 2001) seems to act on a local scale for ants. The model shows that
when we increase Hei by 1, we expect that the abundance increases by 0.13. By increasing one
unit of TI, a rise of 0.17 in abundance is expected. However, this increase is up to a point, then
passing the height of 25-30 m the abundance starts to decrease (Fig 6.). Furthermore, our results
indicate that the temperature inside the bromeliad presents no significant variance or increase
when we reach higher canopy heights and further studies need to address the suggested

geometric behavior presented in this study.

The configuration of the canopy layer is different from the ground even if they are in the same
forest; for instance, the canopy is drier and hotter than the ground (Davidson et al. 2003). In
this sense, more abiotic variables, such as rainfall should be addressed to understand what other
variables can shape the community inside the bromeliads. Furthermore, most studies are
focused on lowlands. Thus, the abiotic variables chosen need to fit with the adequate conditions

of the selected elevation range.

Finally, is important to mention that this study serves as a foundation study for documenting
the biodiversity found inside the canopy layer of the endangered ecosystem of the Ecuadorian

Andean-Choco Cloud Forest. As it is shown, during the last ten years, mining concessions in
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the Andes have proliferated, even within protected areas (Fagua & Ramsey, 2019; Roy et al.
2018; Myers et al. 2000). Thus, our study despite showing the new insights of ant ecology and
how abiotic variables shapes the communities, it is the first to show the ant diversity in the
canopies of Ecuadorian cloud forests; many of the 41 identified morphospecies likely
correspond to geographic endemics or, even, new species. For instance, this could serve as a
potential scientific source for creating legal frameworks for promoting the rights of nature as it
was the local case of “Los Cedros” in Ecuador where the documentation of biodiversity and
endemic species was used as a tool for legal conservation efforts against mining (Prieto, 2021;

Guayasamin et al, 2021).
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Table 1. Diversity and abundance of Formicidae found in the canopy of the cloud forests of

Mashpi-Tayra Reserves, Ecuador.

Subfamliy Genera Morphospecies Abundance
Dolichoderinae Tapinoma 3 43
Dolichoderinae Azteca 2 23
Dolichoderinae Dolichoderus 1 10
Ectatomminae Holcoponera 1 1
Formicinae Nylanderia 3 74
Formicinae Camponotus 5 35
Formicinae Brachymyrmex 1 32
Heteroponerinae Acanthoponera 1 1
Myrmicinae Solenopsis 2 158
Myrmicinae Pheidole 5 165
Myrmicinae Megalomyrmex 1 557
Myrmicinae Crematogaster 2 69
Myrmicinae Apterostigma 2 32
Myrmicinae Cyphomyrmex 2 3
Myrmicinae Wasmannia 1 82
Myrmicinae Acromyrmex 1 2
Ponerinae Rasopone 1 2
Ponerinae Mayaponera 1 6
Ponerinae Odontomachus 1 2
Ponerinae Anochetus 1 7
Ponerinae Neoponera 2 3
Ponerinae Pachycondyla 1 2
Ponerinae Hypoponera 1 1

Table 2. Subfamilies and bromeliad occurrence of Formicidae found in the canopy of the cloud

forests of Mashpi-Tayra Reserves, Ecuador.

Subfamily Bromeliad occurance
Myrmicinae 62
Formicinae 27
Dolichoderinae 16
Ponerinae 14
Ectatomminae 1

Heteroponerinae

1
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Table 3. Genera and bromeliad occurrence of Formicidae found in the canopy of the cloud

forests of Mashpi-Tayra Reserves, Ecuador.

Genera Bromeliad occurrence

N
—_

Megalomyrmex
Pheidole
Nylanderia
Camponotus
Solenopsis
Tapinoma
Anochetus
Crematogaster
Dolichoderus
Wasmannia
Azteca
Apterostigma
Neoponera
Brachymyrmex
Cyphomyrmex
Odontomachus
Acanthoponera
Acromyrmex
Holcoponera
Hypoponera
Mayaponera
Pachycondyla

R T S N R T R O R N Y Y IV N -

Rasopone




Table 4. Asymptotic estimates of ant species richness and diversity indexes (ChaoShannon and ChaoSimpson) in the sampled bromeliads.

Assemblage Diversity Observed Estimator Standard Error Lower Control Limit  Upper Control Limit
1 Formicidae Species richness 41 60.93359 15.13197 41 90.5917
2 Formicidae Shannon diversity 27.82461 36.653 3.814616 29.17649 44.12951
3 Formicidae Simpson diversity 18.46154  21.47727 3.479073 14.65842 28.29613

Table 5. Diversity estimates with rarefied and extrapolated samples, size-based (the diversity estimates with respect to sample size).

Sampling
Quartile Quartile Deviation Quartile Deviation  Sampling Sampling Coverage Coverage Upper
Assemblage t Method Order.q Deviation Lower Control Limit Upper Control Limit Coverage Lower Control Limit Control Limit
1 1 Rarefaction 0 1.875 1.529464 2.220536 0.08730159 0.06265662 0.1119466
10 32 Rarefaction 0 29.37335 24.796656 33.950042 0.74273291 0.67645297 0.8090129
20 65 Observed 0 41 34.09587 47.90413 0.85208696 0.79393016 0.9102438
30 96 Extrapolation 0 47.84051 38.88215 56.798865 0.9028455 0.83932428 0.9663667
40 130 Extrapolation 0 52.80231 41.112647 64.491966 0.93966349 0.8790658 1

Table 6. Diversity estimates with rarefied and extrapolated samples, coverage based (the diversity estimates with respect to sample coverage).

