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The role of habitat type on soil microfungal community diversity in 

Monteverde, Costa Rica 

Dan Gonzalez 

Environmental Science and Sustainability Department , Allegheny College, USA 

ABSTRACT 

Fungi are an understudied kingdom, and the effect of habitat disturbance on fungi community 

composition is unknown. Furthermore, it is unknown if microfungal communities in restored habitats 

mimic that of undisturbed habitats or disturbed habitats. In order to understand the effect of habitat on 

microfungi community composition, specifically species richness, glass jars full of rice were buried at 

each site. These traps were designed to grow microfungal communities found on the soil on the rice. 

These rice traps could then be taken to the lab for further identification and analysis. Sites were along a 

disturbance gradient: one site at an active farm, one with a history of agriculture, and the last being an 

undisturbed forest. Among these three sites, the species diversity was lowest at the active coffee farm 

with an average of 1.667 genera. The ecological reserve, named Finca Ecológica, had the highest average 

of 5 genera. Finally, the undisturbed forest had an average of 4 genera. The difference was only 

significant between the coffee plantation and the other two sites. This study is important to understand the 

effects on fungal biodiversity as land degradation continues to grow and habitats where microfungi are 

found change rapidly. 

RESUMEN 

Los hongos son un grupo de organismos muy poco estudiado, y el efecto de la alteración de los hábitats 

en la composición de la comunidad de los hongos es desconocido. Además, es desconocido si 

comunidades de micro hongos en hábitats restaurados son similares como ellos en hábitats alterados o 

intactos. Para entender el efecto de hábitat en la composición de las comunidades de los micro hongos, 

específicamente riqueza de especies, frascos de vidrio lleno con arroz fueron enterrados en todos los sitios 

en este experimento. Estas trampas fueron diseñadas para crecer comunidades de micro hongos que se 

encuentran en la tierra. Estas trampas fueron analizadas en el laboratorio para identificación de especies. 

Los tres sitios representaron un gradiente de uso del suelo: una plantación de café, un sitio restaurado 

previamente usado para agricultura y un bosque secundario. Entre estos tres sitios, la diversidad de 

especies fue más baja en el sitio activo de café con un promedio de 1.667 géneros. La Finca Ecológica 

tuvo el promedio más alto con 5 géneros. Finalmente, el bosque intacto tuvo un promedio de 4 géneros. 

La diferencia de riqueza de especies fue estadísticamente significativa solamente entre la plantación de 

café y los dos otros sitios. Este estudio es importante para entender los efectos en biodiversidad de los 

micro hongos durante la degradación de la tierra continúa a crecer y los hábitats donde se encuentran 

estos micro hongos cambian rápidamente. 

INTRODUCTION 

Fungi are an important kingdom that provides valuable ecosystem services to the world. Fungi 

decompose decaying matter, provide nutrients to plants, protect plants against pathogens, and 

can even help plants increase their growth rates (Hijri & Bâ, 2018). Despite this importance, 
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fungi are severely understudied. Out of the estimated 1.5 million fungi species on earth, only 

about 70,000 were described as of the year 2007 (Hawksworth & Rossman, 1997). This means 

that about 95% of fungi species are unstudied. Even if the number of fungi described was 

doubled, this would still mean that 90% of fungi species would be undescribed. This is especially 

a problem for microfungal communities, as they are not as easily seen as macroscopic fungi and 

are therefore less accessible to study (Paulus, 2004). Because microfungi are so understudied, the 

effects deforestation and land degradation have on microfungi communities are mostly unknown 

(Shi et al., 2019). What we do know is that microfungi have a close relationship with the 

vegetation they surround and some fungi fare better under different conditions than others. For 

example, across the forest disturbance gradient, it was found that more pathogenic fungi were 

found in disturbed areas of the forest while saprotrophic fungi decreased in diversity (Shi et al., 

2019). 

Advancing knowledge of impacts deforestation and land degradation have on microfungi is 

important. Globally about 10 million hectares of forest are cut down every year, 95% of which 

occurs in the tropics (Ritchie & Roser, 2021). Considering that the tropics are biodiversity 

hotspots, this is devastating for the fungal community. Additionally, much of this deforested land 

is converted into agricultural areas, which are polluters of nitrogen (Ritchie & Roser, 2021; 

Zhang, Yan, Guo, Zhang, & Ruiz-Menjivar, 2018). As nitrogen pollution continues to grow, 

microfungi communities can be in danger as nitrogen in the soil can change and lower 

microfungi species richness (Diamond et al., 2015). 

The goal of this study is to understand the effect on habitat type on microfungal community 

composition at Monteverde, Costa Rica. This was done by looking at microfungal communities 

in three areas: a forested habitat with no history of agriculture; an area that was used as a farm, 

and has since been restored to an ecological reserve; and finally, an area that is currently being 

used as a coffee plantation. Looking at the differences in species richness and similarity in 

communities between these sites will hopefully provide important insight on how land-use 

history affects fungal communities and how restored land communities resemble the 

communities of land in current use or that of uncleared forests. Based on previous research, I 

believe that there will be a gradient of diversity where the most diversity is found in the 

undisturbed forest and the least amount of diversity is found in the coffee plantation. Knowing 

how land degradation and past land use affects species richness in microfungi can help us better 

understand and preserve the biodiversity of microfungal communities. 

MATERIALS AND METHODS 

Sample collection 

In this study three sites were visited each with varying levels of disturbance. The first is the 

coffee plantation on the CIEE campus in San Luis, Costa Rica. This area is the most disturbed 

out of the three sites given the fact that these coffee trees were planted recently and the land is 
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currently being farmed for coffee. The next site was disturbed further into the past, as it used to 

be a farm. However, it was restored and turned into an ecological reserve. The last site is in a flat 

part of the forest which has never been disturbed or was disturbed a long time ago. 

A) B)

 
                                                     C) 

Figure 1. Habitat types at CIEE-Monteverde, Costa Rica. A) Coffee plantation, B) Finca 

Ecológica and C) Forest. 

 

At each of these sites, three rice traps were buried. If there was debris on the ground where the 

traps were placed, this debris was placed over the hole before the cage was placed to mimic usual 

soil conditions. 



 

5 

 

A)  

B)  

Figure 2. A) Cages with debris replaced underneath B) Jar about to be buried at the field sites at 

CIEE-Monteverde, Costa Rica. 

To make the traps, glass jars were first cleaned with alcohol and filled with cooked rice. The 

openings were covered in two layers of mesh, which were cut to be slightly larger than the size 

of the opening. After this, rubber bands were used to secure the mesh, and lids were used to 

cover the jars until they were buried. These holes were placed within five meters of each other. 
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The location for these holes was based on if there is any debris, such as roots, inhibiting the 

digging of the hole. Furthermore, these jars were placed near some vegetation or in the shade to 

keep the soil moist and promote fungal growth. Besides these two factors, the location of the jars 

was chosen randomly within the area. Jars were placed in the hole with the lid off and covered 

with dirt. The hole was dug deep enough so that there was one inch of dirt covering the top of the 

jar (Figure 2.) To prevent coatis (Nasua narica, Procyonidae) from digging up and eating the 

rice, holes were covered by a metal cage which was staked down with branches from the area. 

The trowel used to dig the holes was cleaned with alcohol in between each site to prevent cross 

contamination between sites. 

Assessment of microfungi species richness 

Once this was done for all three sites, the jars were left for four days to allow adequate time for 

fungal growth. Originally jars were to be left for five days, but had to be collected early after 

coatis (Nasua narica, Procyonidae) dug up one site. On the fourth day, jars were collected and 

placed in the fridge to keep them from rotting and spoiling. Samples were poured out onto a tray 

and rice grains were examined for any microfungi. Colors of each microfungi were noted as they 

were picked from the pile with tweezers and placed into a labeled petri dish. From these dishes 

samples from each morphotype were taken using tweezers and put onto slides to examine under 

the microscope. One drop of water was placed on each slide and the sample was covered with a 

slide cover. Under a 40x magnification, spore producing structures were examined and used to 

identify microfungi to genera using a picture key (Malloch, 2021). Between each sample, 

tweezers were sterilized using alcohol. Microfungi were categorized to genera based on these 

color and spore producing structures found. If it was unable to be identified to genera, it was 

labeled by color. Species richness for each site was calculated by taking the average of all 

species richness for all jars buried. Lastly, to assess the similarity in microfungi composition 

between sites a similarity dendrogram was built using the vegdist() and hclust() functions of the 

vegan package (Oksanen 2019). All statistical analyses were conducted in the statistical 

programming language R version 4.0.0. (R Development Core Team 2020). 

RESULTS 

In total, 5 microfungi morphotypes were found, four of which were able to be identified to 

genera level. The four identified microfungi were Chrysonilia, Epicoccum, Rhizopus, and 

Trichoderma. The one unidentified mold was a blue mold in which no spore-producing structures 

were found underneath the microscope. A comparison of species richness between the three sites 

revealed that the Finca Ecológia had the highest species richness, followed by the forest, and 

finally the coffee plantation. Using an ANOVA test, these results were found to be statistically 

significant (F= 19.75, d.f.= 2, 6, p-value = 0.002). 
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Figure 3.  Average number of microfungi genera found for each site type. The averages for each 

site were 1.6666 genera∓ .1259 for the coffee plantation, 4 genera∓ .0937 for the forest, and 5 

genera ∓  0 for the Finca Ecológica. 

Furthermore, a Tukey Post hoc test was conducted to determine if species richness was 

significantly different between individual habitat types. The coffee plantation was found to have 

significantly lower species richness than both the forest and Finca. When comparing the Finca 

and the coffee site using this test, the data was found to be statistically significant (F= 19.75, 

d.f.= 2, 6, p-value = 0.002). When comparing the coffee site and the forest. This data was also 

found to be statistically significant (F= 19.75, d.f.= 2, 6, p-value = 0.01). Finally, when 

comparing the forest and the Finca, it was found that the difference in species richness between 

these sites was not statistically significant (F= 19.75, d.f.= 2, 6, p-value = 0.237). 

In addition, the similarity dendrogram shows which sites are more similar to each other based on 

their microfungi composition (Figure 7). As one can see, the jars from the forest and Finca site 

have similar microfungi communities as they are together on the same branch. This result is 

consistent with my previous results shown in Figure 6. 
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Figure 4. Cluster dendrogram showing similarities of species composition between individual 

jars/sites at CIEE-Monteverde, Costa Rica. 

DISCUSSION 

Differences in microfungal communities were found to be statistically significant between some 

sites. Specifically, species richness for the coffee site was found to be significantly lower than 

both the Finca Ecológia and forest. This lines up with results from other studies  where fungal 

communities have a lower species richness in response to plant communities disturbance 

(Osburn et al., 2019). This study found that because of microfungi’s relationships with plants, 

once these plants are removed or disturbed it can drastically change microfungal communities. 

Perhaps fungal species richness was lower in the coffee site because this was the only area in 

which the ground did not have plant or leaf litter cover. 

Another possible explanation for the significantly lower species richness from this site is because 

this was the only area in which the jars were disturbed by coatis (Nasua narica, Procyonidae). 

Furthermore, every single jar from this site was uncovered for an unknown number of days. This 

means while the jars from the other two sites were covered by dirt, the jars from the coffee site 

could have been exposed to only air. Additionally, the coatis (Nasua narica, Procyonidae) ate 

almost half the rice from each jar, meaning that the fungi would have less substrate to grow on. 

These factors could have all contributed to the lower species richness found at the coffee site. On 

the flipside, perhaps the Finca and the forest have higher species richness due to there being 

greater plant diversity at both of these sites than the coffee plantation. The coffee plantation was 

fairly homogenous when it came to types of plants in the area. The main plant growing in the 

area was the coffee trees themselves. While the forest and the Finca had a wide diversity of 

plants growing at the sites. Because fungi have close relationships with plants, perhaps the 

greater plant diversity at the Finca and forest lead to greater microfungi diversity as well. 
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While there was a difference in species richness found between the Finca and the forest sites, it 

was not found to be significant. This could be explained, however, by one study looking at the 

effects of habitat disturbances on microbial communities. This study found that fungal species 

richness in soil increased with human disturbances such as trampling (Adelizzi et al., 2022). This 

means that although the Finca is more recently and frequently disturbed by humans than the 

forest, these disturbances may actually have a positive effect on microfungal communities. 

However, no conclusive evidence on this matter was found in this study. 

Earth’s forests continue to be rapidly cut and nitrogen pollution is reaching levels that can cause 

irreversible global change (Diamond et al., 2015; Ritchie & Roser, 2021). Both of these can 

seriously threaten fungal communities and change their composition permanently (Adelizzi et 

al., 2022). Therefore, it is important that more research is done to understand exactly how 

disturbance affects these fungal communities. As more and more land become disturbed and 

transformed, it is important to know if microfungal communities can recover in these areas, and 

which habitats are most important in the preservation of microfungal communities. In the end, 

while significant data has been found in this study, there is much more research that can be done 

to understand what affects fungal communities. 

 

ACKNOWLEDGMENTS 

Major thanks are given to Miguel Chaves who advised this research and provided data analysis, 

and Branko Hilje & Kathy Bonilla who supported this research. Without them I would have been 

unable to complete this project. Additional thanks to the CIEE Monteverde staff who worked day 

and night to provide food, housing, kindness, and more. 

LITERATURE CITED 

Adelizzi, R., O'Brien, E. A., Hoellrich, M., Rudgers, J. A., Mann, M., Fernandes, V. M. C., et al. (2022). 

Disturbance to biocrusts decreased cyanobacteria, n‐fixer abundance, and grass leaf N but 

increased fungal abundance. Ecology (Durham), 103(4), e3656-n/a. doi:10.1002/ecy.3656 

Diamond, M. L., de Wit, C. A., Molander, S., Scheringer, M., Backhaus, T., Lohmann, R., et al. (2015). 

Exploring the planetary boundary for chemical pollution. Environment International, 78, 8-15. 

doi:https://doi.org/10.1016/j.envint.2015.02.001 

Hawksworth, D. L., & Rossman, A. Y. (1997). Where are all the undescribed fungi? Phytopathology®, 

87(9), 888-891. doi:10.1094/PHYTO.1997.87.9.888 

Hijri, M., & Bâ, A. (2018). Editorial: Mycorrhiza in tropical and neotropical ecosystems. Frontiers in 

Plant Science, 9doi:10.3389/fpls.2018.00308 

Malloch, D. (2021). Moulds: Their isolation, cultivation, and identification. Retrieved May 2, 2022, from 

http://website.nbm-mnb.ca/mycologywebpages/Moulds/ID_Plate_I.html 

Oksanen, J., F.G. Blanchet, M. Friendly, R. Kindt, P. Legendre, D. McGlinn, P.R. Minchin, R.B. O’Hara, 

G. L. Simpson, P. Solymos, M.H.H. Stevens, E. Sozoecs, and H. Wagner. 2019. vegan: 

Community Ecology Package. R package version 2. 5–6. R. 

https://doi.org/10.1016/j.envint.2015.02.001
http://website.nbm-mnb.ca/mycologywebpages/Moulds/ID_Plate_I.html


 

10 

 

Osburn, E. D., McBride, S. G., Aylward, F. O., Badgley, B. D., Strahm, B. D., Knoepp, J. D., et al. 

(2019). Soil bacterial and fungal communities exhibit distinct long-term responses to disturbance 

in temperate forests. Frontiers in Microbiology, 10, 2872. doi:10.3389/fmicb.2019.02872 

Paulus, B. C. (2004). The diversity and distribution of microfungi in leaf litter of an australian wet tropics 

rainforest / by barbara christine paulus. James Cook University). Retrieved from 

https://trove.nla.gov.au/work/35504001 

R Development Core Team. 2020. R: A Language and Environment for Statistical Computing. Vienna, 

Austria. 

Ritchie, H., & Roser, M. (2021). Deforestation and forest loss. Our World in Data, Retrieved from 

https://ourworldindata.org/deforestation#citation 

Shi, L., Dossa, G. G. O., Paudel, E., Zang, H., Xu, J., & Harrison, R. D. (2019). Changes in fungal 

communities across a forest disturbance gradient. Applied and Environmental Microbiology, 

85(12) doi:10.1128/AEM.00080-19 

Zhang, L., Yan, C., Guo, Q., Zhang, J., & Ruiz-Menjivar, J. (2018). The impact of agricultural chemical 

inputs on environment: Global evidence from informetrics analysis and visualization. 

International Journal of Low-Carbon Technologies, 13(4), 338-352. doi:10.1093/ijlct/cty039 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://trove.nla.gov.au/work/35504001
https://ourworldindata.org/deforestation#citation


 

11 

 

ANIMAL ECOLOGY 
_____________________________________________________________________________________ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

12 

 

Species composition and foraging consistency of Euglossine bees 

(Hymenoptera: Apidae) between habitat types in Monteverde, Costa Rica 

Elise Chester 

Biological Sciences Department, Arizona State University 

ABSTRACT 

Orchid bees (Hymenoptera: Apidae) are able to fly extensive distances to forage volatile compounds from 

orchids, a characteristic that may help them adjust to climate change-induced habitat shifts. At the same 

time, certain species may be unable to adapt to specific habitats, so it is important to understand the effect 

of habitat on species composition. Orchid bees have also been shown to repeatedly return to foraging 

sites, but this behavior is inconsistent between studies. This study seeks to measure species composition 

and foraging consistency of euglossine bees in forest and open areas in Monteverde, Costa Rica. A mark-

and-recapture method was used to assess species richness and abundance between open and forested 

habitats and to track individual bees. Essences of cineole, eugenol, and benzyl acetate were applied to 

cotton ball baits in order to attract bees. Baits were set up at 6 sites: 3 in open areas and 3 in the forest. 

115 bees were observed from the genera Euglossa, Exearete, and Eulaema. A total of 51 individuals were 

seen at open sites and a total of 64 individuals were observed at forest sites. Orchid bee species richness 

and abundance did not vary across habitats and no bees were recaptured, indicating that orchid bees can 

adjust to both open and forested habitats and that studies of this sort are not well suited to analyze site 

fidelity. 

RESUMEN 

Las abejas de las orquídeas (Hymenoptera: Apidae) son capaces de volar grandes distancias para buscar 

compuestos volátiles en las orquídeas, una característica que puede ayudarlas a adaptarse a los cambios de 

hábitat inducidos por el cambio climático. Al mismo tiempo, algunas especies pueden ser incapaces de 

adaptarse a hábitats específicos, por lo que es importante entender el efecto del hábitat en la composición 

de las especies. También se ha demostrado que las abejas de las orquídeas regresan repetidamente a los 

lugares de forrajeo, pero este comportamiento es inconsistente entre los estudios. Este estudio busca 

medir la composición de especies y la consistencia de forrajeo de las abejas euglosinas en áreas forestales 

y abiertas en Monteverde, Costa Rica. Se utilizó un método de marcado y recaptura para evaluar la 

riqueza y abundancia de especies entre los hábitats abiertos y los boscosos y para seguir a las abejas 

individuales. Se aplicaron esencias de cineol, eugenol y acetato de bencilo a cebos de bolas de algodón 

para atraer a las abejas. Los cebos se colocaron en 6 lugares: 3 en zonas abiertas y 3 en el bosque. Se 

observaron 115 abejas de los géneros Euglossa, Exearete y Eulaema. Se observó un total de 51 individuos 

en los lugares abiertos y un total de 64 individuos en los lugares del bosque. La riqueza y abundancia de 

especies de abejas de las orquídeas no varió entre los distintos hábitats y no se recapturó ninguna abeja, lo 

que indica que las abejas de las orquídeas pueden adaptarse tanto a los hábitats abiertos como a los 

forestales y que este tipo de estudios no son adecuados para analizar la fidelidad al lugar. 
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INTRODUCTION 

Euglossine bees (Hymenoptera: Apidae) are also known as orchid bees due to their tight 

relationship with orchid plants (Orchidaceae). Although the bees also pollinate a variety of other 

flowers, they are especially important to orchids; there are over 600 orchid species that are only 

pollinated by euglossini (Dressler, 1982; Roubik & Hanson, 2004). Male euglossine bees collect 

scented volatile compounds from orchid flowers, store the chemicals in the tibia of their hind leg, 

and inadvertently pick up pollen from the flower that they then disperse at other orchids. It is 

unclear exactly how the stored compounds are used, but it is likely that males with the right 

combination of scents appear more fit for mating (Roubik & Hanson, 2004). This conspicuous 

characteristic makes it possible to attract males for study using scents found in their associated 

orchids. 

Orchid bees are almost exclusively found in tropical America and are especially diverse in Costa 

Rica and Panama. Out of over 200 recorded species in the Neotropics, at least 66 species are 

found in Costa Rica (McDonald et al., 2022; Roubik & Hanson, 2004). Unfortunately, the tropics 

have continually experienced environmental stressors related to deforestation, agriculture, and 

urbanization, and are especially vulnerable to habitat fragmentation and changing climate 

conditions (Barlow et al., 2018). It is uncertain how new conditions in climate and habitat are 

affecting orchid bees, but it appears that certain forest-specific populations have declined 

drastically (Nemésio, 2013). At the same time, some euglossine species seem well-suited to 

disturbed environments (Sandino, 2014). Other species may have the potential to expand their 

range to higher latitudes with ease (Silva et al., 2015); euglossine bees in general can fly 

relatively extensive distances across unfavorable or fragmented habitats, with reported flight 

distances of over 50 km (Pokorny et al., 2014; Wikelski et al., 2010). 

Research with scented baits has shown that euglossine bees can be selective between various 

sites offering the same chemical rewards (Armbruster, 1993). Site fidelity, the behavior of 

consistently returning to the same resource site, has also been observed (Wikelski et al., 2010). 

On the other hand, studies such as Eltz et al. (1999) and Suni et al. (2014) suggest low recapture 

rates and site fidelity. This study seeks to further investigate site fidelity considering climate 

stress and orchid bee flight capacity in Monteverde, Costa Rica. 

In the face of significant climate change and habitat fragmentation, orchid bees’ ability to fly 

across great distances could aid in dispersal into favorable climates, but some species may 

struggle to adjust to disturbed habitats. The Council on International Educational Exchange 

(CIEE) campus in Monteverde, Costa Rica represents a moderately disturbed area (near dirt 

roads, hiking trails, and residential buildings) with a variety of habitat types and a known orchid 

bee presence (McDonald et al., 2022). In this study, I will compare the species composition and 

foraging consistency of euglossine bees between open areas and the forest interior. I expect a 

slightly greater species richness and abundance of bees in forested sites because the majority of 

euglossine species reside primarily in forest areas where their associated flowers can be found 
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(Dressler, 1982; Powell & Powell, 1987). A significant difference between habitats could 

indicate that species with a greater presence in one habitat over the other may forage better in 

that habitat. By measuring how consistently individual euglossine bees return to a site, I can 

determine if there is a difference in site fidelity or a strong individual preference between 

different habitats. 

The objective is this study is to assess whether there is a difference in orchid bee species 

composition and site fidelity between open and forested habitats. The investigation is important 

because previous studies have produced different results on species composition across habitat 

types and on-site fidelity in general. Results of this study contribute to the understanding of 

foraging consistency in euglossine bees and predict how euglossine bees may forage under 

changing landscape conditions. 

MATERIALS AND METHODS 

Study Sites 

Euglossine bees were collected using cotton ball baits at the CIEE campus in the Monteverde 

region of Costa Rica (Figure 1). The area is considered a tropical premontane wet forest based on 

the Holdridge Life Zones model and is at an elevation of about 1100 meters (Paniagua-Ramirez 

et al., 2021). 

 

Figure 1: Location of Council on International Educational Exchange (CIEE) campus in 

Monteverde, Costa Rica, marked by blue pin on map (Google, n.d.).  
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Figure 2. a) Cotton ball baits (indicated by red arrows) at an open site. b) Cotton ball baits 

(indicated by red arrows) in a forested site. 

I sampled two different types of habitats: open areas and forest interior. Open sites were mostly 

grassy pastureland with sparse trees and dirt roads nearby (Figure 2a). Forested sites were at least 

50 m away from any forest borders and near trails to make bee capture easier (Figure 2b). Three 

sites were selected for each type of habitat (Figure 3) and each site was over 175 m away from 

other sites following Armbruster (1993). Across all 3 open sites, the average temperature during 

the data collection period was 80.4°F. For forested sites, the average temperature was 73.7°F. 

 

Figure 3: Trap sites; open areas marked by red dots and forest interior by blue dots. 

Sampling 

Orchid bees were collected with insect nets around baits of cineole, eugenol, and benzyl acetate, 

known attractants of a wide variety of euglossine species (Ackerman, 1989; Janzen et al., 1982; 

b) a) 



 

16 

 

Roubik & Hanson, 2004). Each scent was applied alone to a cotton ball that was then hung from 

a tree. Each of the six sites had three baits (one of each scent) arranged in a line or shallow arc, 

with each trap about 2 m away from adjacent traps and 1.5 meters above the ground. 

When a bee was caught, it was marked with a different combination of colored paint pens, and 

the number and color markings of each bee was recorded in order to identify the individual if it 

returned (Figure 4). With 10 different colors, a wide range of one, two, or three colors could be 

applied to each bee. Bees were marked on the upper dorsum of the metasoma (Figure 5), where 

they cannot reach to clean off the marking (Kimsey, 1984). I used a hand lens to look at key 

physical characteristics and took pictures of each captured bee in order to identify individuals 

using field guides, past records (McDonald et al., 2022), and a set of voucher specimens. Two 

bees from different Euglossa species were kept for voucher specimens to aid in species 

identification and allow further examination of specific individuals (Figure 5). Since accurate 

identification sometimes requires microscope observation, especially in the Euglossa genus, it 

should be noted that some identifications could be inaccurate. 

