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Phenotypic plasticity of bromeliad, Guzmania monostachia, 
across a disturbance gradient 
Nate Gamble 
Whitman College          
______________________________________________________________________________ 
 
RESUMEN 
Los humanos están cambiando la composición del planeta a tasas alarmantes. Es necesario comprender las 
reacciones de los organismos a este cambio para estimar escenarios ecológicos futuros. Las adaptaciones 
morfológicas o fisiológicas en respuesta a los factores estresantes ambientales, conocidas como plasticidad 
fenotípica, son una métrica para entender estas reacciones. Las bromelias epiféticas se han identificado como 
indicadores tempranos del estrés del ecosistema debido al cambio climático, y sus órganos únicos absorbentes de 
humedad, tricomas foliares, exhiben altos grados de plasticidad. Aunque numerosos estudios han investigado la 
plasticidad del tricomas en respuesta a diversas condiciones climáticas, ninguno ha examinado esta plasticidad en 
respuesta al cambio ambiental directo inducido por el hombre. Aquí , examino la plasticidad de la bromelia de 
tanque, Guzmania monostachia, a través de un gradiente de perturbación. Dos hojas, una vieja y otra joven, fueron 
muestreadas de individuos de G. monostachia en un sitio "abierto" en su mayoría deforestado y un borde forestal 
cercano en un bosque húmedo tropical inferior en Costa Rica. Los segmentos se cortaron de las secciones basales, 
medias y apicales de cada hoja y se examinaron bajo un microscopio para medir la densidad de tricomas. 
Consistente con otros estudios, encontramos que la densidad de tricomas es mayor en bases de hojas y mayor en 
hojas más viejas en comparación con las hojas más jóvenes. Más importante aún, las densidades de tricomas fueron 
un 14% mayores en sitios abiertos en comparación con el borde del bosque, lo que sugiere altos grados de 
plasticidad fenotípica en respuesta a la perturbación humana. Las diferencias abióticas entre los sitios muy 
probablemente vinculan la plasticidad observada con la disponibilidad de luz solar. Este alto grado de adaptabilidad 
confirma que G. monostachia es una especie tolerante a la perturbación con la capacidad de capear los cambios 
ambientales. Sin embargo, respuestas similares a la perturbación en especies de bromelias más típicas y altamente 
sensibles podrían no garantizar la supervivencia a la luz del cambio climático en curso. 

ABSTRACT 
Humans are changing the makeup of the planet at alarming rates. Understanding organisms’ reactions to such 
change is necessary to estimate future ecological scenarios. Morphological or physiological adaptations in response 
to environmental stressors, known as phenotypic plasticity, is one metric for understanding these reactions. 
Epiphytic bromeliads have been identified as early indicators of ecosystem stress due to climate change, and their 
unique moisture absorbing organs, foliar trichomes, exhibit high degrees of plasticity. Though numerous studies 
have investigated trichome plasticity in response to various climactic conditions, none have examined this plasticity 
in response to direct human-induced environmental change. Here, I examine the plasticity of tank bromeliad, 
Guzmania monostachia, across a disturbance gradient. Two leaves, one old and one young, were sampled from G. 
monostachia individuals in a mostly deforested “open” site and a nearby forest edge in a tropical lower montane wet 
forest in Costa Rica. Segments were cut from basal, middle, and apical sections of each leaf and examined under a 
microscope to measure trichome density. Consistent with other studies, we found trichome density to be greatest in 
leaf bases and greater in older compared to younger leaves. More importantly, trichome densities were 14% greater 
in open sites compared to the forest edge, suggesting high degrees of phenotypic plasticity in response to human 
disturbance. Abiotic differences between sites most likely links the observed plasticity to availability of sunlight. 
This high degree of adaptability confirms that G. monostachia is a disturbance tolerant species with the capability to 
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weather environmental changes. However, similar responses to disturbance in more typical, highly sensitive 
bromeliad species might not ensure survival in light of ongoing climate change.   

INTRODUCTION 

Phenotypic plasticity is the ability of an organism to adapt its performance by changing its 
morphology or physiology in response to temporal or environmental stimuli, without altering its 
genome (Petit et al., 2014, West-Eberhard, 2008). Plants have been the favored subjects of 
plasticity studies due to their extreme developmental flexibility that allow species to adapt to 
changing environments and even colonize areas with noticeably different abiotic conditions 
(Sultan, 2005). Prior research has shown that understanding plasticity can yield broad ecological 
implications for future responses to environmental changes (Potvin & Tousignant, 1996). As 
human influence continues to change the world at unprecedented rates, continued investigation is 
increasingly necessary to gain a more comprehensive understanding of future ecological 
scenarios.  

 Epiphytic species are often model organisms for studying plasticity (Rosado-Calderon et 
al., 2018). As they spend much, if not all, of their lives on trees, they inhabit extreme 
environments with highly variable resource abundance. Light, nutrient, and, especially, water 
availability change drastically throughout a given year, typically corresponding with seasonal 
shifts (Rundel & Gibson, 1996). This environmental variability has led epiphytes to develop a 
slew of traits that can adapt to changing environmental conditions (Cach-Perez et al. 2018). For 
example, some epiphytes can adapt respiratory, photosynthetic, or water-retentive organ 
morphologies in response to moisture gradients (North et al., 2016, Rosado-Calderon et al., 
2018, Rosa-Manzano et al., 2017). These adaptive traits exemplify “environmental” phenotypic 
plasticity and allow species to survive when resources are scarce and to exist throughout abiotic 
gradients. 

Among epiphytic species, bromeliads (Bromeliaceae), show highly specialized plastic 
traits that may have helped them become one of the most diverse (3, 475 species) and 
widespread epiphytic families (Martin, 1994). Mature members of most sub-canopy species trap 
precipitation in water-retention “tanks” formed from overlapping leaf bases in the plant’s rosette. 
This water, as well as atmospheric moisture and nutrients, is taken up through absorptive foliar 
trichomes, multicellular epidermal structures responsible for the majority of moisture intake in 
many epiphytic bromeliads (Benzing et al., 1976).  

Due to their high degree of specialization, these trichomes have been a popular trait for 
measuring plasticity. Trichome distribution, for example, exhibits “ontogenetic” plasticity in 
numerous tank species, uniformly covering leaves in young “atmospheric” (non-tank) 
individuals and aggregating more heavily in leaf bases as plants mature and tanks form (Adams 
& Martin, 1986, Kleingesinds et al., 2018, Petit et al., 2014, Rodriguez et al., 2016). Whether 
trichomes display environmental plasticity is less clear, with one study pointing to ontogeny as 
the primary driver of differences in trichome characteristics (Petit et al., 2014), and others 
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linking increased trichome size and density to decreasing precipitation gradients (Benzing, 2000, 
Cache-Perez et al., 2016). 
 As human influence is making tropical forests increasingly hot and dry (Cook et al., 
2014, Helmer et al., 2019), a better understanding of the plasticity of epiphytic bromeliads’ 
primary moisture acquisition organ is necessary to estimate the future distribution of these plants. 
To my knowledge, no study has measured phenotypic plasticity of any kind in response to direct 
human interference, and certainly none have measured trichome plasticity. This study aims to fill 
this void by comparing trichome densities of tank bromeliads across a disturbance gradient – a 
suitable proxy for irradiance and moisture gradients (Cascante-Marin et al., 2009) and, grimly, a 
likely future for current epiphyte-bearing forests (Gradstein et al., 2010). Trichome densities were 
measured from mature tank bromeliads in deforested “open” sites and along the forest edge near 
a Costa Rican cloud forest. Trichome distribution throughout leaf sections and across leaf ages 
were also considered so that leaf sections could be compared, and ontogenetic plasticity 
considered. 

MATERIALS AND METHODS 

Study Site 
This study was conducted at the CIEE campus in San Luis, Puntarenas, Costa Rica, a tropical 
lower montane wet forest around 1,100 meters above sea level. Sampling was conducted 
between mid-March and early April of 2020, during the area’s dry season (Nadkarni & 
Wheelwright 2000). Due to its high local abundance and accessibility, the tank bromeliad, 
Guzmania monostachia, was selected for this study. Individuals were sampled from live fence 
and shade trees in a mostly deforested “open” site and along the forest edge less than 50 meters 
away. The sites’ proximity likely controlled for genetic variance across open and forest edge 
bromeliad communities (Cascante-Marin et al., 2009); were these communities not genetically 
similar, observed trait differences may have been a product of genotypic rather than 
environmental distinctions. A forest interior site was not utilized due to the low abundance of 
accessible G. monostachia individuals. Specimens from the open site received direct sunlight for 
most of the day. To increase differences in abiotic conditions experienced at each site, only 
individuals that received shade for at least a portion of the day were sampled in the forest edge, 
thereby increasing chances of observing trait variances due to environmental plasticity.  

Bromeliad Sampling 
Leaves were sampled from 30 G. monostachia individuals growing less than 2 meters off the 
ground on tree trunks in the open site and the forest edge, for a total of 60 sampled individuals. 
Two entire leaves were taken from each individual; one old and one young. As new bromeliad 
leaves form at the inside of the rosette, innermost (and uppermost) leaves are youngest, and 
basal, outermost leaves are oldest. For old leaves, the second most basal living leaf was sampled 
rather than the most basal to ensure that leaves were not decaying so that trichome identification 
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would be easier. For young leaves, the uppermost leaf with a minimum width of 2 cm was 
selected to ensure leaves were both developed enough and large enough for apt comparisons.  

Measuring Trichome Density 
From each leaf, three small segments (roughly 1.5 x 1.5 cm) were cut from the center of basal, 
middle, and apical portions of the leaf using a scalpel and scissors (Figure 1). Basal segments 
were cut immediately above the portion of the leaf situated inside the rosette and covered by a 
subjacent leaf, as the overlapping of leaf bases would block these portions from typical moisture 
exposure, so trichomes would be presumedly less common. Apical segments were cut 
immediately beneath the portion of the leaf that tapered to a point, as the uppermost, pointed 
section of the leaf was not wide enough to cut a large enough segment. A middle segment was 
cut exactly between the basal and apical segments.   

 

Figure 1 Segments of Guzmania monostachia leaves were cut from the base, middle, and apex of leaves. The 
abaxial side of each segment was then photographed under a microscope so that trichomes could be counted 
(Figure 2). 

 Cut segments were then placed, abaxial side up, on a microscope slide. We chose to 
examine the abaxial side because a) abaxial trichome densities are much less studied than adaxial 
densities (Freschi et al., 2010), b) abaxial trichomes are larger than adaxial trichomes in G. 
monostachia (Kleingesinds et al., 2018) and are thus more clearly visible under a microscope, 
and c) abaxial trichomes may be more active under local dry season conditions, as tanks are not 
filled with water (Cach-Perez et al., 2016). A glass coverslip was placed on top of each segment 
and held in place with tape. Slides were then examined under and photographed with a 
microscope using the 10x objective (Carl Zeiss™ Primo Star LED Microscope, Item no.: 
415500-0058-000; ZEN 2.6 (blue edition)). Segments were too big to be photographed in a 
single 0.88 mm2 picture, so three different portions of the segment were photographed (excepting 
nine individuals from the forest edge for which only two pictures per segment were taken). In all, 
trichomes were counted from 1,027 pictures using the multi-point feature in the ImageJ software 
(Schneider et al., 2012) (figure 2).  
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Statistical Analysis 

Trichome counts followed a Poisson distribution. Counts were compared between leaf sections, 
leaf ages, and between sites using a generalized linear mixed model (GLMM) with Poisson 
distribution. The model accounted for the lack of independence between samples coming from 
the same leaf and from the sample plant (i.e. plant identity and leaf identity were included as 
random effects in the model; the latter nested within the former). The interactions between all 
fixed effects (leaf section, leaf age, site) were also included in the model. The model was fit 
using the R package “lme4”. Significance values correspond to a type II analysis of deviance 
conducted with the R package “car”. Post-hoc pairwise comparisons were conducted using the R 
package “emmeans”. All analyses were conducted in R 4.0.0. 

RESULTS 

Site 

Mean trichome density was 14% higher in G. monostachia individuals in open site compared to 
forest edge individuals (X2 = 29.4943, df = 1, p = 5.608e-8) (Figure 3b). However, the interaction 
between leaf section, age and site was significant (X2 = 7.3971, df = 2, p = 0.02476), indicating 
that differences in trichome densities between sites, leaf sections, or ages must be interpreted 
based on all combinations of sites, sections, and ages. Notably, trichome density was higher in 
open sites across all leaf sections and ages (Figure 3a).  

Figure 2 Segments of apical, middle, and basal leaf portions were analyzed under a microscope to determine trichome density. 
Trichomes were identified from microscope images as the structure (image a) with central disc cells (c), inner and outer ring 
cells (r), and the outermost, elongated wing cells (w). Using ImageJ's 'multi-point' feature, trichomes were counted when at least 
part of a central disc cell (c) was within frame. Final counts resembled the rightmost picture (image b) and were considered with 
each pictures’ area (0.88 mm2) to determine mean trichome density.  

Image a Image b 

5



 
 

Leaf Age 

Generally, trichome densities were slightly greater in old leaves compared to young leaves. This 
relationship was especially obvious for leaf bases in both open and forest edge sites (Figure 3a). 
In the forest edge, trichome densities of leaf apices and middles were similar between age classes 
(Figure 3a). However, apical and middle densities were conversely greater in young leaves than 
in old leaves in open sites (Figure 3a). 

Leaf Section 

In old leaves, leaf bases had the greatest trichome densities, followed by leaf middles, and, 
finally, apices (Figure 3a). In young leaves, this pattern mostly holds true, with the exception of 
apical and middle sections in the open site, which have similar trichome densities (Figure 3a).  

 

Figure 3 Mean trichome densities across a) leaf sections and leaf age between open and forest edge sites, and b) taken as the 
average of all trichome counts across leaf sections and ages by site. Error bars represent standard errors. Corresponding letters 
above means represent groupings not significantly different. Of note, open site trichome densities exceeded forest edge densities 
across all sections and ages. Additionally, ontogenetic shifts in trichome distribution were more pronounced for open site 
individuals, as apical trichome densities were much higher in young leaves than old leaves. 

DISCUSSION 

Consistent with prior studies, we found trichome densities generally decreased towards leaf 
apices, with consistently higher densities in leaf bases (Adams & Martin, 1986, Kleingesinds et 
al., 2018, Petit et al., 2014, Rodriguez et al., 2016). This distribution has been convincingly 
attributed to the increased need for moisture absorption at leaf bases, where tanks collect water 
(Benzing, 2000). Additionally, high basal trichome cover has been reasoned to retain water when 
tanks are seasonally empty, as increased basal hydrenchyma tissue stores water (Freschi et al., 
2010), and trichomes reflect light and suppress water-costly local gas exchange (Benzing, 1976). 

a b 
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As this allocation of trichomes is consistent across numerous tank species in varying locations 
(Cach-Perez et al., 2016, 2018), foliar trichome distribution is likely not correlated with 
environmental plasticity. Still, the developmental reason for this pattern has not been sufficiently 
explored, with few studies providing explanation beyond a postulated developmental signal 
spurring new basal trichome formation at leaf maturity (Rodriguez et al., 2016). However, higher 
basal density can more likely be attributed to the fact that cellular division occurs at leaf bases in 
monocots, whereas middle cells expand, and apical cells are mature (Nelison et al., 2016). This 
reasoning may also explain noted ontogenetic plasticity, whereby young atmospheric-stage 
bromeliads have near uniform distribution throughout their leaves, mature tank-stage trichomes 
are heavily distributed towards leaf bases, and growing tank-stage distribution is somewhere in 
between (Adams & Martin, 1986, Kleingesinds et al., 2018, Petit et al., 2014, Rodriguez et al., 
2016).   

Across old and young leaves of similarly aged individuals, overall trichome density was 
higher in older leaves. However, this pattern is only truly remarkable for leaf bases, whose 
comparatively higher densities skewed total leaf comparisons to show slight increases with age. 
Differences among apical and middle sections were much less stark, by which apical and middle 
densities in young leaves were slightly greater (though rarely significantly so) than old leaves. 
These results are supported by similar findings in a G. monostachia study (Rodriguez et al., 
2016), and, like spatial distributions across distinct ontogenetic stages, can be attributed to the 
basal concentration of dividing cells in monocots (Nelison et al., 2016). Additionally, the linear 
organization of cellular division in bromeliad leaves accounts for greater apical and middle 
densities in young leaves. Since apical and middle cells are not actively dividing, trichome 
density would be greatest when leaves are smaller; as cells expand and leaves grow, so do the 
distances between trichomes, and density thusly decreases. Thus, differences in trichome 
densities by age are also not examples of environmental plasticity.  

Of all variables examined, disturbance site had the most consistent affect on trichome 
density. Across all leaf sections and age classes, trichome density was significantly greater in 
open sites compared to forest edge. Because sites’ proximity minimized genetic differences 
among the bromeliad communities (Cascante-Marin et al., 2006), and distinct abiotic differences 
have been measured between similarly disturbed sites in Costa Rica during the dry season 
(Cascante-Marin et al., 2009), these differences strongly point toward a high degree of 
environmental plasticity. In Costa Rican pastures (similar to our open site) and within a forest 
edge, temperature and relative humidity are not significantly different (Cascante-Marin et al., 
2009). Hence, as our methods encouraged that sampled individuals received different amounts of 
light between sites, differences in sunlight is likely the most significant factor driving the 
observed plasticity. Indeed, environmental plasticity in other epiphytic bromeliads has been 
linked to irradiance levels (Petit et al., 2014, Cach-Perez et al. 2018). G. monostachia, in 
particular, expresses greater hydraulic and xylem tissue production (North et al. 2016), and will 
switch from C-3 to CAM photosynthesis in high light conditions (Pereira et al., 2013). Since 
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foliar trichomes reflect light (Benzing, 1976), this observed plasticity likely plays a 
photoprotective role and aids against desiccation by shielding stomata (Cach-Perez et al., 2016). 

Environmental plasticity might also account for anomalies observed in density 
distributions across sections. Consistent with other studies, middle leaf sections bore 
significantly higher trichome densities than apical sections forest edge leaves and old leaves in 
the open site (Adams & Martin, 1986, Kleingesinds et al., 2018, Rodriguez et al., 2016). 
However, no significant difference was shown for young apical leaves in the open site, which 
bore slightly higher densities than comparable middle sections. Perhaps the increased exposure 
to sunlight necessitated that apically positioned, young leaves maintain greater trichome density 
to reflect light longer than more shaded, forest edge leaves. If this reasoning is true, it suggests a 
degree of plasticity by which G. monostachia could adapt not only the amount trichomes it 
produces, but their optimal positioning in response to adverse conditions.  

This degree of adaptability suits G. monostachia individuals well to survive in an era of 
rapidly changing environments. Indeed, as rising cloud cover due to climate change is causing 
the study area to become increasingly hot and dry (Helmer et al., 2019), G. monostachia will 
almost certainly survive. However, our studies suggest that this bromeliad’s plastic response to 
light may better characterize this plant as disturbance tolerant (Cascante-Marin et al., 2009) than 
climate change tolerant (Cach-Perez et al., 2014) – not that the two are mutually exclusive. 
Furthermore, my results suggest that other epiphytic bromeliads may respond similarly to 
disturbance, as this is the first study to investigate a bromeliad’s plasticity across a disturbance 
gradient. However, since climate change will continue regardless of increased disturbance, this 
response may be a double-edged sword. Whereas G. monostachia can prosper in a wide array of 
climactic conditions (Cascante-Marin et al., 2006), disturbance-induced increases in trichome 
density may limit proper gas exchange necessary to combat increasing temperatures in more 
typical, highly sensitive bromeliads (Benzing, 2000, Cach-Perez et al., 2014).  
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ABSTRACT 
Evidence has been found that leafcutter ants in tropical premontane wet forests induce antibiotic resistance (ABR) in 
soil bacteria, with increasing levels of ABR closer to the nest mount. However, the studies that investigated this did 
not confirm whether the soil bacteria sampled at different distances from the ants’ nests consisted of the same 
communities or not, which is crucial to understanding the mechanism causing ABR in soils near leafcutter ant nests. 
The compositions of soil bacterial communities at the nest mount (0m), 10m, 20m, and 50m away from A. 
cephalotes nests collected in the same locality as the previous studies as well as a new locality were studied by 
classifying bacterial colonies by morphology. This study confirmed that the bacterial communities sampled from 
varying distances from the nests were very similar, with an average Morisita value of 0.91 between all distances at 
the site level. It was also found that the nest mount contained less morphospecies and bacterial colonies in general 
than at other distances. An antibiotic treatment experiment was conducted using the disk method of diffusion, which 
showed a trend of increasing ABR closer to the nest for Oxytetracycline but not Penicillin and Gentamicin. This 
could be due to the use of agar with more nutrients than previous studies and/or due to a greater ability of soil 
bacteria to develop resistance to Oxytetracycline than other antibiotics. Overall, this study was successful in helping 
to validate previous experiments on the antibiotic resistance in soil bacteria near leafcutter ant nests.  

RESUMEN 
Se ha encontrado evidencia que hormigas cortadoras de hojas en bosques tropicales húmedo premontano inducen 
resistencia antibiótica (RAB) en bacterias de suelo, con aumentos en los niveles de RAB al estar más cerca de la 
base del nido. Sin embargo, los estudios que han investigado esto, no confirmaron si las bacterias de suelo 
muestreadas a diferentes distancias del nido de las hormigas consistían de la misma comunidad o no, lo que es 
crucial para entender el mecanismo que provoca RAB en suelos cerca de nidos de las hormigas cortadoras de hojas. 
Se estudió la composición de comunidades de bacterias de suelo en la base del nido (0m), 10m, 20m, y 50m lejos 
del nido de A. cephalotes, en la misma localidad previamente estudiada y también una nueva localidad fue estudiada 
clasificando las colonias de bacterias por su morfología. Este estudio confirmó que las comunidades de bacterias 
muestreadas fueron muy similares a diferentes distancias del nido, con un valor promedio de Morisita de 0.91 entre 
todas las distancias a nivel de sitio.  También se encontró que en general, la base del nido presentaba menos colonias 
de bacterias y morfo-especies que a otras distancias. Se realizó un experimento de tratamiento a antibióticos, 
utilizando el método del disco de difusión, mostrando una tendencia en aumentar RAB al estar más cerca del nido 
para Oxitetraciclina pero no para Penicilina ni para Gentamicina. Esto puede deberse al uso de agar con más 
nutrientes que estudios previos y/o debido a una mayor habilidad de las bacterias de suelo a desarrollar resistencia a 
la Oxitetraciclina que a otros antibióticos.  En general, este estudio fue exitoso al ayudar a validar experimentos 
previos sobre la resistencia antibiótica en bacterias de suelo cerca de nidos de hormigas cortadoras de hojas.  

INTRODUCTION 

Antibiotic resistance (ABR) is generally referred to the change in the way bacteria responds to 
medicine used to treat bacterial infections (World Health Organization 2018). It is one of the 
most pressing problems in medicine, as levels of antibiotic resistance are on the rise globally due 
to the overuse and over-prescription of antibiotics by doctors and veterinarians (World Health 
Organization 2018). If left unchecked, increased ABR could lead to a “post-antibiotic era” much 
like the time before antibiotics were used in which fatalities could occur from simple infections 
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and injuries (World Health Organization 2018). Unfortunately, the development of new 
antibiotics has been greatly outpaced by the evolution of human-induced antibiotic-resistant 
bacteria (World Health Organization 2018).  

ABR does not only occur in direct response to antibiotic medicine and can even be found 
in nature uninfluenced by human activity. Specifically, bacteria found in leafcutter ant nests 
shows ABR (Simon 2018). Leafcutter ants in the genera Atta and Acromyrmex: Attini are 
common and dominant herbivores in neotropical forests and are known for their symbiotic 
relationship with and cultivation of specific fungi in the family Lepiotaceae for food (Chapela et 
al. 1995, Mueller et al. 1998). They use foliage to make fungal gardens that sustain each colony 
(Mueller et al. 1998). This mutualism is obligate, so both species cannot survive without the 
presence of the other (Currie et al. 1999). This mutualism has been heavily studied (Chapela et 
al. 1995, Currie et al. 1999, Mueller et al. 1998), but there are additional species involved in the 
relationship between the leafcutter ant and its fungi. The parasitic fungus in the genus Escovopsis 
is also commonly found in the fungal gardens of Attini ants, threatening their survival (Seifert et 
al. 1995). To suppress the growth of Escovopsis, the ants and fungi have a third mutualistic 
relationship with bacteria containing antibiotic and antifungal properties (Currie et al. 1999, 
Heine et al. 2018). For example, Acromyrmex have biofilms of Pseudonocardia on their cuticles. 
The Pseudonocardia bacteria feed on compounds excreted by the subcuticular glands of the 
leafcutter ants and in turn produce antifungal compounds that kill Escovopsis, saving the fungal 
food source of the ants from parasitic infection (Heine et al. 2018). Other bacteria in the same 
phylum as Pseudonocardia (actinomycetes), Streptomyces, is associated with leafcutter ants in 
the same way and has also been shown to have coevolved to combat the growth of Escovopsis 
(Currie et al. 1999). Actinomycetes found in soils such as these contribute to the soil resistome 
(soil bacteria with antibiotic resistance genes) and to the development of many important 
antibiotics (D’Costa et al. 2006). 

 Because of the presence of antibiotic-producing bacteria, bacteria in the soils in and 
around leafcutter ant nests were predicted to have higher ABR than normal topsoil bacteria. 
Simon (2018) tested resistance to antibiotics of common veterinary use in soil bacteria collected 
near (< 50m) Atta cephalotes nest mounts from a single locality. Her results show that ABR 
increased the closer the soil bacteria sampled was to the leafcutter ant nest, with similar 
responses to each of four common antibiotics used (Simon 2018, Figure 1). This suggested that 
the antibiotics secreted by the bacterial symbionts were not specific to Escovopsis, in turn 
supporting that they would contribute to an increase in the soil resistome (Simon 2018).  This 
resistance would be caused by continuous exposure to broad spectrum antibiotics secreted at the 
nest mount (Simon 2018), because Atta cephalotes ants continuously bring up to the surface the 
soil removed as they excavate their underground tunnels (Meyer et al. 2013). The nest mount is 
an accumulation of this material (Meyer et al. 2013). In a follow up study conducted at the same 
locality as Simon (2018), Drescher (2018) found that the soils of leafcutter ants’ fungal gardens 
had significantly higher ABR than the soil sampled from the mount, and both were more 
resistant than soil sampled 30m away from the mount. Interestingly, actinomycetes found on 
forager ants had higher ABR than those found on gardeners. These results also supported that the 
soil resistome around leafcutter ant nests is influenced by their bacterial symbionts (Drescher 
2018).  
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Figure 1. Mean distance of bacterial colony growth from antibiotic treated disks for each soil 
sample collected 0m, 10m, 20m, and 50m from Atta cephalotes nests near Monteverde, Costa 
Rica. Error bars are one standard error. Bacterial colonies were plated and treated with 
Gentamicin, Penicillin, Oxytetracycline, Ceftiofur, and PBS which acted as a control. Smaller 
distances between the source of antibiotic and the closest bacterial colony indicate greater ABR.  
Statistically different means are shown with different letters according to Tukey post-hoc 
comparisons (p < 0.05). This figure corresponds to Figure 4 from Simon (2018). 

The mechanism of ABR causing the pattern shown in Figure 1 is still unclear. A potential 
confounding factor in the study by Simon (2018) is that the bacterial communities were not 
identified. A potential explanation to the pattern shown in Figure 1 is that bacteria species found 
within 50 meters from a leaf cutter nest mount are all the same, and that colonies of those species 
located close (<10 m) to the mount have developed higher resistance to antibiotics of common 
veterinary use. An alternative possible scenario is that antibiotics secreted at the nest have killed 
off the common topsoil bacteria around the mount and allowed for naturally resistant bacteria to 
colonize the whole area. These colonizing communities may be different at different locations 
respective to the nest, and naturally or artificially have different levels of ABR (assuming that a 
higher level of ABR is needed closer to the nest). Finally, although less likely, different 
communities found at different distances from a nest mount may have different levels of 
antibiotic resistance by chance, with no relationship to the distance to the nest mount. For the 
reasons mentioned above, it is necessary to determine the composition of topsoil bacterial 
communities within 50m of Atta nest mounts. Determining whether bacterial communities within 
50m from Atta nests would allow further testing to the hypothesis that those nests are the source 
of antibiotic resistance. It would start elucidating the potential mechanism causing the pattern of 
resistance shown in Figure 1 in case the hypothesis was not falsified. Furthermore, the study 
should be replicated at other sites to test the generality of its results.  