Sampling Quartile Deviation Quartile Deviation
Assemblage Coverage t Method  Order.q Quartile Deviation Lower Control Limit Upper Control Limit
)i 0.08730159 1 Rarefaction 0 1.875 1.529464 2.220536
10 0.74273304 32 Rarefaction 0 29.37335 24.796656 33.950042
20 0.85208696 g5 Observed 0 41 34.09587 47.90413
30 0.9028455 96  Extrapolation 0 47.84051 38.88215 56.798865
40 0.93966349 130  Extrapolation 0 52.80231 41.112647 64.491966




Table 7. Summary table of all the variables measured in this study, from the abiotic variables (Elev, Hei, TE, T1, pH, and Am) and biotic variables

such as the diversity indices (Den, Bs, Bsi, Ev, Ab, Riq).

Variables Min Median Mean  Max. Standard Standard  Code Unit
Deviation Error

Elevation 775.00 882.00 920.50 1295.00 146.90 18.22 Elev  meters above the sea
level (m.a.s.l)

Bromeliad Height from the 17.26 24.10  24.47  35.30 3.92 0.49 Hei  meters (m)

ground

Enviromental temperature 19.60 22.80 2287 27.10 1.71 0.21 TE  celsius (°C)

Bromeliad Internal 19.10  20.80 21.11  24.00 1.08 0.13 Tl  celsius (°C)

temperature

Potential of hydrogen 2.00 4.50 4.55 6.90 0.77 0.10 pH pH

Bromeliad Area 0.58 2.55 3.04 8.08 1.69 0.21 Am  Square meters

Species density 0.00 1452  51.19 383.66 88.48 10.98 Den  Individuals per unit area
(ind/m2)

Shannon-Weaver Biodiversity ~ 0.00 0.09 0.33 1.42 0.41 0.05 Bs  Shannon diveristy index

index

Simpson Biodiversity index 0.00 0.22 0.32 1.00 0.35 0.04 Bsi  Simpson diversity index

Species Evenness 0.00 0.57 0.53 1.00 0.37 0.06 Ev  Pielou's evenness index

Abundance 0.00 4.00 20.15 254.00 40.47 5.02 Ab  Individuals

Species Richness 0.00 2.00 1.86 7.00 1.45 0.18 Rig  Species number




Table 8. GLMs Coefficients Table of the fitted model:

Ab ~Elev + Hei + TI + TE

Estimate Std. Error z value Pr(>|z|)
Intercept -3.9742067  0.7061833 -5.628 1.83E-08  ***
Elev -0.0001908  0.0002443 -0.781 0.435
Hei 0.1289656 0.0066191 19.484 <2e-16  ***
TI 0.1732154 0.0335423 5.164 2.42E-07 R
TE 0.0077775 0.0225015 0.346 0.73

Table 9. Analysis of Deviance (ANOVA) Table from the fitted model 4b ~ Elev + Hei + TI +

TE against a null model

Model 1: Ab ~ Elev + Hei + TI + TE

Model 2: Ab ~ 1
Resid. Df Resid. Dev Degrees of fredoom Deviance Pr(>Chi)
1 60 2408.6

2 64 2848.8 -4 -440.29 <2.2e-16 otk




Figures
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Figure 2. Tree sampling in Mashpi-Tayra cloud forest. Left, FVE in the crown of a tree
sampling a bromeliad. On the right, FVE uses the Single Rope Technique to reach the canopy

of the cloud forest.
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Figure 3. Bar chart of ants (Formicidae) abundance by subfamilies found in bromeliads from
the canopy of cloud forest in the Andean Chocd bioregion (Above). Bar chart of ants
(Formicidae) richness by subfamilies found in bromeliads from the canopy of cloud forest in

the Andean Choco bioregion (Below).

Figure 4. Collage showing some of the incredible diversity of Formicidae found in bromeliads

from the canopy of cloud forest in the Andean Choco6 bioregion.
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Figure 5. Interpolation and extrapolation for species diversity. (a) Sample-size-based and (c)
coverage-based rarefaction (solid line segment) and extrapolation (dotted line segments)
sampling curves for species richness (q = 0) with 95% confidence intervals for the canopy ant
data. The solid dot represents the reference samples. (b) Sample completeness curves linking
curves in (a) and (c). Sample-size-based (a) plots the diversity estimates with respect to sample
size and Coverage-based (c) plots the diversity estimates with respect to sample coverage.

statistically 2.2e-16 (<0.05) (See Table. 9).
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Figure 6. Formicidae abundance inside each bromeliad (n = 65) against the four analyzed
variables. Height from the ground (Hei); Elevation (Elev); Internal temperature (TI); and
External temperature (TE). All graphs by themselves have non-statistically significant

coefficients of correlation.