 
Figure 4: A euglossine bee visiting a scented cotton ball bait at CIEE Monteverde, Costa Rica. 

I sampled orchid bees over 7 days between April 25 and May 3, 2022. On every day of data 

collection, one hour was spent at each site from 08:00 to 12:00 hr in the morning and from 13:00 

to 15:00 hr in the afternoon. To measure the consistency of foraging time, I was at the same sites 

at the same time every day, but I switched between open and forested sites each hour in order to 

vary the time of day that each habitat type was being evaluated. 
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Figure 5. A voucher specimen of Euglossa viridissima, collected at CIEE Monteverde, Costa 

Rica. The red dot indicates where bees were marked with paint pens in the field. 

With the baited capture method, some individuals inevitably escaped capture, but even 

uncaptured bees could still be identified by genus (Roubik & Hanson, 2004). These uncaptured 

individuals were not included in analysis of species richness since it is unknown if they represent 

new or previously observed species, but uncaptured bees were counted in the data on individual 

abundance. 

 

Data analyses 

At the end of data collection, I compiled information on which species were observed and the 

number of individuals at each sampling site. To test the effect of habitat on orchid bee species 

richness and abundance linear models were conducted using the lm() function of the stats 

package. 

To assess the similarity of species composition between sites, a principal component analysis 

(PCA) was created. The PCA combines many different variables (all of the different species and 

their abundances in this case) into two principal components to test for similarity. Additionally, 

to assess the similarity in orchid bee composition between sites a similarity dendrogram was 

built using the vegdist() and hclust() functions of the vegan package (Oksanen, 2019). All 

statistical analyses were conducted in the statistical programming language R version 4.0.0. (R 

Development Core Team, 2020). 

RESULTS 

A total of 115 male orchid bees were observed, representing at least 5 different species from 3 

euglossine genera (summarized by site in Tables 1 and 2). Euglossa viridissima was 

overwhelmingly the most abundant species, representing at least 62% of all observed bees with a 
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total of 71 individuals captured. 20 individuals escaped capture, but all uncaptured individuals 

could be identified as belonging to the Euglossa genus. 

Table 1: Overall euglossine species composition of open and forest sites. A total of 51 

individuals were observed and at least 3 different species were captured across all open sites. At 

forest sites, a total of 64 individuals were observed and at least 5 different species were captured. 

Site Euglossa 

viridissima 

Euglossa 

imperialis 

Euglossa 

deceptrix 

Exaerete 

frontalis 

Eulaema Uncaptured 

Euglossa 

Open 1 15 1 0 2 0 2 

Open 2 11 2 0 1 0 5 

Open 3 9 0 0 0 0 3 

OPEN 

TOTAL  

35 3 0 3 0 10 

Forest 1 20 5 1 2 0 7 

Forest 2 15 3 3 3 1 3 

Forest 3 1 0 0 0 0 0 

FOREST 

TOTAL  

36 8 4 5 1 10 

 

Orchid bee site fidelity 

No marked bees were observed to return to any sites, so no information could be collected on 

euglossine bee site fidelity. 

Orchid bee species richness and abundance by habitat 

There appears to be a greater mean species richness (number of species) in forested (3.333, ± 

1.202 SD) compared to open habitats (2.333, ± 0.667 SD), but this result was not statistically 

significant (F= 0.529, d.f.= 1, 4, p = 0.507).  
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Figure 6: Mean species richness (number of species) of euglossine bees between open sites and 

forested areas at CIEE Monteverde, Costa Rica. 

Mean orchid bee abundance (number of individuals) appears greater in forested habitats (17.0, ± 

2.516 SD) compared to open ones (21.333, ± 10.366 SD), but this result is also not statistically 

significant (F= 0.165, d.f.= 1, 4, p = 0.705).  

 
Figure 7: Mean abundance (number of individuals) of euglossine bees between open sites and 

forested areas at CIEE Monteverde, Costa Rica. 

Orchid bee composition similarity between specific sites 

The principal component analysis (PCA) shows high similarity between open sites and relatively 

lower similarity across forested sites (Figure 8) based on two components (PC1-64% and PC2-

28%) that combine multiple variables related to different species and number of individuals.  
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Figure 8: PCA of orchid bee composition between open and forested sites at CIEE-Monteverde, 

Costa Rica. Closer dots indicate higher similarity, so the compositions of open sites are more 

similar to each other than that of forested sites. 

The similarity dendrogram (Figure 9) illustrates more specifically how similar each site’s orchid 

bee composition is to other sites. This graph highlights how Forest 3 is least similar in 

composition to other sites as it is on a separate branch from the rest of the dendrogram. 

 
Figure 9: Similarity dendrogram of orchid bee composition between specific sites at CIEE-

Monteverde, Costa Rica. Sites are mapped based on their similarity to other sites, so the sites on 

closer branches are more similar to each other. 
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DISCUSSION 

Site fidelity 

No site fidelity was observed since marked bees did not return to any site. This result could be 

due to paint markings being washed off by frequent rainy conditions or bees finding a way to 

remove the paint from their backs. A better method of marking bees could be used to ensure 

identification of individuals in a way that would not be affected by rain or other weather 

conditions. Alternatively, it is possible that bees did not return to sampling sites at all. Other 

euglossine mark-and-recapture studies have estimated low return rates in orchid bees (Eltz et al., 

1999 & Suni et al., 2014). Orchids sometimes use forcible methods to place pollinium on orchid 

bees (such as stunning the bee or causing it to slip and fall into the flower), and bees have been 

observed avoiding flowers of the same shape and color that forced pollination in an adverse 

manner (Roubik & Hanson, 2004). Based on this behavioral observation, bees may not have 

returned to any sites because they recognized that foraging at cotton balls or in my vicinity lead 

to the adverse effects of being captured and marked. 

Lack of site fidelity appears to contradict studies that have recorded the behavior (Armbruster, 

1993; Wikelski et al., 2010), but limitations with bee marking and the potential for individuals to 

learn and avoid baits makes it difficult to draw any specific conclusions. These results do 

indicate that mark-and-recapture studies do not quickly produce sufficient data to analyze site 

fidelity. 

Orchid bee composition by habitat 

The results of orchid bee composition analysis did not show a statistically significant difference 

between open and forested habitats. This may indicate that there is little preference between 

species and individuals for foraging habitats, especially when the different habitats are so close 

to each other relative to orchid bees’ wide range. Nemésio & Silveira (2006) reported similar 

results when testing edge effects on euglossine species composition. Considering these findings, 

it is not surprising that the present study saw no significant effects of habitat type on species 

richness and abundance, especially since Nemésio & Silveira (2006) sampled a significantly 

larger area with a wider range of habitats. It is possible that significant differences in euglossine 

species composition were not observed because orchid bees are able to fly well outside their 

preferred habitats in order to forage (Pokorny et al., 2014). 

On the other hand, the results of this study may misrepresent any actual differences in euglossine 

bee composition between open and forested habitats because of the lack of samples at the last 

two sites in the afternoon. The first 4 sites (2 open and 2 forested) were sampled in the morning 

and the last 2 (one of each habitat) were sampled in the afternoon. Orchid bees have been shown 

to be most active in the morning (Roubik & Hanson, 2004), so there was an inherent bias for 

greater bee abundance at the first 4 sites. This bias was accepted in order to measure foraging 
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time consistency for any potential returning bees, and switching between open and forested sites 

each hour at least varied the time of day that each habitat was sampled. As expected, afternoon 

sites showed much fewer bees than morning sites, but the last site sampled (Forest 3) produced 

especially low numbers, with only one bee observed at the site across the entire study. This final 

forested site represents an outlier that dragged down the mean numbers of species and 

individuals across forested sites. 

The experimental design of this study could be improved by sampling primarily in the morning 

at a larger number of sites. A greater number of people collecting data would allow for more 

sites to be sampled at once during times when orchid bees are most active and potentially for 

longer periods of time. Sampling different habitats at the same time eliminates any bias in 

species composition related to time of day. Sampling a greater number of sites might allow for 

statistically significant correlations to be drawn between habitat type and species composition. 

The lack of significant difference in euglossine bee composition between habitats could indicate 

that there is little effect of habitat type on orchid bees’ ability to forage. There were two species, 

Euglossa deceptrix and Eulaema, that were only observed in forested sites and not in open areas 

(Table 1 & 2). These species may be unable to adapt to more disturbed open areas, so special 

care should be taken to ensure that forested habitats are preserved for the survival of these 

species. 

Orchid bee composition similarity between specific sites 

The PCA and similarity dendrogram analyses represent a greater similarity in euglossine bee 

composition between open sites compared to forested sites. While these results are not able to be 

related to any statistically significant differences by habitat, they are important to note and could 

potentially be supported with more extensive and consistent sampling.The similarity dendrogram 

illustrates how drastically different the species composition was at the Forest 3 site, as that site is 

on a separate branch from all other sites in the figure. This difference, due to the lack of samples 

collected at Forest 3, explains how the site had an effect on the dataset and dragged down the 

mean species richness and abundance for the forested habitats.Future studies ought to look into 

whether certain euglossine species, such as Euglossa deceptrix and Eulaema, are able to forage 

in disturbed environments. Further investigation into euglossine site fidelity would be better 

conducted with mare advanced tracking methods. In conclusion, euglossine bees may be able to 

adjust well to foraging in disturbed environments, but there is still much more to be understood 

on the subject. 
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Assessing acoustic niche partitioning in birds related to habitat quality in a 

pre-montane wet forest in Costa Rica 
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ABSTRACT 

According to the acoustic niche hypothesis, birds are expected to modify their vocalizations in response to 

other vocalizing species to reduce temporal and frequency overlap. Acoustic niche partitioning in birds 

has been observed to differ between species-rich and species-poor regions, and native bird communities 

and invasive bird communities. Forest and human-modified field habitats are expected to differ in levels 

of niche partitioning due to differing species richness and differing concentrations of invasive species. I 

investigated acoustic niche partitioning between forest and human-modified field habitats by determining 

the frequency overlap index calculated from the minimum and maximum frequencies of bird 

vocalizations from 24 minutes of audio collected from four forest sites and four field sites in a 

premontane wet forest in Costa Rica. Forest and field sites showed no difference in their average 

frequency overlap indices but did exhibit different relationships between the frequency overlap index and 

the number of vocalizations per site. Field sites had a positive correlation between the frequency overlap 

index and the number of vocalizations, indicating low acoustic niche partitioning, while forest sites had a 

negative correlation between the frequency overlap index and the number of vocalizations per site, 

indicating higher acoustic niche partitioning. This difference may be due to differing levels of invasive 

species between habitats and different environmental factors influencing each habitat’s soundscape. 

Understanding how acoustic niche partitioning and community structure differs between habitats is 

critical as ecosystems rapidly change due to human activities. 

RESUMEN 

Según la hipótesis de la división del nicho acústico, pájaros se esperan que modifiquen sus vocalizaciones 

en respuesta a otras especies vocalizando para reducir la superposición temporal y en frecuencia. La 

división del nicho acústico en pájaros se ha observada que difiere entre regiones riqueza y pobre en 

especies, y comunidades de pájaros nativos y invasivos. Los bosques y los campos modificados por 

humanos se esperan que difieran en niveles de la división del nicho acústico debido a niveles diferentes 

de riqueza de especies y concentraciones diferentes de especies invasivos. Investigué la división del nicho 

acústico entre el bosque y el campo modificado por humanos determinando el índice de superposición de 

frecuencias calculado de las frecuencias mínimas y máximas de las vocalizaciones de pájaros de 24 

minutos de audio juntado de cuatro sitos del bosque y cuatro sitos del campo en un bosque húmedo 

montano en Costa Rica. Sitos del bosque y del campo mostraron no diferencia en sus índices promedios 

de superposición de frecuencias, pero si exhibieron relaciones diferentes entre el índice de superposición 

de frecuencias y el numero de las vocalizaciones por sito. Los sitos del campo tuvieron una correlación 

positiva entre el índice de superposición de frecuencias y el numero de las vocalizaciones, indicando 

división baja del nicho acústico, mientras los sitos del bosque tuvieron una correlación negativa entre el 

índice de superposición de frecuencias y el numero de las vocalizaciones por sito, indicando división mas 

alta del nicho acústico. Esta diferencia puede deberse a niveles diferentes de especies invasivos entre los 
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hábitats y diferentes factores ambientales influyendo el mundo del sonido de cada hábitat. Entendiendo 

como la división del nicho acústico y la estructura de la comunidad difieren entre los hábitats es critico 

mientras ecosistemas cambian rápidamente debido a actividades de humanos. 

INTRODUCTION 

For many animals, including frogs, birds, and insects, vocalization is a critical component for 

communication, territorial defense, and mate selection (Brum & Slabbekoorn, 2005). To be 

effective in achieving these interactions, vocalizations must be capable of traveling substantial 

distances to the desired receiver (Ey & Fischer, 2009). In addition to natural sound decay and the 

environmental conditions of location, biotic factors can contribute to the attenuation and 

distortion of a sound as it travels through space (Bradbury & Vehrencamp, 1998). Vocalizations 

from different species that overlap in time and frequency will interfere with each other and 

reduce transmission of both acoustic signals (Brum & Slabbekoorn, 2005). Since vocalizations 

play such a significant role in biological interactions, there should exist strong selection for 

species to modify their vocalizations to avoid acoustic interference (Brum & Slabbekoorn 2005). 

Vocal modification has been observed in response to environmental variables. Forest tinamous, 

for instance, call at a lower average frequency than do tinamous found in more open areas, as 

lower frequencies can be transmitted with less disruption through obstacles, like dense 

vegetation (Bertelli & Turbaro, 2002). According to the acoustic niche hypothesis (ANH), 

species should also modify the frequency and timing of their vocalizations to reduce overlap with 

other species in their community (Krause, 1993). 

Evidence for the ANH – modification of vocalization frequency and timing to reduce 

interspecific overlap - has been found across a diverse taxonomy of animals. Nine species of 

cicada in Mexico partition their vocalizations by calling at different times, heights, and 

frequencies (Sueur, 2002).  Frogs in the genus Eleutherodactylus in Puerto Rico show 

partitioning in the frequency of their calls but do overlap temporally (Villanueva-Rivera, 2014). 

Several studies have found evidence for acoustic niche partitioning in birds. In Peru, rainforest 

birds that share frequencies demonstrate less temporal overlap than would be expected by chance 

(Planqué & Slabbekoorn, 2008). Birds have been observed to reduce how frequently they sing 

when in the presence of other birds or cicadas that use the same frequency (Popp et al, 1985, 

Hart et al, 2015). In a Brazilian rainforest community, birds chose to sing at different times and 

locations or utilized different frequencies to avoid acoustic overlap (Luther, 2009). 

Acoustic niche partitioning in birds varies by region and geography. Under the ANH, species-

rich communities should exhibit higher levels acoustic niche partitioning than species-poor 

communities as there is more competition for the available acoustic space (Krause, 1993). This 

prediction has been demonstrated in comparisons between tropical sites and temperate sites, and 

mainland sites and islands. Tropical and mainland sites, which have higher levels of species 

richness, also have higher rates of acoustic niche partitioning than do sites in temperate areas or 

on islands (Robert et al, 2019, Hart et al, 2020). Community composition can also impact levels 
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of acoustic niche partitioning. In theory, acoustic niche partitioning takes place over evolutionary 

time, with species selected to have less overlap with others in their community. In New Zealand, 

native bird species showed high levels of acoustic niche partitioning, in comparison with 

invasive bird species, which showed little to none (Azar & Bell, 2014). 

Research on acoustic niche partitioning in birds between two habitat types is still limited. In this 

study, I compared acoustic niche partitioning by frequency between forest and field habitats on 

the Pacific slope of the Tilarán cordillera in the Monteverde region in Costa Rica. Field habitats 

are relatively new to this region of Costa Rica, as, prior to 1922, the area was mostly contiguous 

forest (Burlingame 2000). This land-use change has brought lowland, dry-forest species into the 

region, including Thicket Tinamou, Turquoise-browed Motmot and Lesser Ground-Cuckoo 

(pers. obs). Many of the field areas in the sampled region were being actively managed for cattle 

grazing (pers. obs.) In Panama, active cow pastures support significantly less species diversity 

than do intact and fragmented forest patches (Petit et al., 1999). Given that field sites have less 

diversity and support novel species, I predicted that field sites would show less acoustic niche 

portioning in comparison with forest sites. 

MATERIALS AND METHODS 

Study Region 

My study took place in the town of upper San Luis on the pacific slope of the Tilarán cordillera 

in Costa Rica (Figure 1). The Holdridge life zone of the area was premontane wet forest, but a 

significant portion of the area had been modified for cattle ranching. Elevation was 1080 m and 

average yearly rainfall was 2300 mm/year. Data was collected between April 22 and May 1. The 

two habitat types I monitored were primary / secondary forest interior and pastureland / open 

scrubland. Forest interior was defined as a forested area located at least 50 m away from a 

clearing. Pastureland was defined as an open area of grasses and shrubs located at least 50 m 

away from a wooded area. 

Data Collection 

Over a period of eight days, I collected soundscape data for eight sites located at least 200 m 

apart from one another across the study region, four in the forest interior and four in open pasture 

/ fields (Figure 1). Distance from the opposite habitat type and other sites was verified using 

Google Maps. Sample sites were located as best as possible away from high trafficked areas and 

running water to avoid the effect of overlapping sounds. Forest sites and field sites were sampled 

on alternate days. At each site, an Audiomoth v1.1.0 recorder with an omnidirectional 

microphone was set about 1 meter off the ground and programmed to record the soundscape in 3-

minute intervals every 15 minutes from 5:00 am to 6:03 pm. Three minutes is the standard 

sampling period for point counts conducted under the North American Breeding Bird Survey 
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(Smith & Edwards, 2021), and sites were sampled multiple times an hour to reduce random 

acoustic interference from rain, wind, or human activity. 

 
Figure 1. Map of study region and location of sampling sites. Green points represent forest sites 

and yellow points represent field sites. 

Data Analyses 

For each of the eight sites, I analyzed three 1-minute periods between 5:15 am and 8:30 am 

during the peak of bird vocal activity during the dawn chorus, recording the species (if possible), 

duration, and frequency range of every vocalization within the sample. Audio samples from each 

site were selected based on how far they were spaced temporally from the other samples (I aimed 

for about 45 minutes – 1 hour of spacing) and their level of background noise. Vocalizations 

from the same individual separated by more than a second were counted as distinct vocalizations. 

I also identified all species found in twelve 3-minute recordings between 5:15 am and 5:17 pm 

(once per hour) to get a fuller picture of the species richness at each site.  I used Raven Lite 

software to examine the spectrograms and extract temporal and frequency data. I calculated 

species richness for each site by summing up the total number of species in the sampled 

recordings. Species richness collected from recordings sampled throughout the day was used to 

create a cluster dendrogram comparing the bird species composition similarity between all sites. 

Assessment of Acoustic Niche Partitioning 

With the 1-minute samples analyzed during the dawn chorus, I created a frequency distribution 

table of the average frequencies of each vocalization found in forest and field sites to visualize 

the concentration and range of frequencies between the two site types. To examine acoustic 

niche partitioning, I determined each site’s frequency overlap index, calculated by dividing the 

observed frequency overlaps given a set of species by the total possible number of frequency 

overlaps given that same set of species. Observed frequency overlap was determined from the 

maximum and minimum frequency of each vocalization type averaged across the three 1-minute 
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periods analyzed for each site. Total possible frequency overlap was calculated by n!/(2*(n-2)!), 

where n is the total number of vocalization types in the sampled period. I performed an equal 

means t-test to determine if the frequency overlap index was significantly different between 

forest and field sites. I also performed linear regressions to determine the correlation between the 

number of vocalization types and number of vocalizations overall, and the frequency overlap 

index. 

RESULTS 

A total of 48 species were identified across all sites in the 24 minutes of audio analyzed for 

frequency. 51 additional vocalizations (primarily short calls) were noted in the sampled 

spectrograms but could not be identified to species. A total of 55 vocalization types (combined 

known and unknown calls, as well as call variations of a single species) were recorded across all 

forest sites and 72 vocalization types were recorded across all field sites. 25 species were 

identified across forest sites, and 35 species were identified across field sites. The average forest 

site had 17 vocalization types, while the average field site had 31.75 vocalization types. An 

additional nine species were found from audio samples sampled throughout the day, bringing the 

total species richness of both communities to 57. According to a cluster dendrogram, forest sites 

and field sites represented two different communities in terms of species composition, with forest 

sites most similar to other forest sites and field sites most similar to other field sites (Fig. 2). 

The average frequency of vocalizations given in forest sites ranged from 593 – 9934 Hz (Fig. 3). 

Half of all forest vocalizations had an average frequency below 3000 Hz, with the most common 

average frequency being between 2000 – 2500 Hz (eight vocalizations). In contrast, field sites 

were more evenly distributed in terms of average vocalization frequency and had a higher 

median frequency, with species most commonly using frequencies between 3500 – 4000 Hz (16 

species) (Fig. 4). Field sites had a slightly wider range of average frequencies, from 398 Hz to 

10391 Hz. 
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Figure 2. Cluster dendrogram of the eight sites by species composition. The height of the nodes 

represents levels of similarity, with higher nodes being less similar. Field sites are represented by 

numbers 1 – 4, and forest sites are represented by numbers 5 – 8.  

 

 
Figure 3. Frequency distribution table of the average frequency of vocalization types for forest 

sites. Height of bars represent the number of vocalization types with an average frequency in that 

range. 
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Figure 4. Frequency distribution table of the average frequency of vocalization types for field 

sites. Height of bars represent the number of vocalization types with an average frequency in that 

range. 

There was no significant difference in the average frequency overlap index between forest sites 

(0.516) and field sites (0.475) (t = 0.7248, df = 125, p = 0.4958, Fig. 5). Forest sites varied more 

in their frequency overlap index than did field sites, with a range of 0.23 for forest sites 

compared with a range of 0.07 for field sites (Fig. 6). Across both site types, there was no 

correlation between the number of vocalizations or the number of vocalization types and a site’s 

frequency overlap index (R2 = 0.0027, R2 = 0.0853, p = 0.9022, p = 0.4828, Fig. 7 & 8). When 

compared separately, field sites showed a strong positive correlation between the number of 

vocalizations and vocalization types and the frequency overlap index (R2 = 0.9254, R2 = 0.6808, 

Fig. 9 & 10). This relationship was significant (p = 0.038, p = 0.0222). Number of vocalizations 

overall had a slightly stronger effect on the frequency overlap index than did the number of 

vocalization types (m = 0.0035, m = 0.0003). In contrast, forest sites showed a weak negative 

correlation between number of vocalizations and vocalization type and a site’s frequency overlap 

index (R2 = 0.1206, R2 =0.234, Fig. 11 & 12). This relationship was not significant (p = 0.6527, p 

= 0.5163). 
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Figure 5. Average frequency overlap index between forest and field sites. Forests had an average 

frequency index of 0.516 and fields had an average frequency index of 0.475. The difference was 

not significant (t = 0.7248, df = 125, p = 0.4958). Error bars represent one standard error from 

the average. 

 

 
Figure 6. Frequency overlap index for all forest and field sites. Forest frequency overlap indices 

ranged from a low of 0.432 to a high of 0.667. Field frequency overlap indices ranged from a 

low of 0.43 to a high of 0.503. 
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Figure 7. Relationship between the frequency overlap index and the number of vocalizations 

across all field and forest sites. The relationship was not significant (p = 0.9022). 

 

 

 
Figure 8. Relationship between the frequency overlap index and number of vocalization types 

across all field and forest sites. The relationship was not significant (p = 0.4828). 
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Figure 9. Relationship between the frequency overlap index and the number of vocalizations in 

field sites. The relationship was significant (p = 0.038). 

 

 

 
Figure 10. Relationship between the frequency overlap index and number of vocalization types 

in field sites. The relationship was significant (p = 0.0222). 
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Figure 11. Relationship between the frequency overlap index and the number of vocalizations in 

forest sites. The relationship was not significant (p = 0.6527) 

 

 

 
Figure 12. Relationship between the frequency overlap index and number of vocalization types 

in field sites. The relationship was not significant (p = 0.5163). 
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DISCUSSION 

Contrary to my prediction, the frequency overlap index, the main way of assessing acoustic niche 

partitioning, was not different between forest and field sites. This was probably because I did not 

include temporal overlap in my analysis due to time limitations. Birds are constrained 

significantly in the frequencies they can use, due to body size, sexual selection, and abiotic 

factors like wind and dense vegetation (Ryan & Brenowitz, 1985; Ey & Fischer, 2009; Mikula et 

al., 2021). In contrast, birds have much more flexibility when it comes to the temporal dimension 

and have been shown to modify the timing of their calls based on the other songsters around 

them (Popp et al, 1985, Hart et al, 2015, Luther 2009). Differences in acoustic niche partitioning 

may well be occurring on the temporal scale between forest and field sites, but my study was not 

able to detect it. 

Another unexpected result was that field sites had higher species richness than forest sites. This 

could partially be due to the different ways sound propagated between forest and field sites. 

Several spectrograms from my forest sites had high levels of background noise in the form of 

wind, cicadas, or running water which could have drowned out distant sounds. Field sites tended 

to have recordings with much less background noise, presumably increasing the number of 

species detected. Higher frequencies are also picked up less often by automated recorders in 

forest sites than in open sites, due to interference with vegetation (Priyadarshani et al. 2018). 

Observer bias could have also played a role in decreasing the richness of forest sites, as I had 

higher daily exposure to field species. Finally, while active cattle grazing areas show lower 

species richness, fallow pastures and residential areas in Central America support similar levels 

of species richness as forest sites (Petit et al. 1999). Although a significant portion of the 

sampled field sites operated as cattle pastures, there was likely enough natural habitat nearby to 

support a higher richness of species at the field sites. 