This study evaluated whether the bacterial communities present at different distances from 
leafcutter ant nests are the same in two different sites, including the site where Simon (2018) and 
Drescher (2018) conducted their studies.  Soil samples were collected at the same four distances 
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from nest mounts used by Simon (2018) (see Figure 1) and plated on agar to visually classify all 
bacterial colonies that grew from the samples based on morphology (Benson 2001, Sousa et al. 
2013). Morphological differences are commonly used to study bacterial diversity, often in 
tandem with genetic analysis (Luo et al. 2004, Lee et al. 2007, Deshmukh et al. 2011). A key 
difference in the methodology between this study and those of Simon (2018) and Drescher 
(2018) is that they used bacteriological agar without added nutrients. The addition of nutrients to 
the agar used in this experiment allows more bacterial species to survive (Pham & Kim 2012), in 
turn allowing a better opportunity to investigate the composition of bacterial communities 
present in soil near leafcutter ant nests. It was found that the bacterial communities at each 
distance sampled from the nests were very similar. In addition, bacterial morphospecies that 
were found at all four distances for each nest were individually transferred to new plates 
containing some of the antibiotics used by Simon (2018). This further tested the hypothesis that 
ABR increases the closer the soil bacteria sampled is to the leafcutter ant nest with a slightly 
different method and using samples from two different sites.  

METHODS  
Sampling Sites 

 All samples were collected in April 2020 from A. cephalotes nests in the same tropical 
premontane wet forest Holdridge life zone in Monteverde, Costa Rica in order to mimic the 
studies done by Drescher (2018) and Simon (2018). Three soil samples from ten A. cephalotes 
nests were collected at the nest mount (0m), 10m, 20m, and 50m away from the nest mount for a 
total of 120 soil samples (Simon 2018). Five of the A. cephalotes nests sampled were located 
near the CIEE Global Institute campus in San Luis, and five were found near Santa Elena 
(referred to as Monteverde) where Simon (2018) conducted her study. A full 1mL Eppendorf 
tube of soil sample was collected in each case. The tubes were previously sterilized. The nests 
were chosen systematically according to criteria specified by Simon (2018): they were in forests 
away from cattle, they were older colonies with a large and clearly visible mount, and they were 
not within 100m of another nest. The soil samples were plated within two hours of collection. 

Soil Bacteria Plating 

 All equipment used in the experiment was first autoclaved for sterilization. To grow the 
bacteria for analyzation, first each 0.5g soil sample was suspended in 9mL of phosphate-buffer 
saline solution (PBS, 1X, pH 7). Then, 1mL of the suspension was diluted in 9mL of PBS 
(Ghosh & LaPara 2007). Finally, 0.7mL of the diluted samples were plated using the standard 
spread technique on agar plates (Herigstad et al. 2001). The agar contained 2.5mL of nystatin, a 
fungicide, per 100mL of Luria-Bertani (LB) agar, to prevent the growth of fungi (Drescher 2018) 
dishes were sealed with parafilm and kept in a chamber at room temperature around 25˚C (day 
temperature). One control plate per nest containing only PBS was made to ensure there was no 
contamination in the agar. The plates were kept in the chamber for 5 to 7 days. The samples from 
each nest were left to grow for the same amount of time. After that period, the dishes were 
photographed to identify the bacteria. All pictures were taken with the same camera. The 
distance between the camera and the plate was kept constant throughout the study. Keeping this 
distance constant was particularly important in the case of measuring ABR (see methods below). 

Bacteria Identification 
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 The bacteria present were categorized into morphs according to color, size, texture, 
margin, and form (Sousa et al. 2013). The methods described in Sousa et al. (2013) and Benson 
(2001) were followed to discern between morphospecies. All descriptions and classifications of 
morphs can be found in Appendix A. For each plate, the number of colonies present for each 
morphospecies was recorded, the counts of which can be found in Appendix B. After their 
pictures were taken, all plates were resealed and stored in the freezer at 4˚C for later use in the 
antibiotics experiment. 

Antibiotic Treatment 

 Morphospecies from the plates used to identify bacterial communities in three nests from 
San Luis were treated with common antibiotics to further investigate their ABR. If 
morphospecies were present at all distances for a nest (i.e. at least on plate from 0, 10, 20, and 
50m), they were chosen to be treated with antibiotics. Once chosen, a bacterial colony 
representative of its morphospecies was spread directly onto the agar plates containing fungicide. 
In total there were 89 colonies picked for antibiotic treatment (356 plates). Following Simon 
(2018), sterilized filter disk papers punched from a hole puncher were soaked in antibiotic 
treatments Gentamicin (16ug/mL), Oxytetracycline (16ug/mL), Penicillin/Dihydrostreptomycin 
(later referred to as Penicillin) (32ug/mL), and PBS (1X) which acted as a control. These specific 
concentrations followed Simon (2018) and were found to be the minimum inhibitory 
concentrations in an earlier study (Mathew et al. 2001). The type of antibiotics chosen by Simon 
(2018) were to reflect those common in clinical settings and in soils near farms (World Health 
Organization 2017, Ordemann 2017). The disks were placed in four evenly spaced sections in 
each plate. According to the disk method of diffusion, the antibiotic present on the filter paper 
penetrates the agar to a certain extent (Bonev et al. 2008). The plates were sealed with Parafilm 
and stored in the room temperature chamber for eight days (except for the plates from nest 1 SL, 
which grew for 10 days) until they were photographed to measure ABR.  

Antibiotic Resistance Measurements 

 To measure the ABR of the morphospecies, the distance between the edge of the filter 
paper disk and the nearest bacterial colony was measured using ImageJ (National Institute of 
Mental Health & National Institute of Neurological Disorders and Stroke). The scale was set 
using the average distance of the diameter of ten different filter paper disks. The distance 
recorded for each treatment was the average of three separate measurements. Specifically, if 
there was a disk that did not touch any bacterial growth, the shortest distance between the edge 
of the disk and the nearest bacterial colony was measured three times, and the average was 
recorded. Potentially, if all disks including the control disk inhibited bacterial growth, there 
would be 12 separate measurements taken per plate, with the four resulting averages recorded as 
the distance between each specific disk. The smaller the distance between the antibiotic treated 
disk, the greater the inferred ABR (Felten et al. 2002). 

Statistical Analysis   

Similarity of communities between distances from an ant nest 

Similarity in community composition (richness and abundance) between distances (0, 10, 
20, and 50 m) was calculated in a pairwise fashion for each site separately by the Morisita 
similarity index (Wolda 1981) using Past software (Hammer et al. 2001). To calculate the 
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Morisita similarity index, the sums of the morphospecies across nests from the two sites were 
compared to one another. For example, the sum of each morphospecies from all the nests in 
Monteverde at distance 0m were compared to all the nests in Monteverde at distance 10, 20, and 
50m. The comparisons between the same distance at the two different sites were also calculated. 

Comparison of richness and abundance between distances from a nest  

Morphospecies richness followed a normal distribution and was compared between 
distances from a nest (fixed effect, levels: 0, 10, 20 50m) using linear mixed models (LMM) and 
followed by post-hoc contrasts (Tukey) tests. The model explicitly acknowledged that samples 
collected from the same nest were not independent from each other (i.e. nest was included as a 
random effect in the model). Morphospecies abundance followed a Poisson distribution and was 
compared between distances a Generalized Linear Mixed Model (GLMM) with that distribution. 
The GLMM included the same fixed and random effects as the LMM for richness. The LMMs in 
this study were implemented in the R package nlme, whereas the GLMM was implemented in 
the package lme4. Pairwise comparisons were conducted using the package emmeans. All 
analyses, except otherwise noted were conducted in R 4.0.0.  

Antibiotics experiment 

Data from all morphospecies was combined into a single dataset because the identity of 
the morphospecies could not be verified during the antibiotics experiment. This did not allow an 
analysis separated by morphospecies. The distance between the filter paper and the closest 
colony was compared between distances to the ant nests (fixed effect, levels: 0, 10, 20 50m) and 
between treatments (fixed effect: Gentamicin, Oxytetracycline, Penicillin and PBS control) using 
a zero-inflated LMM implemented in the R package glmmTMB followed by post-hoc Tukey 
tests. Distance to the closest colony was log transformed to meet the assumption of normality of 
residuals.  

RESULTS 
Bacteria Diversity  

There was a significant difference between the average number of colonies across each 
distance from the nest (LMM: chisquare = 60.19, df = 3, p = 5.349e-13). The mount (0m) of the 
nests had the least number of bacterial colonies and Tukey post-hoc tests found that the 
differences between 0m and 10m (p < 0.0001), 0m and 20m (p < 0.0001), and 0m and 50m (p = 
0.0045) were significant (Figure 2). On average, the mount had at least less than 3.6 colonies 
than any other distance. There were about 10 more colonies present at 10m than at 0m (on 
average). There also was a significant difference between the average number of morphospecies 
found across each distance from the nest (LMM: chisquare = 9.2642, df = 3, p = 0.02598), in 
which the nest mount contained the least number of morphospecies and Tukey post-hoc tests 
found that the differences between 0m and 10m (p = 0.0031) were significant, and 0m and 10m 
(p = 0.1019), and 0m and 50m (p = 0.1133) were not significant. The mean number of 
morphospecies present across all samples was 6.2 (Figure 3). On average, the mount had at least 
one less morphospecies present than any other distance. 

The similarity between bacterial communities was high between all distances at both 
sites. Bacterial communities were at least 78% similar in terms of number of species and relative 
abundance. The highest Morisita index value was about 99% and the average was 91%, 

17



suggesting that these communities are almost the same (Table 1). The Morisita index values 
calculated between the communities at the same distances in both Monteverde and San Luis also 
show a high degree of similarity, with an average value of 83% between the sites (Table 2). In 
general, all common morphospecies were found at all distances and none of the morphospecies 
found at multiple sites was restricted to 0m or not present at 0m (Figure 4). 

 
Figure 2. Mean number of bacterial colonies per topsoil sample collected at 0m, 10m, 20m, and 
50m from ten Atta cephalotes nests in Monteverde and San Luis, Costa Rica. Error bars are one 
standard error. The number of colonies at 0m is significantly less than at other three distances 
(Tukey post-hoc test, p < 0.005 in all cases).  

 
Figure 3. Mean number of bacterial morphospecies per topsoil sample collected at 0m, 10m, 
20m, and 50m from ten Atta cephalotes nests in Monteverde and San Luis, Costa Rica. Error 
bars are one standard error. The number of colonies at 0m is significantly less than the number of 
colonies at 10 m (Tukey post-hoc test, p = 0.003) and tended to be less than at the other two 
distances (Tukey post-hoc test, p < 0.115). 
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Table 1. The Morisita index values of bacterial colony growth of morphospecies from each soil 
sample collected at different distances from ten Atta cephalotes nests in Monteverde and San 
Luis, Costa Rica between all distances at the site level. An index value of 0.9, for example, 
indicates that 90% of the bacterial colonies present at two different distances are similar in 
species richness and relative abundance. 

 

 

 

Table 2. The Morisita index values of bacterial colony growth of morphospecies from each soil 
sample collected at different distances from ten Atta cephalotes nests in Monteverde and San 
Luis, Costa Rica between the same distances at the site level. An index value of 0.9, for example, 
indicates that 90% of the bacterial colonies present at two different distances are similar in 
species richness and relative abundance. 

Monteverde vs San Luis 
Distance 
from nest 
comparison 
(m) 

Morisita 
index value 

0 0.852217 
10 0.694336 
20 0.922037 
50 0.861696 

 

Monteverde San Luis 
Distance 
from nest 
comparison 
(m) 

Morisita 
index 
value 

Distance 
from nest 
comparison 
(m) 

Morisita 
index 
value 

0 vs 10 0.77667 0 vs 10 0.910022 
0 vs 20 0.887784 0 vs 20 0.94770 
0 vs 50 0.968466 0 vs 50 0.930802 
10 vs 20 0.810304 10 vs 20 0.978033 
10 vs 50 0.809954 10 vs 50 0.990344 
20 vs 50 0.941738 20 vs 50 0.970855 

19



 
Figure 4. Abundance of bacterial morphospecies from each soil sample collected at different 
distances (m) from ten Atta cephalotes nests in Monteverde and San Luis, Costa Rica present at 
each distance at the site level. The composition of bacterial colonies at each distance was very 
similar. 

Antibiotic Resistance Measurements 

There was a significant interaction between antibiotic treatment and distance from the 
nest (LMM: chisquare = 70.89, df = 9, p = 1.019e-11). The significant interaction was caused by 
resistance to Oxytetracycline, which showed a pattern of resistance with distance different than 
the other two antibiotics and the control (Figure 5). In the case of Oxytetracycline, the smallest 
distance to the filter paper was observed at 0m, and increased beyond 10m from the nest (Figure 
5). This indicates greater ABR at the nest mount than at 10 meters. There was no difference by 
distance in the case of Gentamicin and Penicillin, and the control showed near zero growth at all 
distances, as expected. Tukey post-hoc tests found that the differences between 0m and 10m (p < 
0.0001), 0m and 10m (p < 0.0001), and 0m and 50m (p < 0.0001) were significant for 
Oxytetracycline only (Figure 5). 
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Figure 5. Mean distance of bacterial colony growth from antibiotic treated disks for each soil 
sample collected 0m, 10m, 20m, and 50m from ten Atta cephalotes nests in Monteverde and San 
Luis, Costa Rica. Error bars are one standard error. Bacterial colonies were plated and treated 
with Gentamicin, Penicillin, Oxytetracycline, and PBS which acted as a control. Smaller 
distances between the source of antibiotic and the closest bacterial colony indicate greater ABR.  
Different means are shown with different letters according to Tukey post-hoc comparisons 
(p<0.05).  

DISCUSSION 
The results of the experiments conducted in this study indicate that the soil bacteria communities 
at varying distances from leafcutter ant nests are very similar. The similarity indices indicated an 
extremely high similarity in species richness and relative abundance of bacterial communities 
between all distances at the sight level. In general, there were less morphospecies and bacterial 
colonies present at the mount (0m) of the nest than at any other distance, but all common 
morphospecies were still found at the mount. This is in agreeance with the conclusions of Simon 
(2018) because a relatively high concentration of antibiotic secretions by actinomycete 
symbionts at the mount of the nest may cause less bacteria in general to survive than distances 
further out from the nest. So, even though there are less morphospecies and less bacterial growth 
at the nest mount, the bacterial communities are the same as those at farther distances. Simon 
(2018) also mentions the possibility that the ABR response of soil bacteria is due to the increased 
abundance of actinomycete symbionts themselves and not preexisting soil bacteria. This is not 
likely because the morphology of the bacteria colony growth in this experiment does not 
consistently match that of Pseudonocardia (Poulsen & Currie 2010).  Similarly, it could be 
possible that the ABR response is due to another type of bacteria which already possesses ABR 
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bacteria colonizing the soil after preexisting bacteria dies off due to the actinomycete secretions. 
However, given that there were 23 morphospecies found in this study with an average of 6.2 
morphospecies present from the bacterial colony growth of all samples, it is unlikely that one or 
two species of bacteria caused this trend. 

 The results of the antibiotic treatment experiments showed similar trends to Simon’s 
(2018) experiment. The strongest trend was with the Oxytetracycline treatment, where the 
bacterial colony growth at the mount had significantly more ABR than any other distance, 
indicating that the closer to the nest, the higher the ABR in the soil bacteria. However, for the 
other two antibiotics tested (Penicillin and Gentamicin), there were no significant differences 
between bacterial growth at different distances. Additionally, the bacterial growth was noticeably 
more hindered by Penicillin than the other antibiotics used. Simon (2018) found only small 
differences in ABR to different antibiotic treatments. Because the Morisita index values between 
the bacteria from the same distances from the A. cephalotes nests sampled at Monteverde and 
San Luis are high, the variations in the bacterial responses to the different antibiotics is not due 
to a difference in bacterial composition at nests in two different areas. A possible explanation for 
the varied responses to the antibiotics may be because ABR in soil bacteria to Oxytetracycline 
may be more common and/or more easily acquired than resistance to other antibiotics. A study 
on the ABR of bacteria present in ancient Arctic soil found that bacteria taken directly from 
permafrost core, that have not been exposed to antibiotics, had genes conferring a clinical level 
of resistance to tetracycline antibiotics (Perron et al. 2015). ABR to tetracycline of soil bacteria 
has also been found in response to toxins such as copper and zinc, in some cases in an even 
stronger response than to the antibiotic itself (Song et al. 2017). Tetracyclines themselves were 
derived from soil bacteria (Clardy et al. 2009). So, the trend found in this study that there was 
more resistance to Oxytetracycline than the other antibiotics used may be because soil bacteria 
have a greater ability to develop resistance to this specific antibiotic because of their genetic 
makeup.  

Difference in sensitivities to different antibiotics in this experiment could also be due to 
the greater diversity and abundance of bacterial colony growth allowed by using a more 
nutritious agar. If that is true, bacteria that can still thrive with less nutrients may have an overall 
higher resistance to external conditions such as the presence of antibiotics secreted by 
actinomycetes. One study found evidence of this phenomenon and attributes the increased 
tolerance to antibiotics by bacteria starved of nutrients to an active starvation-signaling stringent 
response, although many hypotheses suggest that they gain tolerance passively by inducing 
growth arrest (Nguyen et al. 2011). In this case, growth arrest is when the metabolism of the 
bacteria changes and shifts to more internal sources of energy, usually in response to a severe 
lack of a basic resource such as oxygen or nutrients (Bergkessel et al. 2016). So, if the bacteria 
grown in Simon’s (2018) experiment was in growth arrest due to the lack of nutrients, it is 
possible that the shift to metabolism of internal sources of energy inadvertently kept the bacteria 
from metabolizing antibiotics present in their environment that may have killed them. This 
would explain why bacteria in Simon’s (2018) study had similar ABR responses regardless of 
the specific antibiotic used, but the bacteria in this experiment were more sensitive to antibiotics 
such as Penicillin.  

 Overall, the results from the present study support those of Simon (2018) and Drescher 
(2018) that leafcutter ants induce ABR in soil bacteria near their nests. The bacterial 
communities found at different distances from the leafcutter ant nests were very similar to one 
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another and the ABR induced in them is most likely due to prolonged exposure to the antibiotic 
secretions of actinomycetes. These findings have implications in both ecology and medicinal 
science, indicating that leafcutter ants change the composition of soil bacteria in tropical 
premontane wet forests and may even result in ABR bacteria that could be useful in the 
development of antibiotic medicine. 
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SUPPLEMENTARY INFORMATION 
Appendix A. The morphological classifications of the morphospecies found in topsoil samples 
collected at 0m, 10m, 20m, and 50m from ten Atta cephalotes nests in Monteverde and San Luis, 
Costa Rica. Methods described in Sousa et al. (2013) and Benson (2001) were followed to 
discern between morphospecies. 
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Appendix B. The counts of the bacterial colonies of each morphospecies found in topsoil 
samples collected at 0m, 10m, 20m, and 50m from ten Atta cephalotes nests in Monteverde and 
San Luis, Costa Rica. The samples were labeled as follows: nest number.distance from nest 
mount.sample from that specific distance.site (MV is Monteverde and SL is San Luis). 

 

Sample Morpho 1 Morpho 2 Morpho 3 Morpho 4 Morpho 5 Morpho 6 Morpho 7 Morpho 8 Morpho 9 Morpho 10 Morpho 11 Morpho 12 Morpho 13 Morpho 14 Morpho 15 Morpho 16 Morpho 17 Morpho 18 Morpho 19 Morpho 20 Morpho 21 Morpho 22 Morpho 23
1.0.A.SL 2 14
1.0.B.SL 2 3 1 1
1.0.C.SL 18 1 1 7 2 2 1 1 1 2
1.10.A.SL 2 1 2 1 1 3
1.10.B.SL 15 1 1 1 5 1 3 3 1 2
1.10.C.SL 1 8 3 6 1 1 7 3 3 1
1.20.A.SL 6
1.20.B.SL 5 3 14 18 2 1
1.20.C.SL 12 1 1 3 4 1
1.50.A.SL 3 4 6
1.50.B.SL 13 1 6 8 3 1 2 13 1 14 1
1.50.C.SL 66 2 5 8 1 1
2.0.A.SL 2 17 8 3
2.0.B.SL 15 1 1
2.0.C.SL 10 1 2 9 2
2.10.A.SL 31 12 1 1 1 13 4 3 1 1
2.10.B.SL 3 1 2 2 2 3
2.10.C.SL 21 4 9 1 1 10 80 1 14
2.20.A.SL 2
2.20.B.SL 27 2 5 21 13 1 1 1
2.20.C.SL 3 1 4 9
2.50.A.SL 8 2 9
2.50.B.SL 1 1 1 2 2 1
2.50.C.SL 33 9 12 7 1
3.0.A.SL 17 2 1 7 1 16 1 8 1 4 2
3.0.B.SL 27 6 6 1 2 6
3.0.C.SL 2 21 2 2 7 1 2 4 2 2
3.10.A.SL 1 8 1 1 1 1 4 2 2 8
3.10.B.SL 13 3 3 5 14 3 9 1
3.10.C.SL 2 3 3 1 3 4 3 1? 1
3.20.A.SL 23 8 7 10 1 3 8 2 6 1 7
3.20.B.SL 1 3 1 8 2 1 2 10 1 1 1
3.20.C.SL 3 2 3 2 1 1 1 3 9 1
3.50.A.SL 1 3 4
3.50.B.SL 3 3 6 1 6 2 5 5 2
3.50.C.SL 3 1 4 4 8 4 4 3 1 1 2 1
1.0.A.MV 1 1 1 1 4 2 2
1.0.B.MV 4 4 4 2 1 6 5 7
1.0.C.MV 2 7 2 10 2
1.10.A.MV 2 1 2 1 2 3 1 1 2 24
1.10.B.MV 2 7 2 1 1 7
1.10.C.MV 29 2 5 16 21 3 2 1 1 1
1.20.A.MV 11 5 5 1 1 13 13 4 1 26
1.20.B.MV 1 28 5 2 1 1 7 7 5 1
1.20.C.MV 1 11 4 4 11 6 3 3 11
1.50.A.MV 9 1 2 7 8 2 10
1.50.B.MV 7 2 3 5 2 3 10
1.50.C.MV 1 3 1 4 1 3 2
2.0.A.MV 7 1 2 1 2 5
2.0.B.MV 8 2 5 2
2.0.C.MV 4 1 1 2 2
2.10.A.MV 17 2 1 1 3 12 3 2 2 7
2.10.B.MV 18 3 2 4 2 1 6 1
2.10.C.MV 11 1 1 1 1 1 2 2 1 3
2.20.A.MV 7 8 5 1 7 3 1
2.20.B.MV 20 3 1 4 2 4 1
2.20.C.MV 8 1 3 8 1 7 1
2.50.A.MV 12 2 2 3 3 3 4 1 18 2
2.50.B.MV 1 4 1 2 7 1 1 1
2.50.C.MV 8 1 1 3 8 1 2 1 3 2
3.0.A.MV 1
3.0.B.MV
3.0.C.MV 6 5 3 1
3.10.A.MV 2 5
3.10.B.MV 1 7 2 3 1 3 11
3.10.C.MV 2 1
3.20.A.MV 2 1?
3.20.B.MV 2 7 2 3 2 4 3 1
3.20.C.MV 4 1 1 1 1 3
3.50.A.MV 3 4 1 2
3.50.B.MV 1 2 1 1
3.50.C.MV 4 1 3 1
4.0.A.SL 3 1 11 41 7 1
4.0.B.SL 2 1 1 2 3 1 1
4.0.C.SL 32 7 1 4 7 9
4.10.C.SL 5 1 2 28 5 3 6 5
4.10.B.SL 19 1 5 1 3 2 1 5 5 5 2
4.10.C.SL 9 5 12 2 5 6 8 1 1 2
4.20.A.SL 7 4 3 1 1 4 5 3 1 1
4.20.B.SL 5 1 3 1 9 3
4.20.C.SL 8 1 2 1 1 2 2 3
4.50.A.SL 2 1 2 2 6
4.50.B.SL 2 9 2 1 5 3 4 1
4.50.C.SL 6 2 2 1 4
4.0.A.MV 14 4 1 6 3 5 1
4.0.B.MV 1 1 2
4.0.C.MV 5 1 1 2 1 5
4.10.A.MV 1 4
4.10.B.MV 2 1
4.10.C.MV 5 1 3
4.20.A.MV 10 4 1 2 1 4 1
4.20.B.MV 2
4.20.C.MV 1 3
4.50.A.MV 9 5 2 2 4
4.50.B.MV 2 6 1 1 3 7
4.50.C.MV 1
5.0.A.SL 2
5.0.B.SL 18 3 2 1 4 2 8 2 3
5.0.C.SL 16 2 1 1 1 2 1 1 3
5.10.A.SL 1 1 5 1 3 2
5.10.B.SL 1? 1 2
5.10.C.SL 4 10 2 2 1 1
5.20.A.SL 15 3 2 1 4 1
5.20.B.SL 2 1 1 2 2 3
5.20.C.SL 6 4
5.50.A.SL 5 2 1 2 1
5.50.B.SL 4 5 1 1 2 6 1 4
5.50.C.SL 2 2 2
5.0.A.MV 3
5.0.B.MV 1 1
5.0.C.MV 3 1 1 1
5.10.A.MV 7 1 7 1 1 11
5.10.B.MV 20 1 9 5 3 3 1 1 9
5.10.C.MV 5 1 3 1 1 11
5.20.A.MV 3 1 1 1
5.20.B.MV 19 1 2 4 3 14
5.20.C.MV 11 3 2 1 2 2
5.50.A.MV 14 2 4 2 7 10 4 4 1 18
5.50.B.MV 30 1 4 3 3 4 1
5.50.C.MV 4 3 1 1
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ABSTRACT 
Social insects, including ants, show individual as well as collective decision making.  In nature, sticks and other 
obstacles often fall on leafcutter ants’ trails, creating underpasses for the ants.  Leafcutter ants in particular have 
been shown to make collective and individual decisions about the size and shape of leaf fragments they harvest and 
the size and number of foraging ants sent when faced with the addition of an underpass.  In a study conducted in 
laboratory conditions during a short time period with short trails, ants individually cut smaller and rounder 
fragments and collectively increased the number of ants foraging and sent smaller forager ants in response to the 
addition of an underpass.  However, a field study conducted with longer trails over a longer amount of time showed 
different results.  The ants individually cut more elongate fragments and collectively did not increase the number of 
ants or decrease the ant size.  Therefore, additional studies are needed to clarify how leafcutter ants respond to 
underpasses.  In this study, I studied Atta cephalotes colonies in the field to see how they responded to an underpass.  
Ant length, leaf fragment shape, and leaf fragment ratio were measured to see the range of collective and individual 
decisions made in response to the underpass.  Mean ant length decreased from the high treatment (mean and 
standard error: 0.58 cm +/-0.001 cm) to low treatment (mean and standard error: 0.56 cm +/- 0.01 cm).  Ants in both 
treatments carried elongate leaf fragments, but ants in the low treatment on average carried less elongate fragments 
(mean and standard error: 5.18 +/- 0.08) than the high treatment (mean and standard error: 5.01 +/- 0.09).  However, 
fragments in the low treatment became more elongated over time.  This study demonstrates that leafcutter ants can 
make both individual decisions to change the shape of leaf fragments to increasingly more elongate fragments and 
collective decisions to decrease ant size in the wild in response to a height constraint in order to maintain foraging 
efficiency. This combination of individual and collective decision making allows for flexibility in the ants’ 
responses to changes in abiotic conditions.   

RESUMEN 
Los insectos sociales, incluyendo hormigas, muestran toma de decisiones individual y colectiva.  En el medio 
ambiente, palos y otros obstáculos a menudo caen en senderos de hormigas zompopas, creando pasos inferiores para 
las hormigas.  Se ha demostrado que las hormigas zompopas en particular toman decisiones colectivas y 
individuales sobre el tamaño y la forma de los fragmentos de hojas que cosechan y el tamaño y la cantidad de 
hormigas forrajeras enviadas cuando se enfrentan con la adición de una obstruccion sobre la cabeza.  En un estudio 
realizado en condiciones de laboratorio durante un corto período de tiempo con senderos cortos, las hormigas cortan 
individualmente fragmentos más pequeños y redondos y colectivamente aumentaron el número de hormigas que se 
alimentan y enviaron hormigas más pequeñas en respuesta a la adición de una obstruccion sobre la cabeza.  Sin 
embargo, un estudio de campo realizado con senderos más largos durante un período de tiempo más largo mostró 
resultados diferentes.  Las hormigas cortaron individualmente más fragmentos alargados y colectivamente no 
aumentaron el número de hormigas ni disminuyeron el tamaño de las hormigas.  Por lo tanto, se necesitan estudios 
adicionales para aclarar cómo las hormigas zompopas responden a las obstrucciones sobre la cabeza.  En este 
estudio, estudié las colonias de Atta cephalotes en el campo para ver cómo respondían a una obstruccion sobre la 
cabeza.  La longitud de la hormiga, la forma del fragmento de la hoja y la relación del fragmento de la hoja se 
midieron para ver el rango de decisiones colectivas y individuales tomadas en respuesta a la obstruccion sobre la 
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cabeza.  La longitud media de la hormiga disminuyó del tratamiento de mayor (promedio y error estándar: 0,58 cm 
+/- 0,001) a menor (promedio y error estándar: 0,56 cm +/- 0,01 cm).  Las hormigas en ambos tratamientos llevaban 
fragmentos de hojas alargadas, pero las hormigas en el tratamiento bajo (promedio y error estándar: 5,18 +/- 0,08) en 
promedio llevaban menos fragmentos alargados que el tratamiento alto (promedio y error estándar: 5,01 +/- 0,09).  
Sin embargo, los fragmentos en el tratamiento bajo se hicieron más alargados con el tiempo.  Este estudio demuestra 
que las hormigas zompopas pueden tomar decisiones tanto individuales como colectivas para disminuir el tamaño de 
la hormiga y cambiar la forma de los fragmentos de hojas a fragmentos cada vez más alargados en la naturaleza en 
respuesta an una restricción de altura para mantener la eficiencia de alimentación.  Esta combinación de toma de 
decisiones individuales y colectivas permite flexibilidad en las respuestas de las hormigas a los cambios en 
condiciones abióticas.   

