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Differences in Percent Mycorrhizal Colonization of Saplings Among Differing 

Tree Age and Tree Species 

Ellen Bobo 

Biological Sciences- Microbiology Concentration, University of Tennessee, Knoxville, USA 

ABSTRACT 

Mycorrhizal fungi are an essential part of the ecosystem because they have a mutualistic symbiosis with 

tree species.  They colonize a plant’s roots and help supply nutrients to the plant in exchange for carbon.  

This relationship can be used to help ensure the health of plants in an agricultural or ecological setting.  

Some farmers use these fungi in order to provide a natural fertilizer for their plants.  This study provides 

information about the percent colonization of tree seedling roots among tropical species.  Root samples 

were taken and then examined under a microscope to calculate the percent colonization of the tree’s roots.  

I tested four different species: Brosimum alicastrum, Casimora edulis, Enterolobium cyclocarpum, and 

Montanoa guatemalensis.  E. cyclocarpum was tested at two 10 months and 3 months.  The data shows 

that there are significant differences between the levels of colonization between different species.  The 

species of B. alicastrum and C. edulis had significantly higher percent colonization than E. cyclocarpum 

and M. guatemalensis. 

RESUMEN 

Los hongos micorrízicos son una parte esencial del ecosistema porque tienen una simbiosis mutualista 

con las especies arbóreas. Colonizan las raíces de una planta y ayudan a suministrar nutrientes a la planta 

a cambio de carbono. Esta relación se puede utilizar para ayudar a garantizar la salud de las plantas en un 

entorno agrícola o ecológico. Algunos agricultores utilizan estos hongos para proporcionar un fertilizante 

natural para sus plantas. Este estudio proporciona información sobre el porcentaje de colonización de 

raíces de plántulas de árboles entre especies tropicales. Se tomaron muestras de raíces y luego se 

examinaron bajo un microscopio para calcular el porcentaje de colonización de las raíces del árbol. Probé 

cuatro especies diferentes: Brosimum alicastrum, Casimora edulis, Enterolobium cyclocarpum y 

Montanoa guatemalensis. E. cyclocarpum se probó a los 10 meses ya los 3 meses. Los datos muestran 

que existen diferencias significativas entre los niveles de colonización entre diferentes especies. Las 

especies de B. alicastrum y C. edulis tuvieron un porcentaje de colonización significativamente mayor 

que E. cyclocarpum y M. guatemalensis. 

INTRODUCTION 

Mycorrhizae are a fungal symbiont with the roots of plants.  They form a mutualistic symbiotic 

relationship with the roots of many plants.  The fungus obtains carbohydrates from the plant, and 

in return the fungus provides services for the plant such as nutrient uptake and expansion of the 

root system (Elumeeva et al. 2016).  Fungi digestion greatly differs from that of plants, so this 

means that the mycorrhizae can digest certain compounds in the soil and convert it to nutrients 

that the plants may not be able to obtain directly from the soil.  In addition, the mycorrhizal 

growths on the roots can grow outward underground away from the plant and essentially expand 

the root system.  Therefore, it increases the area that the plant has to access nutrients and water.  

Research has shown that there is great diversity among mycorrhizal species of fungi and 



3 

 

diversity among what plants rely on this system (Dighton 2009). Approximately 80% of plant 

land species form mycorrhizal mutualisms (Smith and Read, 2010). 

These interactions have significant economic and environmental implications.  This symbiosis 

may be increasingly important in the future as climate change continues to create a less 

hospitable environment for plants to grow in various regions.  It also may be important as the 

natural world becomes more polluted.  It has been shown that microbes such as arbuscular 

mycorrhizae may help in removing harmful mercury compounds from the soil (Ekamawanti et 

al. 2013).  The benefits that the mycorrhizae provide have the potential to mitigate these 

environmental changes.  Mycorrhizae are important for carbon sequestration because they 

function in the carbon cycle and lead to more carbon being stored in the soil (Wilson et al 2010).  