For field sites, a higher number of vocalizations was correlated with a higher frequency overlap 

index. This seems to indicate lower acoustic niche partitioning in field sites, as increasing 

frequency overlap index associated with increasing vocalizations is the opposite trend we would 

expect to see if acoustic niche partitioning were occurring. This decreased niche partitioning 

could be due to novel species, which have not evolved with the original community, emigrating 

to this new habitat and disrupting the partitioning that previously existed (Azar & Bell, 2016). 

Environmental factors could also be playing a role. The study observed a well-documented trend 

that field birds have wider-ranging frequencies than do forest birds (Meinzin 2018). This 

difference is hypothesized to have arisen to help field birds avoid unpredictable sounds, like 

wind, that can drown out specific frequencies (Morton et al. 1975). These abiotic factors may 

have larger contribution on the field soundscape than biotic factors, leading to reduced acoustic 

partitioning. 
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In contrast, a higher number of vocalizations was correlated with a lower frequency overlap 

index in forest sites. This seems to indicate higher acoustic niche partitioning in forest sites, as 

forest birds exhibit a lower rate of frequency overlap as the number of vocalizing species 

increases. This could be because forest sites have a higher number of native species, which 

evolved in the area, than field sites (Burligame, 2000). In comparison with field birds, forest 

birds tend to vocalize at lower frequencies and within narrower frequency ranges (Morton et al. 

1975), as was observed in this study. This may lead forest habitats to be more suited to the 

development of acoustic niche partitioning. 

As previously mentioned, this study could be improved by investigating temporal overlap in 

addition to frequency overlap. A larger sample size is probably needed to confirm the 

relationship between frequency overlap and the number of vocalizations. Overall, though, my 

study does seem to suggest that acoustic niche partitioning is occurring, at least in forest habitats, 

and that forest habitats have higher levels of acoustic niche partitioning than field habitats. 

Understanding how acoustic niche partitioning and community structure differs between habitats 

is critical as ecosystems rapidly change due to human activities. 
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ABSTRACT 

Bats are an extremely diverse group worldwide, but this diversity is especially pronounced in the bat 

communities of Costa Rica. More than half of the described native mammal species of Costa Rica are 

bats, and the ecological importance of this group cannot be underestimated. With this extreme diversity of 

species, many coexisting species of bats have developed strategies for dividing limited resources. Bats in 

diverse communities have been known to employ multiple axes of niche partitioning, such as space and 

time, to minimize competition and coexist. In this study, we use acoustic monitoring to investigate the 

axes of space, time, and bat size to gain a better understanding of the axes of niche partitioning at play in 

the highly diverse bat communities of Monteverde, Costa Rica. We found evidence of temporal niche 

partitioning, and a strong relationship between bat activity and time. Further, significant differences in 

species richness and composition between a forest edge and stream habitat indicate strong spatial niche 

partitioning. Clear patterns of niche partitioning related to bat size have yet to be uncovered. This study is 

an important view into a highly diverse and understudied population, and may indicate the adaptability of 

bats as a group to future resource limitation and environmental stress. 

RESUMEN 

Los murciélagos son un grupo muy diverso en todo el mundo, pero esa diversidad es especialmente 

profunda en las comunidades de murciélagos de Costa Rica. Más de medio de las especies mamíferas de 

Costa Rica son murciélagos, y la importancia ecológica de ese grupo no puede ser subestimada. Con esa 

diversidad extrema de especies, muchas especies coexistentes han desarrollado estrategias para dividir 

recursos limitados. Murciélagos en comunidades diversas se sabe que emplear múltiples ejes de división 

de nichos, como espacio y tiempo, para minimizar competición y coexistir. En este estudio, usamos 

monitorización acústica para investigar los ejes de espacio, tiempo, y tamaño de murciélagos para ganar 

entendimiento mejor de los ejes de división de nichos involucrados en las comunidades diversas de 

murciélagos de Monteverde, Costa Rica. Encontramos evidencia de división de nichos temporales, y una 

relación fuerte entre actividad de murciélagos y tiempo. Más, diferencias significadas en riqueza y 

composición de especies entre hábitats de bordes de bosques y arroyos indican una fuerte división de 

nicho espacial. Padrones claros de división de nichos relatos a tamaño de murciélagos aún no han sido 

descubiertos. Este estudio es una vista importante en una población diversa y poca estudiada, y puede 

indicar la adaptabilidad de murciélagos como un grupo a limitación de recursos y estresa environmental 

del futuro. 

INTRODUCTION 

Bats are an extremely diverse order of mammals distributed globally, second only to rodents in 

the worldwide number of species (Wainwright, 2007). However, in Costa Rica, bat diversity far 

outpaces that of their rodent neighbors, with over twice as many native species of bats than all 
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rodents combined (Wainwright, 2007). Costa Rica is home to 109 recorded native species of 

bats, which represents about 12% of global bat biodiversity (Wainwright, 2007). They make up 

more than half of the described 216 native mammal species, and are by far the most numerous 

mammals in Costa Rica (Wainwright, 2007). Bat species identification is also notoriously 

difficult, and the extreme diversity of this order in Costa Rica likely indicates that there are many 

more species than have even been recorded. The Monteverde area is a hotbed of bat biodiversity, 

with 77 native species of Costa Rican bats found here (Wainwright, 2007). This extreme 

diversity implies high specialization of bat species that may depend on similar resources, and 

occupy similar ecological niches. 

For diverse and abundant groups like insectivorous bats in Costa Rica, niche partitioning, the 

division of resources driven by natural selection, is necessary to reduce competition to 

manageable levels between species occupying the same space (Loreau & Hector, 2019). There 

are multiple axes of niche partitioning that have been investigated in bats, although the resource 

axes of space, diet, and time are the most dominant (Beilke et. al, 2021). Bats at water holes in 

water-stressed environments have been shown to demonstrate fine-grain temporal partitioning, 

allowing many species to access a limited resource by dividing the hours of night (Adams & 

Thibault, 2006). Habitat partitioning among insectivorous bat species has been found as well, 

with very low interspecific overlap in habitat use, indicating spatial niche partitioning (Nicholls 

& Racey, 2006). Other species of insectivorous bats occupying the same roost showed no 

interspecific competition at all, demonstrating high levels of spatial niche partitioning (Swift & 

Racey, 1983). In another study, the axes of wing morphology and temporal activity were shown 

to facilitate resource partitioning in species of Cuban mormoopid bats (Mancina et. al, 2012). 

More diverse communities of bats were found to partition along multiple axes, like combinations 

of spatial and temporal partitioning, to access sufficient resources (Beilke et. al, 2021). There are 

many possible axes of niche partitioning, and many have not yet been explored in the study of 

the Monteverde bat community. 

While bat species identification is notoriously difficult, the introduction of bat detectors, 

specialized recording devices that can capture echolocation ultrasounds, to research in Costa 

Rica has the potential to greatly increase our understanding of these highly diverse bat 

communities (Wainwright, 2007). In the United States, a country with far less bat diversity, bat 

detectors have helped to identify 30% more species than standard techniques (Wainwright, 

2007). This study aims to understand which axes of niche partitioning are at play in a highly 

diverse community of insectivorous bats in a premontane wet forest environment using bat 

detector technology. Previous studies done at the CIEE Monteverde campus found evidence of 

temporal niche partitioning among insectivorous bats, but multiple axes niche partitioning have 

not yet been assessed. By measuring the differences in bat activity and abundance between the 

forest edge and a stream, the axis of spatial niche partitioning can be investigated. This also 

allows for a continued investigation into patterns of temporal niche partitioning, which may be 

different based on habitat. Additionally, a comparison between bat size and time of peak activity 
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would provide novel information regarding a possible axis of niche partitioning. This study 

investigates the axes of time, space, and bat size to better understand the factors influencing 

insectivorous bat niche partitioning in this diverse community. 

MATERIALS AND METHODS 

Study Site 

This study was conducted at the CIEE Monteverde Campus in San Luis, Monteverde, Costa Rica 

(Figure 1). The campus is surrounded by a premontane tropical wet forest receiving ~2300 mm 

rainfall/year (Monteverde Maps). Two main habitats were selected for bat data collection: forest 

edge sites that were <100 m from the open campus area, and stream sites that were in an open 

area, about 50 m in width, bordered by forest on both sides. Four nights of data collection were 

carried out at forest edge sites near the main campus area, and three nights were at a stream 

down the road from main campus. 

Acoustic Monitoring 

The Echo Meter Touch (EMT) from Wildlife Acoustics Inc. is a detector that records bat 

echolocation sounds between 8kHz and 125kHz. For acoustic monitoring, the EMT was 

connected to an iPad Mini and placed in a small protective box. The box was then positioned at 

roughly knee-height, at a ~45° angle, at a total of six sites over seven nights of data collection 

(Figure 2). Echolocation sounds were recorded by the EMT from the hours of 6:00 PM until 6:00 

AM during each night of data collection. Four nights were recorded at forest edge sites, and three 

nights were recorded at stream sites. The nights were alternated between the two locations, 

allowing for the even distribution of moon phases between the two study groups. Additionally, 

three specific sites were chosen at each location and alternated between nights of data collection 

(e.g.. Forest Edge 1, Forest Edge 2, …). 

Species Identification 

The EMT recorded ultrasounds during the twelve hours of data collection. Each time a bat 

passed over the EMT, a recording was taken. After each night of data collection, the program 

Kaleidoscope was used to convert recorded audio files into readable spectrograms. These 

spectrograms were then compared with a reference document for species identification from 

echolocation sounds for bat species found in Monteverde (CIEE). Each audio file containing a 

bat sound was counted as 1 pass (Figure 3). The number of passes for specific species were 

recorded for each hour of night. 

Data Analyses 

Linear Mixed models were used to test for the in total individuals and total species related to 

hour and site, using night as a random factor to correct for more or less passes or species due 
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variables like weather and available moonlight. Data was normalized using a logarithmic 

function (individuals and species) to perform this analysis. Analysis was performed for nights 

and hours with individuals, and nights or hours without individuals were not considered. 

Using this data, comparisons were made between species richness (number of species) and 

abundance (number of passes) at the stream sites versus the forest edge sites. Additionally, 

species abundance versus time of night at both the stream and forest edge were compared to 

investigate spatial niche partitioning. Finally, available data on mean length from head to tail and 

mean weight of the identified species was used to investigate the relationship between size and 

peak activity at both stream and forest sites (ADW, Andres, US Forest Service, Wikimedia). 

 
Figure 1. Aerial map of study site CIEE Monteverde Global campus in San Luis, Monteverde, 

Costa Rica.  

 
Figure 2. Bat detector setup at stream (left) and forest edge (right) sites. All sites were on and 

around the CIEE Monteverde Global Campus in San Luis, Monteverde, Costa Rica.  
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Figure 3. Example of echolocation sound spectrogram. This represents the data output by the 

Kaleidoscope program. Each spectrogram with an identifiable ultrasound was counted as one 

pass. Files were compared to a reference document for local species (CIEE). 

RESULTS 

Bat Activity 

Over seven nights of data collection, a total of 372 bat passes were recorded by the EMT. The 

forest edge sites yielded a total of 302 recordings, while the stream sites yielded 70 recordings 

(Figure 4A). The forest edge had an average of 73±27.4 passes per night, while the stream had 

23.34±5.966 passes per night. Additionally, the forest edge had a higher mean of passes per hour 

(6.21±0.532 passes/hour) than the stream (1.94±0.169 passes/hour) (Figure 4B). While this 

seems to suggest that bat activity is higher at the forest edge than the stream, LMM revealed that 

the relationship between activity and site is not significant (Table 1). However, a statistically 

significant relationship was found between the number of passes and the specific hour of night, 

indicating that bat activity is directly related to the hour of night.  

 

Figure 4. Total and mean number of passes at forest and stream sites at CIEE Monteverde in 

April and May 2022. Figure 4A shows the total number of passes recorded at the three forest 

edge sites vs. the three stream sites on and around the CIEE Monteverde campus in San Luis, 

Monteverde, Costa Rica. Figure 4B shows the mean number of passes per hour recorded at the 

forest edge sites vs. the stream sites on and around the CIEE Monteverde campus. Means are 
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presented with 1 standard error. Recordings were taken for 12-hour periods over seven total 

nights of data collection. 

Table 1. Linear Mixed Model Analysis on the total number of passes per site and hour. 

  Chisq Df Pr(>Chisq) 

Site 8.7948 5 0.117532 

Hour 24.92 10 0.005499 ** 

 

Species Richness 

Between the two sites, a total of 12 different species were identified, representing four bat 

families (Figure 5). Nine species were identified at the forest edge, and four were identified at 

the stream. At the forest edge, an average of 5.25±0.239 species were identified each night, while 

at the stream an average of 2±0.192 species were identified each night. The forest edge had a 

higher mean of species per hour of night as well (0.896±0.028 species/hour), compared to the 

stream site (0.528±0.023 species/hour) (Figure 6). LMM revealed that there is a statistically 

significant (p<0.05) difference between species richness at the two sites, indicating a higher 

number of species at the forest edge (Table 2). 

Table 2. Linear Mixed Model Analysis on the total number of species per site and hours. 

  Chisq Df Pr(>Chisq) 

Site 20.011 5 0.001244 ** 

Hour 25.848 10 0.003951 ** 
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Figure 5. Bat species identified at CIEE Monteverde using echolocation sounds. Species in the 

blue box are a part of the family Vespertillonidae. A: Myotis keaysi; B: Lasiurus blossolevii; C: 

Eptesicus brasiliensis; D: Lasiurus sp.; E: Myotis riparius; F: Myotis nigricans; G: Lasiurus ega. 

Species in the orange box are a part of the family Molossidae. H: Molossus greenhalli; I: 

Tadarida brasiliensis; J: Eumops sp. The species in the yellow box is part of the Mormoopid 

family. K: Pteronotus sp. The species in the gray box is a member of the Natalidae family. L: 

Nautilus stramineus. (Photos credit ADW, Andres, US Forest Service, Wikimedia) 

Figure 6. Total and mean number of species observed between forest edge and stream sites. 

Figure 6A shows the total number of species identified at the three forest edge sites vs. the three 

stream sites on and around the CIEE Monteverde campus in San Luis, Monteverde, Costa Rica. 

Figure 6B shows the mean number of species per hour identified at the forest edge sites vs. the 

stream sites on and around the CIEE Monteverde campus. Means are presented with 1 standard 

error. Recordings were taken for 12-hour periods over seven total nights of data collection. 
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Temporal Niche Partitioning 

Mean activity of each species was plotted against the hour of night to investigate temporal niche 

partitioning in the bat communities at each site. At the forest edge, activity is found to spike 

around dusk, and again around midnight (Figure 7). Around dusk, Myotis riparius, Myotis 

keaysi, and Pteronotus sp. are the most active. Around midnight, Eumops sp. is extremely active. 

At the stream, activity spiked for Eptesicus brasiliensis and Lasiurus ega around dusk (Figure 8). 

These species are still found during later hours of the night, but at much lower frequencies. 

Additionally, the species Myotis nigricans and Myotis riparius are found much later in the night, 

1:00 AM and 5:00 AM respectively. LMM revealed a statistically significant relationship 

between species richness and hour of night (Table 2), which indicates that species do in fact have 

preferred peak hours of activity, and divide the night to forage. 

Additionally, comparisons between bat family and peak hour of activity revealed trends in 

temporal niche partitioning (Figure 9). Vespertillonidae had the most species with peak activity 

during the 6:00PM hour, while Molossidae activity peaked during the 7:00PM hour. 

Mormoopidae eventually peaked in activity around the 11:00PM hour, and Natalidae was the 

latest to peak at 1:00AM. This indicates that different families of bats may be specialized to 

forage at different hours of the night. 

 
Figure 7. Mean number of passes recorded at forest edge sites in April and May 2022. This chart 

shows the mean distribution of species throughout the night, identified from recordings taken at 

the three forest edge sites on and around the CIEE Monteverde campus in San Luis, Monteverde, 

Costa Rica.  
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Figure 8. Mean number of passes recorded at stream sites in April and May 2022. This chart 

shows the mean distribution of species throughout the night, identified from recordings taken at 

the three stream sites on and around the CIEE Monteverde campus in San Luis, Monteverde, 

Costa Rica. 

 

 
Figure 9. Distribution of peak activity for bat families identified at CIEE Monteverde in April 

and May 2022. This chart shows the four families of bats identified from acoustic monitoring. 

Each species was designated an hour of peak activity, and plotted according to the family it is a 

part of. 
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Bat Size and Peak Activity 

Trends in bat size compared to time of peak activity are difficult to categorize. The metric of 

mean length compared to hour of night shows no clear pattern (Figure 10A). However, the 

comparison of weight to hour of night shows clusters of smaller bats emerging around dusk, with 

larger bats emerging later in the night (Figure 10B).  

 

Figure 10. Metrics of bat size versus hour of peak activity. Figure 10A shows the mean length of 

identified bat species plotted against their respective hour of peak activity. Hours are shown on a 

24-hour scale, with 18 representing 6:00 PM, etc. Figure 10B shows the mean weight of 

identified bat species plotted against their respective hour of peak activity. Metrics of size were 

taken from available literature (ADW, Andres, US Forest Service, Wikimedia). 

DISCUSSION 

Bat activity, measured by passes over the EMT, was not found to be significantly different 

between forest edge and stream. This indicates that these sites are comparable in terms of overall 

bat abundance. However, bat activity was found to be significantly related to the hour of night, 

which supports the findings of past studies, which found that insectivorous bats experience an 

increase in activity around dusk hours, as large concentrations of insects are still available at this 

time of night (Rydell, 1996). Further, bat activity has been shown to be closely related to time, as 

temporal niche partitioning plays a role in the division of resources (Beilke, 2021). The statistical 

significance of the relationship between time and activity at the very least indicates that different 

times of night experience varying bat activity levels. 

While the two sites were comparable in terms of bat activity, species richness was found to be 

significantly different between the forest edge and the stream. This is consistent with the 

hypothesis that bats in a highly diverse community will employ spatial niche partitioning to 

divide resources. Spatial niche partitioning allows for bats living in similar areas to specialize 

their foraging behaviors to a specific area to access sufficient food (Beilke, 2021). In this case, 

the division of space is related to species. For example, species like Myotis keaysi and Eumops 

sp., were found to prefer the forest edge. Meanwhile, a very short distance away, Eptesicus 
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brasiliensis and Lasiurus ega were found to prefer the open stream between two forest edges. All 

of these species are known to forage in and around the forest, but the significant difference in 

species richness and composition between the two sites shows a conscious division of space 

between species. 

On top of spatial niche partitioning, trends in specific hours of peak activity for certain species 

imply temporal niche partitioning at both sites. At the stream, bats like Eptesicus brasiliensis 

appear at high abundance for the early hours of the night and then mostly disappear. Later in the 

same night, species like Myotis nigricans or Myotis riparius emerge. At the forest edge, Myotis 

riparius, Myotis keaysi, and Pteronotus sp. are most active at dusk. Later in the night, Eumops 

sp. become highly active. These patterns indicate a division of time for foraging to allow for all 

species to access sufficient resources. The low overlap in species composition, as well as the 

differences in patterns in temporal partitioning between the two sites supports previous findings 

that spatial niche partitioning may decrease fine-grain temporal partitioning (Beilke, 2021). The 

more axes of niche partitioning that are available to a diverse community of bats, the more that 

will be used to decrease stress on resources. 

On a broader level, different bat families were found to have different trends in peak hours of 

activity. This further suggests that temporal niche partitioning is necessary for the division of 

resources during the limited night hours, and that this partitioning can occur on larger taxonomic 

levels than just species. This also suggests that temporal partitioning may be implicated in the 

evolution of these different groups, as some bats are specialized for different times of night. This 

furthers the idea that niche partitioning is simply a stage in evolutionary time, and that temporal 

partitioning is a favorable strategy for species coexistence. 

Regarding bat size and time of peak activity, it appears as though smaller bats are clustered 

together in activity around 6:00 PM, and larger bats are more spaced out in activity later in the 

night. However, this trend is not as clear when using the metric of length from head to tail. It is 

important to note that information on bat size is limited and not entirely standardized, making 

these comparisons difficult. This axis of niche partitioning is an interesting one that would be 

aided by conventional catch-and-release sampling techniques to better assess bat size at the 

location of study. Wingspan would be a compelling measure, and may provide an interesting 

insight into partitioning based on both bat size and wing morphology. 

The findings of this study supports that there are many, complex axes of niche partitioning at 

play in highly diverse communities of insectivorous bats. This is consistent with the findings of 

many other studies, which highlight the necessity of multiple axes of niche partitioning in 

extremely diverse bat populations (Beilke, 2021). This study was certainly not exhaustive. More 

nights of data collection would increase the resolution of these observed patterns, and possibly 

reveal more patterns in different axes of niche partitioning. However, even on a limited scale, 

this study is an example of an interesting new way to understand bat community dynamics. The 
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research that is possible through the advent of bat detectors provides us with the opportunity to 

investigate an extremely diverse and simultaneously understudied group. It is important that bat 

focused research continues, as these small creatures bear extreme ecological importance. Niche 

partitioning indicates the possible adaptability of these species to changing conditions and 

environments in the future to better divide limited resources. However, continued habitat 

destruction, and climate change puts increased strain on already limited resources. The diversity 

of tropical bat populations must be maintained to preserve tropical ecosystems, and vice versa. 
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Effect of territory size on behavioral response to conspecific intruders in the 

semiaquatic anole Anolis oxylophus in a premontane tropical wet forest 
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ABSTRACT 

The establishment and maintenance of territories is critical to ensuring an organism’s ability to survive 

and reproduce. In order to properly maintain these areas, animals have developed an array of 

morphologies and behaviors in order to prevent invaders from entering their territories. In reptiles, 

specifically the Anolis genus, males possess a brightly colored dewlap that is extended in tangent with 

head bobbing in order to alarm and discourage intruders. To examine territories and the behaviors that 

come with defending them, the understudied semiaquatic anole, Anolis oxylophus, was presented with a 

male and female clay model on separate occasions and its response was measured. In addition, the 

territory sizes, which remain nearly undescribed, were assessed and documented. Through this study no 

correlation was found between aggression displays and conspecific intruders, but a positive correlation 

between increased conspecific aggression and larger territory sizes was identified towards male intruders. 

The data provided by this study indicates low aggression towards conspecific intruders but contributes a 

definition of the mostly unknown A. oxylophus territory size and the positive relationship between 

territory size and territoriality behaviors to the realm of semiaquatic anole research.  

RESUMEN 

El establecimiento y mantenimiento de territorios es fundamental para garantizar la capacidad de un 

organismo de sobrevivir y reproducirse. Para mantener adecuadamente estas áreas, los animales han 

desarrollado una serie de morfologías y comportamientos para evitar que los invasores entren a sus 

territorios. En los reptiles, concretamente en el género Anolis, los machos poseen una papada de colores 

brillantes que extienden de forma tangencial con el balanceo de la cabeza para alarmar y disuadir a los 

intrusos. Para examinar los territorios y los comportamientos que conlleva su defensa, se le 

presentaron modelos de arcilla macho y hembra al poco estudiado anole semiacuático, Anolis oxylophus, 

en diferentes escenarios y se midió su respuesta. Además, se documentó el tamaño del territorio, un tema 

muy poco estudiado. No se encontró ninguna correlación entre las muestras de agresión y los intrusos 

coespecíficos, pero se encontró una correlación positiva entre el aumento de la agresión coespecífica y los 

tamaños de territorio mayores hacia los intrusos machos. Los datos proporcionados en este estudio 

indican una baja agresividad hacia intrusos coespecíficos, pero contribuyen a definir el tamaño del 

territorio de A. oxylophus, y una relación positiva entre el tamaño del territorio y los comportamientos de 

territorialidad en el ámbito de la investigación de los anolis semiacuáticos. 
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INTRODUCTION 

The home range of an animal is the area used to forage for food, find mates, and raise young 

(Burt, 1943). Often, these home ranges tend to overlap and in an attempt to prevent the invasion 

of parts of one’s home range, known as their territory, from conspecifics, an individual will 

exhibit means of defense referred to as territoriality behaviors against those intruders to drive 

them out (Brown & Orians, 1970, Burt, 1943). 

In the case of many lizards, their territory is an area in which feeding, egg-laying, mating, and 

care of young takes place (Brattstrom, 1974). For the species in Anolis, the largest genus of 

lizards with about 426 described species (Leenders, 2019), these spaces are so critical to their 

survival that a few morphological features have developed to discourage conspecific invaders.  

All males of the genus Anolis possess a dewlap, which is a folded flap of brightly colored skin 

that sits under the throat and is extended when the male feels threatened and is typically coupled 

with head bobbing (Font & Rome, 1990). Additionally, studies have shown dewlaps to also be a 

factor in mate selection by females (Sigmund, 1983, Tokarz et al., 2005) 

The size of the territory being defended by anoles can vary greatly, with terrestrial anoles being 

observed occupying territories as small as 4.53 m² to holding territories larger than 400 m² 

(Nicholson & Richards, 2011). Other studies have shown that as terrestrial anoles age, they 

change territories and sometimes increase their territories in size (Stamps, 1978). 

Despite all the information available about the home ranges and territorial displays of terrestrial 

and arboreal anoles, natural history information about species of semiaquatic anoles, specifically 

Anolis oxylophus, is minimal. Studies have been able to provide information about a closely 

related species, Anolis aquaticus, and suggest that male members of this species tend to perch 

about 100 cm above a body of water (Eifler & Eifler, 2010). Other observations indicate that A. 

oxylophus resides on mostly rocks and logs in streams and estimates male mean linear home 

ranges to be around 9 m (Birt et al., 2001), but its behaviors to keep their territories are largely 

unknown. 