INTRODUCTION 

Every level of biological organization shows patterns with emergent properties—properties from 
a system that are more than the summation of the system’s individual parts (Detrain & 
Deneubourg, 2006).  In terms of organisms that live in groups, social insects provide an 
interesting opportunity to study emergent properties because the insects display not just 
individual decision making but collective decision making as well.  Collective decision making 
is different than simply the summation of each individual’s decision—it is the ability of the 
colony to make a decision emerging from the decisions of all the individuals, each with limited 
information (Mallon et al., 2001).  Social group living animals such as honey bees, schools of 
fish, ants, and many more, all possess the ability to make highly coordinated decisions even 
when all the individuals receive limited information (Detrain et al., 2006).  Specifically, these 
decisions happen through a process in which individuals respond to a stimulus based on 
behavioral rules and local information, and these responses are amplified to make a collective 
decision (Detrain et al., 2001).  For instance, the ant species Lasius niger makes a collective 
decision to choose a foraging substrate that could not be explained by simply summing the 
individual decisions of the ants (Detrain et al., 2001).  When choosing between a lighter and 
heavier weight paper foraging substrate, over half of individual L. niger ants always selected the 
lighter weight foraging substrate (Detrain et al., 2001). However, the collective decisions were 
not so unanimous, and around 28% of colonies chose the heavier substrate (Detrain et al., 2001).  
This indicates a process in which individual “errors” (less likely individual decisions) can be 
amplified through positive feedback processes such as trail recruitment (Detrain et al., 2001).  
Had this group decision been the result of summing individual decisions, the colonies would 
have more unanimously chosen the lighter substrate.  Therefore, choosing the heavier substrate 
was a collective decision, not an individual one. 

Collective decision making has been shown in response to a change in abiotic conditions 
in leafcutter ants (Dussutour et al., 2008). Leafcutter ants, genus Atta and Acromyrmex, are 
advanced agricultural insects and generally occur in Mexico and Central and South America, 
although some species occur in places in the U.S. (Holldobler & Wilson, 2010).  They clear 
permanent trails that can be up to hundreds of meters long (Swanson et al., 2019).  They forage 
on leaves and other types of vegetation.  Instead of consuming the vegetation directly, they carry 
the pieces to underground chambers and incorporate them into comb like structures that are used 
to grow fungus belonging to the family Lepiotaceae with which the ants have a mutualistic 
relationship (Swanson et al., 2019).  During their foraging, branches and twigs can fall on the 
trail and create natural height constraints (Bruce et al., 2017).  This occurs fairly often.  Based on 
data from six leafcutter ant trails at the CIEE Global Institute in San Luis, Costa Rica sampled at 
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the same time data for this study were collected, natural underpasses occurred with an average 
density of 0.85 underpasses per meter of trail with a standard deviation of 0.08 (J.C. Calderón, 
unpublished data).  Most studies conducted on leafcutter ants support the size-matching 
hypothesis, which states that leafcutter ants generally cut leaf fragments that are proportional to 
their body size (Burd, 1995).  This may be because of the method in which leafcutter ants cut 
their leaf fragments—a geometric process in which the ant anchors itself with its hind legs and 
rotates around, cutting an arc with its mandibles (Wetterer, 1991).  However, ants can make 
individual decisions to vary the size of fragments they cut beyond what is proportional to their 
body size in response to changes in abiotic conditions (Burd, 1995). 

Only two studies, to our knowledge, have addressed the effect of these natural 
underpasses on foraging behavior in leafcutter ants.  Both were done with Atta ants.  A 
laboratory study conducted with a single captive colony showed that when confronted with an 
underpass that posed a height constraint, Atta colombica ants made individual decisions to 
change the size and shape of the leaf fragments they were carrying to maintain foraging 
efficiency. Specifically, the ants cut smaller and rounder fragments when confronted with the 
barrier (Dussutour et al., 2008).  In addition to this change in individual decisions, the ants made 
the collective decision to double the number of transporters in order to compensate for the 
decrease in foraging material due to smaller leaf fragment size. They also sent smaller ants to the 
trail with the low underpass (Dussutour et al., 2008).  This study was conducted with a single 
colony with short trails for a period of twenty-four hours (Dussutour et al., 2008).  The second 
study was a field study with A. cephalotes that found different results.  Instead of cutting more 
rounded fragments, the ants in the field cut more elongated fragments in response to the barrier 
(Keinholz, 2019).  In addition, colonies in the field did not increase the number of ants (traffic 
level) nor change the size of the ants in response to the barrier (the difference was not 
biologically relevant) (Keinholz, 2019).  The colony did, however, make the collective decision 
to increase their foraging speed (Kienholz, 2019).  Additional studies are necessary to evaluate 
and clarify the individual and collective decisions made by leaf cutter ants. 

 For that reason, I studied a different population of A. cephalotes to evaluate how ants in 
the field respond both collectively and individually to an underpass.  I studied multiple colonies 
with long trails for several days, and I focused on two variables that did not agree between the 
lab and field studies: fragment shape and ant size. Specifically, I measured changes in fragment 
shape and ant size over a period of 3 to 4 days per colony after putting an artificial height 
constraint on a foraging trail.   

METHODS 

Study Site 

This study takes place in Monteverde, Costa Rica at the CIEE Global Institute in San Luis (Fig 
1) (10°18′51.32″N 84°49′30.08″W).  San Luis is a tropical, pre-montane, wet forest according to 
the Holdridge life zone classification system (Lugo et al., 1999).  The dry season in Monteverde 
and San Luis is February- April, and the dry season is characterized by moderate trade winds, 
stratus clouds or clear-sky conditions, and wind driven mist (Nadkarni & Wheelwright, 2000).  
This study took place during 2020, and the average wind speed for 2020 from January to March 
was 3.1 m/s, with a standard deviation of 1.22 m/s (CIEE weather station, unpublished data). The 
maximum was 5.6 m/s (CIEE weather station, unpublished data). 

40



 

Figure 1. Trail map of the CIEE Global Institute Monteverde (CIEE 2020). 

Data Collection 

Five different A. cephalotes nests were sampled in the Camino Real, Nino and Cecropia trails 
(Figure 1).  Two different foraging trails were used in each nest.  On both trails all natural 
underpasses were removed, and an underpass was placed one meter from the nest entrance.  An 
underpass consisted of three pieces of wire that spanned the entire width of the trail, and the 
three pieces of wire were separated from each other by two centimeters.  On one trail a low, one-
centimeter high underpass was placed (the low treatment trail), and on the other trail a high, three 
centimeters high underpass was placed (the high treatment trail) (Bruce et al., 2017).  The high 
treatment trail served as the control.  The underpasses were left on the trails for several days.  

Leaf fragments and ants were measured from video recordings. Each trail was video 
recorded simultaneously with two ipods for one hour between 4:00 pm and 6:30 pm.  Trails were 
recorded from April 2, 2020 through April 27, 2020.  Each trail was video recorded for three 
days in order to measure how the ants’ responses may change over time with exposure to the 
underpass. One of the nests was recorded for four days because the ants were less active than the 
other nests.  The days were not necessarily consecutive but spanned a maximum of seven days, 
but day one refers to the day the artificial underpasses were placed on the trails. Additionally, no 
recording was made in one of the nests during the second day of the high treatment, due to 
logistical problems.  A ruler was set up at the opposite side of the trail from the camera in order 
to provide a measurement scale.  The first twenty ants that walked directly next to the ruler and 
twenty leaf fragments that passed by the camera anywhere on the trail were measured.  Some 
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days had more than twenty ants and fragments measured, and certain days had fewer than twenty 
fragments measured if fewer fragments were captured on the video (Table 1).   

 

Table 1. The sample size of both number of A. cephalotes ants measured and number of leaf 
fragments measured on both a natural trail with a low underpass (low treatment) and a natural 
trail with a high underpass (high treatment) at the CIEE Global Institute in San Luis, Costa Rica. 

Nest 1 2 3  4 5 
Ants 
Sample Size 

122 high, 90 
low 

60 high, 60 
low 

80 high, 80 
low 

60 high, 60 
low 

60 high, 60 
low 

Leaves 
Sample Size 

94 high, 86 
low 

58 high, 50 
low 

72 high, 49 
low 

60 high, 56 
low 

60 high, 36 
low 

 

Leaf shape was measured in two ways. First, using perimeter and area with the index 
𝑃𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟
√𝐴𝑟𝑒𝑎

 (Alma et al., 2016).  A value near 4 indicates a square shape, while a value >4 indicates 
an elongate, rectangular leaf fragment (Alma et al., 2016).  This measurement is most accurate 
on shapes that are perfect squares or perfect rectangles with a smooth and not jagged perimeter 
(Rapoport 1975).  Second, the ratio 𝑙𝑒𝑛𝑔𝑡ℎ

𝑤𝑖𝑑𝑡ℎ
, following Kienholz (2019).  The variables necessary 

for these calculations were measured from the videos using ImageJ (Schneider et al., 2012).  Ant 
length was measured from abdomen to mandible.   

Statistical Analyses 

Ant length, leaf fragment shape, and leaf fragment ratio were compared between treatments and 
days (fixed effects) using a Linear Mixed Model (LMM) for each variable. Variables were log 
transformed to meet the assumption of normality of residuals. In all analyses, the first day was 
compared to the subsequent days (two to four). The LMM explicitly acknowledged the 
dependence of data collected from the same colony and on the same day (i.e. nest and day were 
included as random effects in the model; the latter nested in the former).  Limitations in sample 
size did not allow the calculation of meaningful post-hoc tests. All analyses were conducted in R 
4.0.0.0. LMM were fit using the R package nlme.  

RESULTS 
In general, A. cephalotes colonies sent smaller foraging ants to the low treatment trails (LMM 
treatment: F=313.12 numDF=2, denDF=714, p<.0001) (Fig 2).  On average, ants on the low 
treatment trails were .02 cm smaller than ants on the high treatment trails.  There was not a 
significant difference in ant length from the first day to the subsequent days after the underpass 
was placed when the data are not separated by treatment (LMM day: F=1.14, numDF=1, 
denDF=714, p=0.29).  Ants on the high treatment apparently sent progressively smaller ants 
from the first day to the subsequent days.  When separated by day and treatment, ant length 
seems to decrease after the first day on the high treatment, whereas it remained low since day 
one on the low treatment, but these apparent differences were not significant (LMM interaction 
between day and treatment: F= 0.55, numDF=1, denDF=11, p=0.47) (Fig 3). 
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Figure 2. The mean A. cephalotes ant length in centimeters on a natural trail with 
a low underpass (low treatment) and a high underpass (high treatment) at the 
CIEE Global Institute in San Luis, Costa Rica.  Standard error bars represent one 
standard error.  Mean ant length was significantly larger in ants in the high 
treatment (Linear Mixed Model: p<.0001). 

 

  

Figures 3. The mean A. cephalotes ant length in centimeters on a natural trail with a high 
underpass (high treatment, a) and a low underpass (low treatment, b) at the CIEE Global Institute 
in San Luis, Costa Rica from the first day the underpass was placed to the second through fourth 
day after the underpass was placed.  Standard error bars represent one standard error.  Ant size 
decreased from the first to the subsequent days in the high treatment, but there was not enough 
evidence to conclude whether or not the same trend happened in the low treatment due to a small 
sample size. 
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Leaf Fragment Shape 

Both the fragments carried by the ants on the low treatment and the high treatment were highly 
elongate, but the ants on the high treatment carried leaf fragments that were even more elongate 
(LMM treatment: F=256.46, numDF=2, denDF=546, p<.0001) (Fig 4).  This was determined 
using the shape index 𝑃𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟

√𝐴𝑟𝑒𝑎
 (Alma et al., 2016).  When the data are not separated by 

treatment, the leaf fragment shape did not change from the first day the underpass was placed to 
the subsequent days (two to four) after the underpass was placed (LMM day: F=0.07, numDF=1, 
denDF=11, p=.80).  Additionally, when separated by day and treatment, the difference in mean 
shape index from the high to low treatment was the same across the days measured (LMM 
interaction between day and treatment: F=1.94, numDF=1, denDF=546, p=1646) (Fig 5).   

 

 

Figure 4. The mean shape 𝑃𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟
√𝐴𝑟𝑒𝑎

 of leaf fragments cut by A. cephalotes on a natural trail with 
a low underpass (low treatment) and a high underpass (high treatment) at the CIEE Global 
Institute in San Luis, Costa Rica.   Standard error bars represent one standard error.  Fragments 
carried on the high treatment were significantly more elongate than fragments carried on the low 
treatment (Linear Mixed Model: p<.0001). 
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Figures 5. The mean shape 𝑃𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟
√𝐴𝑟𝑒𝑎

 of leaf fragments cut by A. cephalotes on a natural trail with 
a high underpass (high treatment, a) and a low underpass (low treatment, b) at the CIEE Global 
Institute in San Luis, Costa Rica from the first day the underpass was placed to the second 
through fourth day after the underpass was placed.  Standard error bars represent one standard 
error.  There was no significant difference in mean shape fragment from the first through 
subsequent days (Linear Mixed Model: p=.80). 

Leaf Fragment Ratio 

Leaf fragment ratio (length/width) was significantly different between the high and low 
treatments (LMM treatment: F=12.51, numDF=2, denDF=536, p<.0001) (Fig 6).  When the data 
are not separated by treatment, the leaf fragment ratio did not change from the first day the 
underpass was placed to the subsequent days (two to four) after the underpass was placed (LMM 
day: F=0.000002, numDF=1, denDF=11, p=1.0).  Additionally, when separated by day and 
treatment, the difference in leaf fragment ratio from high to low treatment changed across the 
days measured (LMM interaction between day and treatment: F=8.47, numDF=1, denDF=546, 
p<.0038) (Fig 7).  The leaf fragment ratio increased from the first to subsequent days in the low 
treatment (Fig 7).  In the high treatment, there was no significant change in leaf fragment ratio 
from the first to the subsequent days (Fig 7). 
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Figure 6. The mean fragment length/width ratio in leaf fragments cut by A. cephalotes on a 
natural trail with a low underpass (low treatment) and a high underpass (high treatment) at the 
CIEE Global Institute in San Luis, Costa Rica.  Standard error bars represent one standard error.  
Fragments had a higher ratio in the high treatment (Linear Mixed Model: p<.0001). 

 

Figures 7. The mean fragment length/width ratio in leaf fragments cut by A. cephalotes on a 
natural trail with a high underpass (high treatment, a) and a low underpass (low treatment, b) at 
the CIEE Global Institute in San Luis, Costa Rica from the first day the underpass was placed to 
the second through fourth day after the underpass was placed.  Standard error bars represent one 
standard error.  The leaf fragment ratio increased from the first to subsequent days in the low 
treatment.  In the high treatment, there was no significant change in leaf fragment ratio from the 
first to the subsequent days (Linear Mixed Model: p<.0038). 

Additional Observations 

The days during which the experiment took place had a high degree of wind.  The average wind 
speed for 2020 from January to March was 3.1 m/s, with a standard deviation of 1.22 m/s (CIEE 
weather station, unpublished data). The maximum was 5.6 m/s (CIEE weather station, 
unpublished data). 
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DISCUSSION 
As was expected, A. cephalotes made the collective decision as a colony to send smaller sized 
ants to forage in response to a low underpass positioned on the trail.  On average, ants on the low 
treatment trails were 4% smaller than ants on the high treatment.  Leafcutter ants cut leaves in 
proportion to their body size (Burd, 1995), so smaller ants were likely sent because they cut 
smaller fragments which would more easily fit under the underpass.  This seems to be a strategy 
that the colony made collectively in order to maintain foraging efficiency.  However, ants on the 
high treatment apparently sent progressively smaller ants from the first day to the subsequent 
days.  A possible explanation could be that the ants on the high treatment were responding 
visually to the underpass, even if they did not touch it with the leaf fragment.  For example, 
leafcutter ants that weren’t carrying fragments themselves have been shown to remove overhead 
obstructions, even though the ants weren’t, themselves, physically impacted by the underpass 
(Bruce et al., 2017).  As discussed below, ants on both treatments carried highly elongate 
fragments throughout the experiment, and another potentially explanation is that the ants on the 
high treatment may have hit the high underpass with these super elongated fragments.  This 
physical delay may have prompted ants on the higher treatment to progressively send smaller 
ants.   

 Both fragments carried by ants on the high treatment and the low treatment were highly 
elongate in shape (had a value >4; Alma et al., 2016).  A possible explanation for this selection is 
wind. Leafcutter ants carry more elongate fragments on windy days because more elongate 
fragments reduce the negative effect of the wind and help maintain foraging efficiency (Alma et 
al., 2016).  Unexpectedly, the fragments carried on the high treatment trail were even more 
elongate than the fragments carried on the low treatment trail.  One possible reason for this is 
that as the ants moved, I often observed ants carrying highly elongate fragments to be unstable—
the ant would often trip or stumble causing the elongate fragment to be held more vertically.  
Any time a highly elongate fragment was held more vertically, it ran the risk of hitting the 
underpass and slowing the ant down.  This may have resulted in ants on the low treatment trails 
selecting less elongate and more compact leaf fragments that would fit under the underpass 
regardless of whether they were held vertically or not, in order to maintain foraging efficiency.  
Additionally, ants from the low treatment sent smaller ants to forage, and smaller ants may have 
been less able to easily carry as elongate of leaf fragments.  The decision to select less elongate 
leaf fragments may have been an individual decision made by the ants or simply the result of a 
physical limitation due to sending smaller ants.  

 Leaf fragment ratio (length/width) was higher in the high treatment than in the low 
treatment.    In the low treatment, the fragment ratio increased from the first day to the 
subsequent days, whereas in the high treatment, the fragment ratio experienced no significant 
change.  Though the fragments on the low treatment were not as elongate as the fragments on the 
high treatment (as shown by the fragment shape analysis), it makes sense that the ants on the 
lower treatment would have selected more elongate fragments as time went on in on because a 
more elongate fragment would fit under the underpass easier than a square fragment when held 
horizontally.  It is possible that the ratio index picked up this difference whereas the shape index 
did not because the shape index works best on rectangular and square fragments with smooth 
edges, and leaves often have jagged perimeters.  The length and width measurements that are 
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used to calculate the ratio index may suffer less from these deviations from reality in relation to 
perfect models (Rapoport 1975).  

 Natural underpasses occur fairly frequently, indicating that leafcutter ants frequently 
encounter these obstacles and need to make both collective and individual decisions in order to 
maintain foraging efficiency.  My results show that, in response to these underpasses, leafcutter 
ants can make the collective decision to send smaller foraging ants and can do so within four 
days of the presence of an underpass.  This shows a high level of flexibility and collective 
intelligence in regards to making decisions based on abiotic changes.   

CONCLUSION 

 Leafcutter ants are the most important herbivores in the forests of the Neotropics—they 
account for up to 25% of all herbivory (Swanson et al., 2019), and, as social insects, their 
decision making processes can have important implications for collective and individual decision 
making in other species of social insects.  In response to a change in abiotic conditions (namely, 
an addition of a low underpass), leafcutter ants were able to make collective decisions to send 
smaller ants and individual decisions to cut increasing more elongate fragments, though 
ultimately less elongate fragments than ants on the high treatment carried.  The results that ants 
made a collective decision to send smaller ants to forage in response to a low underpass agree 
with the study conducted on leafcutter ants in a laboratory with short trails and over small 
timescales (Dussutour et al., 2008).  However, the finding that leafcutter ants cut more elongate 
fragments in response to the low underpass disagrees with the laboratory study (in which the ants 
cut smaller and rounder leaf fragments) and instead agrees with the field study (Kienholz, 2019).  
It is possible that studies conducted only over periods of twenty-four hours do not provide 
enough time to show leafcutter ants cutting more elongate fragments in response to a low 
underpass.  Additionally, the discrepancy of a decrease in ant length between my study and the 
field study can be potentially explained by the type of measurement.  In the field study, the width 
of the ants’ head was used as a proxy for ant size (Kienholz, 2019), whereas in my study ant size 
was measured as the length from abdomen to mandible.  Ants with a smaller length from 
abdomen to mandible may not have a head width that is decreased proportionally.  Leafcutter 
ants in the wild can respond to abiotic changes in a variety of ways involving both individual and 
collective decisions.  Whereas some decisions, such as leaf size, are left up to the individual, 
other decisions involving collectively sending smaller foraging ants are made by the colony.  
This combination of both individual and collective decisions allows the colony to respond with 
flexibility to changes in abiotic conditions and maintain foraging efficiency.   
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ABSTRACT 
  

When faced with abiotic stressors neotropical leaf cutter ants are known to stray from optimal foraging 
behaviors predicted under ideal conditions. Overhead height constraints have been shown to trigger the individual 
response to adjust leaf fragment size and shape, and the collective response to send ants of different sizes. However, 
to what extent this occurs in the field remains unclear. Height constraints were built on trails of five different 
colonies of the leaf cutter ant Atta cephalotes at the edge of a Costa Rican premontane wet forest to test the 
individual and collective response of the colonies. Ants were measured for length, and leaf fragment shape was 
estimated by calculating length to width and perimeter to area ratios. A. cephalotes colonies were found to already 
be adapted to frequent naturally occurring height constraints and responding at the colonial level by sending ants 
that were two percent shorter in length than in the absence of a barrier. No significant change in individual decisions 
of leaf fragment shape was observed which suggests the ants responded primarily at the collective level. High winds 
at the forest edge may make height constraints less problematic to ant foraging efficiency because leaf fragments are 
already elongated.   

 
RESUMEN 
 
 Cuando se enfrentan con factores abióticos estresantes las zompopas son conocidas de desviarse de sus 
comportamientos de forrajeo óptimo predicho bajo condiciones ideales. Lo obstáculos sobre la cabeza son conocidos 
de desencadenar las respuestas para ajustar los tamaños y formas de los fragmentos de hojas, y la respuesta colectiva 
de enviar hormigas de tamaños diferentes. Sin embargo, el grado en que esto ocurre en el campo permanece incierto. 
Obstáculos fueron construidos en senderos de cinco colonias diferentes de zompopas Atta cephalotes en el borde de 
un bosque húmedo premontano en Costa Rica para medir las respuestas individuales y colectivas de las colonias. Se 
midió el tamaño de las hormigas y el tamaño y forma de los fragmentos se estimó calculando la proporción del área 
del largo al ancho. Las colonias de A. cephalotes mostraron estar ya adaptadas a los obstáculos de altura que sufren 
naturalmente y respondiendo al nivel de colonia mandando hormigas que son dos por ciento más pequeñas que con 
la ausencia de las barreras. No hay un cambio significativo en las decisiones individuales de los fragmentos de las 
hojas lo cual sugiere que las hormigas responden primariamente a nivel colectivo. Vientos fuertes al borde del 
bosque pueden causar estos obstáculos de la altura menos problemáticos para la eficiencia del forrajeo de las 
hormigas debido a que los fragmentos son ya alargados. 
 
INTRODUCTION 
 
 Efficient acquisition of food by animals for themselves and for their offspring directly 
contributes to their overall fitness (Lihoreau et al. 2010). Species, such as many social insects, 
who live in groups in centralized locations must accomplish this by sending out individuals to 
collect and retrieve food for the group (Robinson et al. 2012). Foraging behaviors must be 
adjusted to maximize efficiency so that the energy acquired in resources outweighs the energy 
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expended in travel and predation (Alma et al. 2017). Adaptive behaviors may occur on the 
individual level based on private experience, or at the colony level based on shared information 
among individuals (Lihoreau et al. 2010). Individual adaptations may include optimizing the size 
of the food fragments transported, and collective adaptations may include maintaining efficient 
traffic flow by sending a certain number or size of individuals (Burd & Howard 2005).  
 Eusocial leaf-cutter ants, genus Atta and Acromyrmex, are excellent examples of central 
place foraging. A single colony will clear and maintain a network of trails extending from a large 
underground nest to the crowns of canopy trees (Burd & Howard 2005). Foragers cut off leaf 
fragments and transport them along the trails back to the nest (Burd & Howard 2005). The 
fragments are used to cultivate a specific fungus in underground chambers which is the ants’ 
exclusive source of food (Burd & Howard 2005). Central place foraging theory predicts that 
individual forager ants will maximize the mass of leaves transported to the nest per unit time 
(Finger & Chaves-Campos 2020). Biotic and abiotic factors may trigger A. cephalotes to respond 
at the individual or colonial level to maintain efficiency. At the colonial level A. cephalotes 
foragers on average carry leaf-fragments of suboptimal mass due to constraints set by the size 
and growth rate of the fungal garden (Burd & Howard 2005). Unladen ants not carrying leaf-
fragments may also be sent out to clear obstructions that hinder the laden ants carrying leaf-
fragments (Bruce et al. 2017). At the individual level, choice of leaf-fragment size and shape can 
be significantly impacted by abiotic factors such as wind and the trail steepness gradient (Alma 
et al. 2016; Finger & Chaves-Campos 2020).  
 Overhead obstructions are an abiotic factor that interfere with foraging efficiency and 
may trigger colonial and individual level responses. Atta foragers carry leaf-fragments above 
their head and overhead obstructions may limit speed of transport by increasing friction (Bruce et 
al. 2017). To my knowledge only two studies have addressed the effect of height constraints on 
individual and collective foraging decisions of leaf cutter ants. In the lab Dussutour et al. (2009) 
studied the effect of man-made height constraints on a single colony of Atta columbica over 24 
hours. In the field Keinholz (2019) performed a similar study on multiple colonies of Atta 
cephalotes over multiple days in a row. The results in the field did not agree with the findings in 
the lab. In the field ants made individual decisions to cut more elongated leaf fragments in 
response to the barrier (Keinholz 2019), while in the lab they cut smaller and more compact leaf 
fragments (Dussutour et al. 2009). Ants in the lab study also exhibited a collective response by 
sending more numerous and smaller ants that better fit under the barrier (Dussutour et al. 2009), 
while in the field no colonial response to the barrier was found in regard to ant traffic level or 
size (Keinholz 2019). Therefore, additional studies on different populations of Atta are needed to 
clarify how leaf cutter ants respond to height constraints in the field.  

In this study I test the response of A. cephalotes foragers to overhead obstacles during the 
dry season of a tropical premontane wet forest. I construct height constraints over natural trails 
that have been cleared of natural overhead obstructions and compare them to trails without 
height constraints. I specifically ask if the ants show an individual response to the obstacle by 
changing leaf-fragment shape and size, or a colonial response by changing the average size of 
ants sent to forage. 
 
METHODS 
 
Study Site 
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A. cephalotes nests were studied in the young secondary growth forest surrounding San 
Luis in the Puntarenas Province of Costa Rica (10.283, -84.800). Of the seven mature and active 
colonies found with at least two trails, five were sampled. This area is a tropical premontane wet 
forest Holdridge Life Zone (Clark et al. 2000). Mean annual precipitation is 3.2 m which occurs 
primarily during the wet and misty season from mid-May to February (Dinerstein 1985). This 
study was conducted in April 2020 during the dry season in which rain is infrequent and winds 
are strong (Dinerstein 1985). Colonies were around 1100 meters elevation which represents the 
middle elevational range of A. cephalotes (Longino 2000). Trails were found along human made 
paths near the edge of the forest where they were more exposed to wind. 

 
Treatments  
 
 Two actively used trails were selected from each colony. Each trail was initially cleared 
of all naturally occurring height constraints made by fallen twigs and leaves. One of the two 
trails selected from each colony was treated with the control, or high, treatment, while the other 
was treated with the height constraint, or low, treatment. Treatment design and construction was 
adapted from the method of Bruce et al. (2017). Both treatments involved positioning a one-
millimeter diameter wire parallel to the ground above the trail about a meter from the main nest 
entrance. The ends of the wire were attached to two poles of one-millimeter wire placed three 
centimeters apart on either side of the trail so that the overhead wire was perpendicular to the 
direction of the trail and at a fixed height across the entirety of the trail (Figure 1). Two more of 
these obstructions were built three centimeters and six centimeters further along the trail so that 
there were three overhead obstructions in a row (Figure 1). Ants were not able to break or move 
the wires that were set up in this way which ensured that the wire height remained constant over 
the duration of the trial (Bruce et al. 2017). The high treatment positioned the three wires three 
centimeters above the ground which should have allowed both laden and unladen ants to pass 
underneath without being impeded (Dussutour et al. 2009). The low treatment positioned the 
three wires one centimeter above the ground which should have impeded most laden but not 
unladen ants (Bruce et al. 2017).  
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FIGURE 1 High treatment overhead obstruction positioned perpendicularly across an A. 
cephalotes trail that runs from the bottom left of the image to the top right. Obstruction consists 
of three wires three centimeters above the ground.  

 
Filming 
 
 Variables of interest were measured from video recordings. For each trail one 60-minute 
video was taken per day for three to four days between three pm and six pm. Nests were filmed 
for multiple days to account for the adjustment time that may be needed for ants to respond to the 
obstruction (Dussutour et al. 2009). The first video was always taken after ten minutes but no 
more than an hour after the obstruction was set up to allow any disturbance of ant traffic caused 
by obstruction construction to pass. Days filmed on each trail after the first day were not always 
consecutive but never had more than two unfilmed days between them. A metal ruler was 
propped up along the side of the trail and the video was filmed facing the ruler (Figure 2). The 
camera was always placed near the obstruction but on the side closer to the nest entrance (Figure 
2).  
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FIGURE 2 Filming set up of an A. cephalotes trail. The trail can be seen running from right to 
left with the nest entrance out of sight to the left. The ruler and camera are positioned opposite 
each other and parallel to the trail close to the overhead obstruction which can be seen on the 
right.  
 
Sampling 
 

From the videos, individual frames were extracted and analyzed using the image 
measurement software ImageJ (Schneider et al. 2012). Only ants that came alongside the ruler 
were measured for size to avoid inaccurate measurements caused by distorted perspective 
(Figure 3). All ants that approached the ruler, up to 60 ants, were measured per trail per day. The 
scale was set on ImageJ using the ruler as reference for one centimeter. The size of the ant was 
measured as the length from the tip of the abdomen to the tip of the mandible.  
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FIGURE 3 Ant being measured for size in ImageJ (left). Ant had to be very close to the ruler to 
be measured for size (left). Ants that did not come directly next to the ruler were not measured 
(right). 
 

All leaf fragments being carried by ants, up to 60 leaf fragments per video, were sampled. 
The image of the leaf fragment was extracted when the ant carrying it was perpendicular to the 
camera and the leaf fragment was held straight up above the ant. Leaf fragments were identified 
as either petioles, flat leaves, or dried rolled leaves. This was done because only the flat leaves 
could be measured for area and perimeter. Flat leaves have a more two-dimensional shape than 
petioles and rolled leaves so the perimeter and area was a better estimate of the optimization of 
mass to edge ratio. The mass of petioles and rolled leaves varied in all three dimensions and 
therefore perimeter and area would not be meaningful measurements for those leaf types. For all 
leaf fragments, length and width of the leaf fragment was measured in ImageJ. Length and width 
were relative to the position of the leaf in relation to the body of the ant carrying it. Length was 
taken from the side of the leaf fragment roughly parallel with the body of the ant, and width was 
taken from the side of the leaf fragment roughly perpendicular to the body of the ant. For only 
the flat leaf fragments, the outline of each fragment was traced by hand in ImageJ to measure 
perimeter and area of the leaf fragment. Leaf fragments were not all sampled when the ant was 
close to the ruler, so the length, width, perimeter, and area were not absolute measurements and 
are only significant in their ratio to each other, i.e. the ratio of length to width or perimeter to 
area.  
 
Statistics  
 
The shape of the fragments was approximated in two ways. Dividing length by width estimates 
how oblong a fragment is (Keinholz 2019). Ratios above one indicate longer and thinner 
fragments so that the length of the side running parallel to the ant is longer than the side running 
vertical to the ant, while ratios below one indicate shorter and taller fragments. Length to width 
ratio was calculated for all fragments. Dividing the perimeter of a fragment by the square root of 
the area indicates how square a fragment is (Alma et al. 2016). Ratios of 4 indicated a square 
shaped fragment, and ratios above four indicated an elongated fragment (Alma et al. 2016). Days 
after the first day were grouped as one variable because days filmed were not always continuous. 
Ratios were compared between the first day and all days after the first day, and between high and 
low obstructions using a Linear Mixed Model (LMM), i.e. treatment and days were included as 
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fixed effects in the LMM.  The LMM considered the dependence of data collected from the same 
colony and on the same day (i.e. nest and day were included as random effects in the model; the 
latter nested in the former). Similar LMMs were fit for length to width ratios of only flat leaves, 
and ant length. Shape ratios and ant length were log transformed to meet the assumptions of 
normality and random distribution of residuals of LMM. LMM were fit using the R package 
nlme. All analyses were conducted in R 4.0.0.0.  
 
RESULTS 
 
Ant Size 
 
Ant size, measured as ant length, decreases in the presence of interfering overhead obstructions. 
Ants are 1.1 millimeters, or two percent, smaller on the low treatment trail than on the high 
(F2,1228 = 348.8310, p-value < 0.0001; Figure 4). Both treatments apparently showed an increase 
in ant size after the first day, particularly the high treatment (Figure 5).  However, there were no 
differences between days (F1,11 = 1.8260, p-value = 0.2037) and the interaction between day and 
treatment was not significant either (F1,1228 = 0.4433, p-value = 0.5057), so the apparently higher 
increase for the high treatment was not statistically significant.  
 
 

 
FIGURE 4 Mean ant length (±1 SE) on trails with different obstruction heights. Ant length is a 
measurement of ant size and was measured as the length from the mandible to the tip of the 
abdomen. Obstructions were metal wires running across the A. cephalotes trail at one centimeter 
off the ground (Low), or three centimeters above the ground (High). High obstruction height 
acted as a control and should not have impeded ants passing under it, while low obstruction 
height should have impeded laden ants. Trails with high obstruction had significantly larger ants 
than trails with low obstructions (Linear Mixed Model: p-value < 0.0001).  
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FIGURE 5 Mean ant length (±1 SE) on the first day versus the following days after either a low 
or high obstruction was placed on a cleared trail. Variable definitions are included in the figure 
caption of Figure 4. Ant length showed a non-significant trend of increasing over time, 
particularly for the high obstruction treatment in which error bars do not overlap.  
 
Fragment Shape: All Fragment Types 
 
Considering all fragment types, ants carried fragments with significantly higher length to width 
ratios during the high treatment than the low treatment (F2,557 = 332.7915, p-value < 0.0001). 
While both treatments had length to width ratios significantly above one, which indicates that 
ants chose generally long and thin fragments, in the high treatment ants chose fragments that 
were 15% longer and thinner (Figure 6). This pattern can be observed for each fragment type 
since the interaction term between leaf type and treatment was non-significant (F2,557 = 0.0684, p-
value = 0.9339; Figure 7). Fragment type significantly influenced length to width ratio (F2,557 = 
295.4259, p-value < 0.001). Petioles may account for the majority of the difference as they had 
length to width ratios that were around five times as high as the other leaf types (Figure 7). 
Rolled and flat fragments had about the same ratio (Figure 7). The length to width ratio of all 
fragments did not change significantly over time (F1,11 = 1.7250, p-value = 0.2158).  
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FIGURE 6 Mean length to width ratio (±1 SE) of all leaf fragments types carried by ants on trails 
with different obstruction heights. Obstructions were metal wires running across the A. 
cephalotes trail at one centimeter off the ground (Low), or three centimeters above the ground 
(High). High obstruction height acted as a control and should not have impeded ants passing 
under it, while low obstruction height should have impeded laden ants. Fragment length is 
measured as the length of the edge roughly parallel to the body of the ant, and fragment width is 
measured as the length of the edge roughly perpendicular to the body of the ant. Higher length to 
width ratio indicates a longer leaf that extends further on the horizontal plane than the vertical 
plane. Length to width ratio is significantly higher for the high treatment (Linear Mixed Model: 
p-value < 0.0001). 
 

 
FIGURE 7 Mean length to width ratio (±1 SE) of leaf fragments of different types after a low or 
high obstruction was placed on the trail. Variable definitions are included in the figure caption of 
Figure 6. Length to width ratio differed between leaf types (Linear Mixed Model: p-value < 
0.001). 
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Fragment Shape: Flat Fragments 
 
For flat fragments, length to width ratio was 6% higher for the high treatment versus the low 
treatment (F2,453 = 96.92230, p-value < 0.0001; Figure 8). This suggests flat fragments were 
longer and lower to the ground for the high treatment, which is consistent with the results found 
for all fragment types (Figure 7). The perimeter to area ratio was 2.4% higher for the low 
treatment indicating that the flat fragments were more oblong in the low treatment than in the 
high treatment (F2,453 = 2190.4561, p-value < 0.0001; Figure 9). This contradicts the findings 
about leaf shape based on the length to width ratio (Figure 8). Length to width ratio shows a 
trend of increasing more over time for the low treatment than the high treatment (F1,11 = 1.41659, 
p-value = 0.2590; Figure 10) and the interaction between day and treatment was also non-
significant (F1,453 = 0.00468, p-value = 0.9455). Length to width ratio started out higher on the 
first day of the high treatment than the first day of the low treatment (Figure 10). Perimeter to 
area shows a non-significant trend of increasing over time in the low treatment and decreasing 
over time in the high treatment (F1,11 = 0.3492, p-value = 0.5665; Figure 11) and the interaction 
between day and treatment was also non-significant (F1,453 = 0.1283, p-value = 0.7203).  
 

 
FIGURE 8 Mean length to width ratio (±1 SE) of only flat leaf fragments after a low or high 
obstruction was placed on the trail. Variable definitions are included in the figure caption of 
Figure 6. Length to width ratio is higher for the high treatment (Linear Mixed Model: p-value < 
0.0001).  
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FIGURE 9 Mean perimeter to area ratio (±1 SE), calculated as perimeter/√(area), for flat leaf 
fragments on trails with different obstruction heights. Obstructions were metal wires running 
across the A. cephalotes trail at one centimeter off the ground (Low), or three centimeters above 
the ground (High). High obstruction height acted as a control and should not have impeded ants 
passing under it, while low obstruction height should have impeded laden ants. Fragment area 
and perimeter were calculated through imageJ after tracing the outline of the fragment when the 
flat side of the leaf was facing the camera. A ratio of four indicates a square fragment and a ratio 
above four indicates an oblong fragment. Fragments on the low treatment trail had a higher area 
to perimeter ratio than those on the high treatment trail (Linear Mixed Model: p-value < 0.0001).  
 

 
FIGURE 10 Mean length to width ratio (±1 SE) of only flat leaf fragments on the day of and the 
days after a low or a high obstruction was placed on the trail. Variable definitions are included in 
the figure caption of Figure 6. Both treatments show a non-significant trend of increasing length 
to width ratio after the first day.  
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FIGURE 11 Mean perimeter to area ratio (±1 SE), calculated as perimeter/√(area), for flat leaf 
fragments on the day of and the days after a low or a high obstruction was placed on the trail. 
Variable definitions are included in the figure caption of Figure 9. The high treatment shows a 
non-significant trend of decreasing perimeter to area ratio after the first day, and the low 
treatment shows a non-significant trend of increasing perimeter to area ratio after the first day.  
 
Additional Observations 
 
 Wind was not quantified for the different trails but was high across trails (J. Chaves-
Campos, personal observation). For most colonies, ants were active only in the evening due to 
dry and hot conditions during the day (J.C. Calderón, personal observation). From a sample of 6 
trails during the dry season, natural overhead obstructions were found at a frequency of 0.848 per 
meter of trail (Standard deviation = 0.084), with the frequency remaining similar across all trails 
(unpublished data). 
 
DISCUSSION 
 
Ant Size  
 

Average ant size was significantly higher in the high obstruction treatment than the low 
obstruction treatment. In the days following the first day after the obstruction was set up, ant size 
appeared to increase much more for the high treatment than the low treatment although the trend 
was not significant. It is therefore perhaps more accurate to view these results as a colony 
response to delegate foraging to larger ants after a release from height constraints. Before the 
trails were cleared of height constraints, all trails had a high frequency of height constraints. All 
naturally occurring overhead obstacles were removed before the start of sampling, and the high 
obstruction does not impose a height constraint, so the high treatment went from having many 
height constraints to having none. The low obstruction trails also initially had many naturally 
occurring overhead obstacles, and so the ants on that trails were likely already adapted to the 
synthetic low height constraint we imposed. In a windy area, such as a forest edge, where natural 
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overhead barriers may be more common, there may be a continuous pressure for average 
foraging ant size to be small so that they can better fit under the obstructions (Dussutour et al. 
2009; Keinholz 2019). In absence of this constraint, the colony may increase foraging efficiency 
by sending out larger ants which can carry larger leaves (Burd et al. 2005). These findings 
contradict the hypothesis that larger ants may be more effective at pushing past obstructions 
(Lewis et al. 2008) and show that A. cephalotes colonies delegate foraging to smaller ants in the 
presence of height constraints.  
 
Fragment Shape: All Fragment Types 
 

Among all fragment types, the length to width ratio was significantly higher for the high 
obstruction treatment. This pattern is consistent between leaf types. This indicates that leaf 
fragments carried by ants on the high treatment trails were longer and thinner than those on the 
low treatment trails. This contradicts the findings of previous studies that leaf fragments are 
longer and narrower in the presence of an overhead obstacle in order to better fit underneath the 
obstacle (Keinholz 2019). I observed that A. cephalotes delegates foraging to larger ants in the 
absence of height constraints. Larger ants carry larger leaf fragments (Burd et al. 2005) and 
larger leaf fragments are more susceptible to the effect of wind (Alma et al. 2016). Leaf cutter 
ants cut leaves that are more oblong in the presence of high winds (Alma et al. 2016), and the 
trails in this study were observed to be subject to high winds, so the larger ants sent to the high 
treatment trail may naturally carry more oblong leaf fragments under these conditions. Absolute 
area of the fragments could not be measured in this study. Therefore, I cannot determine if ant 
size, corresponding with leaf size, was a confounding factor for leaf shape due to the effects of 
wind. Absolute height of the leaf above the ant could also not be measured in this study, so it is 
unclear whether the already oblong fragments being carried by the ants were oblong in a way 
that lowered their height so they would not be hindered by the obstruction.  

Length to width ratio was significantly affected by leaf type. It is no surprise that petioles 
had the highest length to width ratio as, by nature of the structure of a petiole, increasing length 
results in only a minor increase in width. This naturally gives them a very high length to width 
ratio. It is possible ants may pick up petioles at increased rates in the presence of an overhead 
obstacle to take advantage of this ratio which may fit more easily beneath obstacles (Dussutour 
et al. 2009). Rolled fragments may also provide an advantage by containing more mass in three 
dimensions, while still being thin enough to fit beneath obstacles. However, in this study there 
were not enough days or ants with petioles or rolled fragments to determine if this was true.  

 
Fragment Shape: Flat Fragments 
 

It is beneficial to look at flat fragments alone, because they may better represent 
individual decision-making by ants as they are actively shaped by cutting ants. Both measures of 
shape taken for flat fragments were significantly affected by treatment type. However, the two 
measurements support conflicting conclusions. 

 Length to width ratio of flat leaves is higher for the high treatment, while perimeter to 
area ratio of flat leaves is higher for the low treatment. The average length to width ratio for flat 
fragments indicates that fragments are more oblong in the absence of a height constraint, which 
correlates with the results of length to width ratio for all fragment types. The average length to 
width ratio for both treatments were above 1.6, even on the first day the obstructions were set up. 
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In Keinholz (2019) the average length to width ratio of fragments were close to 1 on the first day 
of treatment, or generally round, and went up to about 1.5 after the first day. This is still less than 
the beginning length to width ratios for the treatments in this study. The high length to width 
ratio that was already present in this study before the treatments were set up may be explained by 
two factors. One is the preexisting high frequency of natural overhead height constraints found 
on these trails. Keinholz (2019) conducted their study in the middle of the forest while this study 
was conducted at the edge which is exposed to much higher wind speeds which may more 
frequently knock down dried leaves and twigs that can form natural barriers. However, Keinholz 
(2019) did not record the frequency of natural obstacles in their study, so it is unclear if a higher 
frequency of natural obstacles in this study in contrast to previous studies predisposed the ants to 
already choose oblong leaf fragments. Wind itself may explain the preexisting trend ants had for 
carrying oblong leaf fragments. Increased wind speeds are known to trigger ants to choose more 
oblong fragments (Alma et al. 2016), so the increased wind at the forest edge may cause the ants 
to cut leaf fragments that are particularly oblong in comparison to those studied by Keinholz 
(2019). Although the trend was not significant, both treatments showed an increase in length to 
width ratio over time and the low treatment showed a greater increase which is reminiscent of the 
increase in ratio seen by Keinholz (2019) and may suggest a weak response at the individual 
level.  

In contrast, the perimeter to area results for flat fragments indicates that fragments are 
more oblong in the presence of a height constraint, which correlates with the findings of previous 
studies (Dussutour et al. 2009; Keinholz 2019). However, the measurements of perimeter and 
area may be an unreliable estimate of shape. Many fragments had jagged edges or highly 
irregular shapes that would have greatly inflated the perimeter, making it seem like the fragments 
were more oblong. Although no treatment appeared to have more leaves with jagged edges, the 
presence of even just a few leaves with very jagged edges may create drastic outliers that skew 
the average ratio dramatically. Length and width measurements also take into account the 
orientation of the fragment in relation to the ant, which the perimeter and area do not. The 
orientation of the fragment is significant because a fragment may be oblong, but if it is held so 
that the long edge is perpendicular to the ground, then the fragment will still hit the overhead 
obstruction and impede the ant. However, in this study very few leaf fragments had length to 
width ratios that were lower than one which would have indicated that they were longer 
vertically than they were horizontally and so this may not affect the results significantly.  

The lack of significant change in leaf shape over time for both measurements, and the 
disagreement between the significant results of the two measurements, may be explained by the 
location of the study. The high winds on the edge of the forest may have already predisposed the 
ants to choose more oblong fragments which then made the overhead obstructions less 
problematic because the leaf fragments could already fit under the obstructions. This may also 
explain why Keinholz (2019), who conducted their study in a less windy area, found a significant 
change in leaf shape over time while this study did not.  

 
Conclusion 
 

This study demonstrates that A. cephalotes responds to the presence of overhead 
obstructions at the colony level by delegating foraging to smaller ants that may better fit 
underneath the obstruction. This agrees with the findings of the lab study done by Dussutour et 
al. (2009) but challenges the findings of the field study by Keinholz (2019) that found no 
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significant colonial response to the presence of a height barrier. In the forest center ants are 
known to also adapt at the individual level by cutting leaf fragments that are more oblong and 
can better fit beneath obstructions (Keinholz 2019). It is unclear whether this holds true for forest 
edge where high winds are present. The increased wind levels of the forest edge may cause 
fragments to be more oblong in the absence of overhead obstacles than in the presence of 
obstacles due to larger foraging ants being sent which then carry larger leaves that are more 
susceptible to wind. High winds may also predispose the ants to carry more oblong fragments 
which cause overhead barriers to be less problematic as the leaf fragments already fit under the 
obstruction. This study shows that leaf cutter ants adjust colonial level foraging patterns when 
overhead obstacles interfere wither the transport of leaf fragments. The high frequency of 
naturally occurring overhead barriers found in the field suggests that overhead height constraints 
are a frequent challenge that wild leaf cutter ant colonies must adapt to.  
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Assessing Temporal Niche Partitioning in Premontane 
Tropical Wet Forest Bats  
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ABSTRACT  
Insectivorous bats are a highly diverse guild, in part due to the high levels of ecological resource partitioning they 
exhibit. While promoting diversity, this degree of specialization makes them more sensitive to forest fragmentation 
and habitat disturbance than other bat guilds. Understanding the factors influencing ecological specialization of 
these bats is crucial to direct conservation efforts for this group. So far, little is known on the temporal niche 
partitioning behavior of insectivorous bats and nothing is known of the influence of moon phase changes on their 
partitioning behavior. This study assesses temporal foraging patterns in premontane tropical wet forest insectivorous 
bats in relation to both hour and moon phase. Through acoustic sampling with the Echo Meter Touch (Wildlife 
Acoustics), insectivorous bat calls were recorded and identified. Recording occurred continuously from 6:00 pm to 
5:30 am during 10 nights and across four moon phases in April 2020. Some evidence for temporal partitioning based 
on hour and moon phase was found. The number of species and individuals recorded per hour varied significantly 
with hour. The number of species recorded per night also varied significantly with moon phase. The ratio of species 
to individuals varied significantly with time but not with moon phase. Analysis of species compositions and 
abundances across hours and moon phases supported statistical findings and evidenced temporal niche partitioning. 
Some degree of temporal niche partitioning with hour and moon phase as factors is therefore likely in tropical 
insectivorous bats. This specialization may contribute to the high species richness of the guild in this area but may 
also put these species in danger if habitat fragmentation and destruction are not halted. 

RESUMEN 
Los murciélagos insectivoros son un gremio altamente diverso, en parte debido a los altos niveles de partición 
ecológica que ellos exhiben.  Mientras promueven diversidad, este grado de especialización los hace más sensibles a 
la fragmentación de bosque y perturbación del hábitat que otros gremios.  Entender los factores que influyen en estas 
especializaciones ecológicas de estos murciélagos es crucial para los efectos de conservación directos para este 
grupo.  Hasta ahora, poco se conoce en el comportamiento de partición de nicho temporal de murciélagos 
insectívoros y no se conoce nada de la influencia de los cambios de la  fase lunar en el comportamiento de 
partición.  Este studio evalúa los patrones temporales de forrajeo en murciélagos insectívoros del bosque tropical 
humedo premontano en relación tanto a la hora como a la fase lunar. A través de un muestreo acústico con el Echo 
Meter Touch (Wildlife Acoustics), los llamdos de murciélagos insectivoros fueron grabados e identificados.  Las 
grabaciones se realizaron continuamente desde las 6:00 pm hasta las 5:30 am durante 10 noches y a través de las 
cuatro fases lunares en abril de 2020.  Se encontró alguna evidencia de partición temporal basada en hora y fase 
lunar.  El número de especies e individuos grabados por hora varía significativamente con las horas.  El número de 
especies grabadas por noche también varía significativamente con la fase lunar.  La proporción de especies a 
individuos varía significativamente con el tiempo pero no con la fase lunar.  Análisis de composición de 
especies abundancias a través de las horas.y fases lunares apoyan los hallazgos estadísticos y evidencian la partición 
temporal de nicho.  Algún grado de partición de nicho temporal con el tiempo y la fase lunar como factores es por lo 
tanto probable en los murciélagos insectivoros tropicales.  Esta especialización puede contribuir a la alta riqueza de 
especies del gremio en esta área, pero puede también poner estas especies en peligro si la fragmentación y 
destrucción del hábitat no son detenidos. 
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INTRODUCTION  

As a driving evolutionary force, competition shapes community structure and ecological 
processes, and contributes to biotic diversification (Salinas-Ramos, 2019). Interspecific 
competition is caused by the dependence of multiple species on a shared, limited resource. Due 
to interspecific competition, two species cannot occupy identical ecological niches (Hardin, 
1960). Consequently, a species’ fundamental niche may change when interspecific competition 
restricts access to the resource and reduces a species’ fitness (Salinas-Ramos, 2019). By 
diversifying resource usage and reducing niche overlap, niche partitioning enables species to 
share limited resources and coexist in communities. One mechanism of niche partitioning, 
temporal partitioning, occurs when species use the same resource at different times of day, which 
reduces interspecific competition during respective periods of usage.  Niche partitioning 
strategies are observed in many taxa, but are particularly common in areas of high biodiversity, 
like the Neotropics (Finke & Snyder, 2008). 

With 1500 described mammal species, the Neotropics are home to 30% of worldwide 
mammal diversity (Carrillo, 2015). Neotropical bats contribute 50% of total Neotropical 
mammal species (Delaval, 2005). Species diversity in bats is promoted by ecological 
specialization and great behavioral diversity in diet, foraging, and roosting (Kunz & Fenton, 
2005). Neotropical bat species live in high diversity assemblages and despite their behavioral 
diversity, niche overlap is still expected. With so many species present, if a shared diet is a 
limited resource, bats may employ strategies, like niche partitioning, to coexist. For example, 
aerial insectivores, which account for 30%-50% of Neotropical bat species, are known to evince 
a great deal of niche subdivision and ecological specialization (Kunz & Fenton, 2005).  

For bats in a primary forest in French Guiana, niche overlap correlated with abundance of 
food resources, indicating that in areas of greater competition, partitioning was also greater 
(Delaval, 2005). Further, spatial, temporal, or resource partitioning occurred in each of the most 
common bat guilds there (Delaval, 2005). Similarly, bats in water-stressed environments used 
temporal partitioning around water holes to promote coexistence (Adams & Thibault, 2005). In 
contrast, foraging times substantially overlapped in African insectivorous bats and little evidence 
of temporal partitioning was found (Fenton & Rautenbach, 1987). Although the impact of 
moonlight intensity on temporal niche partitioning in bats is unknown, studies have shown that 
bats alter their foraging behavior in response to changes in moon phase (Appel et al., 2016). As a 
result of species-specific adaptations, insectivorous bats modify their foraging behavior to 
varying degrees in response to moonlight intensity and these changes are more evident between 
nights then between hours of a single night (Appel et al., 2016).  

While evidence of spatial niche partitioning and vertical habitat stratification in bats is 
abundant, temporal partitioning studies on insectivores are uncommon and provide inconsistent 
results, perhaps due to challenges in data collection (Adams & Thibault, 2005). Insectivorous 
bats fly higher than other bat guilds and are more difficult to capture with mist-netting (Kunz & 
Fenton, 2005). Additionally, some species have quieter echolocation, so are difficult to monitor 
acoustically (Kunz & Fenton, 2005). Accordingly, research is biased towards cave roosting 
insectivorous species and lower flying bat guilds. Therefore, a study providing data on temporal 
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foraging behavior of insectivorous bats in an environment without caves would contribute novel 
information to the field. Premontane tropical wet forests, like San Luis, Puntarenas, Costa Rica, 
lack caves and are associated with high degrees of endemism and biodiversity in bats presenting 
an ideal environment to conduct a novel niche partitioning study (Chaverri, 2016).  

Our study will use acoustic sampling to determine whether tropical cloud forest 
insectivorous bats use temporal niche partitioning to promote coexistence in a diverse, 
competitive environment. In addition to analyzing foraging behavior in relation to time of night, 
our study will explore the relationship between foraging behavior and moon phase in 
insectivorous bats.  Because insectivorous bats exhibit high levels of ecological resource 
partitioning, they are more sensitive to forest fragmentation and habitat disturbance (Kunz & 
Fenton, 2005). Understanding the ecological specialization of bats is crucial to direct 
conservation efforts on this group.  

METHODS  

Study site and bat species 

Fieldwork was conducted in a premontane tropical wet forest, at the CIEE Campus in San Luis, 
Puntarenas, Costa Rica in April 2020 (Figure 1). Elevations range from 800 to 1400 m. Weather 
patterns are influenced by the Pacific Ocean, 80 km to the West, the Gulf of Nicoya, 30 km from 
the campus, and the Caribbean Sea, 145 km to the East. The dry season extends from December 
to mid-May and the area receives 2.5 m precipitation annually. 

 

Figure 1. Location of the study site at the CIEE Campus in San Luis, Puntarenas, Costa Rica 
(Google Maps, 2020). 
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Acoustic sampling 

Acoustic sampling occurred at one site at CIEE Campus for a total of ten nights across four 
moon phases. Recording occurred during the nights of March 31th – April 2nd (Waxing Moon), 
April 7th-9th (Full Moon), April 16th-17th (Waning Moon), and April 21st-22nd (New Moon). 
Recording took place at an open site at the forest edge where bats fly to catch insects. Ultrasound 
bat calls were recorded using the Echo Meter Touch Handheld Detector (Wildlife Acoustics Inc., 
Maynard, MA) connected to an iPad. Recording occurred continuously between the hours of 
6:00 pm and 5:30 am. The iPad and attached Echo Meter were left out overnight with the 
microphone angled upwards to detect high flying insectivorous bats.  

There are 61 recorded bat species in the Monteverde area, 25 of which are insectivorous 
(LaVal, 2004). In this study, a “pass” refers to the echolocation call of an individual bat that is 
recorded by the Echo Meter. Passes were identified by comparing time-frequency structure of 
recorded echolocation calls to reference samples using Kaleidoscope Wildlife Acoustics 
Software (Wildlife Acoustics Inc., Maynard, MA) (Figure 2).  

Figure 2. Sample time-frequency graph for echolocation call of Eptesicus fuscus viewed in 
Kaleidoscope software. 

Data analyses 

 After identification, calls were organized in a spreadsheet by hour, collection date, and 
moon phase. To assess foraging patterns in insectivorous bats by hour, a Linear Mixed Model 
(LMM) test was performed on total passes and total species per hour, using day as a random 
factor to correct for variation in behavior due to external factors, such as weather.  