In this study, I aim to: 1. describe the male territory characteristics, 2. Assess male territoriality 

displays towards female and male intruders, and 3. determine if males with larger territory sizes 

defend their territories more aggressively towards invading conspecific males in a premontane 

tropical wet forest in Monteverde, Costa Rica. This study was accomplished by placing clay 

model replicates of male and female A. oxylophus into identified male territories and observing 

the behaviors that took place. 

For many anoles in the forests of Costa Rica, such as in La Selva Biological Reserve, 

descriptions of perches and general habitats of both terrestrial and semiaquatic anoles have been 

described (Perez-Martinez et al., 2021). Furthermore, the aggressive displays of multiple of the 

terrestrial anole species in Costa Rica have been described and analyzed (Echelle et al., 1971), 

leaving semiaquatic anoles understudied in that aspect. Therefore, the trials conducted in this 
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study will allow us to gain understanding about the territories of male semiaquatic anoles and to 

quantify otherwise undescribed territoriality behaviors towards conspecifics in relationship to 

territory size.  

MATERIALS AND METHODS 

Study Site 

This study took place in two bodies of water located near the CIEE Monteverde Campus that 

resides in the premontane wet forest of San Luis, Costa Rica between the elevations of 960-1085 

m (Figure 1). These bodies of water include Río Alondra and Río San Luis which are about 600 

m and 2.7 km from the campus, respectively.  

  
Figure 1. Map showing CIEE campus in Monteverde Costa Rica (A), Río Alondra (B), and Río 

San Luis (C).  

 

Study Species 

At both sites, between 9 am-5 pm, male semiaquatic anoles, A. oxylophus (Figure 2), were 

located and identified by the presence of a dewlap, which is bright orange and yellow in color. 

Males tend to have an SVL between 60-80mm and are dark brown with a distinct cream stripe 

that runs along their body posteriorly (Vitt et al., 1995). This riparian species keeps its territory 

on a single large rock or a series of smaller rocks within quick moving streams in premontane 

wet forest regions (Vitt et al., 1995). 

C 

A 
B 
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Figure 2.  A male A. oxylophus found near the Nectandra Reserve (Photo by Rovito 2015). 

Clay Models and Behavioral Trials 

Following identification, each male anole was presented with one of three conditions: a clay 

model of a male A. oxylophus, a clay model of a female A. oxylophus, or no model at all. The 

clay models were made using moldable clay and mimicked male and female A. oxylophus in 

shape, size, and color (Figure 3). The clay models were placed within the male’s territory, 

approximately a meter from the male’s initial position facing towards the male. The models were 

placed by attaching them to a string and lowering them via the string into their position. Once 

they were placed, the behavioral observation period began. If the anole was scared away, the 

observational period began as soon as the male anole returned. Each individual identified was 

tested with all three conditions: first the control condition, next with the male clay model, and 

then finally with the female clay model. 

A. B.  

Figure 3. A male (A) and female (B) clay model of A. oxylophus made for behavioral studies. 
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These observations were done with binoculars in order to avoid disturbing the anoles and were 

10 min in length. During this period, voice memo recordings discussing the behaviors the anole 

was exhibiting were taken. Behaviors recorded include the amount of times the male extended its 

dewlap, the amount of times the male bobbed its head, if the male retreated from the model, and 

if no territorial behavior was exhibited at all. After the behavioral trials, the territory of each 

anole, which typically is a rock or series of rocks in a stream or river, was measured with a 

measuring tape (Figure 4). 

 
Figure 4. A rock a male A. oxylophus territory was located on, being measured with a tape 

measurer. 

Statistical Analyses 

Kruskal-Wallis tests were performed to test for differences in territoriality behaviors towards the 

presence or absence of conspecifics. A linear regression model was performed to determine if the 

size of anole territories influenced their responses towards male conspecific intruders.  

RESULTS 

The territories of observed male A. oxylophus ranged between 0.105 m² and 3.6m² (N=20). In 

most instances, the anoles resided on a single rock or a group of up to 4-5 smaller rocks and 

would return to those areas daily. Of the male anoles found, 10 were observed for behavioral 

responses both without intruders and with the presence of either a male or female clay anole 

model. 

Overall, the amount of individual dewlap displays did not change significantly (N=10, X²= 

5.1482, df= 2, p= 0.07622). with the presence of a conspecific intruder. This can be seen over the 

three trials with individuals 5 and 6, where adding a clay model to their territory elicited no 

responses for either trial (Figure 5). When analyzing the clustered sequences of dewlap displays 
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with the Kruskal-Wallis test, the number of sequential dewlap displays was similar across 

treatments (N= 10, X² =5.2899, df= 2, p= 0.07101). Individuals would perform as many as 4 

display sequences even when conspecifics were not present, sometimes performing even less 

dewlap displays when conspecifics were introduced (Figure 6). 

 

 
Figure 5. Number of individual dewlap displays exhibited per individual male A. oxylophus 

across both sample sites (top). Box plot of the number of individual dewlap displays performed 

in presence of a male clay model, a female clay model, and in the absence of a model (bottom). 
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Figure 6. Number of dewlap display sequences exhibited per individual male A. oxylophus 

across both sample sites (top). Box plot of the number of dewlap display sequences performed in 

presence of a male clay model, a female clay model, and in the absence of a model (top). 

Additionally, the number of individual head bobs was consistently less than the number of 

dewlap displays each individual exhibited. This low number also remained unchanged with 

conspecific introduction (N=10, X²= 5.5072, df= 2, p= 0.0637), with, for instance, individual 2 

performing two head bobs with both no model and a male clay model present in its territory 

(Figure 7). Similarly, the number of head bob sequences also appeared to act independently of 

the stimulus introduced into the territory of the A. oxylophus male (N=10, X²=4.8232, df= 2, p= 

0.0976). Some individuals exhibited more head bob sequences without a conspecific present 

such as in individual 4, while others exhibited more with the male clay model present, such as 

with individual 1 (Figure 8). 
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Figure 7. Number of individual headbobs exhibited per individual male A. oxylophus across both 

sample sites (top). Box plot of the number of individual headbobs performed in presence of a 

male clay model, a female clay model, and in the absence of a model (bottom). 
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Figure 8. Number of head bob sequences exhibited per individual male A. oxylophus across both 

sample sites (top). Box plot of the number of head bob sequences performed in presence of a 

male clay model, a female clay model, and in the absence of a model (bottom).   

 

The number of individual dewlap displays performed in the presence of male clay models 

increased as the male territory size increased (R²= 0.4585, F= 6.561, df= 1, p= 0.03358) (Figure 

9). 

 
Figure 9. Linear regression comparing the number of dewlap displays exhibited by each male A. 

oxylophus in the presence of the male clay model and the male territory size (m²). 

Similarly, an increase in territory size showed an increase in the number of territorial head bob 

displays (R²= 0.1589, F= 4.987, df= 1, p= 0.05601) (Figure 10).  
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Figure 10. Linear regression comparing the number of head bob displays exhibited by each male 

A. oxylophus in the presence of the male clay model and the male territory size (m²). 

DISCUSSION 

As previously stated, there is little information regarding territory sizes of male A. oxylophus. 

Therefore, the information about male territory size that this study was able to provide is 

essential to the further understanding of semiaquatic anoles. Defining male territory sizes is 

useful for learning more about the natural history of a species. In a study focusing on the green 

anole, territory size was seen to be impacted by prey availability but have no impact on 

aggressive behaviors (Stehle et al., 2017). With further research on the territories of a larger 

sample size of male A. oxylophus, similar studies about territory use in relationship with territory 

size could be conducted to advance the amount of information known about the semiaquatic 

anole. 

Overall, no significance was found among male and female conspecific intruders and the 

frequency of dewlap and head bob displays by male A. oxylophus. While this may indicate that 

males are territorial to all conspecifics alike, the insignificant results could suggest that the 

sample size was simply too small. Because much of the data was close to yielding a significant 

result, sampling more anoles could provide more accurate, and possibly significant, relationships 

between conspecific intruders and aggressive displays. 

In studies done in species of other taxa, such as fish, territoriality aggression is seen to increase 

drastically as territory sizes decrease (Perrone et al., 2019). With this in mind, it would likely be 

hypothesized that an increase in territory size would result in a decrease in territory displays 

since the resident male may have more room to spare or more resources to lose, but this was not 

the case in this study. In another study of the species Sceloporus jarrovi, an increase in home 

range size correlated with an increase in active defense of that range (Ruby, 1978). Despite the 
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difference in genus, this behavior could possibly be the result of males simply being more 

protective over the higher amount of resources a larger territory comes with. Similarly, this 

behavior that may be opposite than expected could simply vary between taxa and could further 

be understood through observing more semiaquatic anoles and how they utilize and defend their 

territory. 

Additionally, the size of male A. carolinensis has be shown to effect their territoriality behaviors, 

such as the intensity of aggressive signaling and the engaging in physical fighting being higher in 

smaller males (Jenssen et al., 2005). In order to better determine the territorial behavior 

displayed by A. oxylophus a larger sample size study taking into account more variables, such as 

size of the male, is needed to provide a clearer pattern than the one observed here. Despite the 

limits of this short term study, the findings presented suggest strongly that male A. oxylophus 

with larger territories are more aggressive toward male conspecific intruders. This response in 

addition to a defined territory size range is critical, new information that can be added to the 

short list of known life history traits of the tropical semiaquatic anole A. oxylophus. 
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Is Mobbing a Learned or Innate Response in Birds in Monteverde? 

Celeste Weidemann 

Department of Environmental Studies, Vassar College 

ABSTRACT 

As climate change brings warmer conditions, many species will be moving upwards in elevation, bringing 

unfamiliar predators to the local bird community in Monteverde. The purpose of this study is to 

understand if mobbing, the act of prey grouping together to attack predators, is a learned or innate 

behavior. At 41 different sites, I monitored birds' responses to the calls of local hawk species (Buteo 

plagiatus), nonlocal invasive owl species (Glaucidium brasilianum), and control sounds. I found that 

there was not a significant difference between mobbing behaviors and predator noises. However, 100 

birds exhibited mobbing behaviors towards owl calls, compared to 91 towards hawk calls and 84 to white 

noise which was close to a significant difference. Thus, mobbing is most likely an innate response in bird 

species. As novel predators migrate to Monteverde, the local bird population will already be suited to 

defend themselves. 

RESUMEN 

A medida que el cambio climático trae consigo condiciones más cálidas, muchas especies se moverán 

hacia arriba en la elevación, trayendo depredadores desconocidos a la comunidad local de aves en 

Monteverde. El propósito de este estudio es entender si la conducta de acoso, el acto de agrupación de 

presas para atacar a los depredadores, es un comportamiento aprendido o innato. En 41 lugares diferentes, 

he monitorizado las respuestas de las aves a las llamadas de las especies locales de halcones (Buteo 

plagiatus), de las especies de búhos invasores no locales (Glaucidium brasilianum) y de los sonidos de 

control. Descubrí que no había una diferencia significativa entre la conducta de acoso y los ruidos de los 

depredadores. Sin embargo, 100 aves mostraron la conducta de acoso hacia las llamadas de búho, en 

comparación con 91 hacia las llamadas de halcón y 84 hacia el ruido blanco, lo que estuvo cerca de ser 

una diferencia significativa. Así pues, es muy probable que la conducta de acoso sea una respuesta innata 

en las especies de aves. Cuando nuevos depredadores migren a Monteverde, la población local de aves ya 

estará preparada para defenderse. 

INTRODUCTION 

Mobbing is a type of response organisms have when exposed to predators (Carlson & Griesser, 

2022). It can be expressed in various ways including attacking the predator, calling for backup, 

and attempting to look bigger (Carlson & Griesser, 2021). Typically, this behavior is exhibited 

by pairs or groups, but individuals can also perform these actions individually as well (Carlson & 

Griesser, 2021) There are many hypotheses on why animals express mobbing behavior including 

warning others, deterring and distracting the predator, or attracting a predator of their predator 

(E.curio, 1975). No matter why species display these actions, it can help increase their survival 

rate (Carlson & Griesser, 2021). 
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In birds, mobbing is exhibited by defecating on the predator until it is grounded, calling loudly to 

other members of its family, and attacking the predator head on (Carlson & Griesser, 2021). This 

trait can be innate for some predators and taught for others (Carlson & Griesser, 2021). However, 

birds react weakly, or not at all, to predators that are not present in their habitat range (Reudink, 

Nocera, & Curry, 2007). 

In this study, I will determine if mobbing is innate or learned in the bird species of Monteverde  

by observing their reactions to local and nonlocal introduced predators. This is important as 

climate change will increase temperatures and species not suited for cooler climates can now 

make it to a warmer Monteverde. If mobbing behavior is not innate, the Monteverde bird 

community may not be able to defend themselves against new predators. If it is an innate 

behavior, they will defend themselves from immigrating predators. If mobbing is an innate 

behavior, I expect to find mobbing behaviors when exposed to a local gray hawk predator, Buteo 

plagiatus, and little to no mobbing behaviors when exposed to a nonlocal pygmy owl, 

Glaucidium brasilianum, indicating mobbing as a learned behavior. 

MATERIALS AND METHODS 

Study Site 

The study site is the Monteverde CIEE campus and nearby open areas located in San Luis, Costa 

Rica which is in the premontane wet forest Holdridge life zone (Figure 1). 

 
Figure 1.  Map of CIEE Campus in Monteverde 
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Experimental Design 

I sampled forty-one sites, roughly 200 m apart, each with a different order of playback calls as 

shown in Table 1. I used the gray hawk, Buteo plagiatus, as the local predator, the pygmy owl, 

Glaucidium brasilianum, as the nonlocal invasive predator, and white noise as the control. Each 

trial lasted 17 min,  two min for each playback, an additional minute for observations with four 

minutes recovery period between each call (Figure 2). For each site, a bluetooth speaker was 

placed one meter off the ground in an open area where birds frequent and the audio from each 

trial was recorded (Figure 3). I recorded the number of aggressive behaviors: birds flying into a 

three meter radius of the speaker and birds passing through. I also recorded the number of birds 

already in the area and the number of birds flying out. The data was then analyzed for significant 

differences between treatments using chi square tests. 

Table 1. Order of call playbacks 

 First Call   Second Call Third Call 

Playback A 

Buteo 

plagiatus 

Glaucidium 

brasilianum White noise 

Playback B 

Buteo 

plagiatus White noise Glaucidium brasilianum 

Playback C White noise Buteo plagiatus Glaucidium brasilianum 

Playback D White noise 

Glaucidium 

brasilianum Buteo plagiatus 

Playback E 

Glaucidium 

brasilianum White noise Buteo plagiatus 

Playback F 

Glaucidium 

brasilianum Buteo plagiatus White noise 

 

Table 2. Order of playbacks 

Sound 

1 

1 minute 

observation 

4 

minute 

rest 

Sound 2 1 min 

observation 

4 

minutes 

rest 

Sound 

3 

1 minute 

observation 
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Figure 2. Example of speaker placement. 

RESULTS 

There was no significant difference among treatments for total number of birds flying in 

(X2=4.755, df= 2 p=0.0928), number of birds passing by (X2=3.350, df = 2 p=0.187), nor 

number of birds flying out  (X2=2.353, df= 2 p=0.308) (Figure 3). 

. 

Figure 3. Total number of birds flying in, passing by, or flying out of the three meter radius of 

the speaker during the hawk, owl, and white noise playing. Out of 41 trials, the owl had the 

highest number of birds flying inside the range with 65 birds and the highest number of birds 

passing by with 44 birds. The white noise had 28 birds fly out. 
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The difference between combined mobbing responses (birds flying in or around the speaker 

within a three meter radius) in sound types was close to significant, with the owl having the most 

responses (X2=5.664, df= 2 p=0.059) (Figure 4). 

 
Figure 4. Total number of combined mobbing acts (flying past or in the area of the speaker) for 

each type of sound. Ninety-one birds flew inside or past the 3 meter area of the speaker when the 

hawk noises were playing, 100 birds flew inside or past when owl noises were playing, and 84 

flew inside or past when the white noise was playing. 

DISCUSSION 

I found that there was no significant difference between trials with birds acting similarly to local 

and nonlocal invasive predators. Thus, mobbing is most likely an innate behavior. This is similar 

to a study done by Curio (1975). His study included introducing two species of local predators 

(owls and shrikes) and one non-predator bird to 88 individual birds of pied flycatcher, Ficedula 

hypoleuca, in a laboratory setting that had never interacted with predators before. He found that 

mobbing behaviors occurred when presented with both of the predators, but not for the control 

bird. Therefore, he concluded mobbing behavior is innate as the birds show mobbing behavior 

without being taught how to mob and without ever seeing predators. 

Unlike my stuy, Reudink, Nocera, & Curry (2007) found that mobbing was not innate, but rather 

a learned behavior. This study explored how the resident and migratory birds of Yucatan, 

Mexico reacted to the calls of a local predator, Ferruginous Pygmy-owl (Glaucidium 

brasilianum), and a nonlocal predator, Eastern Screech-owl (Megascops asio). Although both the 

migratory and resident birds exhibited similar mobbing behaviors to the Pygmy-owl, only the 

migratory birds (which migrate to the same area as the Eastern Screech Owl) exhibited mobbing 

behaviors for both predators. Thus, in this study birds only display mobbing behavior when they 

learn about a predator. 

I believe geography and bird species composition influence my results. Different species, 

especially with geographic distance, evolve different defense mechanisms. Some species may 



 

70 

 

have innate mobbing while others may have evolved it as a learned behavior only. Similar to this 

viewpoint, a review of mobbing behaviors by Carlson & Griesser (2021) found that mobbing is a 

learned behavior, although it can be innate in certain species of birds. Some species, such as 

starlings, will only start displaying aggressive behaviors when they see a predator with a dead or 

struggling conspecific. However, the Japanese tit, Parus Minor, is an example of a bird species 

that will start mobbing as a juvenile prior to seeing adult tits mob. 

Going forward, it would be interesting to study mobbing behaviors in specific bird species 

instead of the general community. Each bird species exhibits slightly different mobbing 

behavior, and it would be important to track the behavior of all species to confirm mobbing 

behaviors. In my study, I also found owls to be attacked more often than hawks and white noise. 

When the total number of mobbing actions were combined, the data was close to being 

significant with more mobbing behaviors exhibited during the owl call. This is potentially 

because owls tend to be perched when they call, but hawks fly overhead when they call which 

could make it harder prey species to mob them. With more trials, I believe that my findings 

could be significant suggesting that the bird community studied shows innate mobbing behavior. 

Additionally, I believe recognizing bird species will improve the study in the future. As some 

species do not exhibit mobbing behavior, they should not be counted in the dataset. 

Discriminating between bird songs and bird warning calls will also be helpful. Birds outside of 

the three meter radius can still exhibit mobbing behavior via warning calls. This should be 

accounted for in the following trials.This study suggests that mobbing behavior in birds is innate 

and not learned. This is important as climate change facilitates a warmer climate for predator 

species to migrate uphill. With mobbing as an innate behavior, the bird population of 

Monteverde will be able to defend themselves from novel predators. 
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ABSTRACT 

Birds are known to exhibit aggressive behavior towards conspecific individuals. However, territorial 

species have been shown to recognize their neighbors. Using conspecific vocal stimuli (both songs and 

calls), this study aimed to assess reactions of Clay-colored Thrushes located in Monteverde to three 

different Costa Rican populations: local in Monteverde, intermediate in Cartago, and far in Golfito. Based 

on the dear enemy concept, it was expected that birds would respond more quickly to vocalizations from 

populations of birds further away. Playbacks of songs and calls of the thrushes from the 3 different 

regions, in addition to a control song and call of Yellow-throated Euphonia, were assembled using the 

Xeno-canto database and Audacity audio editing software. Contrary to the expected findings, the birds did 

not react most aggressively to the furthest population of thrushes; rather, they responded the fastest to 

Cartago, the population closest to the population evaluated. Even though the birds approached the Cartago 

treatment the fastest, they vocalized faster in response to the Monteverde treatment (mean = 86 seconds). 

Songs serve a territorial function; however, the birds approached and vocalized more quickly in response 

to calls (mean = 94 and 104 seconds) than to songs (mean = 102 and 126 seconds). This study is 

important because it is unknown how Clay-colored Thrushes express aggressive behaviors towards 

individuals of different populations. The results suggest that the Clay-colored Thrush might be more 

territorial towards conspecific individuals in the same population because they do not recognize songs 

from a farther population, and therefore do not perceive them as a threat. 

 

RESUMEN 

Se sabe que las aves exhiben un comportamiento agresivo hacia individuos de su misma especie. Sin 

embargo, se ha demostrado que las especies territoriales reconocen a sus vecinos. Utilizando estímulos 

vocales conespecíficos (cantos y llamadas), este estudio tuvo como objetivo evaluar las reacciones de los 

zorzales color arcilla ubicados en Monteverde a tres poblaciones costarricenses diferentes: local en 

Monteverde, intermedia en Cartago y lejana en Golfito. Basado en el concepto del querido enemigo, se 

esperaba que las aves respondieran más rápidamente a las vocalizaciones de las poblaciones de aves más 

lejanas. Las reproducciones de canciones y llamadas de los zorzales de las 3 regiones diferentes, además 

de una canción de control y llamada de Euphonia garganta amarilla, se ensamblaron utilizando la base de 

datos Xenocanto y el software de edición de audio Audacity. Contrariamente a los hallazgos esperados, 

las aves no reaccionaron de manera más agresiva a la población de zorzales más lejana; más bien, 

respondieron más rápido a Cartago, la población más cercana a la población evaluada. Aunque las aves se 

acercaron más rápido al tratamiento de Cartago, vocalizaron más rápido en respuesta al tratamiento de 

Monteverde (media = 86 segundos). Las canciones cumplen una función territorial; sin embargo, las aves 

se acercaron y vocalizaron más rápidamente en respuesta a las llamadas (media = 94 y 104 segundos) que 

a las canciones (media = 102 y 126 segundos). Este estudio es importante porque se desconoce cómo los 

zorzales color arcilla expresan comportamientos agresivos hacia individuos de diferentes poblaciones. 



 

72 

 

Los resultados sugieren que el zorzal color arcilla podría ser más territorial hacia individuos 

conespecíficos de la misma población porque no reconocen los cantos de una población más lejana y, por 

lo tanto, no los perciben como una amenaza. 

INTRODUCTION 

Birds commonly demonstrate aggressive interactions between members of the same species, and 

territoriality is more common between male birds (Wood et. al, 2020; Fedy and Stutchbury, 

2004). There are several possible reasons for territoriality, including resource competition and 

reproductive interference (Drury et. al, 2020). However, territorial species have been shown to 

recognize their neighbors. The “dear enemy effect” describes the phenomenon in which 

neighboring individuals of the same species recognize one another’s phenotypic features and 

therefore exhibit less aggression towards one another (Bee, 2003). According to the dear enemy 

effect, strangers pose a greater threat than a neighbor because of their unfamiliarity; the bird is 

not able to predict whether the new individual will stay out of its territory. Birds have been 

shown to recognize the difference between strangers and neighbors even in bird species with a 

larger song vocabulary. (Moser-Purdy & Mennill, 2016). 

Birds have two main types of vocalizations: songs and calls. Songs are longer, more melodic 

vocalizations. The primary function of songs include territorial defense and female attraction 

(Vargas-Castro et. al, 2012). Simpler vocalizations are known as calls. Even though they are 

simpler, they serve a variety of different communicative functions, including food signaling, 

flight coordination, contact calls, and alerting others of a predators’ presence (Marler, 2006). 

Songbirds typically have 5 to 10 different types of calls (Marler, 2006).  Generally, male birds 

sing, but both female and male birds sing and call (Catchpole and Slater, 2008). Conspecific 

vocalizations, including songs and calls, have been shown to vary across a species’ geographic 

range (Benedict & Krakauer, 2013). 

The Clay-colored Thrush (Turdus grayi), the national bird of Costa Rica, is a common 

Neotropical bird that breeds from March to July (Birds of the World). During the breeding 

season, the thrushes are more territorial likely because they are defending nesting sites (Jin et. al, 

2020). Because Clay-colored Thrushes exhibit intraspecific competition, they are an ideal study 

organism to test different vocal stimuli on during their breeding season.  Using conspecific vocal 

stimuli, this study aims to assess territoriality and aggressive behaviors in Clay-colored Thrushes 

located in Monteverde by using playbacks form from three different Costa Rican populations: 

local: Monteverde; a population located at an intermediate distance: Cartago, and a population 

located at a far distance: Golfito. Because songs serve a territorial function, it is expected that the 

birds will respond more quickly to songs than calls, and, based on the dear enemy concept, it is 

expected that the birds will respond more quickly to vocalizations from the furthest population of 

birds.   This study is important because there is little to no information available about how Clay-

colored Thrushes exhibit aggression between populations from different geographic regions. 
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MATERIALS AND METHODS 

Study Site 

The study site was the CIEE Monteverde Campus, San Luis, Costa Rica and surrounding 

properties, located in tropical premontane wet forest. All sites were within a 2 km radius of the 

CIEE campus (Figure 1). Sites were selected based on the presence of Clay-colored Thrush, 

meaning that the bird had to be sighted or the bird was heard singing or calling at site. Each site 

was located at minimum 10 meters away from the next site to ensure that the same bird was not 

being evaluated multiple times.  

 

 
Figure 1. A snapshot of the study site. Sites were selected from the Calle Universidad and CIEE 

Campus, ranging from the Escuela Altos de San Luis to the Finca Ecologica San Luis, and one 

site was selected along the Sendero Pacifico, the road approximately 500 m south of the Calle 

Universidad. 