To assess foraging behavior by moon phase, a LMM was performed on total passes and 
total species per night related to moon phase using day as a random factor.  

To assess the foraging patterns of bats based on both hour and moon phase, the average 
number of passes and average number of species per hour during each moon phase were 
calculated. Next, the average number of passes for each species per hour during each moon 
phase was calculated. 

 Last, to assess evenness in foraging behavior in the bats, a LMM test was performed to 
test for differences on the ratio of total species present to total number of passes by hour and 
moon phase, using day as a random factor.  

The data used for the Linear Mixed Models were normalized using a logarithmic function 
to meet the test assumptions of normality. 
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RESULTS  

Table 1. Results from LMM tests on acoustic sampling data collected of insectivorous bat calls 
across ten days of acoustic sampling in April 2020. Recordings are from 3 nights each during the 
waxing and full moons and 2 nights each during the waning and new moons. Ultrasound calls 
were recorded between 6:00 pm and 5:30 am using the Echo Meter Touch (Wildlife Acoustics) 
at the forest edge on the CIEE campus in San Luis, Puntarenas, Costa Rica. 

LMM  X2 df P  
Number of passes by hour 14 31.8773 0.00417 
Number of passes by moon phase 3 2.7637 0.42951 
Number of species by hour 58.689 14 1.989e-07 
Number of species by moon phase 24.260 3 2.205e-05 
Ratio of species/passes by hour 29.3269 14 0.009436 
Ratio of species/passes by moon phase 2.3953 3 0.494505 

 

Total passes and species by hour 

The average number of bat passes varied by hour (Table 1). On average, the greatest number of 
individuals were recorded shortly after sunset during the 6:00 pm hour (Figure 3). 

 

Figure 3. Average number of recorded passes by insectivorous bats per hour across ten days of 
acoustic sampling in April 2020. Ultrasound calls were recorded between 6:00 pm and 5:30 am 
using the Echo Meter Touch (Wildlife Acoustics) at the forest edge on the CIEE campus in San 
Luis, Puntarenas, Costa Rica. Means presented with one standard error.  
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The average number of species recorded per hour changed having a peak around 6:00 pm 
(Table 1) (Figure 4), following the trend of individuals per hour, which also peaked during the 
6:00 pm hour (Figure 3). 

 

Figure 4. Average number of insectivorous bat species recorded per hour across ten days of 
acoustic sampling in April 2020. Ultrasound calls were recorded between 6:00 pm and 5:30 am 
using the Echo Meter Touch (Wildlife Acoustics) at the forest edge on the CIEE campus in San 
Luis, Puntarenas, Costa Rica. Means presented with one standard error. 

Temporal variation in passes and species per hour could indicate niche partitioning in 
insectivorous bats.   

Passes by hour for each species 

While our results showed that both the number of individuals and number of species vary 
significantly with the time, the data also showed trends in peak foraging times for each of the 
insectivorous bat species recorded. Overall, Diclidurus albus was the most abundant species and 
peaked in number of individual passes during the 10:00 pm hour (Figure 5). Myotis ripiarus was 
the second most abundant species, with the highest average number of individuals recorded 
during the 7:00 pm hour (Figure 5). Tadarida brasiliensis was the third most common species in 
our data set, with the greatest average number of individuals recorded in the 6:00 pm hour 
(Figure 5). Eptesicus fuscus was the fourth most abundant species on average across the ten days 
of recording (Figure 5). The greatest number of individuals for this species were recorded during 
the 6:00 pm and 5:00 am hours (Figure 5). Therefore, there is temporal variation in foraging 
between insectivorous species in San Luis, suggesting niche partitioning.  
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Figure 5. Average number of recorded passes per hour for thirteen species of insectivorous bats. 
Ultrasound calls were recorded between 6:00 pm and 5:30 am for ten nights in April 2020 using 
the Echo Meter Touch (Wildlife Acoustics). Sampling site located at the forest edge on the CIEE 
campus in San Luis, Puntarenas, Costa Rica. Means presented with one standard error. 

Total passes and species by moon phase 

The average number of passes for insectivorous bat individuals did not vary by moon phase 
(Table 1). However, on average, the greatest number of individuals were recorded during the 
waning and new moons (Figure 6 

 

Figure 6. Average number of insectivorous bat individuals recorded per night across four moon 
phases in April 2020. Acoustic sampling occurred for 3 nights each during the waxing and full 
moons and 2 nights each during the waning and new moons. Ultrasound calls were recorded 
between 6:00 pm and 5:30 am each night using an Echo Meter Touch (Wildlife Acoustics) 
connected to an iPad at the forest edge on the CIEE campus in San Luis, Puntarenas, Costa Rica. 
Means presented with one standard error. 
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While the average number of individuals per night did not change significantly with 
moon phase, the number of species per night across moon phases did (Table 1). The greatest 
average number of species per night were recording during the waxing moon and the fewest 
species per night occurred during the full moon (Figure 7). This finding was supported by 
comparison of the least square means of species per night during each moon phase (Figure 8). 
Results suggest moonlight intensity impacts foraging behavior in these insectivorous bat species. 

Figure 7. Average number of insectivorous bat species recorded per night across four moon 
phases in April 2020. Acoustic sampling occurred for 3 nights each during the waxing and full 
moons and 2 nights each during the waning and new moons. Ultrasound calls were recorded 
between 6:00 pm and 5:30 am each night using an Echo Meter Touch (Wildlife Acoustics) 
connected to an iPad at the forest edge on the CIEE campus in San Luis, Puntarenas, Costa Rica. 
Means presented with one standard error. 

 

 

 

 

 

 

 

 

 

Figure 8. Least square means (LSM) of number of insectivorous bat species recorded per night 
across four moon phases in April 2020. Error bars show standard error for each LMS. Acoustic 
sampling occurred for 3 nights each during the waxing and full moons and 2 nights each during 
the waning and new moons. Ultrasound calls were recorded between 6:00 pm and 5:30 am each 
night using an Echo Meter Touch (Wildlife Acoustics) connected to an iPad at the forest edge on 
the CIEE campus in San Luis, Puntarenas, Costa Rica. LSMs presented with one standard error. 
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Total passes and total species by hour & moon phase 

The average number of passes per hour were calculated for each moon phase separately to assess 
differences in bat foraging behavior depending on moon phase and regardless of species. Results 
showed variation in the hour where the highest average number of passes were recorded for each 
moon phase. First, the averages number of passes during the peak hour for the waning and new 
moon phases, 29 and 27.5 passes, respectively, were far greater than the averages for number of 
passes during the peak hour for the full and waxing moon phases, 14.33 and 15.66 passes, 
respectively (Figure 9). Next, the peak foraging hours for the new and waning moon phases were 
different from each other, 7:00 pm and 10:00 pm, respectively, while the peak foraging hours for 
the waxing and full moon phases were the same, 6:00 pm (Figure 9). These results suggest that 
temporal variation in foraging behavior occurs between moon phases and effects species 
composition in premontane tropical wet forest insectivorous bats.  

 

 

Figure 9. Average number of bat passes recorded per hour for four moon phases in April 2020. 
Acoustic sampling occurred for 3 nights each during the waxing and full moons and 2 nights 
each during the waning and new moons. Ultrasound calls were recorded between 6:00 pm and 
5:30 am each night using an Echo Meter Touch (Wildlife Acoustics) connected to an iPad at the 
forest edge on the CIEE campus in San Luis, Puntarenas, Costa Rica. Means presented with one 
standard error. 

The differences in foraging behavior across moon phases were less pronounced in the 
comparison of average number of species per hour during each moon phase than in the 
comparison of average number of individuals per hour during each moon phase (Figure 10, 
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Figure 9). The hour where the highest average number of species were recorded was 6:00 pm in 
all moon phases. However, the hour in which the fewest average number of species were 
recorded did vary with moon phase and did not correspond to the hour with the lowest average 
number of individuals during the full, waning, or new moons (Figure 10, Figure 9). In fact, the 
highest number of individuals during the new moon occurred during the 7:00 pm hour, the same 
time that the fewest number of species were found (Figure 9, Figure 10). These results support 
differential foraging on a temporal scale for insectivorous bats. 

 

Figure 10. Average number of insectivorous bat species recorded per hour for four moon phases 
in April 2020. Acoustic sampling occurred for 3 nights each during the waxing and full moons 
and 2 nights each during the waning and new moons. Ultrasound calls were recorded between 
6:00 pm and 5:30 am each night using an Echo Meter Touch (Wildlife Acoustics) connected to 
an iPad at the forest edge on the CIEE campus in San Luis, Puntarenas, Costa Rica. Means 
presented with one standard error. 

Evenness in Foraging Behavior 

The ratio of species to passes, a measure of evenness in foraging behavior, varied with hour, but 
did not vary with moon phase (Table 1). The ratio of species to individuals was highest during 
the 1:00 am hour, indicating high evenness and many species foraging at this time, and lowest at 
11:00 pm indicating low evenness and fewer species foraging at this time (Figure 11).  
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Figure 11. Average ratio of species to passes of insectivorous bat species per hour across ten 
nights and four moon phases in April 2020. Acoustic sampling occurred for 3 nights each during 
the waxing and full moons and 2 nights each during the waning and new moons. Ultrasound calls 
were recorded between 6:00 pm and 5:30 am each night using an Echo Meter Touch (Wildlife 
Acoustics) connected to an iPad at the forest edge on the CIEE campus in San Luis, Puntarenas, 
Costa Rica. Means presented with one standard error. 

 Species compositions and abundances varied across moon phases. The most abundant 
species during the full and waning moons was D. albus, while the most abundant species during 
the new moon was Myotis riparius, and the most common species during the waning moon was 
T. brasiliensis (Figure 12 A,B,C). The species richness during the waxing moon was highest of 
all phases (Figure 12D).  
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Figure 12. Average number of insectivorous bat individuals recorded per hour for four moon 
phases in April 2020. Acoustic sampling occurred for 3 nights each during the waxing (D) and 
full (A) moons and 2 nights each during the waning (B) and new moons (C). Ultrasound calls 
were recorded between 6:00 pm and 5:30 am each night using an Echo Meter Touch (Wildlife 
Acoustics) connected to an iPad at the forest edge on the CIEE campus in San Luis, Puntarenas, 
Costa Rica. Means presented with one standard error. 

DISCUSSION  
This study assessed temporal patterns of foraging in insectivorous bats by determining if time 
and moon phase influence individual abundance (e.g. passes), species abundance, species 
evenness, and species composition. Insectivorous bat calls were recorded at a forest edge in a 
premontane tropical wet forest. The number of species and individuals present are proxies for the 
foraging behavior of insectivorous bats, as these bats flight high around forest edges and 
clearings to catch their prey (Kunz & Fenton, 2005).   

Acoustic sampling suggests temporal niche partitioning occurs for insectivorous bats in 
San Luis, Puntarenas, Costa Rica. The average number of individuals and species recorded per 
hour varied significantly depending on time of night, indicating temporal changes in foraging 
behavior for insectivores throughout the night (Figures 3and 4). This hourly variation is 
supported by analysis of the ratio of total species to total individuals, which varied significantly 
with hour. The highest evenness occurred at 1:00 am and the lowest evenness at 11:00 am 
(Figure 11). Additionally, while the number of individuals recorded per night did not vary 
significantly with moon phase, the number of species per night did, with highest species richness 
during the waxing moon and lowest species richness during the full moon (Figure 7). This 
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suggests that the optimum number of individuals sharing the foraging patch remained constant 
but the species composition of these individuals varied with moonlight intensity. Further, the 
hour where the highest average number of total individuals were recorded varied between moon 
phases, suggesting that temporal foraging patterns may be influenced by moonlight (Figure 9). 
This finding was not supported by the ratio of species to individuals, which did not vary 
significantly by moon phase.  

This finding of differential foraging patterns was supported by species composition 
analysis, which varied based on hour and moon phase. With respect to moon phase, the most 
abundant species during the new and waxing moons, M. riparius and T. brasiliensis, 
respectively, were different from the most abundant species during the full and waning moons, 
D. albus (Figure 12). Across all ten recording nights, D. albus, M. riparius, and T. brasiliensis 
were the most abundant species, and each had a separate hour when their species had their 
highest average abundance (Figure 5). This finding suggests that the most abundant species 
could forage at different times to reduce interspecific competition and promote coexistence and 
biodiversity.  

In accordance with previous research in other locations, these findings suggest some 
temporal niche partitioning in insectivorous bats in a tropical premontane wet forest (Delaval, 
2005, Adams & Thibault, 2005). There are 25 known insectivorous bat species in Monteverde, 
13 of which were recorded in this study (LaVal, 2004). Despite the high species richness, the 
average number of species per hour did not exceed 3.5, indicating that few species forage 
together simultaneously (Figure 4). Therefore, temporal partitioning could be responsible for the 
lack of overlap between the species and contribute to the maintenance of insectivorous bat 
biodiversity in the area. Further, our work supports the finding that tropical insectivorous bats 
vary their foraging behavior in correspondence with moon phase (Appel et al., 2016). This 
research further suggests that moonlight intensity may influence temporal foraging patterns in 
insectivorous bats and contribute to temporal niche partitioning in the tropical premontane wet 
forest bat community. 

Insectivorous bats are known to exhibit high levels of ecological resource partitioning, 
but their temporal niche partitioning behavior is relatively understudied. This study introduced 
novel information on the possible temporal partitioning behavior of the bats, consistent with the 
high degree of ecological specialization within the guild. Further, this study adds the possibility 
that moonlight intensity influences temporal partitioning in bats. As habitat fragmentation and 
destruction continue at an unprecedented rate, highly specialized mammals like insectivorous 
bats are put at increased risk of biodiversity loss. A complete understanding of the ecological 
factors influencing their foraging behavior is therefore crucial to their direct conservation.  
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ABSTRACT 
 
Interspecific competition facilitates niche partitioning which permits several ecologically similar species to coexist 
while sharing the same resources. Temporal partitioning was studied in insectivorous bats using acoustics in a 
tropical community in a premontane wet forest in San Luis, Puntarenas, Costa Rica. Evidence of temporal 
partitioning was apparent while imperfect and was more overt during moon phases that provided more darkness. 
There was less foraging activity and more simultaneous foraging activity during the full moon phase, indicating that 
bats were unable to efficiently utilize temporal partitioning due to abiotic constraints. During the waxing and new 
moon phases, there were some species with shared peak foraging hours; however, this could likely be explained by 
the alternate use of mechanisms such as resource or spatial partitioning.  
 
RESUMEN 
 
La competencia interespecífica facilita la partición de nichos que permite que varios especies ecológicamente 
similares coexistan mientras comparten los mismos recursos. La partición temporal fue estudiada en los murciélagos 
insectívoros en un bosque premontano húmedo en San Luis, Puntarenas, Costa Rica. Evidencia de la partición 
temporal fue evidente pero imperfecto y fue más obvia durante las fases lunares que proveen menos luz. Había 
menos actividad de alimentación y más actividad de alimentación simultáneo durante la fase de la luna llena lo que 
indica que los murciélagos no pudieron utilizar eficientemente la partición temporal debido a las restricciónes 
abióticas. Durante las fases lunares creciente y nueva, había unas especies con picos de alimentación en horas 
compartidas. Sin embargo, es probable que este pueda ser explicado por el uso alterno de los mecanismos como la 
partición espacial o de recursos.  
 
INTRODUCTION 
 
One factor responsible for community composition is interspecific competition. In addition to 
dispersal capabilities and abiotic tolerances, biotic interactions like interspecific competition 
contribute to the makeup of ecological communities (Laughlin and Abella 2007). For example, a 
certain species may be unable to survive due to its inability to compete with an ecologically 
similar species living in the same area. Considering different species in a given community all 
have access to the same resources, competition for these resources is often inevitable. For 
instance, interspecific competition was found in 90% of field experiments studied in an 
ecological systems review, illustrating its prevalence (Schoener 1983). This competition is a key 
factor among interspecific interactions, influencing the performance and fitness of various 
organisms, which demonstrates the impact of this phenomenon (Kaplan and Denno 2007).  
 Due to this competition for resources between species, natural selection often directs 
species into differing patterns of resource consumption. This niche partitioning is often observed 
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via resource partitioning, spatial partitioning, temporal partitioning, or some combination of the 
aforementioned mechanisms. Species like Anolis lizards demonstrate resource partitioning as 
different sized species eat different sized prey (Schoener 1968), which ensures that different 
species can coexist by maximizing resource use efficiency (Finke and Snyder 2008). Grassland 
ants were found to exhibit both spatial and temporal partitioning by both foraging at different 
bait sites and at different times within a 24-hour period (Albrecht and Gotelli 2001). Due to the 
pressure of interspecific competition, niche partitioning allows different species to coexist in the 
same space with the same available resources.  
 Niche partitioning has been observed in insectivorous bat assemblages due to competition 
over food (Patterson et al. 2003). Diversification of insectivorous bats and the need to compete 
for prey has led to a display of varying methods of resource acquisition. Specifically, bats have 
displayed spatial partitioning by vertical stratification in heights they fly to capture prey and also 
temporal partitioning by foraging at different times. (Bonaccorso 1979). Temporal partitioning 
also has been shown to assist bats in surviving during times in which resources are scarce 
(Adams and Thibault 2006). Furthermore, bats modify their resource use depending on the 
presence and activity of other bat species in the community, indicating the pressure of 
interspecific competition (Razgour et al. 2011). In addition to biotic factors influencing activity, 
moon phase and brightness also affect bat foraging activity (Elangovan and Marimuthu 2001; 
Lang et al. 2006) which may have an impact on niche partitioning. Most of the research done on 
bats is biased toward species that fly at lower heights as they are easier to study using methods 
like mist-netting and sweep netting in caves. Bats that fly at higher heights are underrepresented 
in the literature.  
 Insectivorous bats utilize echolocation to hunt, emitting high frequency sounds to locate 
small prey. These ultrasounds can be studied using acoustics, a useful tool to analyze niche 
partitioning among insectivorous bat species in a community. This study aims to assess temporal 
niche partitioning on high-flying insectivorous bats that inhabit the tropical cloud forest. 
Additionally, the influence of moon brightness on niche partitioning will be studied via sampling 
during different moon phases to examine the effects of an abiotic factor on biotic interaction. 
Specifically, acoustic sampling will be used to determine whether insectivorous bat species in a 
tropical community exhibit temporal partitioning to avoid interspecific competition and whether 
this partitioning is influenced by moon brightness.  
 
METHODS 
 
Study Site 
 
Fieldwork will be conducted in a premontane tropical wet forest, at the CIEE Campus in San 
Luis, Puntarenas, Costa Rica, in April 2020 (Figure 1). The dry season extends from December 
to mid-May and the average rainfall is 232.25 mm per month. In April, the average rainfall is 53 
mm. The average high temperature is 26.583 ℃ and the average low temperature is 18.5 ℃. In 
April, the average high temperature is 29 ℃ and the average low temperature is 19 ℃. San Luis 
is located at an elevation of 1100 m above sea level.  
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Figure 1. An aerial photograph obtained from Google Earth of where the fieldwork was 
conducted at the CIEE campus in San Luis, Puntarenas, Costa Rica.  
 
Study Organism 
 
This study focuses on insectivorous bat species of the order Chiroptera. These bats were 
identified via sounds emitted during echolocation, which they use to find prey. The different 
frequencies and sound patterns emitted were matched to those of bat species known to be living 
in ecological communities in the premontane wet forest in San Luis.  
 
Acoustic Sampling 
 
An echometer with a microphone capable of recording ultrasounds was placed at a single 
location at the forest edge of the CIEE campus. It was set facing upward to ensure that the 
microphone was able to record the bats flying in the open spaces. The echometer was set to 
record several nights during a four week period. The first week it recorded three nights during 
the waxing moon phase, the second week recorded three nights during the full moon phase, and 
during the third and fourth weeks it recorded two nights per week during the waning and new 
moon phases, respectively. The echometer was set up to record bat calls between 5:00 PM and 
6:00 AM as this is the period in which the bats are actively foraging. The recordings from the 
echometer were then uploaded to Kaleidoscope and the sound files containing passes, instances 
of bat calls, were matched to their corresponding bat species. Frequency range and pattern of 
calls were used to identify species using a previous dataset from Richard La Val as a reference. 
Species were noted along with the hour, the night, and the moon phase in which their call was 
recorded.  
 
Data Analysis 
 
Linear mixed models were used to test if moon phase and hour influence the number of passes 
and/or number of total species present more than expected by chance. The ratio of total species 
present to total passes was also tested as a measure of evenness. This ratio illustrates how many 
unique species were identified out of the passes recorded, with a higher value indicating a greater 
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evenness. Higher evenness values express that more species are foraging at a given time and 
lower values express the opposite.   
 
RESULTS  
 
Moon Phase 
Over the month period, a total of 706 passes were recorded, representing 16 different 
insectivorous bat species. The species studied were Diclidurus albus, Eptesicus brasiliensis, 
Eptesicus fuscus, Eumops sp., Lasiurus blossevillii, Lasiurus ega, Lasiurus intermedius, 
Molossus ater, Molossus greenhalli, Molossus molossus, Myotis nigricans, Myotis oxyotis, 
Myotis riparius, Nyctinomops laticaudatus, Pteronotus spp., and Tadarida brasiliensis. Out of 
the 706 passes recorded, 91 were recorded during the full moon phase, 215 during the new moon 
phase, 161 during the waning moon phase, and 238 during the waxing moon phase (Figure 2). 
The greatest number of passes was found during the waxing moon and the least number was 
found when the moon was the brightest, during the full moon. However, these differences were 
not significant (Table 1). A total of 16 species were detected in recordings, six species were 
recorded during the full moon phase, nine during the new moon phase, seven during the waning 
moon phase, and 12 during the waxing moon phase (Figure 2). The greatest number of species 
were recorded during the waxing moon phase and the least number during the full moon phase 
when the moon was brightest. The same pattern was also observed for the number of passes 
recorded per moon phase. The difference between number of species recorded per moon phase 
was significant (Table 1).   
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Figure 2. Number of passes (top left) and species (top right) recorded during each moon phase. 
There was a significant difference in number of species recorded per moon phase. Also, the least 
square means of number of species per moon phase is reported (bottom). Error bars are +/- one 
standard error. A total of 706 passes of insectivorous bats were recorded in a premontane wet 
forest in San Luis, Puntarenas, Costa Rica.  
 
 
Table 1. A summary of statistical results. Differences between number of passes per moon phase 
and per hour, differences between number of species recorded per moon phase and per hour, and 
differences between ratios of number of species to number of passes per moon phase and per 
hour were tested.  

 Moon Phase (df = 3) 
 

!2                                                           P 

Hour (df = 12) 
 

!2                                                           P 

Number of Passes 3.8088                      0.282867 31.6355                    0.001575 

Number of Species 12.671                      0.005406 26.539                      0.008998 

Ratio of Number of Species 
to Number of Passes  

4.2931                      0.23150 22.9733                    0.02795 

 
Hour 
 
Out of the 706 passes recorded, the greatest number was found during the hours of 6 PM and 7 
PM with the least number of passes recorded during the hour of 5 PM before dusk (Figure 3). 
The difference in number of passes found per hour was found to be significant (Table 1). The 
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greatest number of species was recorded during the hour of 6 PM and the least number of species 
was recorded during the hour of 5 PM, before dusk (Figure 3). The difference between number 
of species recorded per hour was significant (Table 1). 
                                                                    

 
Figure 3. Number of passes (left) and species (right) recorded throughout the night (right). The 
differences in number of passes and number of species per hour were found to be statistically 
significant. A total of 706 passes of insectivorous bats were recorded in a premontane wet forest 
in San Luis, Puntarenas, Costa Rica.  
 
RATIO                                                     
 
The ratio of number of species to number of passes was calculated as an indicator of evenness. 
The greatest evenness was found during the full moon phase and the lowest evenness was found 
during the new moon phase (Figure 4). This illustrates that during the full moon phase, several 
species of bats were active at the same time. The differences in these ratios between moon 
phases were not significant (Table 1). The highest evenness was found during the hour of 5 PM 
and the lowest evenness was found during the hours of 7 PM and 10 PM (Figure 4). The 
difference in evenness between hours was found to be statistically significant (Table 1).  
                                                                     

 
Figure 4. Ratio of number of species recorded per number of passes recorded for each moon 
phase (left) and hour of the night (right). This is a measure of evenness with higher ratios 
indicating a greater evenness, or more species foraging at any given time. The difference in 
ratios per hour was found to be significant. In total, 706 species representing 16 different 
insectivorous bat species were recorded in a premontane wet forest in San Luis, Costa Rica.  
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TEMPORAL PARTITIONING 
 
The percentage of each species’s passes recorded at each hour was found for each moon phase 
(Figure 5). The peak foraging hour was determined by the hour for which the greatest percentage 
of a species’s passes were recorded. Species found in less than five passes during any given 
moon phase were not included to have a better understanding of niche partitioning by observing 
species that have enough data to demonstrate a pattern. For the waning moon phase, three 
species had unique peak foraging hours at 8 PM, 9 PM, and 10 PM (Figure 5). For the full moon, 
the four species analyzed each had the same peak foraging hour at 6 PM, before the moon was 
fully out (Figure 5). For the waxing and new moon phases, there was a combination of unique 
and shared peak foraging hours for the species analyzed (Figures 5). 
 

                                                           

 
Figure 5. The percentage of passes per insectivorous bat species recorded every hour for the 
waning moon phase (top left), the full moon phase (top right), the waxing moon phase (bottom 
left), and the new moon phase (bottom right). The peak of species activity (e.g. number of 
passes) is labeled with the name of each corresponding species. This is considered to be that 
species peak foraging hour. Species with fewer than five passes during each moon phase were 
not included. Passes were recorded in a premontane wet forest in San Luis, Puntarenas, Costa 
Rica.  
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DISCUSSION 
 
The insectivorous bat assemblage in the premontane wet forest of San Luis, Costa Rica displayed 
differences in the number of passes recorded per hour as well as the number of species recorded 
per hour and per moon phase. Additionally, there was a difference in evenness found per hour. 
These results indicate that foraging activity differs during different hours of the night and 
different moon phases. Temporal partitioning was clearly observed during the waning moon 
phase, somewhat apparent during the waxing and new moon phases, and absent during the full 
moon phase.  
 This difference in temporal partitioning and difference in amount of species recorded per 
moon phase conveys that there exists a correlation between bat behavior and moon brightness. 
The full moon causes the lightest nights which can both pose a risk for the bats as prey and alter 
the availability of their prey as predators (Lang et al. 2006). This may cause the observed 
reduced foraging activity during the full moon phase as bats may be either responding to a 
decrease in prey activity or be foraging less to avoid predators. This also may be an explanation 
for the apparent lack of temporal partitioning during this time. During the new moon phase, the 
sky is the darkest right after sunset and just before sunrise which consequently is when most of 
the insectivorous bat species had their peak foraging times. Lasiurus ega, Tadarida brasiliensis, 
Eptesicus fuscus, and Diclidurus albus all had the highest percentage of passes recorded during 
the hour of 6 PM, right after sunset. There was more activity recorded during the waning, 
waxing, and new moon phases, which is likely due to the increased darkness these phases 
provide bats. This is consistent with the finding that the number of bat feeding bouts is 
negatively correlated with the amount of moonlight (Elangovan and Marimuthu 2001). The 
waning moon phase additionally displayed definitive temporal partitioning, implying that bats 
were able to utilize the full range of hours during these nights to avoid competition with 
competing bat species. The fact that more passes and species were recorded during the waxing 
moon phase than the new moon phase is unexpected according to this explanation and could be 
due to a response to a different environmental factor. For example, activity of insects and bats is 
also influenced by temperature and other local weather conditions such as precipitation (Kunz 
1988). The effects of these factors may have been negligible if more nights were studied during 
each moon phase.  
 The difference in number of passes and species recorded per hour could likewise be due 
to the varying amount of darkness throughout the night. Additionally, bat species with different 
prey, body sizes, and flying speeds emerge at different hours of the night (Thomas and Jacobs 
2013). Therefore, due to bat characteristics, insect activity, and moon brightness, certain hours of 
each night may have a higher foraging activity. This suggests that these factors could explain 
why imperfect temporal partitioning was observed during the waxing and new moon phases in 
addition to the full moon phase. For example, during the waxing moon phase, D. albus, L. ega, 
and N. laticaudatus all shared the same peak foraging hour at 6 PM. This could be due to, like in 
the case of the full moon, this hour providing the most darkness. Furthermore, L. ega forages in 
edge space whereas D. albus and N. laticaudatus forage in open spaces (Denzinger et al. 2018). 
Furthermore, weight can be a factor related to bat activity. For example, D. albus weighs on 
average 13 g whereas N. laticaudatus weights on average 11 g, and moth consumption is 
negatively correlated to bat body size as morphology is highly important in determining bat diet 
(Aguiar et al. 2012; Bogdanowicz et al. 1999; Ferreira and Loures-Ribeiro 2013). Therefore, 
although these three species are foraging at the same time, L. ega is likely foraging in a different 
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location and D. albus and N. laticaudatus may not be foraging for the same exact prey. This 
suggests that spatial and resource partitioning are involved in conjunction with temporal 
partitioning. During the new moon phase, a similar case arose with M. nigricans, L. blossevillii, 
and E. fuscus all sharing the same peak foraging hour at 7 PM. As a result of this occurring 
during the new moon, this is not due to 7 PM providing more darkness, but both E. fuscus and M. 
nigricans have high flexibility with what they eat (Agosta 2002; Aguiar and Antonini 2008). 
Thus, resource partitioning is likely also playing a role in this case.  
 Although flawless temporal partitioning was not observed as there were certain hours of 
the night with more activity than others as well as differences in foraging times during distinct 
moon phases, niche partitioning was still detected in this bat assemblage. The imperfect spread 
of foraging times equates to an imperfect execution of temporal partitioning. However, when 
temporal partitioning was apparently lacking, resource and spatial partitioning functioned in its 
place. These aspects of niche partitioning allow for the robustness of the bat assemblage to 
persist when otherwise competition would diminish the number of species present. When none of 
these mechanisms appeared to explain the results, as in the case of the full moon when most of 
the species shared a peak foraging time, it was likely due to the restrictions on foraging behavior 
generated by moon brightness. This illustrates both abiotic and biotic factors determining 
community composition via resource availability, competition, and partitioning.  
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Abstract 
Niche partitioning is a process by which species with similar traits can coexist by utilizing resources, space, or 
time differently. Temporal niche partitioning specifically is understudied in bats and needs to be researched 
more thoroughly to better understand the effects bats have on their ecosystems. Insectivorous bat calling 
activity within the premontane tropical rainforest of Puntarenas, Costa Rica was recorded to understand 
changes in foraging based on hour or lunar phase and determine temporal partitioning. Hour had an effect on 
the number of passes (defined as bat call sequences) and the number of species of bats, but not on the 
species/pass ratio. Lunar phases did not have an effect on the number of passes, the number of species, or on 
the species/pass ratio. This study concludes that tropical insectivorous bat communities exhibit temporal niche 
partitioning by hour, but temporal niche partitioning does not change over the lunar cycle. Light availability 
over the night and month both affect temporal partitioning of tropical insectivorous bats through predation 
risk. Higher risk of predation decreases the effect of interspecific competition and related temporal 
partitioning between bat species. 

Resumen 

El particionamiento de nicho es un proceso por el cual las especies con rasgos similares 
pueden coexistir utilizando recursos, espacio o tiempo de manera diferente. La partición 
temporal de nichos específicamente está poco estudiada en murciélagos y necesita ser 
investigada más a fondo para entender mejor los efectos que los murciélagos tienen en sus 
ecosistemas. La actividad de llamadas de murciélagos insectívoros dentro del bosque 
tropical premontano de Puntarenas, Costa Rica fue registrada para entender los cambios en 
el forrajeo basado en la hora o fase lunar y determinar la partición temporal. La hora tuvo 
un efecto en el número de pases (definidas como secuencias de llamada de murciélago) y el 
número de especies de murciélagos, pero no en la proporción de especies/pases. Las fases 
lunares no tuvieron un efecto en el número de pasadas, el número de especies, o en la 
relación especie/pase. Este estudio concluye que las comunidades tropicales de murciélagos 
insectívoros exhiben una partición temporal de nichos por hora, pero la partición temporal 
de nichos no cambia a lo largo de la fase lunar. La disponibilidad de luz durante la noche y 
el mes afectan la partición temporal de los murciélagos insectívoros tropicales a través del 
riesgo de depredación. Un mayor riesgo de depredación disminuye el efecto de la 
competencia interespecífica y la partición temporal entre especies de murciélagos. 
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Introduction 

Niche partitioning is a process by which species with similar traits can coexist by utilizing 
resources, space, or time differently. Resource partitioning involves using resources 
differentially, such as two hermit crab species specializing on different shell shapes (Steibl 
& Laforsch 2020). Spatial partitioning involves finding resources in different areas, such as 
male and female Mercurialis perennis plants growing in soils of different pH within their 
shared habitat (Cox 1981). Temporal partitioning is finding resources at different times, 
such as two grassland ant species foraging at different times of day (Albrecht & Gotelli 
2001). Temporal niche partitioning can take place over a variety of time scales and species 
can partition themselves between short lengths of time (eg. hourly) to longer lengths of 
time (eg. annually). The increase in specialization caused by niche partitioning has been 
shown to similarly increase the productivity of ecosystems (Finke & Snyder 2008).  

Insectivorous bats are vital in controlling the number of arthropods and related levels of 
herbivory; however, fragmentation of habitat has threatened the stability of their 
populations (Maas et al. 2016). Considering the threat of habitat loss that these bats face, 
more detailed research on their lifestyles is imperative. Despite their importance to the 
ecosystems they inhabit, research concerning temporal niche partitioning in tropical 
insectivorous bats is scarce. To my knowledge, temporal partitioning by hour has not yet 
been studied in non-cave roosting tropical insectivorous bats. Furthermore, although 
tropical bats have been shown to exhibit lunar phobia, a phenomenon in which nocturnal 
organisms are less active on the nights of the full moon, more often than temperate bats 
(Saldaña-Vázquez & Munguía-Rosas, 2013), research on temporal partitioning and the 
lunar cycle in tropical insectivorous bats remains sparse.  

This study aims to identify temporal niche partitioning throughout the night in 
insectivorous bats of the premontane tropical wet forest in San Luis, Puntarenas, Costa 
Rica. Furthermore, it also seeks to examine temporal niche partitioning over the lunar 
cycle. To determine temporal partitioning, calls of insectivorous bat species were recorded 
to establish periods of foraging activity in relation to hour or lunar phase. 

 

Methods 

Study Site 

The fieldwork was conducted in a premontane tropical wet forest, at the CIEE Campus in 
San Luis, Puntarenas, Costa Rica, in April 2020 (Figure 1). The study area is around 1600m 
in elevation, with approximately 3.1 m/yr of rainfall. The dry season lasts from November 
to mid-May and the rainy season from mid-May to November. There is also a “windy-
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misty season” from December to March and veranillo for two weeks in June and July. The 
organisms studied in this project are the insectivorous bats of the region. 

 

Figure 1. Location of the study site in San Luis, Puntarenas, Costa Rica. From "CIEE 
Campus, Monteverde," by Google, Digital Globe, 2020 
(https://goo.gl/maps/K6DFUDozvFDxsY3f6). 

 

 

Acoustic Sampling 

An Echo Meter Touch recorder by Wildlife Acoustics was plugged into an iPad with the 
Echo Meter App. Using the app, the recorder was put into recording mode and was used to 
gather audio files of bat vocalizations from approximately 5pm to 7am. These time periods 
were chosen to sample throughout the entire night, from sunset to sunrise. Bats were 
recorded for 3 days during all 4 moon phases. Data was collected for all 3 days during the 
waning and new moon, and for the first two days during the waxing and full moon. Activity 
for a species was measured in bat call sequences, henceforth referred to as “passes.” Bat 
activity was scored from the audio as the number of passes for each species in each 
recording file, using the software Kaleidoscope. In order to improve the visual output of the 
sonograms and make the sonogram files smaller, the file format was changed from .wav 
to .zc. Bat species were identified by visually comparing the calls within the files to known 
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references. Data was then examined for temporal overlap or lack thereof between bat 
species activity to determine temporal partitioning. 

 

Data Analysis 

To analyze the data I used linear mixed models tests. All data was log-transformed to meet 
the requirements of this test and “day” was used as a random factor to correct for variation 
(for example, variation in weather). I tested for the total passes, the total number of species, 
and the ratio “total species/total passes” (a measure of evenness, with the values 1 and 0 
being most and least even respectively), in relation to hour and moon phase (Table 1). 

 

Results 

Species Observed 

After scoring the data, 11 insectivorous bat species were observed. These insectivorous bats 
observed were Diclidurus albus, Eptesicus fuscus, Eumops sp., Lasiurus blossevilii, 
Lasiurus ega, Molossus ater, Molossus molossus, Myotis nigricans, Myotis riparius, 
Nyctinomops laticaudatus, and Tadarida brasiliensis. 

Temporal Partitioning by Hour 

My findings indicate that there is temporal niche partitioning by hour in tropical 
insectivorous bat species. The number of passes and the number of species foraging were 
different throughout the night (e.g. hour) (Table 1, Figures 2, 3). As seen in Figure 2, there 
is not much temporal overlap in passes between species. Rather, a separation in species 
activity through the night is characterized by distinct peaks with little overlap. This 
separation in activity by hour and species indicates that there is partitioning taking place.  
Additionally, Figure 3 shows that of the 11 recorded species, on average there were never 
more than three species foraging in the same hour, again supporting partitioning. 
Furthermore, the species to passes ratio was similar among hours (Table 1, Figure 4). There 
is not much difference in the species/pass ratio over time, indicating that evenness did not 
change much between hours (Figure 4). As shown in Figure 4, the evenness was stably over 
50% indicating that no one species seemed to dominate over the day.  

 

Table 1. Statistical results of log transformed data using linear mixed models test by hour 
and moon phase for each of the response variables (Passes, Species, and Total Species/ 
Total Passes Ratio). 
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  Passes  Species  Total 
Species/Total 
Passes Ratio 

 

 Df X2 P X2 P X2 P 
Hour 14 30.22 0.0071 51.21 3.81e-06 20.68 0.11 
Moon 
Phase 

3 2.95 0.40 7.20 0.066 1.54 0.67 

 

 

 

Figure 2. The number of passes over time by hour for the 11 recorded insectivorous bat 
species (0.0071). 
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Figure 3. The average number of species over time by hour for the 11 recorded 
insectivorous bat species (3.81e-06). 
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Figure 4. The average species/pass ratio over time by hour for the 11 recorded 
insectivorous bat species (0.11). 

 

 

Temporal Partitioning by Lunar Phase 

My findings do not suggest lunar phase has any effect on temporal partitioning. The 
number of passes, the number of species, and the evenness were similar among the moon 
phases (Table 1, Figures 5, 6, 7). Although there was a low amount of passes during the full 
moon and a high amount of passes during the new moon (Figure 5) the differences among 
the moon phases were not significant. Furthermore, the high light of a full moon and the 
low light of the new moon had no significant difference in effect on increasing or 
decreasing the number of species active (Figure 6). There is also not much difference in the 
species/pass ratio over time, indicating that evenness, which was always above 60%, did 
not change much (Figure 7). 

 

 

Figure 5. The number of passes over time by lunar phase for the 11 recorded insectivorous 
bat species (0.40). 

0.00

20.00

40.00

60.00

80.00

100.00

120.00

140.00

160.00

Waxing Full Waning New

Pa
ss

es

Passes Over Lunar Cycle

Tadarida brasilensis

Nyctinomops laticaudatus

Myotis riparius

Myotis nigricans

Molossus molossus

Molossus ater

Lasiurus ega

Lasiurus blossevillii

Eumops sp.

Eptesicus fuscus

Diclidurus albus

96



 

 

Figure 6. The average number of species over time by lunar phase for the 11 recorded 
insectivorous bat species (0.066).  

 

 

 

Figure 7. The average species/pass ratio over time by lunar phase for the 11 recorded 
insectivorous bat species (0.67).  
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Discussion 

Temporal Partitioning by Hour 

My data supported temporal partitioning by hour. This is likely the result of the large 
number of species in the area and the generally high evenness. Over this study, 11 species 
of bats were recorded and the average evenness, measured as the species/pass ratio, 
between the species was primarily around 70-80%. Considering that high evenness 
intensifies the strength of interspecific interactions (Zhang et al. 2012), in this study site 
with at least 11 species of bats foraging in the same area, niche partitioning is likely 
favored to avoid direct interspecific competition. In support of this conclusion, the highest 
number of species present at one time are around 6pm and 4am, which are sunset and 
sunrise. Studies have shown that increases in shared predation pressure decrease 
interspecific competition (Ruehl et al. 2018). During these crepuscular hours, bats species 
are subject to increased predation risk from diurnal predators, such as hawks (Chase et al., 
1991). The decrease in competition associated with this increase in predation risk also 
decreases pressure to temporally partition. Additionally, crepuscular foraging allows bats 
additional access to insects not nocturnally active, such as termites and flies (order Diptera) 
(Pavey et al. 2001). This increase in insect availability causes decreased interspecific 
competition. These decreases in competition between bat species account for the increase in 
simultaneously foraging bats at dawn and dusk. 

 

Temporal Partitioning by Lunar Phase 

Increased light availability from the full moon increases the success of visually hunting 
nocturnal predators (Cozzi et al. 2012), and as a result many potential nocturnal prey 
animals exhibit lunar avoidance (Kotler et al. 1994). Although some studies have described 
this lunar phobia in tropical bats (Saldaña-Vázquez & Munguía-Rosas, 2013), my data does 
not suggest moon phase to have any effect on activity or temporal niche partitioning in 
these tropical insectivorous bats. This could be due to the bats being in a forested 
environment, which decreases the amount of moonlight that would reach these bats and 
expose them to danger from visually hunting nocturnal predators. Without an increase in 
predation risk, lunar phase has no effect on temporal partitioning in bats.  

In conclusion, temporal niche partitioning in bats is mediated by the strength of 
interspecific competition. As a result, the predation risk associated with light at different 
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time periods has a larger effect on temporal niche partitioning than actual light availability, 
through directly decreasing interspecific competition. With this considered, habitat 
fragmentation and deforestation could lead to an increase in light within the habitats of 
these insectivorous bats, which could increase predation risk and alter temporally 
partitioned behavior. In order to protect the temporal diversity of bat activity, 
conservationists should prioritize maintaining intact habitat. 
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ABSTRACT 
 
Niche partitioning is an important factor in creating the high levels of biodiversity that exist in the tropics by 
reducing interspecific competition. Understanding the mechanisms of niche partitioning in keystone species such as 
bats is crucial to understanding how tropical ecosystems function. Both spatial and resource-specific partitioning 
have been observed in tropical insectivorous bats, but temporal niche partitioning has never been studied. This study 
examines temporal niche partitioning in insectivorous bats in a premontane tropical wet forest. Acoustic data was 
recorded for 12 hours on ten nights, spanning four different moon phases. The data was then analyzed, and bats were 
identified to a species level based on specific acoustic signatures. The number of different species present, and 
number of bat passes, varied significantly per hour each night. However, the number of passes or species did not 
vary based on the moon phase. Additionally, a maximum of six species was present in a given hour, with an average 
of four species foraging per hour. This supports the theory that insectivorous tropical bats niche partition temporally. 
It is most likely a combination of temporal, spatial, and resource-specific partitioning that contributes to the high 
diversity of insectivorous bat species seen in the tropics by reducing direct interference during foraging, and 
therefore reducing competition. This study provides new information to the ecological field, as well as a reference 
for conservation efforts for insectivorous bat species in the tropics. 
 
RESUMEN 
 
La partición de nicho es un factor importante para crear los altos niveles de biodiversidad que existen en los 
trópicos, reduciendo competencia interespecífica. Comprender los mecanismos de partición de nicho en especies 
clave como los murciélagos es crucial para comprender cómo funcionan los ecosistemas tropicales. Se han 
observado particiones espaciales y de recursos específicos en murciélagos insectívoros tropicales, pero nunca se ha 
estudiado la partición temporal de nicho. Este estudio examina la partición temporal del nicho en murciélagos 
insectívoros en un bosque tropical húmedo premontano. Los datos acústicos fueron grabados durante 12 horas en 
diez noches, abarcando cuatro fases lunares diferentes. Se analizaron los datos y se identificaron los murciélagos a 
especies, basado en señales acústicas específicas. El número de especies diferentes presentes y el número de pases 
de murciélagos variaron significativamente por hora cada noche. Sin embargo, el número de pases o especies no 
varió según la fase de la luna. Además, un máximo de seis especies estuvo presente en una hora determinada, con un 
promedio de cuatro especies forrajeando por hora. Esto apoya la teoría de que los murciélagos insectívoros 
tropicales realizan partición temporal de nicho. Es probable que una combinación de particiones temporales, 
espaciales y de recursos específicos sean los que contribuyan a la alta diversidad de especies de murciélagos 
insectívoros que se ven en los trópicos, esto al reducir la interferencia directa durante el forrajeo, por lo tanto, la 
competencia. Este estudio proporciona nueva información para el campo de la Ecología, asimismo como referencia 
para la conservación de murciélagos insectívoros en los trópicos. 
 
INTRODUCTION 
 
Competition is a driving evolutionary force that shapes community structures in species 
throughout the world. Among the resources inducing interspecific competition are food, time, 
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mate availability, or habitat, that can be limiting factors (Calvo & Fulgencio, 2013). The 
competition results either in one species being outcompeted, or in niche partitioning (Calvo & 
Fulgencio, 2013). Bats have an extremely high level of alpha diversity, meaning high numbers of 
different species living in close proximity (Simmons & Voss, 1998). This is largely due to bats’ 
ability to fly, which leads to a high proportion of overlapping home ranges. Because of this home 
range overlap, most trophic groupings of bats must rely on exploitation of specific resources in 
order to coexist (Patterson, Stevens & Willig, 2003).   
 

This exploitation leads to niche partitioning, which can occur along a number of lines. 
Partitioning can be resource-specific, spatial, or temporal, and in areas of high species diversity 
like the tropics, it often involves a combination of these three factors (Patterson, Stevens & 
Willig, 2003). This allows for the coexistence of several species. The ability of bats to fly, 
moving quickly and efficiently from place to place in search of their required resources, has 
enabled them to develop an extensive and highly refined partitioning of these resources 
(Patterson, Stevens & Willig, 2003).  
 

Niche partitioning itself is a highly studied occurrence, but temporal niche partitioning is 
an understudied phenomenon in small mammals, even though it could be the basis for much of 
the sympatric species coexistence seen in the world today (Adams & Thibault, 2006). Little work 
has been done to study this phenomenon in bats, particularly in insectivorous bat communities of 
tropical cloud forests; these bats fly very high and cannot be studied by mist netting or sweep-
netting in cave roosts, which has been the historically favored, and easiest, method of studying 
bats (Kuntz, 2005). Neotropical bats make up 50% of neotropical mammal species, which 
comprise 30% of mammal species worldwide (Carrillo, 2015). They are crucial pollinators and 
dispersers and understanding their behavior and habitat requirements will be essential going 
forward, as climate change continues to alter the tropics (LaVal, 2004). 
 

Spatial and temporal niche partitioning has been observed in tropical bat species in places 
such as French Guiana, where three frugivorous species of bats were seen to coexist in one area. 
The smaller bats filled the more cluttered habitats that were less attractive to the larger bats, 
demonstrating spatial partitioning, and temporal partitioning was seen in the frugivorous bats as 
well (Delaval, 2005). Bats have also been shown to practice finely tuned temporal partitioning in 
environments where water is scarce, such as the desert of Arizona (Adams & Thibault, 2006). 
However, due to the difficulties with studying certain insectivorous bat species, such as their 
higher flight range, lack of cave roosting, and sometimes quieter echolocation (Kuntz, 2005), 
there are few existing studies on insectivorous bats in tropical cloud forests.  
 

Bats have also been shown to alter their foraging activity depending on moon phases. 
Studies in the tropics have found that different tropical insectivorous bat species react to 
moonlight intensity differently, and that these differences are more apparent between different 
nights than between different hours in the same night (Appel et al., 2016). Research suggests that 
this is the result of species-specific adaptations, as no clear trend has been seen across 
insectivorous species (Appel et al., 2016). No research has been done into niche partitioning 
behavior based on moonlight. 
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This study assesses whether insectivorous bats in the tropical cloud forest of Monteverde, 
Costa Rica, exhibit temporal niche partitioning, and whether their foraging habits change 
depending upon the phase of the moon. Monteverde is a region lacking in caves but high in 
endemic bat species and bat biodiversity (Chaverri, 2016). This offers a perfect location to study 
temporal partitioning in non-cave-roosting, insectivorous bats, which has never been studied 
before. Understanding the behavioral patterns of tropical bats will be crucial to their 
conservation, as habitats continue to be altered by climate change. Because tropical bats are so 
highly specified, they are more sensitive to changes in their habitat (Patterson, Stevens & Willig, 
2003). Therefore, understanding the details behind niche partitioning in threatened habitats like 
the tropical cloud forest can provide essential information on how to conserve them. 
 
METHODS 
 
Study Site 
 
Fieldwork was conducted in a premontane tropical wet forest, at the CIEE Campus in San Luis, 
Puntarenas, Costa Rica, in April 2020 (Figure 1). The property is 1100 meters above sea level, 
and the area receives 3-3.2 meters of rain per year, including mist. Monteverde sits on the Pacific 
slope of the Cordillera de Tilarán mountain range, and experiences adiabatic cloud formation as 
winds coming from the Caribbean coast descend the mountains. The Monteverde area is home to 
61 bat species, 25 of which are insectivorous (LaVal, 2004). 
 

 
Figure 1. Location of the CIEE Campus (Google Maps, 2020). 

 

103



Data Collection 
 
Acoustic identification allows echolocating bats to be surveyed non-invasively and allows for the 
analysis of bats that fly higher and do not roost in caves, meaning that they cannot be captured 
by mist netting (Russo & Voigt, 2016). Ultrasound bat calls were recorded using the Echo Meter 
Touch Handheld Detector connected to an iPad. Recording was carried out continuously between 
the hours of 5:30 pm and 6:00 am. The iPad and attached Echo Meter was left out overnight, 
with its microphone pointed upward to detect high-flying insectivorous bats. 
 

Data was recorded in this way during the nights of March 31–April 2 (Waxing Moon), 
April 7-9 (Full Moon), April 16-17 (Waning Moon), and April 21-22 (New Moon). The data was 
then analyzed using Kaleidoscope Wildlife Acoustics Software, which allows researchers to 
view the time-frequency structures of all echolocation calls recorded on a given night (Figure 2). 
Each of these echolocation calls signifies that one bat or insect flew past the Echo Meter, 
referred to from here on as a “pass.” These time-frequency structures were then compared with 
reference samples of the echolocation signatures of insectivorous bat species known to inhabit 
Monteverde, allowing researchers to identify bats to the species level. The data was compiled 
into a spreadsheet for further analysis. 
 

 
Figure 2. An example of the data analysis software, Kaleidoscope. The pattern shown here 

corresponds to the species Molossus molossus. 
 
Statistical Analysis 

A Linear mixed model (LMM) was used to determine whether the moon phase or the hour 
influenced the total number of passes recorded for all the bat species. Day was included as a 
random factor, so as to correct for variation among the days due to things like rain or cloud 
cover. 

Another LMM was conducted to determine whether the total number of bat species 
present was influenced by the hour or the moon phase. Again, day was included as a random 
factor  

An LMM was also used to test for evenness by comparing the total number of species 
present with the number of passes, by hour and moon phase. Higher values for this ratio 
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correlates to a high evenness, meaning that several species were foraging at the same time. Low 
values correlate with lower evenness, meaning that few or a single species were foraging at that 
hour. Day was included as a random factor.  
 
RESULTS 
 
Passes per Hour and Moon Phase 
 
The average number of passes changes significantly depending on the hour (Figure 3), peaking 
just after sunset (X2= 40.82, df= 13, p <0.0001). The number of passes did not vary with the 
moon phase, as the foraging activity follows a similar trend across the four moon phases. 
(X2=4.58, df=3, p< 0.205) (Figure 4). 
 

 
Figure 3. Average number of passes per hour obtained from 10 nights of sampling, 12 hours 

each night. Clear increase at sunset (around 5:50 PM), across all nights (P<.0001). 
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Figure 4. Average Number of Passes per Hour by Moon Phase. Sampled from 3 nights of 

waxing moon, 3 nights of full moon, 2 nights of waning moon, 2 nights of new moon. Patterns of 
passes do not differ significantly (P<0.205). 

 
Species Present per Hour and Moon Phase 
 
The average number of species foraging changed by hour, with two peaks followed by clear 
drops (X2= 50.26, df=13, p<2.69e-06) (Figure 5). However, the number of species was similar 
among the moon phases, (X2= 6.90, df= 3, p<0.076) (Figure 6). 
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Figure 5. Average number of species foraging per hour. Taken across 10 nights of sampling, 12 
hours each night (P <2.69e-06). 

 

 
Figure 6. Average number of species foraging per hour by moon phase. Sampled from 3 nights 

of full moon, 3 nights of waxing moon, 2 nights of waning moon, 2 nights of new moon, 12 
hours each (P<0.07552). 

 
Ratio of Total Species to Total Passes 
 
Two LMMs were conducted relating the ratio of total species/total passes to hour and moon 
phase. Neither yielded significant results, meaning that there was a similar evenness among 
moon phases and hours. Ratio species/passes by moon phase: X2= .63, Df= 3, p<0.889. Ratio 
species/passes by hour: X2=13.99. df=13, p<0.375. 
 
Passes per Hour by Species 
 
The specific species seen foraging changed from hour to hour. Figure 7 shows the total number 
of passes per species in a night, with each color representing a different hour of the night. 5 
species (Diclidurus albus, Tadarida brasiliensis, Myotis riparius, Eptesicus fuscus, and Lasiurus 
ega) were clearly more active across all hours. Looking closely, however, Figure 7 shows that 
different species were more active at different hours of the night. 
 

Because there were 17 different species foraging throughout the 10 days of sampling, 
Figures 8 and 9 split the data into groupings of less frequent (Figure 8) and more frequent 
(Figure 9) species, to make the differences visible. Less frequent is defined as species whose 
maximum average number of passes per hour does not exceed 1. More frequent species were 
seen to have an average number of passes greater than 1 during at least one hour of the night. 
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 These findings demonstrate that certain species, like Molossus ater (Figure 8) and 
Episticus fuscus (Figure 9) do forage more heavily at specific hours of the night. Some species 
clearly forage at similar frequencies throughout the night, but many forage the most at hours 
where other species are foraging at lower frequencies. These figures demonstrate that different 
species have different patterns of foraging throughout the night. 
 

 
Figure 7. Average number of passes per hour per species. Horizontal axis displays the total 

average number of passes for one night for each species.  
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Figure 8 Average passes per hour by species, 12 less frequent species.  

 
 

 
Figure 9: Average passes per hour by species, 5 most frequent species.  
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DISCUSSION 
 
This study confirms that tropical insectivorous bat species practice temporal niche partitioning, 
but does not support changes in foraging patterns based on moon phase. Understanding the 
implications of these results can help us to better understand why biodiversity is so high in 
tropical bats, and how best to conserve them. 
 

Insectivorous bats in Monteverde, Costa Rica show a pattern of foraging frequency that 
varies significantly from hour to hour, which supports the theory that they practice temporal 
niche partitioning. The foraging pattern does not vary much based on the moon phase, however, 
suggesting that moonlight does not majorly impact the foraging patterns of insectivorous tropical 
bats, although previous studies have found that certain species might alter their habits depending 
on moonlight more than others (Appel et al. 2016). 
 

The number of different species recorded was found to be different each hour, which 
further supports temporal niche partitioning in insectivorous tropical bats. This demonstrates that 
certain species forage at different times throughout the night, with a foraging of peak activity 
from 6-8 PM, which correlates with the peak time for number of passes. The difference in 
number of species seen each hour suggests that insectivorous tropical bats do display temporal 
niche partitioning, foraging at different times of night to increase their success in acquiring food. 
Temporal niche partitioning allows species to avoid direct interspecific competition for food, 
thus increasing the amount of food they can consume. The number of bat species observed in my 
study was not affected by the moon phase, suggesting that differences in moonlight do not affect 
the hours at which these species forage. 
 

The ratio of total species to total passes measured evenness in species foraging at a given 
time. This ratio was not shown to be significantly different either by hour or by moon phase. 
This means that there was a similar evenness among moon phases and hours. Further, the 
evenness was low, meaning that a single or a few species were foraging each hour. A peak in 
different species foraging occurs from 6-8 PM, but for most of the night few species forage at 
rates greater than 1 pass per hour. This clearly supports that insectivorous tropical bats practice 
temporal niche partitioning, foraging at different hours. 

 
There are 25 known species of insectivorous bats in Monteverde, Costa Rica, 17 of which 

were observed in this study. However, a maximum only 6 species were observed foraging within 
the same hour, with an average of 4 different species foraging in the same hour. These results 
suggest that temporal niche partitioning interacts with other types of partitioning, like spatial or 
resource, to yield the high level of biodiversity in tropical insectivorous bats. For example, in the 
hour when 6 species are foraging, they might find their prey in different areas, or prefer different 
types of insects, allowing them all to find prey in the same time frame. Alternatively, it is 
possible that these species were foraging at different times within the hour, as this study did not 
assess temporal niche partitioning down to the minute.  