Study Organism 

The Clay-colored Thrush (Figure 2) is a common Central American thrush species, ranging from 

Mexico to Colombia. The national bird of Costa Rica, Clay-colored Thrushes frequent a variety 

of habitats that are shrubby and wooded (eBird). It is an abundant species and there is confirmed 

breeding within the anticipated study site, making it an ideal organism for research. 
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Figure 2. A Clay-colored Thrush, the study species. Both sexes look alike, with uniformly 

brown plumage, red eyes, and yellow bills. Photo by Josiah Verburgges on eBird. 

Playback Assembly 

Songs and calls of the Clay-colored Thrush were selected using the Xeno-canto database (Xeno-

canto, 2021). One song and call was selected from Cartago, located approximately 167 

kilometers away from the study site, and one song and call was selected from Golfito, located 

approximately 358 kilometers away from the study site (Figure 3).  

 

 
 

Figure 3: The location of the playbacks in context of the study nation. Each location is 

represented with a red star. Map courtesy of geology.com. 
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For consistency, each call selected was the Clay-colored Thrushes’ “mew” call. The stimulus for 

Monteverde Clay-colored Thrushes, both song and mew call, was recorded by myself using an 

iPhone and a specially adapted iPhone microphone on the CIEE Monteverde Campus. Finally, a 

recording of the song and call of the Yellow-throated Euphonia from San Luis was selected from 

Xenocanto to utilize as a control. The Yellow-throated Euphonia was selected as a control 

because it is a common species in the study site and ensured that the Clay-colored Thrushes 

reacted differently to conspecific stimuli, not other resident species. 

Each song and call was then uploaded directly into the audio editing software, Audacity 

(Audacity, 2021). The songs and calls were not edited, except for the Monteverde Clay-colored 

Thrush song and call, which was made louder using the amplify tool in Audacity. 

The audios created were 32 minutes, with each treatment accounting for 8 minutes each (Table 

1). Two minutes of the song would be played, followed by 1 minute of silence for the birds to 

recover, followed by 2 minutes of mew calls, followed by a longer, 3-minute cooldown period 

for the birds to recover. The order of each geographic treatment was rotated every time so that 

each treatment would be played first the same number of times; this eliminates bias by making 

sure that each playback was the first stimulus the same number of times. 

Table 1. Each playback with their respective treatment order. Treatments were rotated so there 

wouldn’t be a first stimulus bias. 

 

 Treatment 1 Treatment 2 Treatment 3  Treatment 4 

Playback 1 Euphonia  Monteverde  Cartago  Golfito  

Playback 2  Golfito Euphonia Monteverde Cartago  

Playback 3  Cartago Golfito  Euphonia  Monteverde  

Playback 4 Monteverde  Cartago Golfito Cartago 

 

Data Collection 

Data collection occurred from April 25 to May 3, 2022, during the Clay-colored Thrush’s 

breeding season. A portable Bluetooth speaker was placed at least 1 m above the ground at each 

study site. Then, five variables were measured as the song or call played to a single individual: 

the amount of time that each bird took to fly in, whether it vocalized, what kind of vocalization, 

time taken for the first vocalization, and the total number of birds that approached the speaker. If 

a bird did not vocalize or approach the speaker, a control value of 181 seconds was assigned to 

that data set because observations were taken over a 3-minute period (during the 2 minutes of 

playback and 1 minute of rest). 



 

76 

 

Statistical Analyses 

The data was analyzed against the Monteverde treatment using a generalized mixed model fit by 

maximum likelihood (Laplace Approximation) in R (R Core Team, 2021). Time to approach, 

time to vocalize, and the number of individuals were the response variables. The treatment and 

stimulus were fixed factors. The order of the stimulus was a random effect. 

RESULTS 

A total of 40 trials were completed in the time frame, for a total of 320 vocal stimuli (160 songs 

and 160 calls) tested. Thrushes took longer to approach when the Euphonia treatment was played 

back (GLMM, z = 97.094, p = <2e-16, Figure 4). Thrushes took longer to approach when the 

Golfito treatment was played back (GLMM, z = 5.089, p= 3.6e-07, Figure 4). However, thrushes 

approached faster when the Cartago treatment was played back (GLMM, z=-2.628, p = .00858, 

Figure 4). 

 
 

Figure 4. Average time of the first approach of Clay-colored Thrushes in response to the four 

treatments. Error bars are one standard error. 

Thrushes vocalized slower when the Euphonia treatment was played (GLMM, z = 42.50, p = 

<2e-16; Figure 5). Thrushes vocalized slower when the Golfito treatment was played GLMM,  z 

= 16.16, p= <2e-16, Figure 5). Thrushes vocalized slower when the Cartago treatment was 

played (GLMM,  z = 16.16, p= <2e-16, Figure 5). 
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Figure 5. Average time of the first vocalization of Clay-colored Thrushes in response to four 

different treatments. Error bars are one standard error. 

The average number of thrushes that responded to Golfito (GLMM, z = 0.287, p = .7739, Figure 

6) and Cartago (GLMM, z = 0.358, p = 0.72033, Figure 6) was roughly the same and not 

significant. However, the average number of thrushes that responded to the Euphonia treatment 

was much lower, and this result was statistically significant (GLMM, z = 2.635, p= 1.45e-11; 

Figure 6). 

 
Figure 6. Average number of Clay-colored Thrushes that responded to four different treatments. 

Error bars are one standard error. 
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The thrushes approached calls faster than songs, and this difference was significant (GLMM, 

z=7.035, p = 2.0e-12, Figure 7).  

 

 
Figure 7. Average time of the first approach of Clay-colored Thrushes in response to the two 

types of stimuli (songs and calls). Error bars are one standard error. 

The birds vocalized sooner in response to calls than songs, and this difference was significant 

(GLMM, z= 18.57, p=<2e-16, Figure 8). 

 
 

Figure 8. Average time of the first vocalization of Clay-colored Thrushes in response to the two 

types of stimuli (songs and calls). Error bars are one standard error. 
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More thrushes investigated the call stimuli than the song stimuli, and this difference was 

significant (z= -23.93,  p= .01669, Figure 9). 

 
Figure 9. Average number of Clay-colored Thrushes that responded to the two types of stimuli 

(song and call). Error bars are one standard error. 

The most common type of vocalization of Clay-colored Thrush in response to conspecific 

playback was the “cluck call,” which occurred in 123 out of 320 trials (Figure 10). 

 
Figure 10. The number and type of Clay-colored Thrush vocalizations in response to the 320 

vocal stimuli. 
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The Clay-colored Thrush has a complex song, but it has an interesting series of calls, including 

the “mew” call and “cluck” call (Figure 11). 

 
 

 

 
Figure 11: Spectrograms of the “mew” call (top), “cluck” call (middle), and song (bottom). As 

evidence by the spectrograms, calls are less complex than songs. These are the three types of 

vocalizations represented in Figure 9. Mew courtesy of David L. Ross, Jr. and cluck courtesy of 

Phil Arneson (Birds of the World). Song courtesy of Vargas-Castro et. al 2012. 
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DISCUSSION 

The quicker the bird approaches and vocalizes, the more territorial the bird is considered (Jin et. 

al, 2020). In this study, the Clay-colored Thrushes approached the Cartago playback the fastest. 

Cartago is in the middle of the other localities; it is not from the immediate area (Monteverde), 

nor is it from the farthest population (Golfito). This was contradictory to the expected findings; 

based on the dear enemy concept, it was expected that the birds would respond the fastest to the 

Golfito treatment because strangers are perceived as the biggest threat (Moser-Purdy & Mennill, 

2016). There are some potential explanations for this result. Since Cartago is relatively close to 

Monteverde, there could be elements of the Cartago song that the birds recognize as familiar. So, 

they approach faster to investigate a strange stimulus in their environment, whereas they do not 

approach as fast for the Monteverde treatment because they might recognize the stimulus. Even 

though the birds approached the Cartago treatment the fastest, they vocalized faster in response 

to the Monteverde treatment. This could be because the thrushes want to communicate with 

neighboring individuals or perhaps defend their territory, as the study occurred during their 

breeding season. 

Of the three Clay-colored Thrush treatments, the birds responded slowest to Golfito, the furthest 

location from the study site. We expected that birds would respond most aggressively to the 

furthest study site based on the concepts of the dear enemy effect, so we do not know why the 

birds responded slowest to Golfito. A potential explanation for this could be the concept of 

cultural transmission (Slater, 1986). A parent bird acts as a “tutor” and its offspring are its 

“pupils.” Since songs are acquired, the pupils then teach the song to another individual. As this 

happens over thousands of generations, the original song can change and combine some of the 

syllables of the song. Although this will sound the same to humans, birds can recognize these 

differences in songs. So, in the context of this experiment, the birds might not recognize Golfito 

songs and calls as intruders because the vocalizations are too different, whereas Cartago and 

Monteverde are close enough that there could be similarity in local vocalizations. 

There was not much difference in the number of individuals that responded to the treatments. 

However, there was a significantly lower number of individuals responding to the euphonia call. 

This suggests that Clay-colored Thrushes do indeed recognize conspecific vocalizations as 

something that might imply a threat and perhaps supports the idea of intraspecific competition in 

this species. 

The birds approached and vocalized faster in response to calls, not songs. When responding to 

the vocal stimuli (songs and calls) of the treatments, they overwhelmingly responded with a 

“cluck” call. The reasons for this are unclear but could relate to the different functions of songs 

and calls. Songs are known to serve a territorial function, and the expected finding was the 

thrushes would respond faster to the songs, not calls. Calls might facilitate faster communication 

among individuals of the same population, especially since they can serve contact call purposes. 
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This new finding suggests that the “cluck” call is the main type of contact call in T. grayi, since 

the thrushes could be alerting one another of a stranger. 

This study is important because there is little to no information available about how Clay-colored 

Thrushes exhibit aggression between populations from different geographic regions. This study 

also highlights the relevance of bird calls as responses to conspecific playbacks. Additionally, 

direct study of song versus call playback has not been performed in thrushes, so future studies 

should include more direct comparison between the two. Future studies should also be performed 

to determine why Clay-colored Thrushes utilize their cluck call in response to other conspecific 

vocalizations, regardless of geographic location. This study and future ones will provide valuable 

insight into the specifics of this species’ territorial behavior. 
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ABSTRACT 

The risk allocation hypothesis predicts that when more food is available, species do not need to forage for 

as long to acquire enough resources and so will shift their foraging activity away from periods of high 

predation risk. I test this hypothesis on a mainland population of the Central American Agouti 

(Dasyprocta punctata), a neotropical rodent. Following research on islands, I hypothesized that mainland 

D. punctata would also shift their activity times away from hours of higher predation (dawn and dusk) 

when given additional food. Additionally, I predicted that D. punctata activity would be higher during 

months with low food abundance and predator activity. Agouti activity and activity of agouti predators 

(ocelots, pumas, coyotes, and tayras) were analyzed using camera trap photos taken on the CIEE campus 

in Monteverde, Costa Rica. It was found that agoutis shifted their activity away from dusk hours when 

additional food was provided (12% of agouti activity for individuals given food occurred during dusk, 

compared to 24% for the control group). There was no difference in activity levels during dawn or 

between dawn and dusk for sites with additional food. Contrary to expectations, D. punctata had higher 

activity levels during months with higher predator activity and food abundance. It is possible that 

differences in agouti predator density, variations in hourly food availability, and scatter-hoarding, affected 

these results. Since climate changes plant phenology, which in turn affects food abundance, and human 

habitat fragmentation decreases agouti predator density, these results may inform agouti conservation 

decisions. 

RESUMEN 

La hipótesis de asignación de riesgos predice que cuando hay más alimento disponible, las especies no 

necesitarán tardar mucho tiempo consiguiendo recursos, por lo que evitarán buscar alimentos en los 

periodos de alto riesgo de depredación. En este estudio, puse a prueba esta hipótesis en una población de 

guatusas (Dasyprocta punctata), un roedor neotropical. De acuerdo con investigaciones realizadas en 

islas, base mi hipótesis en que D. punctata de tierras continentales también cambiaría sus horas de 

actividad a las horas de mayor depredación (amanecer y atardecer) cuando se les da comida adicional. 

Además, mi predicción fue que la actividad de D. punctata sería mayor durante los meses con baja 

abundancia de alimento y actividad de depredadores. Se analizó la actividad de las guatusas y de sus 

depredadores naturales (ocelotes, pumas, coyotes y tolomuco) utilizando fotografías de cámaras trampa 

tomadas en Monteverde, Puntarenas, Costa Rica. Encontré que las guatusas cambiaron su actividad fuera 

de las horas del anochecer cuando se les proporcionó comida adicional (el 12 % de la actividad de las 

guatusas que recibieron comida ocurrió durante el anochecer, en comparación con el 24 % para el grupo 

de control). No encontré diferencia en los niveles de actividad durante el amanecer o durante el periodo 

comprendido entre el amanecer y el anochecer para sitios con alimento adicional. Contrariamente a lo 

esperado, D. punctata tuvo niveles de actividad más altos durante los meses con mayor actividad de 

depredadores y abundancia de alimento. Es posible que las diferencias en la densidad de depredadores de 

las guatusas, las variaciones en la disponibilidad de alimentos por hora y el almacenamiento de comida 
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hayan afectado estos resultados. Estos resultados pueden ayudar a la toma de decisiones para 

conservación de las guatusas, dado a que el clima cambiante puede influir en la fenología de las plantas (y 

del mismo modo la abundancia de alimentos) y la fragmentación del hábitat antropogénica disminuye la 

densidad de depredadores de las guatusas. 

INTRODUCTION 

According to foraging theory, the trade-off between resource acquisition and predation risk is an 

important driver of animal behavior (Suselbeek, 2009) In prey species, foraging activity is 

theorized to increase detection by predators (Suselbeek et al., 2014). Therefore, to optimize both 

resource acquisition and survival, species can shift their foraging activity away from time periods 

with the highest predation risk (Suselbeek, 2009). 

However, food availability affects the risk of predation that an animal is willing to tolerate 

(Suselbeek, 2009). When food is less abundant, the animal may need to forage for longer periods 

and during times of high predation risk to maintain energy intake (Suselbeek, 2009). This 

follows the risk allocation hypothesis, which predicts that prey animals will move their activity 

to times with less risk of predation when more food is available (Suselbeek et al., 2014). 

The Central American agouti (Dasyprocta punctata) is a large, frugivorous, seed predating 

rodent occurring from southern Mexico to northern Argentina (Smythe, 1978). They eat the 

fruits of plants and are important seed dispersers (Smythe, 1978). Agoutis are primarily diurnal 

but show occasional nocturnal activity (Suselbeek et. al, 2014). The ocelot (Leopardus pardalis) 

is the primary predator of D. punctata, with the coyote (Canis latrans) puma (Puma concolor), 

and tayra (Eira barbara) as other potential predators (Lambert et al., 2009; Botts et. al, 2020). D. 

punctata predators show high levels of nocturnal behavior, as L. pardalis is mostly nocturnal and 

P. concolor and C. latrans are cathemeral (Botts et al., 2020). Thus, the predation risk for D. 

punctata is highest at dawn, dusk, and night (Suselbeek et al., 2014). While on an hourly scale D. 

punctata on islands have been shown to shift their activity away from times of high predation 

risk under greater food abundance (Suselbeek et al., 2014), it is unknown if this trend exists on 

the mainland or on an annual scale. It is also unknown if D. punctata can adapt their activity 

times when offered a new food resource in addition to their documented response to natural 

spatial food variability (Suselbeek et al., 2014). 

To evaluate D. punctata foraging behavior in response to food abundance and predation risk on 

the mainland, I evaluated shifts in agouti hourly activity in response to a provided food resource. 

To evaluate D. punctata foraging behavior in response to food abundance and predation risk on 

an annual scale, I compared agouti activity against predator activity for a full year, assuming that 

food abundance for D. punctata is high from mid-April to mid-August and scarce for the rest of 

the year (Smythe, 1978). As climate change is shifting the timing of major events in plant 

phenology, and ocelot presence is decreased due to habitat fragmentation, how D. punctata 

responds to differing food abundance and predation risk may give insight into the response of 
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this important seed disperser to anthropogenic change (Piao et al., 2019; Lombardi et al., 2020; 

Smythe, 1978). Since D. punctata has been shown to follow the risk allocation hypothesis on 

islands with natural variability in food abundances, I hypothesize that D. punctata on the 

mainland will also shift their activity times to lower-risk hours when given additional food 

resources. Following the risk allocation hypothesis on a greater temporal scale, I hypothesize that 

agouti activity across the year will be lower at time periods with high food abundance or high 

predator activity, and higher at periods with low food abundance or low predator activity. 

MATERIALS AND METHODS 

Experiment 1: Hourly Activity 

Study Site 

Data was collected on the CIEE Monteverde Campus in San Luis, Costa Rica (Figure 1). The 

campus is in a pre-montane wet forest about 1088 m above sea level and has about 2300 mm of 

rainfall per year. Sample collection occurred from April 27th to 29th, 2022, during the dry 

season. Data was also used from a sample collection that occurred from July 16th to 28th, 2021, at 

the same sites during the rainy season (Hines, 2021). 

 
Figure 1. Map of the CIEE Monteverde Campus, where data collection occurred. 
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Data Collection 

One control station and one experimental station were set up on each of two trails, resulting in 

four stations total (Figure 2). Stations consisted of two camera traps facing each other from a 

distance of approximately 10 m. The experimental stations had about three handfuls of dried 

corn placed at each of four spots between the cameras, the spots being about 2 m and 4 m from 

each camera (Figure 3). No corn was placed at the control stations. The cameras were formatted 

to take pictures at five-second intervals to get maximum data on agouti activity. 

To ensure that the same agoutis visited each station and therefore experienced the same treatment 

over time, the stations were at least 250 m apart, the diameter of an agouti home range 

(Suselbeek et al., 2014). Corn at experimental stations was replenished and camera trap memory 

cards and batteries were checked each day. 

 
Figure 2. Map showing the four stations. Two stations were on the Zapote trail and two were on 

the Camino Real trail. Each trail had one experimental station and one control station. Figure 

was taken from Hines 2021. 
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Figure 3. Food station setup showing camera trap placement (blue circles) and corn placement 

(yellow triangles). The control stations had the same setup without any food. 

Photo Observations 

All agouti sightings present in the pictures were recorded (Figure 4). A sighting was defined as a 

picture of an agouti separated by at least ten minutes from the previous picture of an agouti. The 

presence of additional agoutis at the same time was counted as additional sightings. The 

timestamps of the camera trap photos were used for the time of sightings. 

 

 
Figure 4. Camera trap photo of the Central American Agouti (Dasyprocta punctata). 
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Data Analyses 

Agouti activity during dawn (0430h to 0700h), dusk (1630h to 1900h), and the hours between 

(0700h to 1630h) was compared between experimental and control groups by using the 

proportion of agouti sightings during each time period out of the total sightings per treatment. A 

chi-square test was used to test for differences between treatments and hours. 

 

Experiment 2: Annual Activity 

Photo Observations 

Camera trap photos taken from May 2020 to March 2021 at five sites along the CIEE 

Monteverde Campus trails were reviewed. All agouti, ocelot, puma, coyote, and tayra sightings 

present in the pictures were recorded. A sighting was defined as a picture of an animal separated 

by at least ten minutes from the previous picture of an animal of that species. The presence of 

additional animals at the same time was counted as additional sightings. The timestamps of the 

camera trap photos were used to obtain the month of sightings. 

Data Analyses 

Agouti and predator activity patterns throughout the year were analyzed by plotting the number 

of agouti sightings as compared to the number of predator sightings monthly. Additionally, the 

yearly data was used to check the hours of activity for agoutis and their predators. 

 

RESULTS 

Experiment 1: Hourly Activity 

Overall, there were significantly more agouti sightings between dawn and dusk hours than during 

dawn and dusk, with 111 sightings during dawn and dusk and 273 sightings in between (X2 = 

10.448, df = 2, p = 0.005). The difference in agouti activity between control and food sites as a 

proportion of total activity for each treatment was not significant for dawn (X2 = 2.178, df = 1, p 

= 0.140) or in the hours between dawn and dusk (X2 = 1.441, df = 1, p = 0.223). However, there 

was significantly higher proportional activity at the control sites (24%) as compared to the 

experimental sites (12%) for dusk (X2 = 4, df = 1, p = 0.045) (Figure 5). 
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Figure 5. Central American Agouti (D. punctata) activity as a proportion of total activity for 

each of the control (no corn) and experimental (corn) treatments on CIEE Monteverde Campus. 

Differences in agouti activity between treatments were only statistically significant at dusk. 

 

Experiment 2: Annual Activity 

Agouti activity was highest from June to September and peaked in August. It roughly increased 

from February to August and decreased from August to November. Ocelots were recorded 

mostly from May to July, peaking in June. Coyotes were recorded from June to December, 

reaching maximum sightings in August. Pumas were recorded at a relatively constant rate from 

March to December, with maximum sightings occurring from July to August. Tayras were 

recorded from July to December with a peak in August (Figure 6). 
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Figure 6. Monthly activity based on the number of sightings of the Central American Agouti (D. 

punctata) and its predators from May 2020 to March 2021 on CIEE Monteverde Campus. 

DISCUSSION 

D. punctata proportional activity was significantly higher at dusk for control sites than for sites 

with added food. This supports the risk allocation hypothesis as it may mean that when more 

food was present, agouti activity was shifted away from dusk which is a high-risk time for 

predation. However, there was not a significant difference in proportional activity between the 

two treatments at dawn or between dusk and dawn. Unlike previous research, this does not 

support the risk allocation hypothesis because under that hypothesis D. punctata activity would 

be higher for the control treatment at dawn, a time of high predation risk by ocelots, their main 

predator (Suselbeek, 2009; Suselbeek et al., 2014). Additionally, it would predict that the 

experimental treatment would have higher D. punctata activity between dawn and dusk, as this is 

a period of low predation risk. These results may be due to typical food availability patterns 

throughout the day. More food could be available in the morning from fruit and seeds dropped 

overnight, meaning the benefits of foraging at dawn and reaching food faster than competitors 

may outweigh the risk of predation (Aliaga-Rossel et al., 2006). Perhaps by dusk, not much food 

remains, and so the benefits of avoiding predation outweigh the benefits from continued 

foraging, particularly if the agouti is already more satiated by the presence of additional food in 

its environment. Furthermore, it is possible that the natural differences in food abundance used in 

previous studies had higher variability than the experimental and control groups in this study, 
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leading to a stronger response by D. punctata and higher support for the risk allocation 

hypothesis in the former. 

On an annual scale, agouti activity was highest from June to September and agouti predator 

activity was highest around the same period. Furthermore, it is known that food abundance for D. 

punctata is at its highest from mid-April to mid-August (Smythe, 1978). Agouti activity was 

highest during the period with the highest predator activity and food abundance. This is the 

opposite of the predicted pattern that agouti activity would be lower at periods with high food 

abundance or high predator activity. The reason the agoutis are more active during months of 

high food abundance might be because they are spending more time storing excess food. Agoutis 

scatter-hoard food, and as higher quantities of fruit are available, they may spend increasingly 

greater time caching the extra fruit in multiple locations as opposed to retiring once satiated 

(Smythe, 1978). 

Additionally, as all previous work on this topic occurred on Barro Colorado Island in Panama 

(Emsens et al., 2013; Lambert et al., 2009; Suselbeek, 2009; Suselbeek et al., 2014), differing 

ecological factors on the mainland might be reducing agouti response to predator activity. For 

example, there may be a higher density of agouti predators on Barro Colorado Island than in 

Monteverde, making it less risky for D. punctata to be active at times of high predator activity 

than on the previously studied islands. This is likely as a wide range of ocelot densities have 

been measured, with the lowest at 3.1 individuals per 100 km2 in Belize and the highest at 160 

individuals per 100 km2 on Barro Colorado Island (Bitetti et al., 2008). Ocelot density has not 

been measured in Costa Rica, so future research on agouti predator densities in Monteverde, or 

on mainland sites with known ocelot densities, could help illuminate the processes behind these 

patterns (Bitetti et al., 2008). 

This study was limited by short time frames for data collection in experiment one and photo 

observations in both experiments one and two. Expanding the time scale of this study would 

greatly improve the quality of data retrieved. Furthermore, expanding the treatments to include 

more levels of food offered could increase our understanding of agouti response to varying food 

abundance. 

Unexpectedly, D. punctata activity increased with both predator activity and food abundance on 

an annual scale. Furthermore, on an hourly scale, D. punctata responded less to increases in food 

availability than expected. In addition to potential differences in D. punctata response to 

predators and food availability in island versus mainland environments, the response of the 

Central American Agouti to shifts in predator density and plant phenology in some 

circumstances may be the opposite of what was previously assumed, informing agouti 

conservation decisions under anthropogenic change. 
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Do spiders provide anti-herbivory support for Piper glabrescens (Piperaceae) 

in the Monteverde Cloud Forest of Costa Rica? 

Fraser Moore 

Department of Biology, Whitman College, Washington, USA 

ABSTRACT 

Bottom-up and top-down controls affect plant fitness. Top-down trophic cascades had documented 

negative impacts on Piper plants in the Neotropics, but spider predators had positive effects in 

agricultural systems because they predated herbivores. This study calculates the effect of spider predators 

on leaf herbivory on Piper glabrescens in Monteverde, Costa Rica. I sampled 5 leaves from each of the 

100 P. glabrescens plants at the study site. To quantify the effect of spiders, I noted the presence of 

spiders and calculated herbivory using the LeafByte application. I found a negative relationship between 

the presence of spiders and mean herbivory, where the presence of spiders constituted a 72.40% reduction 

in herbivory. Additional results showed that the greater the number of spiders present, the lower the 

herbivory, and greater patch sizes were correlated with lower herbivory. Prior studies revealed that 

chemical diversity of Piper plants reduced herbivory, and spiders affected plant reproduction through 

pollinators. My results add predator-herbivore relations into the understanding of the complex interactions 

between Piper plants, their primary consumers, and predators. In the study, predators in the third trophic 

level asserted top-down control on plants through herbivore mediators, which could have positive 

implications for plant fitness. More broadly, understanding the ecological role of spiders will be vital to 

effectively conserve and restore land. 