 
Tropical communities like this one are highly biodiverse largely thanks to mechanisms 

like niche partitioning. Therefore, understanding temporal niche partitioning in tropical 
insectivorous bats is crucial to understanding how so many different species are able to coexist. 
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Because these species are so highly specified, they will be heavily impacted by climate change in 
the coming years. This will have ripple effects across tropical ecosystems, as bats are a keystone 
species with many important ecosystem roles. Understanding how they behave at the present will 
be an important reference for conservation efforts in the future. 
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Temporal niche partitioning in insectivorous bat 
communities in a premontane tropical wet forest 
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ABSTRACT 

Understanding the roles of niche partitioning and competition is essential in species-dense tropical rainforests 
and can impact conservation decisions as well as our understanding of novel community assemblages in the 
Anthropocene. Previous studies suggest that bats may exhibit temporal nice partitioning, though few studies 
have examined this behavior in tropical insectivorous bats. This study examined temporal niche partitioning in 
insectivorous bats in a tropical cloud forest by both hour of the night and phase of the moon. An echometer 
recorded bat calls for 10 nights in an open area in a premontane tropical wet forest in Monteverde, Costa Rica, 
and echolocation calls were manually identified and counted. The number of bat passes varied significantly by 
hour, the number of species varied significantly both by moon phase and hour, and the ratio of species to pass 
varied significantly by hour, suggesting that tropical insectivorous bats do exhibit a unique and structured 
community assemblage, demonstrating temporal niche partitioning. 

RESUMEN 

Entender los roles de partición de nicho y competencia es esencial en especies de bosques lluviosos tropicales 
y pueden tener impacto en decisiones de conservación, así como en nuestro entendimiento de nuevos grupos 
comunitarios en el Antropoceno. Estudios previos sugieren que los murciélagos pueden presentar partición 
temporal de nicho, sin embargo, pocos estudios han examinado este comportamiento en murciélagos 
insectívoros tropicales. Este estudio examinó partición temporal de nicho en murciélagos insectívoros en un 
bosque nuboso tropical por hora de la noche y por fase de la luna. Un ecómetro grabó llamadas de murciélagos 
por 10 noches en un área abierta en un bosque tropical húmedo premontano en Monteverde, Costa Rica, y las 
llamadas de ecolocalización fueron manualmente identificadas y contabilizadas. El número de pases de 
murciélagos variaron significativamente por hora, el número de especies varió significativamente por la fase de 
la luna y por hora, y el radio de pases de especies varió significativamente por hora, sugiriendo que los 
murciélagos insectívoros tropicales sí presentan una único y estructurado grupo comunitario, demostrando 
partición temporal de nicho.   

INTRODUCTION 

Water, food, and energy are key resources essential to survival, and in limited supply. 
When habitats are shared, organisms must partition resources to avoid competitive exclusion, 
either through ongoing competition or through specialization (Maynard et al., 2019). Niche 
partitioning, when competing organisms have different patterns of resource use, is one of these 
strategies, allowing for coexistence and avoids resource competition (Adams & Thibault, 2006; 
Chavez-Estrada et al., 2019). Niche partitioning can take many forms, like spatial (using the 
same resource in different areas) or temporal (using the same resource at different times) 
(Maynard et al., 2019). For example, ecologically similar lemurs in Madagascar exhibit temporal 
niche partitioning, with one most active at night and the other most active at twilight (Campera et 
al., 2019).  
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Bats are among the many mammals that exhibit temporal niche partitioning for limited 
resources. While there is overlap, there are significant temporal visitation patterns by bat species 
at water holes in an arid environment (Adams & Thibault, 2006). Furthermore, DNA 
metabarcoding of sympatric bats (Rhinolophus euryale and Rhinolophus mehelyi) revealed that 
there was little to no dietary segregation between species, indicating that temporal or spatial 
niche partitioning allows for coexistence (Arrizabalaga-Escudero et al., 2018). Similarly, a recent 
study found that several species of frugivorous bats in Costa Rica have large amounts of dietary 
resource overlap, which further demonstrates the need for research on other mechanisms for 
coexistence in bats (Maynard et al., 2019).  

The mechanisms of temporal niche separation are understudied due to logistical 
problems—this is particularly true for bats, as there are many ecologically similar or cryptic 
species, which makes it difficult to identify species-level resource use patterns (Campera et al., 
2019; Arrizabalaga-Escudero et al., 2018). Niche partitioning by activity patterns has been 
observed between two species of nectivorous bats (Leptonycteris yerbabuenae and Glossophaga 
soricina) in dry tropical forests, when there was a high density of one species (Chavez-Estrada et 
al., 2019). This study used mist-netting and compared activity in bat species with similar diets, 
finding that the species’ diet did not change with the presence of competitors, but that niche 
partitioning was occurring in daily activity patterns of G. soricina when there was a high density 
of L. yerbabuenae (Chavez-Estrada et al., 2019). Scientists are just beginning to understand 
species-level resource use patterns in co-occurring bat species, and few studies have investigated 
niche partitioning in tropical insectivorous bats. Knowledge of niche partitioning in bats is 
essential in the Anthropocene, as climate change is already creating novel bat assemblages, 
changes in insect availability, and drastic alteration of foraging habitat (Salinas-Ramos et al., 
2020). 

For this study, acoustic samples of insectivorous bats were collected in Costa Rica, both 
at the forest edge and within the forest. Specifically, we investigated whether different species of 
insectivorous bats were present in the forest at different hours throughout the night and phases of 
the moon—this would provide evidence that temporal niche partitioning is occurring. Acoustic 
sampling was chosen because many similar prior studies used mist-netting, which largely relies 
on low-flying and cave-dwelling bats, unlike the high-flying bats present in a premontane 
tropical wet forest in Costa Rica (Miller, 2001). This study uniquely examined niche partitioning 
in insectivorous bats in tropical areas without relying on mist-netting (and caves). 

METHODS 

Study Site 

This study was conducted in April 2020 at the cloud forest in Monteverde, Costa Rica, at 
the CIEE Global Institute in San Luis, Puntarenas, bordering the Monteverde Cloud Forest 
Biological Preserve (Figure 1). This is on the Pacific slope of the Tilarán mountain range, at 
approximately 1000m above sea level, a premontane tropical wet forest. Monteverde has a mean 
annual temperature of 18 °C and receives approximately 3 meters of rain yearly (with much of 
this occurring in the form of horizontal rain, or mist). The dry season is December through April. 
A single site at the forest edge was used to collect samples. 
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Figure 1: Satellite image of the study site (here labelled University of Georgia Costa Rica 
Campus, since renamed CIEE Global Institute Monteverde) (Google, n.d.). Yellow line is 100m. 

Figure 2: Echo Meter Touch recording device plugged into tablet and recording sounds. The 
upward-facing microphone is pointed out with white arrow. 
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General Approach 

Acoustic samples were collected, as acoustic sampling is the most consistent and reliable 
way to measure insectivorous bat species (Silva & Bernard, 2017). Samples were collected on 10 
nights during different moon phases: 3 waxing, 3 full, 2 waning, and 2 new over four weeks. 
From the acoustic recording, species were identified by their echolocation call, and the 
relationship between species and time was analyzed as described below. 

Acoustic Sampling  

Acoustic samples were recorded using Wildlife Acoustic Echo Meter Touch device 
(Wildlife Acoustics Inc., USA) which records high frequency calls from bats and other 
organisms. This device was connected to a tablet, then laid out from 6:30pm to 5:30am. The 
microphone was laid facing upwards (Figure 2), not facing the forest or bushes, as most 
insectivorous bats fly in open spaces as they search for insects (Avila-Flores & Fenton, 2005).  

The recordings from the device were converted to zero-crossing files with Kaleidoscope 
software (Wildlife Acoustics Inc., USA) and examined in Kaleidoscope to be manually counted 
and classified. Each identifiable call was counted as a “pass” (a foraging call), with a pass 
representing one bat species flying over the recorder at a certain time. 

Species were manually identified by their echolocation calls, by matching the frequency 
and pattern of the call to a reference sheet based on previously known and identified bat species 
in Monteverde (Figure 3). For each sample identified as a bat, the pass (species), hour, and moon 
phase would be recorded. 

Statistical Analysis 

Three linear mixed models (LMM) were fitted to compare total passes as related to the 
hour or moon phase, the total species as related to hour or moon phase, and the ratio of total 
species to total passes as related to the hour and moon phase. The ratio of total species to total 
passes is a measure of evenness in the bat species present at various hours and moon phases, with 
a high ratio indicating uneven composition/dominance by a single or few species and a low ratio 
indicating an even composition of species among passes. These models included day as a 
random factor, to account for variation in species and passes due to random and uncontrollable 
events, such as weather. P-values were calculated with Type II tests. 
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Figure 3: Reference calls matched to Echo Meter recordings. Pictured here: T. brasiliensis 

reference call (top left), E. fuscus reference call (middle left), T. brasiliensis identified sample 
(top right), E. fuscus identified sample (bottom). Recordings were viewed with Kaleidoscope and 

matched with the reference call based on both the call frequency and pattern (i.e. shape and 
timing of the call). Each sample pictured would be recorded as one “pass” for the identified 

species. 
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RESULTS 

Bat Activity 

A total of 655 passes were recorded over 10 nights of data collection, by the four phases 
of the moon and by the hour of the night, from 6am to 5am (Table 1). Nights had, on average 
65.5 passes, with a maximum of 160 and a minimum of 17 passes in a night. There was an 
average of 34.5 passes per recorded species, with a maximum of 119 passes and a minimum of 1 
pass for a single species.  

Table 1: Results of a linear mixed model analysis on insectivorous bat activity by the number of 
passes, number of species, and the ratio between these at different hours of the night and phases 
of the moon in Monteverde, Costa Rica. Variables in the model: hour and moon phase. Bat calls 

were recorded for 10 nights with 2 or 3 nights in each moon phase. Significant p-values are 
highlighted in yellow. 

  Passes Species Species/Passes 

 df !! p !! p !! p 

Moon Phase 3 4.2966 0.2312 13.482 0.003702 3.4097 0.332665 

Hour 11 42.5245 1.314""# 33.509 0.000435 27.9930 0.003245 

Species Observed 

In this study, 19 insectivorous bat species were identified. The most abundant species 
were Diclidurus albus, Myotis riparius, and Tadarida brasiliensis, with over 100 total passes 
each. The least abundant species were Balantiopteryx plicata, Lasiurus intermedius, Natalus 
stramineus, Peropteryx macrotis, and Pteronotus spp, with only one pass each (Table 2). 
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Table 2: Number of passes for 19 species recorded and identified over 10 nights of recording in a 
Costa Rican premontane tropical wet forest. 

Species Total number of passes 

Balantiopteryx plicata 1 

Diclidurus albus 119 

Eptesicus brasiliensis 23 

Eptesicus fuscus 90 

Eumops sp. 3 

Lasiurus blossevilli 13 

Lasiurus ega 48 

Lasiurus intermedius 1 

Molossus ater 5 

Molossus molossus 4 

Molossus sinaloae 5 

Myotis nigricans 22 

Myotis oxyotis 4 

Myotis riparius 117 

Natalus stramineus 1 

Nyctinomops laticaudatus 7 

Peropteryx macrotis 1 

Pteronotus spp 1 

Tadarida brasiliensis 190 

Total 655 

Number of Passes 

We found a significant difference in total number of passes by hour and did not find 
significant difference in number of passes by moon phase. Lowest number of passes is seen in 
the 2am hour (12 passes) and highest number is seen in the 6pm hour (162 passes). Generally, 
the number of passes was greatest in the first few hours, and lowest in the middle of the night 
(Figure 4). 

Number of Species 

We found significant differences in total number of species by hour, with the number of 
species present peaking in the 6pm hour (14 species present) and dipping during the 12am and 
2am hours (6 species present) (Table 3). We also found significant differences in total number of 
species by moon phase, with a high during the waxing moon (16 species present) and a low 
during the full moon (7 species present) (Figure 5).  
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Figure 4: Number of passes per species per hour (top) and per moon phase (bottom), from a total 
of 655 passes and 19 species, collected over 10 nights in a Costa Rican premontane tropical wet 
forest. The LMM test indicated a difference in number of passes by hour (p < 0.01) and no 
significant difference in number of passes by moon phase (p > 0.05). 
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Table 3: Species present by hour (top) and by moon phase (bottom) from a total of 19 species 
collected over 10 nights in a Costa Rican rain forest. Highlighted cell indicates the species was 
present. The LMM test indicated a difference in total number of species present by hour and 
moon phase (p < 0.01 for both factors). 
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Figure 5: Least squares mean of number of species by moon phase for a total of 19 species. The 
LMM indicated a difference in number of species by moon phase (p < 0.01). Bars are +/- one 

standard error. 

Ratio of Species to Pass 

We found a significant difference in ratio of species to pass by hour and did not find 
significant difference in ratio of species to pass by moon phase. 

DISCUSSION 
The results indicate that the time of night does have an effect on the bats present in the 

area studied, both in terms of the number of passes and the number of species. Furthermore, the 
significant difference in ratio of species to pass by hour implies that the presence of species 
throughout the night is not even, and certain species dominate at certain times. With these 
findings, we can assume that there is a unique temporal assemblage in this bat community, and 
that the time of night affects which species are active, as well as the degree to which they are 
active. This provides evidence that insectivorous bats in the premontane tropical wet forest in 
San Luis are experiencing temporal niche partitioning, which could be a strategy to avoid 
resource competition during feeding by species specialization in flying at a particular time of 
night (Maynard et al., 2019). Since these bats likely have large amounts of dietary resource 
overlap, temporal partitioning by hour could provide key to coexistence (Arrizabalaga-Escudero 
et al., 2018). Additionally, results indicate that the lunar cycle has an effect on the number of 
species present. This could be explained by the phenomenon of “lunar phobia”—reduced activity 
of nocturnal species during the full moon (Lang et al., 2005). Bats and insects are less active 
during the full moon to avoid predation, so bats are less active both because of lower prey 
availability and higher predation risk (Lang et al., 2005). However, the number of passes and the 
ratio of species to pass were not significantly affected by moon phase, hinting that the effects of 
the lunar cycle may be minimal, and not a landmark for niche partitioning. 

There have been few studies conducted on temporal niche partitioning in bats. One study 
on tropical frugivorous bats found evidence for time partitioning in species that shared very 
similar diet, with activity peaks at different times of the night for each species (Delaval et al., 
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2005). Another study in tropical frugivorous bats found that competition did not affect diet, but 
that the activity patterns of one species, G. soricina, changed when there were high densities of 
L. yerbabuenae (Chavez-Estrada et al., 2019). While these studies focused on activity peaks and 
non-carnivorous bats, they provide evidence for the same phenomenon as seen in this study: 
temporal niche partitioning in bats by hour. Bats have been found to be significantly less active 
during the full moon, similar to some results of this study, though this pattern is generally 
species-specific (Lang et al., 2005). 

This study indicates that bats exhibit temporal niche partitioning by hour and, in some 
cases, lunar cycle. Understanding bat community assemblage and strategies for coexistence is 
essential to understanding overall tropical forest ecology. Bats play an important role in the 
ecosystem through regulation of important processes such as seed dispersal, pollination, and 
arthropod predation (Jung & Kalko, 2010). Like many other species, bats are affected by the 
many changes brought about by the Anthropocene—changes which have already begun to affect 
species abundance and community structure (LaVal, 2004). Deforestation affects the landscape 
for foraging, favoring certain species and thus altering the community assemblage (LaVal, 
2004). Furthermore, light pollution has the potential to shift temporal foraging habits and as a 
result, shift patterns of temporal niche partitioning (Jung & Kalko, 2010). As changes in land use 
and climate continue to intensify, community composition will change and species will be forced 
to adapt or be lost (LaVal, 2004). In order to properly gauge the extent of these changes, a 
thorough knowledge of current bat community assemblages must be reached. Furthermore, some 
studies have found neotropical insectivorous bats to have species-specific levels of plasticity to 
habitat alteration, with the ability to adapt, though still demonstrating significant changes in 
activity patterns in the presence of human settlements and light pollution (Jung & Kalko). Taking 
this into consideration, neotropical insectivorous bats may be an important indicator of effects of 
nearby human settlement, through modifications in their foraging habits and, potentially, 
temporal niche partitioning. We must understand bat niches and competition now, so that we 
may understand the changes they undergo in the near future. 
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Temporal Niche Partitioning in Insectivorous Bat 
Communities in a Premontane Tropical Wet Forest 
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ABSTRACT 
Niche partitioning in tropical bat communities is important to understand because it widely contributes to the 
extensive diversity of bat species found in the tropics. Previous studies regarding niche partitioning in tropical bat 
communities tend to center around frugivorous bat species due to their importance in pollination and dispersion. A 
few were focused on insectivorous bats, and if they did, they usually regard resource partitioning and morphological 
differences between species. A vast number of studies surrounding bats also attempt to determine the effect of light 
intensity on bat behavior. To our knowledge, this is the first study aimed at researching if different bat species are 
active at varying hours of the night to decrease interference with competing bat species. We recorded insectivorous 
bat activity for three nights during the new, full, waning, and waxing moon phases in a tropical premontane wet 
forest located in San Luis, Puntarenas, Costa Rica. Evidence was not compelling enough to support bat species 
foraging at different times of night in order to reduce competition with other insectivorous bats. However, I found 
evidence to support previous studies where bats are less active during nights with higher light intensity.  

RESUMEN 
Partición de nicho en comunidades de murciélagos tropicales es importante entenderlo porque contribuye 
ampliamente en la extensiva diversidad de especies de murciélagos encontrados en los trópicos. Con respecto a 
partición de nicho, estudios previos tienden a centrarse en especies de murciélagos frugívoros debido a su 
importancia en polinización y dispersión. Pocos estudios se han enfocado en murciélagos insectívoros, y si lo 
hicieron, usualmente observaban partición de recursos y diferencias morfológicas entre especies. Una gran cantidad 
de estudios alrededor murciélagos también han intentado determinar el efecto de la intensidad de luz en el 
comportamiento de murciélagos. A nuestro conocimiento, este es el primer estudio dirigido a investigar si diferentes 
especies de murciélagos están activas a diferentes horas de la noche para disminuir interferencia con especies de 
murciélagos competidoras. Grabamos la actividad de murciélagos insectívoros por tres noches durante las fases de la 
luna nueva, llena, menguante y creciente en un bosque tropical pre-montano localizado en San Luis, Puntarenas, 
Costa Rica. La evidencia no fue lo suficientemente convincente para apoyar que las especies de murciélagos 
forrajeaban a diferentes horas de la noche para reducir la competencia con otros murciélagos insectívoros. Sin 
embargo, encontré evidencia que apoya estudios previos donde mencionan que los murciélagos son menos activos 
durante noches con mayor intensidad de luz.  

INTRODUCTION 

Limited resource availability drives competition between organisms in any shared 
environment. Competition often leads to niche partitioning, in which organisms from the same 
species or within different species vary in their use or acquisition of resources (Patterson et. al. 
2003). There are three main types of niche partitioning: resource, temporal, and spatial (Patterson 
et. al. 2003). Resource partitioning considers how individuals specialize in obtaining different 
types of resources, temporal partitioning considers the timeframe in which organisms are 
actively trying to obtain resources, and spatial partitioning considers the different habitats in 
which organisms obtain their resources (Patterson et. al. 2003). It is important to study niche 
partitioning in organisms because it can give insight into speciation and evolution of species.   
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The diversity of organisms within an ecosystem is greatly attributed to niche partitioning 
(Patterson et. al, 2003). Bats are a model study organism because they are second most diverse 
order of mammals and are highly abundant in the tropics due to such intricate niche partitioning 
(Flaquer et. al. 2007; Aguirre et. al. 2002). Bats are considered keystone species due to their 
pollination and seed dispersal capabilities and are also the number one predator of insects active 
at night (Frick 2019). Morphological and sensory adaptations, such as flight and echolocation, 
allow bats to gain access to several habitats and resources. Tropical bat diets are highly unique 
compared to other mammals considering that their food sources include nectar, pollen, fruit, 
leaves, small vertebrates, blood, and insects (Delavel et al. 2005).  

Studies regarding bat diversity in the tropics usually center around resource and spatial 
partitioning or evolutionary differences between bats. Many studies focus on morphological 
differences in skulls and wings of bats, which allow them to specialize in obtaining different 
types of prey (Aguirre et. al. 2002). One study suggests that skull morphology, associated with 
size, impacts bite force, and bats with diets specializing in nectarivory, piscivory and sanguivory 
have lower bite force capabilities (Aguirre et al. 2002). Another study investigating spatial 
partitioning found that smaller bats have more controlled flight and can thus occupy cluttered 
habitats that are less accessible to their competitors (Delavel et. al. 2005). The same study also 
discovered temporal partitioning in frugivorous bats, which reduced competition between species 
by reducing interference during foraging (Delavel et. al. 2005). In general, bat studies tend to 
focus on frugivorous bats, as they are important seed dispersers. Few studies have been done 
regarding temporal niche partitioning in insectivorous bats.  

The use of acoustic sampling in bat studies has greatly increased over the past years due 
to the ability to gather lots of information quickly and to be used in environments where mist 
netting may not be an option (Rodhouse et. al. 2011). Several studies have used acoustics to 
identify bat species in the past. Two recent studies using the Anabat bat detector system (Titley 
Electronics, Ballina, Australia) have successfully been able to identify different members of the 
Myotis genus of bats (Britzke et. al. 2002). This offers hope for researching niche partitioning in 
bat communities and allows researchers to gather more information on insectivorous bats in 
general. Identifying bat species using acoustics allows us to monitor the activity of bats in a 
tropical community and determine the possible interactions between species. Species active 
during the same hours of the night have an increased chance of interference with one another. 
But, if temporal niche partitioning exists, species will be active during different hours of the 
night to reduce exposure to their competitors. Previous studies conducted have looked at bat 
activity in relation to moon phases and lunar eclipses, but none look at temporal partitioning in 
relation to the hour of the night. In this study, we aim to discover if temporal niche partitioning is 
evident in insectivorous bat communities inhabiting premontane tropical wet forests by looking 
at the distribution and number of species active at different hours of the night during different 
moon phases using acoustics 

METHODS  

Study Site  
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The fieldwork was conducted in a premontane tropical wet forest at the CIEE Campus in 
San Luis, Puntarenas, Costa Rica in April 2020. The campus is at an elevation of 1100 meters. In 
the month of April, the average high temperature is 29 degrees Celsius, while the average low is 
18 degrees Celsius (NOAA 2020). The average rainfall for the month of April is about 30 mm 
(NOAA 2020).   

 

 

 

 

 

 

 

 

 

 

 

 

 

Experiment 

 An Echometer (Brown et. al. 1984) was set up at an elevation of 1100 meters in the 
premontane tropical wet forest next to the CIEE campus in San Luis, Costa Rica (Figure 1). 
Recordings were collected from 18:00 pm until 6:00 am for three nights during the waxing and 
full moon, and for two nights during the waning and new moon phases, totaling ten nights in a 
four-week period.  

Data Analysis  

Bat species were identified using the Kaleidoscope software, allowing visualization of the 
bat calls. Each species has a distinct call structure, allowing for relatively easy identification. The 
number of species passes per hour was determined for each moon phase, with a pass defined as a 
series of similar calls likely associated with the same bat passing the recorder (Frank et. al. 
2019). A linear mixed model test was run in order to determine if any statistically significant 
data existed, using the day as a random factor in order to correct for variables such as the number 
of passes due to weather. These tests were performed for the total number of passes in relation to 
moon phase or hour, the total number of species in relation to moon phase or hour, as well as the 

Figure 1. Satellite image of the CIEE Campus in San Luis, Puntarenas, Costa Rica. Source: Google Earth 
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ratio of the total number of species to the total number of passes for moon phase or hour. The 
ratio of species to the total number of passes was used as a measure of evenness.  

RESULTS 

 A total of 595 bat passes were recorded during the ten nights of observation. We found a 
statistically significant difference in the total number of passes in relation to moon phase 
(P=0.007, Table 1) (figure 2). A turkey post-hoc test showed the statistically significant 
difference was specifically between the new moon and full moon phases, with the full moon 
having a much smaller number of bat passes (P= 0.044). There was also a statistically significant 
difference in the total number of passes in relation to hour (P=<0.001, Table 1). The hours of 
18:00pm and 19:00pm appear to show greater bat activity than compared to other hours 
according to the least square means of the data, which were used to correct for the day (figure 4). 
A difference was also found in the number of total species present in relation to moon phase (P= 
0.016, Table 1) (figure 3). The full moon and new moon phases tended to have more species 
active than compared to the waxing moon as shown by the least square means (figure 6). There 
was a difference found in the ratio of total species to number of total passes during the different 
moon phases (P=0.007, Table 1). The full moon appeared to have a higher ratio of total species 
to passes when compared to the other phases (Figure 7). There was also a difference in the ratio 
of total species to number of total passes found when considering the hour of the night 
(P=<0.001, Table 1).  

 

 

 

DISCUSSION 

I found that the total number of passes varied between moon phases, with new moon 
having the highest number, and full moon having the lowest number of passes. Bat activity may 
have been lower during the full moon as a direct response to light conditions (Usman et. al. 
1980). Previous studies have shown that light intensity plays a strong role in the activity of bats 
in tropical forests, possibly due to the increased likelihood of being seen by predators (Usman et. 
al, 1980). However, other studies suggest that the scarcity of bats during the full moon is due to 
the limited availability of prey, as opposed to the avoidance of predators (Lang et. al. 2005). We 
suggest that further studies be conducted to better understand the reasons that bats appear to be 
less active during the full moon in tropical forests.  

The new moon and full moon seemed to have a greater diversity of bat species active at 
night than compared to the waning and waxing moon (Figure 6). Additionally, the full moon had 

 Passes Species Species/Passes 
Model Term df χ2 P χ2 P χ2 P 
Moon Phase 3 12.2 0.007 10.3 0.016 12.1 0.007 
Hour  24 63.4 <0.001 21.2 0.624 54.0 0.004 

Table 1. Results of the liner mixed model analysis measured as the total number of passes, the 
total number of species, and the ratio of the total number of species to the total number of passes 
related to hour or moon phase.  
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the highest ratio of species to passes, suggesting a high evenness (Figure 7). If bats are truly 
influenced by light intensity, then it would make sense for there to be high species diversity 
during the new moon, when it is likely the darkest. However, this would not explain the high 
diversity of species found during the full moon. But we must also consider that although there 
was a high diversity of bat species recorded, the overall number of passes was lowest during the 
full moon. So, although more species may have been out during the full moon, their overall 
activity was low.  

A difference was also found in bat activity depending on the hour of the night, with most 
activity recorded during 18:00pm and 19:00pm. There was also a very high diversity of species 
present at these times. This could be due to the sunset, where bats may be emerging from their 
roosts in swarms at this time. E. fuscus was one species commonly active at this time, and this 
species can roost in colonies ranging from five to seven hundred individuals (Davis et. al. 1968). 
This would provide an explanation for the high number of passes recorded at dusk. However, 
this explanation would only apply to bat species that roost in groups. D. albus was another bat 
species that was highly active at this time, and this species is solitary, except during breeding 
periods where they roost in small groups (Chiroptera Specialist Group 2004).  

Overall, this study does not offer resounding evidence for temporal niche partitioning in 
insectivorous bats. It was expected to see that individual species not foraging during the same 
time as other species to reduce competition and interference. However, in most all cases, several 
bat species were found to be foraging at the same time. There are a few times that only one 
species was observed during a particular hour, but these cases were scarce. While our results do 
not provide strong evidence in favor of temporal niche partitioning in tropical bat communities, 
it does offer support to previous studies regarding bat behavior in relation to lunar cycles and 
light intensity. My findings provide important information that can be used to understand the 
influence of artificial light sources when converting natural environments into urban areas on 
bats ecology and behavior.  
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Figure 2. Bat activity per hour broken down by species and separated by moon phases. The most active hours are 
18:00 pm and 19:00 pm. D. albus, M. ater and T. brasiliensis had the highest foraging activity except during the new 
moon.  
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Figure 3. Average number of passes per individual species during different moon phases. T. brasiliensis, M. 
ater, L. blossevillii, and D. albus appeared to be the most active species. L. blossevillii was highly active 
during one night of the new moon, which accounted for most all of this species activity.  
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Figure 4. Number of total passes per hour compiled from all ten nights of data. 18 pm and 19 pm had 
the highest recorded levels of bat activity.  
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Figure 5. Total number of passes found per moon phase, represented as least square means. The full 
moon had a significantly smaller number of total passes than compared to the new moon. Least square 
means are presented with one standard error.   
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Figure 6. Number of bat species active during each moon phase, represented as least square means. The new 
and full moon appeared to have the highest number of species active. The waxing moon had a significantly 
lower number of species active than compared to the full and new moon. Least square means are presented 
with one standard error.   
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Figure 6. Number of bat species active during each moon phase, represented as least square means. The new and full 
moon appeared to have the highest number of species active. The waxing moon had a significantly lower number of 
species active than compared to the full and new moon. Least square means are presented with one standard error.   
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Figure 7. Ratio of total number of species to total number of passes, represented as least square means. The 
full moon had a significantly higher ratio of species per pass than compared to the waning and waxing 
moon phases. Least square means are presented with one standard error.  
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Temporal Niche Partitioning of Insectivorous Bats in a 
Premontane Tropical Wet Forest, Costa Rica  

Mary Fuchs 

Abstract 
Determining niche partitioning within a species is important to understand the relationships 
within a community. Studies suggest that acoustics can be used to determine insectivorous bat 
species’ niche partitioning. I measured insectivorous bat’s foraging calls in a premontane tropical 
wet forest to determine whether these species use temporal niche partitioning to coexist. I found 
differences in the species number, number of passes and ratio of passes/species between each 
hour. These measures tested evenness within time and species passes, concluding that most 
foraging occurred in the first half of the night with 10pm displaying the most foraging. These 
results lead us to determine that temporal partitioning is occurring between hours of the night. 
Perhaps the trends of temporal partitioning within these species may be further explained by 
factors such as fragmentation, light exposure, and temperature. 
 
RESUMEN 
Determinar partición de nicho dentro de las especies es importante para entender las relaciones 
dentro de una comunidad. Estudios sugieren que la acústica puede ser usada para determinar 
partición de nicho en especies de murciélagos insectívoros. Medí las llamadas de forrajeo de 
murciélagos insectívoros en un bosque tropical húmedo pre-montano para determinar si estas 
especies realizaban partición temporal de nicho para coexistir. Encontré diferencias en el número 
de especies, número de pases y radio de pases/especies entre cada hora. Estas mediciones 
probaron uniformidad entre el tiempo y pases de murciélagos, concluyendo que la mayoría de 
forrajeo ocurría en la primera mitad de la noche, mostrando las 10pm como la tasa más alta de 
forrajeo. Estos resultados nos llevan a determinar que la partición temporal está ocurriendo entre 
las horas de la noche. Probablemente, la tendencia de partición temporal de nicho en estas 
especies puede explicarse aún más por factores como fragmentación, exposición a la luz y 
temperatura.  
 
Introduction 
Niche partitioning is a process in which species within a community split the resources, 
spatiality, and temporality. With interspecific and intraspecific competition, species sharing the 
same space, resources, or foraging patterns must specialize in order to best survive together. For 
example, ant foraging was recognized to consist of spatial and temporal niche partitioning. 
Common species were active at different times of the day and their foraging patterns were in a 
shifting spatial mosaic (Albrecht & Gotelli 2001). In anurans, species partitioning varied at 
trophic levels, and when similar species overlapped, they specialized in different insect diets and 
resided in different habitats to reduce competition (Cloyed & Eason 2017). Adaptations through 
niche partitioning allow a species to thrive and evolve. For example, three-spined sticklebacks 
evolved based on resource competition. Higher fish density led to dietary expansion in addition 
to behavioral changes of the fish (Svanbäck & Bolnick 2007). Niche partitioning can be 
measured in various ways including acoustic sampling for species like bats that use echolocation 
to forage.  
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In bats, echolocation and wing morphology tend to overlap in foraging habits. When there are 
differences between the morphology and echolocation bats display different habitats and diets 
(Emich et al, 2014) , (Aldridge & Rautenbach, 1987) (Mancina, Gracia-Rivera & Miller, 2012). 
In the Swiss Alps, echolocation was used to measure the acoustics of a bat genus Plecotus. The 
genus could be identified for its signal structure. Overlapping signal structure of a bat was found 
to be an identifier for similar niches within the genus (Dietrich et al, 2006). Plecotus’ diet 
consists of mainly Lepidoptera, but spatial parameters of the bats affected specific dietary 
differences within the Lepidoptera family, depending on the specific Lepidoptera’s habitat in 
relation to the bat’s habitat. (Ashrafi et al, 2011). The Plecotus exemplified resource and spatial 
partitioning to coexist. Acoustics can be a promising method for identifying temporal 
partitioning, foraging at different times to decrease competition. Peak times of nocturnal insect 
activity coincided with temporal activity of bats (Kunz, 1973). By using acoustics, bats can be 
identified through their niche partitioning, especially when looking to understand temporal 
partitioning. Few studies evaluate the relationship between insectivorous bats and temporal niche 
partitioning.  

This study aims to evaluate whether insectivorous bats in a premontane tropical wet forest in 
Costa Rica exhibit temporal niche partitioning. Bat foraging calls will be recorded and measured 
to determine any temporal patterns. It is expected that bats of similar species would display 
temporal niche partitioning since their diets may overlap. Furthermore, if all detected species are 
sharing a habitat then temporal niche partitioning should be displayed to reduce competition. 
Information from this study will let us understand foraging habits and coexistence of 
insectivorous bat species in a premontane tropical wet forest 

Methods  
Study Site. The fieldwork was conducted in a premontane tropical wet forest, at the CIEE global 
Campus in San Luis, Puntarenas, Costa Rica, in April 2020 (Figure 1). Climate in April has the 
highest temperature of the year with a high of 29 degrees Celsius and a low of 19 degrees 
Celsius. Rainfall in April is averaged at 53mm with about 10 days of the month being rainy. 
There are about 12.4 daylight hours with 7 of those being sunshine hours. The elevation of this 
area is around 1090m. (Weather Atlas). 
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Figure 1. CIEE Global Campus, Costa Rica aerial view from Google Maps.  

.  

Data Collection. This study analyzed foraging times of insectivorous bats in the region. To do 
this an echometer was attached to an iPad which was placed in a bin at the CIEE Global Campus 
and faced upward toward the sky. The echometer is a technological resource that captures 
frequencies that are unheard to the human ear. These frequencies can then be displayed on a 
screen for analysis. The acoustic recordings occurred from 6pm through the hour of 6am to track 
the foraging times. Recordings were done 3 consecutive days each week for 4 weeks. There was 
a total of 12 days recorded across all 4 moon phases. Kaleidoscope software by Wildlife 
Acoustic was used to display the recorded frequencies in kHz. When an individual’s acoustics 
were recorded, it was counted as a pass. Each pass identified a bat species based on their 
foraging calls. 

Statistical Analysis. Linear Mixed Models were conducted. This is a form of a regression model 
that takes into account fixed and random effects. This model was used to compare the number of 
passes (number of individuals that were recorded through the night), number of species, and the 
ratio of species per pass (a measurement of evenness of species) related to both hour of the night 
and moon phase. Day was used as a random factor to account for the influence of weather.   

Results  
Number of Species. There was a difference found between the hours of the night for the number 
of species (X^2=44.89; df=14; p<0.001). No statistical differences were detected between 
different moon phases. We identified 19 species foraging at different hours of the night. The 19 
identified species were Diclidurus albus, Eptesicus brasiliensis, Eptesicus fuscus, Eumops sp., 
Lasiurus blossevillii, Lasiurus ega, Lasiurus intermedius, Molossus ater, Molossus greenhalli, 
Molossus molossus, Molossus sinaloae, Myotis keaysi, Myotis nigricans, Myotis riparius, 
Natalus stramineus, Nyctinomops laticaudatus, Peropteryx macrotis, Pteronotus spp., and 
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Tadarida brasiliensis. Some species like T. brasiliensis and N. laticaudatus foraged at all hours 
of the night with the exception of one hour. None of the hours appear to hold all 19 species 
foraging. Though, some hours had more species foraging. M. Sinaloae and N. laticaudatus 
display similar foraging patterns. Since moon phase was not determined to be significant, species 
are charted based on time (Figure 2).  
 

 
Figure 2. Number of species throughout the hours of the night. The total number of passes that were 
recorded for each species at each hour over the 12 days in the month are displayed. SD=215.53 
 
Number of Passes. I found differences between hours of the night regarding the number of 
passes (X^2=26.85; df=14; p=0.020). Foraging displays a slight increase in activity between 6pm 
and 7pm before it decreases at 8 pm, and then goes on to reach its peak at 10pm. After 10pm, 
foraging decreases throughout the rest of the night. There appears to be no pattern in rate of 
decrease or increase from hour to hour (Figure 3). No statistical differences were detected 
between different moon phases.  The new moon presents more than double the number of passes 
compared to the waxing, waning, and full moon (Figure 4).   
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Figure 3. Number of passes at each hour of the night. The total number of individuals at each hour 
represent the sum of each species within the respective hour. All moon phases and each night are 
incorporated in this chart (12 days). SD=123.48. 
 

 
Figure 4. Number of passes at each moon phase. The total number of individuals at each moon phase 
represent the sum of all passes within the respective nights of each moon phase. All passes and each night 
are incorporated in this chart (12 days). SD= 313.69. 
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Ratio of Species/Pass. There was a difference between the hours of the night in regard to the 
ratio of species/pass (X^2=25.71; df=14; p=0.028). This measures evenness of the species in 
relation to the number of passes in a given hour. No statistical differences were detected between 
different moon phases. Out of the 19 recorded species present in the study, various numbers of 
each species were observed. N. laticaudatus foraged the most in this study followed by M. 
sinaloae. Some species like M. keaysi, M. Molossus, and P. macrotis were recorded the least 
(Figure 5). 
 

Figure 5. Ratio of species/pass. Rate of a species is based off the number of bats recorded for a given 
species divided by the total number of passes. These numbers are from all 4 moon phases (all 12 nights). 
Total of all species percentages add up to 100. SD= 17.961 
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Discussion 
Number of passes. This study found there to be a significant difference with the number of 
passes in different hours of the night, and, though moon phase was found to be not significant, 
it is probable that it influenced the foraging hours. This is likely since different times of nights 
have varying levels of moonlight, which has been found to affect bat foraging (Meyer et al, 
2004). In addition to light exposure, other factors could have influenced these results. Some 
studies in various tropical locations around the world have indicated that the foraging time of 
aerial insectivorous bats tend to favor earlier hours in the night just after dusk (Jung&Kalko, 
2010, Appel et al. 2017, Barclay, 1985), but this study’s findings contradict those results in that 
the most foraging happened at 10pm. However, it has also been suggested that climate and 
weather can influence insect abundance throughout the year (Barclay, 1985), possibly 
explaining why the results of this study contradicts previous studies. Similarly, trends of a 
decrease in foraging after midnight do coincide with trends from the other studies. Perhaps 
foraging was highest at 10pm because there was a higher abundance of insects. In tropical 
forests of Costa Rica beetle richness and abundance densities were higher in the earlier hours of 
the night (6pm-11pm) than the later hours (12am to 5am) (García-López et al 2011), and 
insectivorous bats were recorded to forage when higher moth densities were present (Meyer et 
al, 2004). These two studies support the idea that bat foraging could be related to insect 
abundance, but more experimentation would need to be conducted in order to support this 
theory.  
 
Number of species. It was determined that hours of the night influence the number of the 
species foraging, but moon phases had no significant impact on foraging patterns. However, 
though there was no statistical significant difference between species regarding moonlight, the 
new moon displayed more than twice the amount of species foraging, partly due to that fact that 
M. sinaloae appeared in large numbers. Additionally, both M. riparius and M. sinaloae, only 
appeared during the new moon (when there is the least amount of moonlight). It has been 
determined that moonlight does influence foraging activity but only in some species. When the 
moon shines brighter, species may be more exposed to predators. In support with my findings, 
M. riparius responded negatively to moonlight when foraging (Appel et al. 2017). Another 
thing to consider is the location of the study, and the probability of artificial light exposure. In 
temperate climates, it is noted that slower flying bats prefer darker lighting for foraging. 
Though it was determined that this does not always parallel in tropical environments, it is 
possible that it could influence the foraging behavior. Myotis riparius was identified as a slow 
edge forager, which could also explain why they were only recorded during the new moon 
phase (Frank et al. 2019).  When considering the slower pace of foraging in M. riparius, it 
makes sense that they might prefer to forage in darker lit habitats to avoid predation. M. 
sinaloae was not recorded in the light studies and there is little to no information known about 
the species; therefore, more information about the species would need to be determined to 
explain the behavior. Perhaps M. sinaloae maybe a slower forager like M. riparius and prefer 
darker lit habitats, which would explain why they were solely recorded at the new moon phase. 
A high number of passes was recorded for both species which could increase their exposure to 
predators, also explaining why they could prefer darker habitats. Another species that sticks out 
more than others is N. laticaudatus. This species was recorded almost every hour of the night 
and in high abundance most hours. Similarly, in Brazil, N. laticaudatus was found the most in 
an ecotourism area. They found that N. laticaudatus are normally recorded in large quantities 
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(Cunha et al. 2009), which can explain why there were such large numbers recorded in this 
study. 
 
Ratio of species/pass. There was a significance determined in the evenness of the species 
foraging within the hours of the night. Based on the large presence of N. laticaudatus in this 
study, we could suspect that this species resides within the habitat of the campus or that they 
are more abundant in these disturbed regions. However, it could be possible that this species’ 
foraging activity could be due to their size. In Brazil, it was found that larger bat species will 
forage for longer periods of time since larger bugs are rarer than smaller bugs. Because of the 
larger size of the bat it would be necessary for them to consume more larger bugs or just more 
bugs in general for metabolic purposes (Esbérard & Bergallo, 2008). Therefore, it might make 
sense that N. laticaudatus has such a high presence in this study if it is considered relatively 
larger than the other species. Perhaps this concept may apply to all the recorded species in this 
study and explain why some species have smaller ratios of foraging than others. However, for 
some of the species that rarely appeared like M. keaysi, M. Molossus, and P. macrotis, other 
previously discussed factors like light and habitat could also be an influence. Another concept 
that could explain these trends in evenness is latitudinal gradient. It has been found that the 
gradients of the Guanacaste and Puntarenas regions in Costa Rica display over 50% evenness of 
bat communities (with some regions larger than others) (Stevens& Willig, 2002).  With these 
numbers in mind it makes sense that species evenness was determined throughout the night.  
 
Conclusions. The significant results of species, passes, and ratio of species to passes related to 
hour can suggest that temporal partitioning is occurring in the insectivorous bat species of a 
premontane tropical wet forest. In order to expand on the information gathered in this study, 
methods like fecal analysis could help to understand the diet of the bat species, various study 
sites could elude to potential spatial partitioning, explaining why some bat species were only 
recorded once, and support the results of temporal partitioning. While it is apparent that 
temporal partitioning is occurring within the premontane tropical wet forest, looking at factors 
like habitat, temperature, and light could help to further explain niche partitioning trends 
amongst bat species.  
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Temporal Niche Partitioning in Neotropical Insectivorous Bats 

Colby Poerio 
 

Abstract 
 Determining niche partitioning in tropical bat species is important to 
understand what is causing their behavior and driving evolution. Some studies 
indicate insectivorous bats show temporal niche partitioning in order to reduce 

interspecific competition, however little is known about aerial insectivorous 
tropical bats as they are challenging to capture and study. We measured the 
presence of different bat species per hour over 10 different days across all 4 moon 

phases. Bat echolocation was recorded in San Luis, Puntarenas, Costa Rica, as each 
bat species has a specific echolocation frequency and pattern and can be identified 
by their echolocation. This was done to assess if interspecific competition was 
causing different bat species to temporal partition and feed during different times of 

the night. While some bat species preferred to feed within a few hours, many bat 
species were present evenly throughout the night, indicating that neotropical 
insectivorous bats studied did not show temporal niche partitioning.  
 

Resumen 
Determiner la partición de nicho en las especies de murciélagos tropicales es 

importante para determiner que esta causando su comprtamiento y derivando su 

evolución.  Algunos estudios indican que los murciélagos insectivoros muestran 
partición de nicho temporal para reducer la competencia interespecifica, sin 
embargo se conoce poco de los murciélagos insectívoros áereos tropicales ya que 
son complicados de capturer y estudiar. Medimos la presencia de diferentes 

especies de murciélagos por hora en 10 días diferentes a través de todas las 4 fases 
lunares.  La ecolocalización de los murciélagos se grabaron en San Luis, Puntarenas, 
Costa Rica, ya que cada especie de murciélago tiene una frecuencia y patron de 
ecolocalización específico y pueden ser identificados por su ecolocalización. Esto se 

llevo a cabo para determinar si la competencia interespecífica causa que diferentes 
especies de murciélagos muestran partición temporal y se alimentan durante 
tiempos diferentes en la noche.  Mientras algunas especies de murciélagos prefieren 

alimentarse durante unas pocas horas, varias de las especies están presentes 
equitativmante a lo largo de la noche, indicando que las especies de murciélagos 
insectivoros neotropicales estudiadas no muestran partición de nicho temporal. 
 
 
Introduction 

Competition is an important biological process that fuels community 
assemblage and can affect species fitness (Dutta et al., 2017). In nature, competition 

occurs when organisms or groups of organisms, have a shared, limited resource 
(Gause, 1969). If organisms are competing for resources, they must attempt to 
acquire them as efficiently as possible (Gause, 1969). This means the fitter, more 
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adapted organisms will be better able to acquire the resources and will outcompete 
the other organisms, driving evolution (Gause, 1969). Competition can occur 

between organisms of the same species as intraspecific competition, or between 
multiple species as interspecific competition (Li et al, 2020).  

Because organisms are competing for a limited resource, competition is 
harmful to both species: even if one species is outcompeting the other, the resource 

is more difficult to acquire due to competition. Because of this, it is generally 
beneficial for organisms to reduce competition as much as possible. Many species 
will reduce competition by niche partitioning, meaning different species will begin 
to occupy different niches or utilize resources in different patterns (Vacher et al., 

2016). This, however slight, reduces interspecific competition and helps to 
maximize species fitness (Vacher et al., 2016).  There are different types of niche 
partitioning, especially regarding competition for food. Some species will adapt to 

use different resources or use the same resources in different spaces. Some species 
will adapt to catch their prey at different times: this is known as temporal 
partitioning. For example, the common spiny mouse, Acomys cahirinus, and the 
golden spiny mouse, Acomys russatus, are two ecologically similar species found in 

the deserts of Southern Israel. The two species evolved from a nocturnal common 
ancestor, but the benefits of temporal partitioning have caused A. cahirinus to be 
nocturnal and A. russatus to be diurnal. This is done so that they are not directly 
competing for food at the same time. This behavioral change is drastic, as Israeli 

desert temperatures can experience a huge range between night and day, meaning 
A. russatus needed to change its water needs and metabolism in order to become 
diurnal (Kronfeld-Schor et al., 2001). However, even slight alterations in behavior 

will allow for enough temporal partition to reduce competition (Kronfeld-Schor et 
al., 2001).  
 Some nocturnal species niche partition in ways that have less extreme effects 
on behavior. Previous studies have shown that many co-existing species of bats have 

similar morphologies (Nicholls & Racey, 2006). This indicates that their resource 
partitioning is more heavily impacted by echolocation and foraging strategy than 
morphological adaptations. Two insectivorous bat species of the genus pipistrellus, 
common in the British Isles, are found to implement significant spatial partitioning 

even though they are morphologically very similar, as it was shown intraspecific 
habitat use overlap was significantly greater than interspecific overlap (Nicholls & 
Racey, 2006). This suggests different bat species use a variety of niche partitioning 

techniques to help reduce competition.  
 However, little research has been done regarding niche partitioning on 
certain groups of bats. Aerial insectivorous bats found in the neotropics have 
advanced echolocation skills and fly very high, meaning they can evade mist nets 

and thus are hard to capture and study outside of caves (Bader et al., 2015). 
However, it is important to collect data on these species as they can make up 30-
50% of local assemblages in the neotropics (Bader et al., 2015) and can help to 
contribute to overall knowledge of bat competition and behavior. Additionally, it is 

shown that some neotropical bat species show lunar phobia, meaning their presence 
is effected by the light levels given off by the moon, but this research is inconclusive 
(Lang et. al., 2005). Therefore, in this study, I aim to record echolocation calls to 
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assess bat foraging activity by hour and by moon phase to determine if neotropical 
insectivorous bats with similar diets are temporally partitioning throughout the 

night to reduce competition in a tropical premontane wet forest.  
 
Methods 
Study site 

This study was conducted at the Council for International Educational 
Exchange campus located in San Luis, Costa Rica (Figure 1). The campus is at 
10°283’N, -84°800’W and is in a tropical premontane wet forest at 1100m above sea 
level. The average temperature is 18.75°C and precipitation 3.2m/year, and have a 

rainy season from May to November and a misty season from November to 
December, with the rest of the year being a dry season.  

 
 

Figure 1. Location of the study site in San Luis, Puntarenas, Costa Rica. The Council for International 
Education Exchange campus is marked on the right as ‘University of Georgia Costa Rica Campus’. 
Scale: 1in=500m (Google, n. d.)  

 
Data Collection 
 An Echo Meter Touch, a device that records frequency calls (Frank et. al., 
2018), was connected to an iPad which was placed on a table, using a box to point 

the iPad up towards where the bats would be flying. It was left to record 
ultrasounds from 6:00pm to 5:30am for 10 nights over a four week period in April. 
There were three nights of full moon, three nights of waxing moon, two nights of 

new moon, and two nights of waning moon. The Echo Meter only records the few 
seconds where high frequency sound is detected. The Kaleidoscope software was 
used to display each file picked up by the recording as an image of the echolocation 
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in seconds versus frequencies by converting the files to zero-crossing files. Each 
image was considered one ‘pass’ as each one represented one bat call as it moved 

past the iPad. Each image was matched to the image of the already known specific 
echolocation for each species. All data points were entered into Excel with the moon 
phase, bat species, and time recorded.  
 

Statistical analysis 
 Three separate statistical analyses were done. Firstly, a linear mixed model 
test was performed to compare the average bat activity for four different moon 
phases, full, new, waning, and waxing, at each hour. A linear mixed model test was 

also performed to compare average bat activity per hour. Both of these tests were 
normalized with a logarithmic function. The ratio of total species to total passes per 
hour and moon phase assesses the evenness of the bat species as a higher number 

would represent a larger number of different species whereas a lower number 
would indicate that most of the passes were of the same species. This was also 
calculated with a linear mixed model test. In all three of these tests, day was a 
random factor to account for different weather on each day.  

 
Results  
 A total of 670 bat passes were detected over 10 days. An average of 164 
passes were recorded for each of the four moon phases. For all four moon phases, 

there were some species that were present for only a few hours or significantly 
increased in abundance over a few hours, such as Diclidurus albus during the full 
moon (Figure 2) or Eptesicus fuscus during the new moon (Figure 3).  Some species 

were present throughout the entire night, such as Tadarida brasilensis during the 
waning moon (Figure 4). Many species were only recorded either once or twice 
throughout the entire night, especially during the waxing moon where 8 separate 
bat species were recorded 4 times or less (Figure 5).   
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Figure 2. Abundances of different insectivorous bat species in a Costa Rican premontane tropical wet 
forest per hour during three different nights of a full moon. The data was recorded starting at 18 
(6:00pm) through 5:30am of the next day (11.5 hours total). A total of 151 passes are represented.  
 

 
 
Figure 3. Abundances of different insectivorous bat species in a Costa Rican premontane tropical wet 
forest per hour during three different nights of a new moon. The data was recorded starting at 18 
(6:00pm) through 5:30am of the next day (11.5 hours total). A total of 133 passes are represented.  

 
 

 
 
Figure 4. Abundances of different insectivorous bat species in a Costa Rican premontane tropical wet 
forest per hour during three different nights of a waning moon. The data was recorded starting at 18 
(6:00pm) through 5:30am of the next day (11.5 hours total). A total of 78 passes are represented. 

150



 
Figure 5. Abundances of different insectivorous bat species in a Costa Rican premontane tropical wet 
forest per hour during three different nights of a waxing moon. The data was recorded starting at 18 
(6:00pm) through 5:30am of the next day (11.5 hours total). A total of 274 passes are represented.  

 
The average number of passes per moon phase showed that the number of 

passes was highest during the waxing phase (P=0.0089, Figure 6, Table 1). 

Additionally, the number of species present during each moon phase was highest 
during the waxing phase (P=0.0032, Figure 7, Table 1). Finally, the number of 
species per pass was significant per hour (P=0.011, Table 1) but not significant by 
moon phase (P=0.434, Table 1). Overall, while these p-values are significant, the 

evenness of most of the bat species in Figures 2-5 indicates that most bat species are 
even throughout many hours of the night regardless of the presence of other bat 
species and therefore are not showing temporal partitioning.  
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Figure 6. The average number of passes per moon phase for four different moon phases of 
insectivorous bat species in a Costa Rican premontane tropical wet forest. P=<0.01. bars are +/- one 
standard error.  

 

 
Figure 7. The average number of species per moon phase for four different moon phases of 

insectivorous bat species in a Costa Rican premontane tropical wet forest. P=<0.01. bars are +/- one 
standard error. 
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Table 1. Results of three linear mixed model tests used to compare the average bat activity 
(represented as both total passes and total number of species) over four different moon phases at 
each hour, average bat activity per hour, and the ratio of total species to total passes per hour. 
 Passes Species Species/passes  

Model term df x2 P-value x2 P-value x2 P-value 

Moon phase 3 11.596 0.0089 13.768 0.0032 2.735 0.434 

Hour  12 52.657 4.7e-07 83.777 7.8e-13 25.918 0.011 

 
 

 

Discussion 
 While some moon phases show certain bats peaking in activity over just a 
few hours instead of all night, overall, the data does not support that the bats 

observed are showing temporal partitioning. When one species seems to be active 
mainly for a few hours of the night, such as Diclidurus albus during the full moon and 
Epesicus fuscus during the new moon, all other bat species would try to avoid those 
hours in order to avoid competition if temporal partitioning was occurring. The 

overall number of species compared to hour and moon phase was significant, 
meaning that more species were abundant for certain hours or during certain moon 
phases. However, most species were only present a few times each hour during the 
full and new moons whereas D. albus and E. fuscus had 30 and 53 passes, 

respectfully, in one hour. Because the statistical analysis was not done with each 
individual species, the significant p-value may only indicate a lack of evenness in D. 
albus and E. fuscus passes rather than evenness in every species. The evenness of 

other species as seen in Figures 2 and 3 suggests that other bat species are not 
adjusting their feeding to avoid feeding at the same times as D. albus and E. fuscus 
and therefore the bats are not showing temporal partitioning. The waning and 
waxing moon phases also do not suggest temporal partitioning is occurring: in all 

four moon phases (Figures 2-5), the feeding of each individual bat species does not 
seem to be effected by the presence or absence of other bat species, meaning that 
the bats are not showing temporal partitioning as a way of reducing competition. If 
temporal niche partitioning were occurring, the number of bat species present per 

hour would be more even, reducing competition between species as much as 
possible by having the lowest number of species present at any one time. 
 The overall number of passes per hour and moon phase was significant. This 

indicates that bats are more present during the waxing moon phase than they are 
during any other phase. Some species of bats have been known to exhibit lunar 
phobia, meaning that they are not as active during the full moon because the high 
levels of light make it easier for predators to locate the bats (Lang et. al., 2005). This 

concept is supported by the finding that bats living on islands where predators are 
scarce do not exhibit lunar phobia because changes in light level do not affect their 
predator’s success (Lang et. al., 2005).  However, lunar phobia is not always seen in 
bats: whether temperate bat species exhibit lunar phobia is unclear (Lang et. al., 

2005), and one study has found that light levels have no effect on insectivorous bat 
presence in the afrotropics (Musila et. al., 2019). My findings indicate that the bat 
community studied is statistically significantly more present during the waxing 

moon phase. While this may be because there is less of a threat of predation due to 
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the light levels of the waxing moon, other studies that support bats exhibiting lunar 
phobia do not show bat activity to peak during the waxing moon phase (Lang et. al., 

2005). Thus, whether or not the bat community studied exhibits lunar phobia to 
avoid predation is unclear.  
 My findings indicate that bats do not need to temporal niche partition in 
order to reduce interspecific competition. This may be because the resources 

change throughout the night. If more insects are present at one time during the 
night, then that shared limited resource becomes less limited, and thus competition 
is less strong, so it may be beneficial for many species to be out at the same time 
during more optimal temperature or light conditions if an increase in insect 

abundance allows many of them to feed at the same time. Additionally, there is an 
assumption that all insectivorous bats in this study have similar diets, but this may 
not be the case. Different bat species may be different sizes, they may eat different 

types or sizes of bugs, or they may fly at different heights. Instead of temporally 
niche partitioning, the different bat species may be resource partitioning, with 
different species of bats consuming different types of bugs, or spatial partitioning, 
with different bat species flying at different heights to avoid each other. If this is the 

case, then intraspecific competition would be stronger in the insectivorous bats than 
interspecific competition because conspecifics are competing for a more limited 
resource. Thus, it may be more advantageous for individual bats of the same species 
to feed at different times regardless of the presence of other bat species to reduce 

competition. These findings can help to indicate what is driving the evolution of 
neotropical insectivorous bats as interspecific competition, indicated by temporal 
partitioning, versus intraspecific competition will effect which traits are more 

advantageous to bat fitness. This also helps to illustrate the larger picture of how 
these different bat species are interacting overall: because the bats in the 
community studied are showing higher levels of intraspecific competition, as 
anthropogenic activity causes bats to die off, the forces driving evolution in the bat 

community may become weaker.  
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