RESUMEN 

Los controles ascendentes y descendentes en las cadenas tróficas afectan a el desempeño de las plantas. 

Las cascadas tróficas descendentes han documentado impactos negativos en las plantas de Piper en el 

Neotrópico, pero los depredadores de arañas tienen efectos positivos en los sistemas agrícolas porque 

depredan a los herbívoros. Este estudio calcula el efecto de las arañas depredadoras en la herbivoría de las 

hojas de Piper glabrescens en Monteverde, Costa Rica. Tomé muestras de 5 hojas de cada una de las 100 

plantas de P. glabrescens en el sitio de estudio. Para cuantificar el efecto de las arañas, anoté la presencia 

de arañas y calculé la herbivoría utilizando la aplicación LeafByte. Encontré una relación negativa entre 

la presencia de arañas y la herbivoría media, donde la presencia de arañas representó una reducción del 

72,40% en la herbivoría. Adicionalmente, los resultados también mostraron que el número de arañas 

presentes y el tamaño del parche está negativamente relacionado al porcentaje de herbivoría en Piper 

glabrescens en Monteverde. Estudios anteriores revelaron que la diversidad química de las plantas de 

Piper reducía la herbivoría, y que las arañas afectaban a la reproducción de las plantas a través de los 

polinizadores. Mis resultados añaden las relaciones depredador-herbívoro a la comprensión de las 

complejas interacciones entre las plantas de Piper, sus consumidores primarios y los depredadores. En el 

estudio, los depredadores del tercer nivel trófico ejercieron un control descendente sobre las plantas a 

través de los mediadores herbívoros, lo que podría tener implicaciones positivas para el desempeño de las 

plantas. En términos más generales, comprender el papel ecológico de las arañas será vital para conservar 

y restaurar eficazmente los bosques tropicales. 
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INTRODUCTION 

Plants are primary producers because they convert sunlight and atmospheric CO2 into energy and 

biomass (Reece and Campbell, 2011). As the foundation of terrestrial food webs, plants nourish 

primary consumer communities (Benoit and Kalisz, 2020). Primary consumers range from plant 

antagonists (herbivores or pathogens) to mutualists (pollinators, fungi, and ants). Plants are 

stationary and unable to avoid predation, so they developed unique defenses to protect 

themselves from herbivores (Feeney, 1968; Coley et al., 1968). Leaves are the plant’s energy-

producing organ and when herbivores damage leaves this can result in decreased plant fitness—

reduced plant growth, seed production and seed viability (Marquis, 1984). Plants evolved 

chemical defenses to reduce biomass available for consumption, decrease herbivory, and 

improve plant fitness (Salazar et al., 2016; Marquis, 1984). Plant chemistry is known as a 

bottom-up control because plants are at the base trophic level but are still able to affect 

herbivores communities (Benoit and Kalisz, 2020). 

In contrast to bottom-up controls, organisms of the third trophic level (i.e., a predator or a 

parasitoid) can induce indirect interactions that spread downward though food webs (Ripple et 

al., 2016). These top-down trophic cascades, the interaction between predators and the resources 

consumed by the predator’s prey, can have positive, neutral, or negative effects on plant fitness 

(Beckerman et al. 1997). Predators can negatively affect plant reproduction, when pollinators are 

predated (Benoit and Kalisz, 2020; Kelly et al., 2017; Morse, 2007; Gonçalves-Souza et al., 

2008). In flowering plants, pollinators are vital for reproduction; predators of pollinators disrupt 

plant-pollinator mutualism by consuming pollinators and altering their behavior (Benoit and 

Kalisz, 2020). Kelley et al. (2017) showed that crab spiders caused pollinators of Piper plants to 

avoid inflorescences with a spider present, spend more time observing the inflorescences for 

potential predators, and spend less time on inflorescences. It was hypothesized that due to spiders 

impacting pollinator behavior, spiders had a negative effect on plant fitness. 

However, predators can have mutualistic positive effects for plants when herbivore numbers are 

kept in check (Power, 1992). When herbivory is controlled, plants are able to accumulate 

biomass and have greater reproductive success (Benoit and Kalisz, 2020). All spiders are 

predatory carnivores and relevant literature showed that spider density affects herbivore damage 

(Carter and Rypstra, 1995), the presence of spider silk alone reduces herbivory (Rypstra and 

Buddle, 2013), and spiders were common predators of voracious lepidopteran larvae (Bernays, 

2003). Thus, spiders have potential to influence plant fitness though predation of herbivore 

intermediaries in Piper communities. 

Though literature cited a relationship between Piper chemical defenses and spider-pollinator 

interactions, predation in relation to plant-herbivore relations remains undocumented. The 

interaction of spiders with pollinators vs spiders with herbivores have different significances for 

plant fitness. Predation of pollinators might decrease fitness, while predation of herbivores might 
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increase plant fitness (Carter and Rypstra, 1995; Power, 1992; Kelley et al., 2017). Benoit and 

Kalisz (2020) hypothesized that in addition to predating pollinators, spiders could alter plant 

networks with primary consumers if the generalist predators suppressed plant antagonists from 

damaging leaves, flowers, and seeds. As predators, spiders fill the third trophic and can initiate 

trophic cascades, could spiders therefore be providing anti-herbivory protection for Piper 

glabrescens by negatively affecting herbivory? I hypothesize that there is a negative relationship 

between the presence of spiders and amount of herbivory on P. glabrescens leaves. 

MATERIALS AND METHODS 

Study site 

The study was conducted in a secondary, pre-montane tropical wet, forest on a 60-hectare plot 

owned by CIEE in San Luis of Monteverde, Costa Rica (10º 16’ 55.28” N, 84º 47’ 56.96” W). 

Study species 

Piper glabrescens (Figure 1) is in the family Piperaceae. It is a 3m-tall shrub that grows on forest 

edges and in tree fall gaps. P. glabrescens is distributed from northern Brazil to southern Mexico 

and it is distinguishable for its large leaves, small spike-like inflorescences with a greater 

diameter than other plants in the family, musky odor of the leaves, and reduced winged petioles. 

Piperacea is a hyper-diverse family known for its chemical diversity and importance in 

neotropical forest understories (Flemming, 1981; Salazar et al., 2016). Additionally, the study 

noted the presence of spiders and collected spiders commonly occurring on P. glabrescens for 

identification to family. 

Experimental design 

To test whether spiders were proving anti-herbivory protection for Piper glabrescens I walked 

forest tails on a southeast facing hill and identified P. glabrescens patches. The Piper genus is 

bat dispersal and because frugivorous bats roost as they feed, seeds are dropped in manure where 

the bats feed (Flemming, 1981). As a result, Piper tends to grow is clumps of varying sizes, often 

at a similar age. All the patches of P. glabrescens were found in a concentrated 50m2 area. The 

reason for the small study area was to control for habitat—all patches were essentially in the 

same habitat. I identified a total of 9 separate patches that ranged in size from 1 to 26 individuals. 

In total, I collected leaf samples from 100 individual Piper plants. On each plant I counted the 

number of leaves present, recorded height, and the number of stems. I then took 5 leaves from 

most developed stem of the individual. If the branch had fewer than 5 leaves, I collected the 

remaining leaves from the next highest branch. I did this to control for leaf age and assure there 

was no bias in leaf collection. While recoding the plant data, I looked for the presence of spiders. 

I looked for the number of spiders and if there was any silk present. Any evidence of spiders was 

counted as having present. After removing 5 leaves, I used LeafByte technology (Figure 2) to 
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calculate the total area of the leaf (cm2), the total area consumed (cm2), and the percentage 

herbivory (leaf area consumer/total leaf area) on each leaf. In total, 500 leaves were sampled. 

LeafByte is a free IOS software that can be downloaded onto iPhones, and it provides a highly 

accurate measurement of herbivory (Getman-Pickering et al., 2020). This process was repeated 

for each individual P. glabrescens in the patch. Additionally, spider samples were collected and 

photographed under dissecting scopes and identified to family. 

Statistical Analyses 

I conducted statistical analysis to test the effect of (1) the presence of spiders (no spiders vs 

spiders) on herbivory, (2) the number of spiders, and (3) the patch size on percent herbivory. For 

the presence of spiders, I used a linear model where mean percent herbivory on leaves was the 

response variable, and no spiders vs spiders were the explanatory variables. For the number of 

spiders and the patch size, percentage of herbivory was log transformed in order to make the 

variable closer to follow a normal distribution and determine whether a linear relationship 

existed between herbivory, spider number, and patch size. Linear models were conducted using 

the lm() function of the stats package. All statistical analyses were conducted in the statistical 

programming language R version 4.0.0. (R Development Core Team, 2020). 

 

 

 

 

 

Figure 1: Herbarium specimen of 

Piper glabrescens, Piperaceae (Haber 

and Hammel 1793). 

Figure 2: LeafByte IOS software application. 

LeafByte calculates total area (cm2), area 

consumed (cm2), and percent consumed 
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RESULTS 

When comparing the relationship between mean herbivory on Piper glabrescens of leaves with 

spiders versus leaves without spiders, I found that with spiders, mean herbivory was significantly 

lower than without spiders (F= 83.39, d.f.=1.498, p < 0.001) (Figure 3). Mean percent herbivory 

with spiders was 2.731, ∓ 0.223 SE and without spiders was 9.895, ∓ 0.641 SE. When testing 

the effect of the number of spiders, I found that more spiders significantly decreased mean 

herbivory (Figure 4) (F= 17.67, d.f.=1.98, p < 0.001). The dataset was average at the plant level 

because all leaves in a plant had the same number of spiders. There was no variation of spider 

number across leaves sampled in individual plants. When testing the effect of P. glabrescens 

patch size and the number of spiders, I found that larger patch sizes also significantly decreased 

herbivory (Figure 5) (F= 30.64, d.f.=1.98, p < 0.001). Thus, as patch size increased, mean 

herbivory decreased. 

Additionally, 9 spiders from at least 3 of families were identified. Spider families included: 

Salticidae (1 species) (Figure 6), Araneidae (6 species), Linyphiidae (2 species). Spiders were 

identified on 63 of the 100 Piper plants studied, and spiders were found in 5 of the 8 patches. 

Thus, 37% of piper plants had no spiders present and 37.5% of patches were completely absent 

of spiders. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Mean percent herbivory (consumed leaf area cm2/total leaf area cm2) from leaves of 

Piper glabrescens on plants with and without spiders at CIEE-Monteverde, Costa Rica. 

0

2

4

6

8

10

12

No Spiders Spiders

H
er

b
iv

o
ry

 (
%

)



 

100 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Log herbivory (consumed lead area cm2/total leaf area cm2) and the number of spiders 

identified on Piper glabrescens plants at CIEE-Monteverde, Costa Rica. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Log herbivory (consumed lead area cm2/total leaf area cm2) and patch size of Piper 

glabrescens at CIEE-Monteverde, Costa Rica. 
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Figure 6: Spider in the Salticidae family collected on P. glabrescens at CIEE-Monteverde, Costa 

Rica. Spiders were identified under a dissecting scope and photographed for identification. 

 

DISCUSSION 

In this study, the presence of spiders constituted a 72.40% reduction in herbivory on Piper 

glabrescens in a pre-montane secondary forest in Monteverde, Costa Rica. There was a negative 

relationship between the and herbivory on P. glabrescens leaves and data is consistent with my 

hypothesis and it supports finding of other studies done in agricultural systems. For example, 

manipulations of spider density in a soybean monoculture caused a reduction in herbivory in 

areas where spiders were added (Carter and Rypstra, 1995). The biomass of herbivorous insects 

predated by spiders was positively correlated with spider mass, and changes in spider density had 

significant effects on plants. Additionally, spider silk alone was found to deter beetle herbivores 

on Phaseolus vulgaris (Fabaceae), a common green bean used in agriculture (Rypstra and 

Buddle, 2012). Thus, in the agricultural system where presence of spiders was easily controlled, 

spiders reduced herbivory. 

However, tropical forests are far more diverse and complex than monocultures and there are 

many more organisms affecting plant herbivory (Coley and Barone, 1996). Furthermore, tropical 

systems are highly affected by biotic interactions (Schemske et al., 2009). Schemske et al. (2009) 

documented differences in indicators of biotic interactions at lower and higher latitudes. They 

found that, barring a few exceptions, all biotic interactions—predation affecting herbivory, 
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parasitism, disease; defenses against predators, herbivores, parasites, and disease; mutualisms; 

and others (e.g., sexual recombination)—were higher at lower latitudes. Unlike highly simplified 

agricultural systems, the tropics contain vast diversity, and other biotic interactions could be 

affecting the data my study. Furthermore, while calculating herbivory, I did not study herbivore 

communities (e.g., herbivore community richness, species that feed on Piper, abundance, 

distribution etc.) and I could not control for differences in herbivore preference across Piper 

patches. For example, spiders were found on 63% of P. glabrescens plants and spiders present on 

5 of the 8 patches (62.5%). Because I have no data on herbivore communities, it is possible that 

what makes one patch poor conditions for spiders, is perfect conditions for an herbivore not 

predated by spiders, hence explaining the differences in herbivory with and without spiders. 

Contrary to expectation, there was a negative relationship between the patch size of P. 

glabrescens and herbivory. The Janzen-Connell hypothesis of density-dependent predation 

predicts that in high densities near the mother tree, trees experience higher mortality because 

herbivorous predators kill seeds and saplings where they are most abundant (Janzen 1970). If the 

density-dependence model were applied to P. glabrescens, a positive density-dependence 

between plot size and herbivory (i.e., the greater the plot size, the more herbivory) would have 

been found. However, the opposite relationship was true. Clearly, some factor was influencing 

the density-dependence model, and this could have been spiders, or a unique characteristic of 

Piper plants. Piper plants are dispersed by bats and tend to grow in semi mono-specific, even-

aged clumps (Flemming, 1981). Perhaps, because patches tend to grow together there is no 

mother tree per se, but seedlings germinate at similar times and grow together. 

Additionally, I showed that when more spiders are present, mean herbivory decreases. This data 

supports a relationship between spiders and herbivores. With predators present, herbivore 

communities are expected to be impacted, compared to without predators, but how herbivore 

communities change is often unclear (Rosenheim, 1998). It is possible therefore that spiders 

were impacting herbivores because (1) I found a negative relationship between herbivory and 

spider presence, (2) herbivory cannot be explained by density-dependence models, and (3) with 

more spiders, herbivory decreased, suggesting that greater spider populations might predate more 

herbivores and contribute to the decrease in herbivory. To better understand the role of spiders in 

herbivory and plant fitness, a study that gathered multi-year plant fitness data (e.g., herbivory, 

growth rate, seed production, and dispersal success), conducted an herbivore community survey, 

and controlled for the presence of spiders on Piper plants might add to our understanding of 

spider’s multi-trophic effects. 

This study contributes to the literature on the Piper plant’s interaction with other organisms, and 

biotic effects on the plant. More broadly, this study highlights that spiders may have both 

positive and negative effect for plant fitness and understanding the balance between the effects 

might enlighten a key component of tropical community function. The Piper genus is hyper-

diverse and abundant in the understory of neotropical forests (Salazar et al., 2016). Thus, 
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quantifying the net change in Piper fitness due to spiders might be a relationship shared 

throughout neotropical forest understories. As climate change alters ecosystems globally, 

factoring in predators’ roles in affecting plants will be vital to effectively conserve and restore 

land. Predators, like spiders, have the potential to be used as biological controls and drivers of 

plant restoration, and thus knowledge of the complex interactions between trophic levels is vital. 
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Leaf-mining and folivorous herbivory on Piper aequale and Piper amalago in 

Costa Rican premontane tropical wet forests 
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ABSTRACT 

Leaf-mining herbivory and folivorous herbivory were analyzed across two different Piper species in a 

Costa Rican premontane tropical wet forest. P. aequale and P. amalago are two common tropical 

understory shrubs with distinct morphological and chemical characteristics. This is the first study 

comparing leaf-mining herbivory and folivorous herbivory across these two species on the CIEE-

Monteverde campus in San Luis, Costa Rica. Branches with leaf-mining herbivory were collected from P. 

aequale and P. amalago individuals on campus trails and analyzed in the lab for proportion leaf-mining 

herbivory, folivorous herbivory, and total herbivory. Results show a significant increase in leaf-mining 

herbivory in P. aequale individuals (0.05 ± 0.006) compared to P. amalago individuals (0.025 ± 0.004) (p 

< 0.001). No significant differences were found between the two species in mean proportion folivorous 

herbivory (p = 0.06) or mean proportion total herbivory (p = 0.607). This is an important indication of 

differing host plant relationships to local herbivores, including the effect of chemical responses, 

conspecific and heterospecific stand influences, or differing plant relative abundances in the community. 

More research is needed into P. aequale and P. amalago chemical responses to herbivory and relative 

abundance in the study region, as well as the types of leaf-mining herbivores present and their responses 

to host plant defenses. This study establishes preliminary baseline data on leaf-mining herbivory across 

two common neotropical shrubs in the face of global and local climate change. 

RESUMEN 

La herbivoría de minería de hojas y la herbivoría folívora fueron analizadas en dos especies del género 

Piper en un bosque húmedo premontano tropical. P. aequale y P. amalago son arbustos comunes del 

sotobosque con características morfológicas y químicas distintas. Esta es la primera investigación 

comparando la herbivoría de minería de hojas y la herbivoría folívora entre estas especies en el campus de 

CIEE-Monteverde en San Luis, Costa Rica. Ramas con herbivoría de minería de hojas fueron colectadas 

de individuales de P. aequale y P. amalago de los senderos del campus. En laboratorio fueron analizadas 

para obtener su proporción de herbivoría de minería de hojas, herbivoría folívora, y herbivoría total. Los 

resultados muestran un aumento significativo de proporción media de herbivoría de minería de hojas en 

individuos de P. aequale (0.005 ± 0.006) en comparación con P. amalago (0.025 ± 0.004) (p < 0.001). No 

se encontraron diferencias significativas entre las dos especies en la proporción media de la herbivoría 

folívora (p = 0.06) o la proporción media de la herbivoría total (p = 0.607). Este es un indicio importante 

de relaciones diferentes con herbívoros locales entre plantas diferentes, posiblemente incluyendo las 

respuestas químicas, influencias de grupos conespecíficos o heteroespecíficos, o abundancias relativas 

diferentes en la comunidad ecológica. Más investigaciones son necesarias de las respuestas químicas de 

P. aequale y P. amalago contra la herbivoría y sus abundancias relativas en la región de esta 

investigación. Esta investigación establece datos preliminares sobre la herbivoría de minería de hojas por 

dos especies comunes de arbustos neotropicales frente al cambio climático local y global. 
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INTRODUCTION 

Leaf-mining is a form of endophagous herbivory in which insect larvae feed on the interior 

tissues of leaves, creating externally visible “mines” or “trails” between the upper and lower leaf 

surfaces (Sinclair and Hughes 2009). As the larvae grow, the width of their mines increase, and 

they eventually exit the leaf at the end of the larval stage (Sinclair and Hughes 2009). There are 

approximately 10,000 species of leaf-mining insects, from four orders: Diptera, Lepidoptera, 

Coleoptera, and Hymenoptera (Connor and Taverner 1997). There are both advantages and 

disadvantages of the leaf-mining habit: larvae within leaves may be more protected from 

desiccation, ultraviolet solar radiation, and disease, but also suffer higher mortality from 

parasites and host leaf removal due to their decreased mobility (Connor and Taverner 1997). 

Leaf-miners actively attempt to increase their nutritional benefit by producing cytokinins to 

favorably manipulate leaf physiology and may even reprogram leaf phytohormonal balances to 

increase nutrient mobilization, inhibit leaf degradation, and counteract plant defenses (Zhang et 

al. 2016). 

Herbivore damage from leaf-miners can impede growth and productivity of their plant hosts, 

including negatively impacting plant development and aboveground biomass production (Liu et 

al. 2015). Many plant species develop defenses to guard against herbivory, and plant chemical 

defenses have been shown to be an important factor in plant-insect interactions (Slinn et al. 

2018). The species rich pantropical genus Piper (Piperaceae) is morphologically diverse and 

highly abundant in low- and mid-elevation forests (Fleming 1985, Salazar et al. 2016b). 

Research has shown that high levels of local Piper chemical diversity is associated with lower 

levels of both generalist and specialist insect herbivory (Salazar et al. 2016b). Slinn et al. (2018) 

shows that in Costa Rica, increased phytochemical diversity of Piper host plants is associated 

with decreased immune function of specialist herbivore species. Thus, diverse chemical defenses 

in Piper species appears to be an advantageous adaptation against multiple types of herbivories 

(Salazar et al. 2016b). 

The Monteverde region of Costa Rica is home to approximately 50 Piper species with varying 

chemical compositions (Setzer et al. 2008). In this study, I look particularly at two common 

understory shrub Piper species, P. aequale Vahl (henceforth P. aequale) and P. amalago. Both 

species have been studied for their chemical compositions and show varying levels of 

cytotoxicity, antioxidant activity, and antimicrobial activity (Araujo Baptista et al. 2019, da Silva 

et al. 2016, Stein et al. 2022). In general, the Piper genus shows a high level of secondary 

chemistry diversity, which contributes to the coexistence of multiple species of Piper in the same 

communities (Salazar et al. 2016a). Chemically similar Piper plants will often share herbivores, 

meaning that greater Piper chemical similarity in an area can lead to greater attack by herbivores 

(Salazar et al. 2016a). Therefore, it seems possible that the coexistence of P. aequale and P. 

amalago on the CIEE-Monteverde campus could be influenced by differences in their secondary 
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chemistry which cause them to be targeted by different herbivores, and therefore possibly suffer 

lesser or differing levels of herbivore attack. 

This study aims to analyze the differences in herbivory of P. aequale and P. amalago individuals 

in the San Luis area of Monteverde, Costa Rica, with a special interest in leaf-mining herbivory. 

I investigate whether leaf-miners have a host preference between P. aequale and P. amalago, as 

well as how leaf-mining herbivory compares to folivorous and total herbivory across these 

species. This research is valuable because endophagous herbivory such as leaf-mining is 

generally understudied in comparison to ectophagous herbivory (Sinclair and Hughes 2009). 

Additionally, baseline data on leaf-mining in this area will likely be useful as increasing climate 

change impacts local precipitation, which may lead to changing leaf-mining levels across 

different insect and plant species (Staley et al. 2006). Because Piper is such a common genus in 

tropical forest ecosystems, understanding herbivory patterns and variation across Piper species is 

crucial to understanding their role and function in tropical communities. 

MATERIALS AND METHODS 

Study Site 

The study site is at the CIEE Global Institute in San Luis, Puntarenas Province, Costa Rica 

(Figure 1). San Luis has a Holdridge Life Zone classification of tropical premontane wet forest 

(Lugo et al. 1999) and is located at an altitude of approximately 1,100 meters. The study was 

conducted in late April, at the end of the dry season, which occurs from November to mid-May 

(Hilje 2022). On average, San Luis receives 2.5 meters of rainfall per year and 0.675 meters of 

mist/year, and the average temperature is 18.75˚C (Hilje 2022). 

 

 
Figure 1. Trail map of CIEE Monteverde, Costa Rica (CIEE 2022). 
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Sample collection 

To obtain leaf samples for analysis, I collected branches from P. aequale and P. amalago 

individuals on the CIEE campus (Figure 2). For each plant, I located a leaf with leaf-mining 

herbivory and collected the branch containing this leaf, which I broke off where it branched. On 

average, each branch collected had between 3 and 8 leaves, with a few exceptions. No branch 

had lower than 2 or higher than 13 leaves. I sampled a total of 68 plants (35 P. aequale and 33 P. 

amalago) and a total of 369 leaves (203 P. aequale and 166 P. amalago). 

 

 
Figure 2. Plants of P. aequale (left) and P. amalago (right) at CIEE-Monteverde, Costa Rica. 

The two species exhibit differences in reproductive structures (P. aequale has notable spadix), 

leaf venation, and leaf shape. 

Measuring herbivory 

In the lab, I analyzed each leaf for both leaf mining herbivory and folivorous herbivory (missing 

leaf tissue). Leaves varied widely in size, amount of leaf mining herbivory, and amount of 

folivorous herbivory (Figure 3). I used 1 cm × 1 cm clear grid sheets to measure total leaf area 

and leaf area lost to folivorous herbivory (Figure 4). When a leaf had lost partial area, I first 

sketched in the estimated boundaries of the original leaf to determine area lost (Figure 4). 
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Figure 3. Differences in leaf area and leaf mining and folivorous herbivory across Piper species 

at CIEE-Monteverde, Costa Rica. (Left) Two leaves from P. aequale individuals showing 

different levels of leaf-mining. (Right) Three leaves of varying sizes from P. amalago 

individuals. 

 

Figure 4. Images showing process of leaf analysis. (Left) 1 cm × 1 cm clear sheets to manually 

estimate leaf area and herbivory (in this case, of a P. amalago leaf). Lines were added to increase 

specificity of area to 0.0625 cm2. (Right) Line drawn to estimate original leaf area and loss to 

folivorous herbivores. 

To estimate leaf mining herbivory, I counted the number of 0.0625 cm2 squares through which 

the leaf mining trails ran. I then divided that number by three (as the leaf mining trails were 

about one-third the area of the 0.0625 cm2 boxes) and then multiplied that number by 0.0625 cm2 

to obtain the area measurement in square centimeters. 
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Data Analyses 

Data was analyzed in Excel. I used leaf area to compare the mean proportion of leaf mining 

herbivory, mean proportion of non-leaf mining herbivory, and mean proportion of total herbivory 

across the two Piper species. To find the proportion of leaf mining herbivory for each leaf, I 

divided the area of leaf mining herbivory by the estimated total leaf area (cm2). To find the 

proportion of folivorous herbivory (non-leaf-mining herbivory) for each leaf, I divided the area 

of folivorous herbivory by the estimated total leaf area (cm2). I added these values to find 

estimates to total herbivory for each leaf. Statistical analyses were performed in R using one-way 

ANOVA tests comparing mean proportion leaf miner herbivory, mean proportion folivorous 

herbivory, and mean proportion total herbivory across P. aequale and P. amalago plant species 

(explanatory variable). All statistical analyses were conducted in the statistical programming 

language R version 4.0.0. (R Development Core Team 2020). 

RESULTS 

I analyzed the relationship between Piper species (P. aequale vs. P. amalago) and mean 

proportion of leaf-mining herbivory, folivorous herbivory, and total herbivory. Mean proportions 

were found using data from all leaves collected for each species as described in the Methods 

section. Using a one-way ANOVA test, I found that P. aequale plants had a statistically 

significant increase in leaf-mining herbivory compared to P. amalago, with a mean proportion of 

0.05 ± 0.006 compared to a mean proportion of 0.025 ± 0.004 (one-way ANOVA, F = 11.76, p < 

0.001) (Figure 5). I also found a slight but not statistically significant increase in mean 

proportion folivorous herbivory in P. amalago (0.075 ± 0.008) compared to the mean proportion 

folivorous herbivory in P. aequale (0.056 ± 0.006) (one-way ANOVA, F = 3.56, p = 0.06) 

(Figure 5). Additionally, there is no statistically significant difference in mean proportion total 

herbivory between P. aequale (0.105 ± 0.008) vs. P. amalago (0.1 ± 0.009) (one-way ANOVA, 

F = 0.226, p = 0.607) (Figure 5). 
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Figure 5. Mean proportion leaf miner herbivory, mean proportion folivorous herbivory, and 

mean proportion total herbivory for Piper aequale and Piper amalago sampled individuals at 

CIEE-Monteverde, Costa Rica. Standard error bars shown. 

DISCUSSION 

The results show that there is a significant difference in mean proportion of leaf-mining 

herbivory between sample P. aequale individuals and P. amalago individuals with P. aequale 

exhibiting higher levels of leaf-mining herbivory. There are several possible explanations for this 

trend. First, research shows that leaf-mining herbivory may be more present on more common 

plant species in an area, and that higher importance values (the sum of relative density, relative 

frequency, and relative basal area of a plant group) are a valid indicator of leaf-miner presence 

(Dai et al. 2018). This could be because apparent dominant plants are more likely to be 

recognized and preferred by natural enemies, according to plant apparency, ecological 

apparency, and optimal foraging hypotheses (Dai et al. 2018). It is possible that P. aequale is a 

more dominant understory shrub in the study site than P. amalago, which makes P. aequale 

individuals more vulnerable to attack by leaf-mining insects. However, it is not clear if more 

leaf-mining itself can indicate higher species dominance, and more research is needed to 

determine the relative abundance of P. aequale and P. amalago at the study site. 

Research has also shown that conspecific Piper stands in Costa Rica experience a greater percent 

of leaves attacked by leaf-miners than Piper individuals in heterospecific stands (Orians and 

Björkman 2009). This supports the possibility of associational resistance (in which host plants 

experience reduced herbivory when near other plant species) playing a role in the relationship 

between leaf-mining insects and their host plants in the tropics (Orians and Björkman, 2009). 

This suggests that P. aequale and P. amalago individuals may experience greater proportions of 
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leaf-mining herbivory if they are in conspecific rather than heterospecific stands. Further 

research is required to discover whether P. aequale plants on the CIEE Monteverde campus are 

more likely to grow in conspecific stands than P. amalago, and if this pattern may be related to 

leaf-mining herbivory levels across the two species. 

Additionally, differences in chemical composition and defenses between P. aequale and P. 

amalago could be important contributors to differences in leaf-mining herbivory. Research 

indicates that many species of Piper, including P. aequale and P. amalago, are chemically 

distinguished and may have varying defenses against herbivores (Salazar et al. 2016). For 

example, P. aequale and P. amalago have been shown to have different cytotoxic, antioxidant 

and antimicrobial properties (Araujo Baptista 2019, da Silva et al. 2016, Setzer et al. 2008, Stein 

et al. 2022). It is possible that P. amalago experiences lower proportions of leaf-mining 

herbivory in comparison to P. aequale because P. amalago has more effective chemical defenses 

against local leaf-mining species. More research is needed to determine the specific chemical 

compounds and processes that may influence prevalence of leaf-mining herbivory on to P. 

aequale and P. amalago, as well as the herbivore responses of the various leaf-mining insects 

that prey upon Piper plants in this region. 

There was no statistically significant difference in mean proportion of folivorous herbivory or 

total herbivory between the sampled individuals of P. aequale and P. amalago. Possible 

explanations may be that any chemical differences between the two species have a stronger 

impact on leaf-miners than ectophagous herbivores or because they are predated by different 

species that may be more specialized to each plant. More research would be required to analyze 

the relationship between leaf-mining herbivory levels and folivorous herbivory levels for these 

Piper species. 

It is important to note that, due to the methods of this study, it is likely that the leaf-mining on P. 

amalago individuals was overrepresented in the sample and thus P. amalago leaf-mining 

herbivory was likely overestimated in the study. Because I was studying leaf-mining specifically, 

I only chose branches from my study species that had at least one leaf with leaf-mining 

herbivory. While most of the P. aequale plants that I located in the field had leaf-mining, the 

proportion of P. amalago individuals that had leaf-mining herbivory was much lower. On the P. 

aequale plants I had no difficulties finding branches with leaf-mining, but on the P. amalago 

plants there was often only one leaf with leaf-mining and sometimes none. Therefore, the results 

of this study likely underestimate the difference in leaf-mining herbivory between P. aequale 

individuals and P. amalago individuals at the population level at the CIEE Monteverde campus. 

Future research would be necessary to determine trends in leaf-mining herbivory across the 

populations of these two species. 

This research, though preliminary, is important to establishing a baseline knowledge of leaf-

miner and folivorous herbivory patterns across two common Piper species in the Monteverde 
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region of Costa Rica. The tropics are highly susceptible to changes in precipitation, temperature, 

and other natural processes due to global climate change (Barlow et al. 2018) and leaf-mining 

insects have been shown to alter their herbivory habits in response to changing drought stress 

(Staley et al. 2006). Additionally, the secondary chemical responses of host plants to insect 

herbivores may also be altered by shifting global change factors such as CO2 emissions, UV 

light, and temperature (Bidart-Bouzat and Imeh-Nathaniel 2008). Because leaf-mining in the 

Monteverde region may shift in unpredictable ways in the coming decades, it is essential to 

maintain a knowledge of past patterns and relationships between insect herbivores and host 

plants to note and interpret future changes. 
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The effect of light exposure and leaf age in the raphides of Monstera adansonii 

(Araceae) 

Adriana Jacobi 

University of Colorado Boulder 

ABSTRACT 

Raphides are calcium oxalate crystals found in several species in the Araceae family which have been 

hypothesized to develop as a response to an excess of calcium from their environment or to herbivory. 

The raphides in the Monstera adansonii species of Araceae are most found in leaf and petiole tissues. 

Currently, there is a lack of information as to what purpose raphides serve, but it has been suggested that 

the likely cause is a defensive adaptation against herbivores. To test this hypothesis, I quantified raphides 

density on leaves of different age, and in plants occurring at different light levels (sun vs. shade). I found 

that were found in areas plants experiencing the most sun exposure had the greatest number of raphides. 

RESUMEN 

Los rafidios son cristales de oxalato de calcio que se encuentran en varias especies de la familia Araceae y 

que, según la hipótesis, se desarrollan como respuesta a un exceso de calcio de su entorno o a la 

herbivoría. Los rafidios en la especie Monstera adansonii de Araceae se encuentran sobre todo en los 

tejidos de las hojas y los peciolos. En la actualidad, se carece de información sobre la finalidad de los 

rafidios, pero se ha sugerido que la causa probable es una adaptación defensiva contra los herbívoros. 

Para poner a prueba esta hipótesis, cuantifiqué la densidad de los rafidios en hojas de diferente edad y en 

plantas que se encontraban en diferentes niveles de luz (sol frente a sombra). Encontré que las plantas que 

experimentaban una mayor exposición al sol tenían el mayor número de rafidios. 

INTRODUCTION 

Plants in the Araceae family are commonly found in the Neotropics and are recognized as non-

woody perennial herbs whose inflorescence has a spadix-shaped structure (Ahmed, 2011). Aroid 

species often display themselves as herbaceous shrub structures or epiphytes with arial roots 

(Figure 1). Monstera adansonii (Araceae) is similarly found in the Neotropics and largely 

distributed throughout South America and Central America. The species is considered a hemi 

epiphyte and is typically identified for its tree-climbing adaptations (Figure 1) (Andrade, 1998). 

Many tropical plants and species in the Araceae family contain toxins or other physical barrier 

adaptations to avoid herbivory. Raphides are found in several species in the Araceae family and 

increase in frequency with calcium presence (Webb, 1999). Many parts of the plant anatomy 

have raphides, but the majority are found in the leaves (Figure 5) (Keating, 2004) They are likely 

occurring due to an extra layer of defense against herbivores (Horner, 1972). These adaptations 

can be harmful to herbivores through ingestion (Baumgardt, 1982). Studies have shown that the 

mortality rate of insect herbivores is 86% when ingesting leaves with raphides present (Konno, 
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2014). Raphides increase in production based on the calcium found in the soil. Depending on the 

size of the herbivore and its vulnerability to toxins found in plants, raphides can be poisonous 

and even lethal (Ward, 1997). 

Since new leaves the plant produces are softer and therefore more vulnerable to herbivory, many 

plant species allocate resources to protecting these new leaves (Coley, 1983). In Araceae, there is 

an abundance of early development of raphides in the tissues of the new leaves. Furthermore, 

these new leaves lack the ability to regulate calcium, therefore causing the plant to compensate 

for lack of structure by increasing raphide density.(Prychid, 2008). The objective of this study is 

to understand the effect of 1) light level, 2) leaf age and 3) fenestrations on the raphide content of  

Monstera adansonii  at CIEE-Monteverde, Costa Rica. 

MATERIALS AND METHODS 

Field sample collection 

All sampling research for this project was conducted at the CIEE-Monteverde in the San Luis of 

Monteverde, Costa Rica. The study site is considered a premontane tropical wet forest (Figure 

1). Samples of Monstera adansonii were collected from both open areas and shaded areas of the 

species (Figure 3). Samples were processed on the same day that they were collected to assure all 

samples are processed while still fresh. An area on the base of the leaf of 0.44cm2 was analyzed 

for raphide number. Three leaves per plant were sampled chronologically starting with the 

newest developed leaf as leaf 1, and sampled leaf 3, and leaf 5 (Figure 2). Overall, a total of 64 

different individual plants, 32 in light areas and 32 in shaded areas were collected, processed, 

and analyzed for raphide count, light level, chronological leaf age, fenestration number per leaf, 

and leaf length. To measure the number of fenestrations per leaf, I took a photo of each leaf and 

counted the fenestrations in the lab (Figure 2). To measure the raphides themselves, I cut up each 

sample taken from the base of the leaves and spun them to be able to see the raphides under the 

microscope (Figure 4). 

Assessment of raphide content 

At the laboratory I quantified the raphides content of each sample. The leaf circle ( 0.44 cm2) 

was finely cut into multiple sections using a razor blade to increase the surface area that might 

release raphides. The vegetal material was then added to a 1.5 mL Eppendorf tube containing 

0.5ml of a 7:3 ethanol-water solution The sample was broken up using a vortex for 60 seconds 

and 1 drop of the sample and placed on a slide. (Figure 4) As proxy for the density of raphides, 

the microscope was utilized using the Low Power Objective Lens (10x). Each individual raphide 

was counted under the microscope and the scope of view remained the same throughout the 

research. 
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Figure 1. Monstera adansonii. Found in the premontane wet forest in Monteverde, Costa Rica. 

 
Figure 2. Sampling methods and measurement technique using iPhone. 
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Figure 3. Forest cover example of “sun” vs “shade” areas for sampling Monstera adansonii. 

 

 
Figure 4. Visual of data collection process of Monstera adansonii individual “number 1” and its 

leaves (1, 3 & 5). Photo on the right is samples after they were sliced, and solution was added 

after 60 seconds on vortex. 

Statistical analyses 

To test the effect of light levels, leaf age and fenestrations on raphide content linear models were 

conducted using the lm() function of the stats package. All statistical analyses were conducted in 

the statistical programming language R version 4.0.0. (R Development Core Team 2020). 
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RESULTS 

When determining overall mean trends of where raphides display themselves most, it was 

observed that there were on average more fenestrations and herbivory in areas exposed to the 

most amount of light. Mean raphide density displays itself most in sunny areas, and fenestrations 

and mean herbivory increase with the sun’s exposure. 

Table 1. Overall average trends of Monstera adansonii traits when exposed different light levels 

found in sun and shade. 

Light  Mean 

Raphides 

Mean 

Fenestrations 

Leaf Length (cm) Mean Herbivory 

Sun 43.93 6.29 14.49 0.74 

Shade 30.51 4.63 15.12 0.66 

 

 

 
Figure 5. Raphide size examined in Low Power Objective Lens (10x). Raphides measure an 

average 0.4 μm. 

Testing the effect of light levels (sun vs. shade) on raphides density 

In the data collected, plants in the sun had more raphides than plants in the shade. In the samples 

found in the sun, raphide values have a larger range and range from 1 raphide present to 234 

raphides present. In the shade, the range of values is shorter and ranges from 2 raphides present 

to 78 raphides present at the most. 
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Figure 6. Raphide density of Monstera adansonii within the sunny areas of the premontane 

tropical wet forest of Monteverde. (F= 9.711, d.f. = 1, 190, p = 0.002). 

Testing the effect of leaf age (1, 3 and 5) on raphides density 

When comparing leaf age to raphide density, the newest leaf (leaf 1) displays the lowest average 

amount of raphide density. Both leaf 3 and 5 display similar raphide numbers to each other. 

 
Figure 7. Raphide density of Monstera adansonii within the ages of the individual leaves (1, 3, 

and 5) in the premontane tropical wet forest of Monteverde. (F= 0.515, , d.f. = 2, 189, p = 0.598). 
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Testing the effect of leaf fenestrations on raphides density 

Number of fenestrations and raphide content were positively correlated (F= 5.46, , d.f. = 1, 190, 

p = 0.021) (Fig 10).This is, leaves with higher number of fenestrations also had more raphides. 

  
 

Figure 8. Raphide density of Monstera adansonii and fenestration number,  at CIEE-

Monteverde, Costa Rica. (F= 5.46, , d.f. = 1, 190, p = 0.021). 

DISCUSSION 

Testing the effect of light levels (sun vs. shade) on raphides density 

The most significant result calculated in the statistical analysis is the relationship between light 

levels and number of raphides with a p value of 0.002. There could be many reasons as to why 

Monstera adansonii displays more raphides in sunny areas. One of these reasons could be that 

the leaves have adapted to harsher elements that follow areas with increased sun exposure such 

as wind and herbivory (Kadam, 2022). Using information from past studies such as Webb 

(1999), since it has been concluded that herbivory is linked to an increase in raphides, it can also 

be concluded as a possibility that there is a link between increased herbivory and plants exposed 

to sun. 

Testing the effect of leaf age (1, 3 and 5) on raphides density 

Although studies in the past have been indicative of a higher raphide number for younger leaves, 

this data shows that results are inconclusive and not statistically significant. Mean raphide 
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density was not significantly higher or lower in leaves of Monstera adansonii leaves 1, 3, or 5 

(F= 0.515, d.f. = 2, 189, p = 0.598) (Fig. 7). 

According to the data collected, the new leaves have the least amount of raphides present in the 

leaves. This data disputes the findings shown in past studies indicating that the raphides present 

in new leaves is likely species dependent. Although the data was not significant between leaf age 

and number of raphides, it can be concluded that generally, more mature leaves in the Monstera 

adansonii species have more raphides present when examining the averages displayed in Figure 

6 as well as the overall trend in Figure 7. There are many factors such as phenotypic differences 

displayed by plants in different elevations that could contribute to the differences of leaf age to 

raphide in Monstera adansonii. 

Testing the effect of leaf fenestrations on raphides density 

An increase in number of fenestrations is found in the data presented in Figure 8 as the raphide 

density increases. This data is significant, with a p value of 0.02. It appears that not only is this a 

significant relationship, but the overall trend line shows that there is higher phenotypic diversity 

in Monstera adansonii when found in the sun. These phenotypic differences determine how 

adapted a species is to the surroundings especially when natural disasters occur. Although 

fenestrations have many uses, it has been hypothesized to be a method used by plants to reduce 

wind impact and increase the chance of water reaching the arial roots (Kadam, 2022). The data 

presenting in this study in Figure 8 is a significant finding because the samples collected in light 

exposed areas were also open areas found on paths and the forest edge. These plants would have 

no protection against the rain and could therefore display more fenestrations as an evolutionary 

tactic to prevent damage. 
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ABSTRACT 

The leaflets of Mimosa pudica plants rapidly close when they are touched. This response is widely 

hypothesized to defend the plant against herbivory, but it is also associated with energetic costs. While 

previous studies have shown that M. pudica plants can have a plastic response the environment by 

habituating to non-harmful stimuli, few studies have tested for the effect of leaf age or reproductive stage 

on the behavioral plasticity of M. pudica. In Monteverde, Costa Rica I studied the impact of leaf age, 

presence of inflorescences, and presence of infructescences on the leaf-closing response of M. pudica 

plants. Specifically, I tested for differences in degree of closing and reopening time in leaves of different 

ages and in plants at different reproductive stages. I found that the presence of inflorescences or 

infructescences did not influence degree of closing or reopening time. For leaf age, I found that young 

leaves had greater degrees of closure than older leaves, but no significant difference in reopening time. 

These results indicate that the plasticity of M. pudica plants’ leaf-closing response is influenced by leaf 

age, but not by reproductive stage. 

 

RESUMEN 

Los foliolos de las plantas de Mimosa pudica se cierran rápidamente cuando se les toca. La hipótesis más 

extendida es que esta respuesta defiende a la planta contra la herbivoría, pero también está asociada a 

costos energéticos. Mientras que estudios anteriores han demostrado que las plantas de M. pudica pueden 

tener una respuesta plástica al medio ambiente al habituarse a estímulos no dañinos, pocos estudios han 

probado el efecto de la edad de la hoja o la etapa reproductiva en la plasticidad del comportamiento de M. 

pudica. En Monteverde, Costa Rica, estudié el impacto de la edad de las hojas, la presencia de 

inflorescencias y la presencia de infrutescencias en la respuesta de cierre de hojas de las plantas de M. 

pudica. Específicamente, probé las diferencias en el grado de cierre y el tiempo de reapertura en hojas de 

diferentes edades y en plantas en diferentes etapas reproductivas. Encontré que la presencia de 

inflorescencias o infrutescencias no influía en el grado de cierre o el tiempo de reapertura. En cuanto a la 

edad de la hoja, encontré que las hojas jóvenes tenían mayores grados de cierre que las hojas más viejas, 

pero ninguna diferencia significativa en el tiempo de reapertura. Estos resultados indican que la 

plasticidad de la respuesta de cierre de las hojas de las plantas de M. pudica está influenciada por la edad 

de la hoja, pero no por la etapa reproductiva.  

 

INTRODUCTION 

Plants defend themselves from herbivory using a diverse set of strategies, such as chemical 

defenses, physical defenses, leaf movements, and biotic mutualisms with other organisms (Coley 

& Barone 1996). Additionally, some plants have also been shown to have behaviorally plastic 

responses to herbivory (Amador-Vargas et al. 2014; Gagliano et al. 2014; Jensen et al. 2014; 
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Serpell & Chaves-Campos 2022). Behavioral plasticity is when an individual or species varies 

their behavior in response to environmental stimuli (Gross et al. 2010). A well-known example 

of a plant that shows behavioral plasticity is the “sensitive plant”, Mimosa pudica in the 

Fabaceae family (Amador-Vargas et al. 2014; Serpell & Chaves-Campos 2022). 

Mimosa pudica occurs in Neotropics, and it exhibits thigmonastic behavior that is hypothesized 

to be a defense against herbivores (Amador-Vargas et al. 2014; Eisner 1981).  Thigmonastic 

behavior is when a plant responds to a tactile stimulus by moving it leaves, petals, or other parts 

(Volkov et al. 2010). M. pudica exhibits thigmonastic behavior by closing its leaflets or drooping 

its pinna (Amador-Vargas et al. 2014). There have been several proposed explanations for why 

M. pudica plants close their leaflets: 1) it exposes the thorns along the rachis; 2) the rapid 

movement when the leaf closes scares insect herbivores; and 3) closed leaves are smaller and 

harder to see (Eisner 1981). While this behavior might protect the plant from herbivory, it is also 

associated with energetic costs – the plants must use ATP to open its leaflets again, and it cannot 

photosynthesize as efficiently when its leaves are closed (Bao et al. 2018). Thus, showing plastic 

behavior and only closing leaves to harmful stimuli would be most energy efficient for the 

plants. 

Studies have also shown that Mimosa pudica plants exhibit plastic behavior and can discriminate 

between harmful and non-harmful stimuli (Amador-Vargas et al. 2014; Serpell & Chaves-

Campos 2022). A harmful stimulus that M. pudica individuals might experience would be an 

herbivorous insect, while a non-harmful stimulus would be a rain droplet or the wind. When 

repeatedly exposed to a non-harmful stimulus, plants demonstrated behavioral plasticity and 

habituated to the non-harmful stimulus (Serpell & Chaves-Campos 2022). In addition, studies 

have shown that young M. pudica leaves are more likely to close completely than older leaves 

are, which makes sense as herbivory tends to be greater on younger leaves (Coley 1983; 

Amador-Vargas et al. 2014). However, there are few studies that examine how individuals in 

different reproductive stages differ in their thigmonastic response. M. pudica plants are insect 

pollinated, so it would be advantageous for flowering plants to have less intense responses to 

environmental stimuli. Previous studies have found that leaves closer to inflorescences have 

marginally quicker reopening times than leaves of the same individual further from the 

inflorescence (Amador-Vargas et al. 2014). No study to date has examined how the degree of 

closure and reopening times differ between flowering, nonflowering, and fruiting individuals. 

This study set out to examine the behavioral plasticity of M. pudica plants by measuring the 

effects of reproductive stage and leaf age on intensity of thigmonastic response and reopening 

times of M. pudica individuals. Intensity of response refers to the degree to which a stimulated 

leaflet closes; a more intense response means that the leaflet closed more completely. As 

flowering individuals are expecting insect pollinators and fruiting individuals are expecting 

dispersers, I predicted that fruiting and flowering individuals would have less intense responses 

and take less time to reopen than individuals with no flowers or fruits. I also predicted that, as 
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previous studies have shown, younger leaves would have more intense closing than older leaves 

Amador-Vargas et al. 2014). 

 

MATERIALS AND METHODS 

Study site 

My experiment was carried out in Monteverde, Costa Rica from late April to early May. The 

rainy season begins in May, so this experiment took place as the climate was transitioning from 

the dry season to the rainy season. Average precipitation during data collection was 0.0875 mm 

and average wind speed was 9.9 km/hr (Monteverde historical weather 2022). The elevation of 

my study site was ~1000 m. Mimosa pudica plants were sampled in open areas along roadsides 

or forest gaps near the CIEE campus in Monteverde. I selected plants that were most accessible 

and that were clearly one individual with one main stem. 

 

Variables measured 

I measured thigmonastic response using a grain of rice as a stimulus (Amador-Vargas et al. 

2014). The response variables I measured were degree of closure and reopening time. Degree of 

closure refers to whether the leaflet folded completely to the rachis in response to stimulus. I 

used a numerical degree of closing (Table 1) modified from Serpell & Chaves-Campos (2022). 

Reopening time refers to the time it took for the leaf completely open again, from the moment 

the leaflet stopped moving after stimulation to the moment the leaflet returned to its original state 

or to a state comparable to adjacent leaflets. I also recorded each plant’s reproductive stage. For 

each individual, I noted the presence or absence of inflorescences and infructescences on each 

individual. Flowering individuals were counted as those that have at least one fully formed 

inflorescence (Figure 1a). Nonflowering individuals were those individuals with no 

inflorescences or with dried out inflorescences (Figure 1b). Fruiting individuals were those that 

had at least one green infructescence (Figure 1c). For leaf age, I counted young leaves to be the 

first open leaves at the top of the stem and old leaves to be those lower on the stem. 

Table 1. Description of the classifications of degree of closure used to determine intensity of M. 

pudica thigmonastic response. 

Numerical Degree of closing  Plant Reaction 

0 No Response 

1 Partial closure of secondary leaflets to rachis 

2 Partial closure of adjacent secondary leaflets to rachis 

3 Full closure of leaflet  

4 Full closure of entire pinna  

5 Other leaves on the same stem drooped 
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Figure 1. Reproductive stages of M. pudica individuals near the CIEE campus in Monteverde, 

Costa Rica a) The inflorescence b) Desiccated inflorescence c) Infructescence. 

Experimental design 

I stimulated each plant with a grain of rice twice: one time on a young leaf and one time on an 

old leaf. On each leaf, I dropped a grain of rice onto a leaf from a height of ~3 cm and recorded 

its degree of closing and reopening time. I waited for the first leaf to fully close before 

stimulating the second leaf. To control for a difference in response to the first versus second 

stimulation, I alternated which leaf I stimulated first. Thus, for plant #1 I stimulated the young 

leaf first but for plant #2 I stimulated the old leaf first. I also recorded the number of 

inflorescences and number of infructescences on each individual. I also recorded the temperature 

at the time I stimulated each leaf. I sampled a total of 140 individuals and 280 leaves. 

Statistical analyses 

I conducted linear models using the lm() function of the stats package to test the effect of 

presence of flowers and fruits, and leaf age on the degree of closure and reopening time in 

Mimosa pudica plants. I used a linear regression model, where degree of closure and reopening 

time were the response variables and presence or absence of flowers, presence or absence of 

fruits, and leaf age were the explanatory variables. All statistical analyses were conducted in the 

statistical programming language R version 4.0.0. (R Development Core Team 2020). 

 

RESULTS 

I found no statistically significant difference in degree of closure and reopening time between 

Mimosa pudica individuals in different reproductive stages. The degree of closure did not vary 

between plants with flowers and without flowers (F=0.011, d.f.=1,278, p=0.916) (Figure 2a). 
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Additionally, there was no variation between mean reopening times of plants with flowers 

(257.72 sec ∓ 6.31 SE) and plants without flowers (277.01 sec ∓6.67 SE) (F=1.787, d.f.=1,278, 

p=0.182) (Figure 2b). I also found that fruits had no significant effect on the degree of closure 

(F=2.889, d.f.=1,278, p=0.09); degree of closure was not significantly different between 

individuals with fruits and without fruits (Figure 3a). The mean reopening times did not vary 

between plants with fruits (268.56 sec ∓ 7.03 SE) and plants without fruits (274.98 sec ∓5.97 

SE) (F=0.233, d.f.=1,278, p=0.63) (Figure 3b).  

 

 
Figure 2. a) Degree of closure for leaves from flowering and nonflowering M. pudica 

individuals from Monteverde, Costa Rica that were stimulated with a grain of rice b) Mean 

reopening times for flowering and nonflowering M. pudica individuals. Note that the y axis does 

not start at 0 seconds.  

Figure 3. a) Degree of closure for leaves from fruiting and non-fruiting M. pudica individuals 

from Monteverde, Costa Rica that were stimulated by a grain of rice. b) Mean reopening time for 

leaves from fruiting and non-fruiting M. pudica individuals. Note that the y-axis does not start at 

0 seconds. 
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When comparing the effect of leaf age on the thigmonastic response of Mimosa pudica, I found 

that there was a statistically significant difference in degree of closure between young and old 

leaves (F=29.93 d.f.=1,278, p<0.01) (Figure 4a). Young leaves showed a greater degree of 

closure than older leaves did. However, there was no statistically significant difference in 

reopening time between young leaves (278.52 sec ∓ 6.88 SE) and old leaves (264.19 sec ∓ 6.26 

SE) (F=1.186 d.f.=1,278, p=0.277) (Figure 4b). 

 

 
Figure 4. a) Degree of closure for young and old M. pudica leaves sampled in Monteverde, 

Costa Rica. b) Mean reopening time for young and old M. pudica leaves. Note that the y axis 

does not start at 0 seconds. 

Additionally, I tested for the effects of flowers, fruits, and leaf age together on degree of closing 

and reopening time. The combined effects of flowers, fruits, and leaf age on degree of closing 

yielded similar results as when we tested each variable independently (flower t=0.407, 

d.f.=3,276,p=0.684; fruits t=1.826, d.f.=3,176, p=0.069; leaf age t=0.407, d.f.=3,276, p=0.684). 

The effects of flowers, fruits, and leaf age on reopening times were also consistent with our 

results from testing each variable independently (flowers t=1.434, d.f.=3,276, p = 0.153; fruits 

t=0.710, d.f.=3,276, p=0.478; leaf age t=1.090, d.f=3,276, p=0.277). 

DISCUSSION 

The thigmonastic response of Mimosa pudica plants in Monteverde, Costa Rica was not 

significantly affected by reproductive stage. This is contradictory to my prediction that M. 

pudica individuals with inflorescences or infructescences would have a less intense degree of 

closing and shorter reopening time than individuals that did not have inflorescences or 

infructescences. While relevant literature has shown that leaves on the same stem as 

inflorescences habituate more quickly to non-damaging stimuli than leaves on stems without 

inflorescences (Amador-Vargas 2014), I found that the presence of inflorescences did not affect 

leaf response at an individual plant level. This may indicate that inflorescences impact the 

thigmonastic response of M. pudica at the stem level rather than the individual plant level. These 

results also suggest that M. pudica plants are not able to distinguish between pollinating insects 
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and herbivorous insects, although studies are needed to test this inference. If M. pudica plants 

were able to distinguish between pollinating and herbivorous insects, then it would be 

energetically advantageous for flowering individuals to not close their leaves in response to a 

pollinator. 

Degree of closing and reopening time of M. pudica leaves were not significantly affected by the 

presence of infructescences. M. pudica seeds are dispersed when infructescences stick to 

mammals’ fur (Souza et. al 2001), which may explain why there is no difference in thigmonastic 

response between individuals with and without infructescences. I hypothesize that the tactile 

stimuli from seed-dispersing mammals are indistinguishable from the tactile stimuli from non-

seed dispersing mammals, making both fruiting and non-fruiting plants respond similarly to 

intense tactile stimulation. Ultimately, further research is needed to determine if fruiting M. 

pudica plants can distinguish between seed dispersing animals and non-seed dispersing animals. 

Leaf age was found to have a statistically significant effect on degree of closure, but not on 

reopening time. My results showed that young leaves have greater degree of closure than old 

leaves, which is consistent with previous findings (Amador-Vargas 2014). Younger leaves are 

more at risk for herbivory, so a greater degree of closing would more effectively protect the leaf 

from herbivores (Eisner 1981). For reopening time, there was no statistically significant 

difference between young and old leaves. Relevant literature has shown that young leaves 

habituate to non-damaging stimuli by decreasing reopening times while old leaves habituate to 

non-damaging stimuli by shifting from complete closure of leaflets to partial closure of leaflets 

(Amador-Vargas 2014; Serpell & Chaves-Campos 2022). I only tested each leaf once, which 

suggests that while old and young leaves respond to repeated, non-damaging stimuli differently, 

they have similar initial responses. Thus, the energetic costs of reopening may be independent 

from leaf age; both young and old leaves face similar energetic costs to reopen. 

My study was conducted during the transition from the dry season to the wet season, and this 

change in precipitation throughout my data collection may have affected the thigmonastic 

responses of the Mimosa pudica plants I sampled. I observed decreased plant sensitivity on days 

that followed nights of heavy rainfall and hypothesize that M. pudica plants habituate to heavy 

rainfall. 

In conclusion, my results support previous findings that Mimosa pudica plants exhibit behavioral 

plasticity through altering their thigmonastic response for differing leaf ages. Reproductive stage, 

however, was found to not affect plasticity of M. pudica plants’ thigmonastic behavior. 

Understanding the factors that drive behavioral plasticity in plants is relevant because climate 

change and deforestation are drastically changing the ecological landscape (Shukla et. al 1990). 

As plants are sessile, behavioral plasticity offers one way they can adapt to changing plant-

herbivore interactions and other environmental conditions. 
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Impact of dorsal scales, reproductive stage, and form of precipitation on 

hydration of the Resurrection Fern, Pleopeltis polypodioides (Polypodiaceae) 

Vinny Carfagno 

Department of Biology, Whitman College, Washington, USA 

ABSTRACT 

The Resurrection Fern, Pleopeltis polypodioides (Polypodiaceae) is an epiphyte that often appears 

shriveled and desiccated but following precipitation, the fronds unfurl and turn to a lush green color. In 

this study the impact of the presence of scales, reproductive sori and of different forms of precipitation on 

rehydration was assessed. Removed fronds were dried and rehydrated in a controlled environment, with 

their increase in water weight measured. P. polypodioides fronds marginally rehydrated heavier when 

exposed to liquid precipitation compared to mist. The removal of scales led to a significantly higher 

rehydration weight contrary to findings of previous studies. Sori bearing fronds had an average increase in 

weight of 103%, while the weight of fronds without sori increased by 66%. Sori bearing fronds may have 

a higher water holding capacity of the frond surface, or adaptations to uptake more water for spore 

shooting. The drought tolerance and potential lack of dependence on mist and fog of P. polypodioides 

may suggest resilience to projected future climatic shifts in tropical montane forests that threaten other 

epiphytes. 

 

RESUMEN 

El helecho de la resurrección, Pleopeltis polypodioides (Polypodiaceae), es una epífita que a 

menudo aparece arrugada y desecada, pero tras las precipitaciones, las frondas se despliegan y 

adquieren un exuberante color verde. Los cambios climáticos debidos a las actividades humanas 

suponen una amplia amenaza para las epífitas en los bosques nubosos tropicales. En este estudio 

se evaluó el impacto de la presencia de escamas, soros reproductivos y de diferentes formas de 

precipitación en la rehidratación. Las frondas fueron secados y rehidratados en un ambiente 

controlado, y se midió su aumento de peso en agua. Las frondas de P. polypodioides se 

rehidrataron marginalmente más pesadas cuando se expusieron a la precipitación líquida en 

comparación con la niebla. La eliminación de las escamas condujo a un peso de rehidratación 

significativamente mayor, en contra de los resultados de estudios anteriores. Las frondas con 

soros tuvieron un aumento medio de peso del 103%, mientras que el peso de las frondas sin soros 

aumentó un 66%. Las frondas con soros pueden tener una mayor capacidad de retención de agua 

de la superficie de la fronda, o adaptaciones para captar más agua para el disparo de esporas. La 

tolerancia a la sequía y la posible falta de dependencia de la niebla y la neblina de P. 

polypodioides pueden sugerir una resistencia a los futuros cambios climáticos previstos en los 

bosques tropicales de montaña.  

 

 

 



 

135 

 

INTRODUCTION 

Montane cloud forests are rich in epiphytes, adding greatly to the diversity of this ecosystem. 

However, climatic shifts due to human activities pose threats to epiphytic plant populations, 

perhaps more so than other plant groups, since epiphytes are particularly sensitive to water 

availability (Williams et al., 2020). Epiphytes lack roots in the soil, receiving their water from 

above ground soil masses or directly from the air, and are therefore dependent on consistent 

atmospheric moisture or rainfall (Williams et al., 2020, Rundal and Gibson 1996). In 

Monteverde, Costa Rica the epiphytic community receives 2.5 meters of rain per year, about 

25% of which is in the form of mist, which is common throughout the dry season (Hilje 2022, 

Tropical Ecosystems and Climate Slides). The climate of Monteverde, along with other tropical 

montane cloud forests, is becoming more irregular as extreme weather events like droughts and 

storms are expected to become more frequent (Williams et al., 2020). Warmer temperatures due 

to climate change are also causing clouds to form higher, leading to less mist and fog (Williams 

et al., 2020). The lower frequency of mist and fog may lead to higher desiccation rates in 

epiphytes, having a negative effect on the local epiphytic assemblages. 

Desiccation tolerance is common in bryophytes and lichens, but relatively rare in vascular plants. 

It has also been hypothesized that desiccation tolerance was necessary for early plants to survive 

and radiate on land (Oliver et al., 2000). Water is crucial to the formation of cell structure and 

membranes, the lack of which may alter cellular structure to a point in which it is no longer 

functional. Nonvascular plants are seen to do this more commonly potentially due to the relative 

simplicity of their tissue structures and out of necessity due to the lack of roots. The latter 

struggle is shared by many epiphytes. Vascular tissues are also vulnerable to structural collapse 

as well as embolisms during desiccation (Prats and Broderson, 2020). One example of a vascular 

desiccation tolerant plant present on the CIEE campus in Monteverde is the epiphytic fern 

Pleopeltis polypodioides (Polypodiaceae), commonly known as the “Resurrection Fern”, due to 

its ability to lose 90% of its intracellular water for long periods of time and recover (Prats and 

Broderson, 2020). P. polypodioides has a wide range, growing on rocks and trees in the 

Southeastern U.S. and throughout Central America in moist areas (Moran, 2004). The hydration 

dynamics of P. polypodioides have previously been studied from wild specimens in Louisiana, 

but not in Central America. A previous study of another polyploid fern, Polystichum munitum 

(Dryopteridaceae), which is native to western North America, found that the foliar uptake 

capabilities of the species varied greatly at the landscape scale, with ferns at the southern end of 

the redwood ecosystems having the lowest foliar uptake capabilities (Limm and Dawson, 2010). 

However, it is currently unknown if P. polypodioides, another fern species with a wide 

geographical range, varies in its water uptake capabilities. 

When desiccated, P. polypodioides shrivels to expose its dorsal side to the environment until rain 

or dew accumulates, leading to unfurling (John and Hasenstein, 2017). The dorsal side is covered 

in scales that have been studied previously and shown to aid in water uptake as well as slowing 

water loss (Prats and Broderson, 2020). These scales consist of central nonliving shield cells and 
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surrounding elongated wing cells that act as wicks aiding in water uptake, and increasing surface 

heterogeneity, leading to higher water holding potential on the surface of the fronds (John and 

Hasenstein, 2017). Water on the foliar surface is drawn into the nonliving cells due to the 

structure of the scales and is then taken up by stalk cells that connect the external scales to the 

mesophyll, therefore bypassing the hydrophobic waxy cuticle (Moran, 2004). Previous studies 

found that fronds with scales removed lose half their water content in 4 hours, while taking 15 

hours for scaled fronds (John and Hasenstein, 2017). Slowing the rate of desiccation is crucial in 

limiting the structural damage of vascular, desiccation tolerant plants (Oliver et al., 2000). While 

dorsal scales create favorable surface properties for water uptake, during sporulation the dorsal 

side of P. polypodioides fronds are largely covered with sori, the impact of which on hydration 

ability of fronds has not been studied. 

In this research project I aim to assess the differences in rehydration weight of P. polypodioides 

1) at different reproductive stages 2) with and without dorsal scales and 3) with different forms 

of precipitation. The impact of scales on the rate of water loss will also be assessed. Previously 

this was tested on samples collected in Lafayette, New Orleans, which may provide information 

on the variance of water uptake traits within the geographical range of P. polypodioides. 

 

MATERIALS AND METHODS 

Collection of ferns 

Sampling for this experiment occurred in the open areas and forest edges of the CIEE Campus in 

Monteverde, Costa Rica, where P. polypodioides commonly occurs. Collection of fronds 

occurred between April 19 and April 27 during the beginning of the wet season. The CIEE 

campus is classified as a lower montane rain forest. Monteverde has a distinct wet season and 

dry season, during which mist, and fog are the main sources of precipitation. A total of 140 

fronds were collected using a razor blade to avoid damaging the rhizome. Fronds collected were 

between 4 and 10 cm long. Detached fronds were then tagged and labelled with white tape and 

left in the air-conditioned laboratory overnight for drying. 

 

Assay 1: Effect of reproductive stage on P. polypodioides fronds rehydration 

The rehydration rate of 39 spore bearing fronds was compared to that of 38 non spore bearing 

fronds. The dry fronds were then weighed using an electric scale (0.001 g). Fronds were then 

placed in a large plastic bin and sprayed with tap water until thoroughly wet. Spore and non-

spore bearing fronds were placed in the same bin. The fronds were mixed around by hand for 

about ten seconds to promote even exposure to water. The plastic lid of the tub was then placed 

loosely over the tub. After an hour exposed to moisture the fronds were taken out, padded dry 

using a paper towel and reweighed. This process was repeated after 60, 120, 180 and 240 

minutes of hydration. 
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Assay 2: The effect of scales on P. polypodioides fronds rehydration and dehydration 

Dorsal scales were removed from 25 fronds using a razor blade. Figure 1 shows the difference in 

appearance after the removal of the scales. Fronds were often mildly damaged during the process 

as seen in figure 1. Scaleless fronds were dehydrated overnight in the air-conditioned lab and 

then rehydrated following the same procedure as in assay 1. Once fully hydrated dehydration 

weight was assessed. 25 scaleless fronds and 19 fronds with scales were placed back into a dry 

plastic and reweighed after 60 minutes, 120 minutes and 16 hours. 

 

 
Figure 1: Left. Dorsal side of P. polypodioides with scales removed via razor blade on the right 

side and scales intact on the left. Middle. Fronds in the plastic rehydration tub after 240 minutes 

of water exposure. Right. Fronds in the plastic rehydration tub before any water exposure. 

Assay 3: The effect of mist and simulated rain on P. polypodioides frond rehydration 

Nineteen dehydrated fronds were placed in a plastic tub with a mister containing 15 mL of 

available water. The mister was placed on the medium setting and the lid was placed over the tub 

(Figure 2). The fronds were left for an hour. Another 19 dehydrated fronds were placed in a 

plastic tub containing 15 mL of water in liquid form poured on top of them. The fronds treated 

with simulated rain were then mixed around by hand for about 10 seconds. After an hour the 

fronds were padded dry with a paper towel and weighed again. These processes were repeated 

until all the fronds were exposed to water for 240 minutes. 
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Figure 2. Misted environment in the plastic tub. Mister is in the tub along with several fronds. 

Statistical analyses 

Standard deviation was derived using the excel function stdev.s. Standard error is defined as 

standard deviation / √𝑛. To test the effect of reproductive stage, scales, and mist and simulated 

rain on frond rehydration we ran linear models using the lm() function of the stats package. All 

statistical analyses were conducted in the statistical programming language R version 4.0.0. (R 

Development Core Team 2020). 

RESULTS 

Assay 1: The effect of reproductive stage on P. polypodioides fronds rehydration 

When exposed to the same hydration conditions spore bearing P. polypodioides fronds 

rehydrated to a significantly (p = 0.026) heavier weight (Figure 3). The spore bearing and 

sporeless fronds had similar dry average dry weights of 0.212 grams and 0.202 grams 

respectively. After 240 minutes exposed to water the spore bearing fronds increased in mean 

weight by 104%. The sporeless fronds increased in mean weight by 66%. 

 

Figure 3. Comparing the mean weight gained by fronds at different reproductive stages after 240 

minutes of rehydration. Bars indicate standard error (SE).  SE = 0.022 and 0.015 respectively. 

Linear model (F= 5.043, d.f.= 1, 132, p = 0.026). n = 78. 
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Assay 2: The effect of scales on P. polypodioides fronds rehydration and dehydration 

Fronds that were subjected to the removal of scales via razor blade rehydrated faster and to a 

significantly (p = 0.015) heavier weight than fronds with scales intact (Figure 4). The mean 

weight of scaleless fronds rapidly increased after the first hour to that of 173% of the dry weight 

(Figure 5). It is unknown whether the data shown in figure 4 is statistically significant, but a 

pattern of fronds with scales removed rehydrating at a faster rate than those with scales intact is 

suggested. All fronds with scales removed were collected sporeless. 

Figure 4. Comparing mean weight gained by fronds with and without scales after 240 minutes of 

rehydration. SE = 0.022 and 0.017 respectively. Linear model (F= 6.129, d.f.= 1, 132, p = 0.015). 

n = 38 with scales and 24 without. 

 

Figure 5. Comparing the relative weights of fronds based on the presence of scales. Relative 

weight is equal to the mean dry hydrated weight at a given time divided by the dry weight. The 

data for this graph lacks statistical analysis. 
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Fronds with removed scales lost significantly (p < 0.01) more water on average compared to 

fronds with scales intact (Figure 6).  Descaled fronds lost 41% of their mean weight after 16 

hours while scale bearing fronds lost 25% of their mean weight. 

 

Figure 6. Comparing the mean weight loss after 16 hours of fronds without water. N = 24 

descaled and 18 scaled fronds. SE = 0.013 and 0.008 respectively. Linear model (F= 165.7, d.f.= 

1, 132, p < 0.01). 

Assay 3: The effect of mist and simulated rain on P. polypodioides frond rehydration 

When receiving the same amount of water into the enclosed system, on average fronds that 

received liquid water rehydrated heavier than fronds receiving mist (Figure 7). This pattern is 

marginally statistically significant with a p-value of 0.065. After 240 minutes of rehydration the 

mean weight of fronds that received liquid water increased by 95%, while the mean weight of 

misted fronds increased by 73%. 

 

Figure 7. Comparing the mean weight gained by fronds hydrated by a pour of water or mist. SE 

= 0.0185 and 0.0136 respectively. Linear model (F= 2.455, d.f.= 2, 131, p = 0.065). n = 38. 
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DISCUSSION 

The observation of sori covering a large number of dorsal scales and potentially altering the 

surface properties led to the questioning of the impact of sori on rehydration. On the CIEE 

campus there are patches of P. polypodioides with sori, without sori and some with a mix of 

fronds in both reproductive stages. The impact of peltate scales in creating more heterogeneity 

on the dorsal surface of the fronds, and therefore holding more water due to surface tension has 

been described (John and Hasenstein, 2017). However, the potential impact of sori increasing 

surface heterogeneity has not been documented. Fronds populated with sori reached a higher 

level of hydration faster than fronds without (Figure 3). This difference may suggest an 

adaptation by spore bearing fronds to uptake more water due to the necessity for water 

evaporation from the outer layer of sori cells (annulus) which results in the long-distance 

shooting of spores (Moran, 2000). This hydration related pressure is not shared by fronds that 

lack sori. The increase in surface heterogeneity could also be a factor leading to the significantly 

larger rehydration weight of spore bearing fronds. 

The result of a significantly higher rehydration weight and rate in fronds with scales removed 

than fronds with scales intact contradicts the described importance of scales in water uptake in 

prior literature (Moran, 2000. John and Hasenstein, 2017). John and Hasenstein found that 

peltate scales in P. polypodioides increases surface wettability and increased hydration when the 

apical pinnae were submerged. The descaled fronds in this experiment involved the hydration of 

all pinnae, which may account for the opposite trend seen here. A potential explanation for the 

increase in hydration weight for the scaleless fronds may be that in the process of scale removal 

via fingernail or razorblade some of the frond cuticle was removed, making the leaf surface more 

permeable. On the other hand, the result of a significantly lower dehydration rate in scaled fronds 

supports the pattern detailed in previous reports that peltate scales are crucial in limiting water 

loss, allowing the frond to stay metabolically active for longer periods of time after a 

precipitation event. This may be important in assuring that P. polypodioides has access to 

sunlight once the rain clouds pass. However, the damage to the cuticle during scale removal may 

also contribute to the result of scaleless fronds dehydrating to a larger extent. 

Pleopeltis polypodioides fronds exposed to poured water had marginally more hydration than 

fronds to a misted environment. The marginally significant result of P. polypodioides fronds 

hydrating more in response to rain compared to mist may suggest that P. polypodioides is less 

dependent on dry season mist and fog than other epiphytes in the neotropical montane forests. 

The plastic bins that the mister was contained in was not completely sealed, leading to 

potentially less water in the system compared to the liquid pour bin. This discrepancy could also 

be a factor explaining the differences of mean hydration seen in Figure 6. These results indicate 

the increasingly unreliable nature of dry season precipitation in tropical montane forests due to 

the lifting cloud base may have less of an impact on P. polypodioides compared to other vascular 

epiphytes (Williams et al., 2020). The desiccation tolerance seen in P. polypodioides may further 

increase the hardiness during the dry season, which are becoming increasingly dry on average 
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(Williams et al., 2020). The decrease in mist and fog in Monteverde and other cloud forests 

threatens to disrupt epiphytic diversity that defines the life zone; however, the resurrection fern 

will likely persist. 

ACKNOWLEDGMENTS 

I would like to thank Miguel Chaves for the guidance and statistical analyses. Also thank you to 

Branko Hilje, Kathy Bonilla, and the rest of the TEC students for assistance with forming the 

ideas that became this project. 

LITERATURE CITED 

Hilje, B., Tropical Ecosystems and Climate Slides, 2022. 

Limm, E.B. and Dawson, T.E., Polystichum munitum (dryopteridaceae) varies geographically in its 

capacity to absorb fog water by foliar uptake within the redwood forest ecosystem, American 

Journal of Botany, 97: 1121-1125 (2010). 

Moran, R. C., (2000), A Natural History of Ferns, Timber Press: Portland. 

Oliver, M.J., Tuba, Z. & Mishler, B.D., The evolution of vegetative desiccation tolerance in land plants, 

Plant Ecology, 151: 85–100 (2000). 

John, S. and Hasenstein, K., The role of peltate scales in desiccation tolerance of Pleopeltis 

polypodioides, Planta, 245: 207-220 (2017). 

Prats, K.A. and Brodersen, C.R., Desiccation and rehydration dynamics in the epiphytic resurrection fern 

Pleopeltis polypodioides, Plant Physiology 187: 1501–1518 (2021). 

R Development Core Team. 2020. R: A Language and Environment for Statistical Computing. Vienna, 

Austria. 

Rundal, P.W., and Gibson A. C., “Adaptive Strategies of Growth Form and Physiological Ecology in 

Neotropical Lowland Rain Forest Plants,” Neotropical Diversity, 1996. 

Williams, CB., Murray, JG., Glunk, A., Dawson, TE., Nadkarni, NM., Gotsch, SG., Vascular epiphytes 

show low physiological resistance and high recovery capacity to episodic, short-term drought in 

Monteverde, Costa Rica. Funct Ecol., 34: 1537– 1550 (2020). 

 