Plants that live in nutrient-poor soils tend to have a greater degree of reliance on mycorrhizae 

(Hetrick 1991).  Because the tropical rainforest is known for having nutrient-poor soil, it can be 

predicted that the mycorrhizae mutualism will be especially important for trees that grow in 

Costa Rica. 

This information will be useful because it provides more insight into how different mycorrhizae 

associations impact their plant hosts.  More mycorrhizal colonization at the seedling stage could 

indicate a higher reliance on this symbiosis for survival.  Knowing how much a species relies on 

mycorrhizae will help in preserving these species in nature.  The tree species tested are B. 

alicastrum, C. edulis, M. guatemalensis, and E. cyclocarpum.  The common name for E. 

cyclocarpum is Guanacaste, which is the national tree of Costa Rica. 

This research expands on this conclusion by measuring how diverse the degree of reliance is 

among different tree species. It measured how much of a root is colonized by mycorrhizal fungi 

when a tree is still in the seedling stage. This study analyzed the mycorrhizal colonization levels 

of four different species of tropical tree saplings. 

MATERIALS AND METHODS 

Study Site 

I collected the roots from the Agroforestry Nursery on the CIEE Monteverde campus. The 

nursery has seedlings of several different species of tropical trees.  All but one of the sample 

groups came from trees that were 10 months old.  I cut a small piece of root from each sample 

tree using a blade.  The tree species used were Brosimum alicastrum, Casimora. edulis, 

Montanoa guatemalensis, and two groups of Enterolobium cyclocarpum at 10 months old and 3 

months old.  I cut root samples from 10 trees of each species, except for the older E. 

cyclocarpum because there were only 9 trees in this group.   

Lab Procedure 

I dyed the roots following the procedure described by Vierlheilig et al. (1998).  First, the roots 

were put in a test tube containing 10% KOH that was then placed in a hot water bath.  The test 
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tube was warmed for 6 minutes.  After removing the roots, I rinsed them in tap water before 

placing them in a test tube containing a 5% lactophenol blue-vinegar solution.  This test tube was 

warmed in a hot water bath for 3 minutes.  After they were removed from the dye solution, I 

rinsed them with tap water and 6-9 mL of vinegar until they no longer stained the water blue 

when placed in water. 

After the roots were dyed, I cut a piece of each root that was 5 mm long to view under the 

microscope.  The width of the root was approximately 1 mm, although there was slight variance 

as the samples taken from the field varied in width.  The samples were put on a slide and viewed 

under the microscope using the 10x objective lens.  I then took photos of what was being seen 

under the microscope. 

In order to calculate percent colonization, I overlaid a grid onto the microscope photos.  I 

calculated the total squares that the root took up in the photo, as well as the number of squares 

where mycorrhizae were present.   

Data Analysis 

I calculated differences in percent colonization with a one-way ANOVA and a Tukey HSD to 

determine differences between species. R was used for this analysis. 

RESULTS 

There was presence of mycorrhizal colonization in all the species tested (including young and 

old E. cyclocarpum). The percent colonization varied significantly between species (Figure 1, 

Table 1).  B. alicastrum had an average of 51.6% colonization. C. edulis had an average of 

41.2%.  The 10-month-old E. cyclocarpum had an average of 21.3%.  The 3-month-old E. 

cyclocarpum had an average of 16.8%.  M. guatemalensis had an average of 20.1%. 
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Figure 1. B. alicastrum and C. edulis had significantly more mycorrhizal colonization than 

younger and older E. cyclocarpum and M. guatemalensis. 

All groups were significantly different except for C. edulis - B. alicastrum, young and old E. 

cyclocarpum, and M. guatemalensis - both old and young E. cyclocarpum. 

Table 1. P values of the Tukey HSD analysis. Please delete the significant difference column 

and use only 3 decimal points. 

Groups Being Compared P-value 

C. edulis- B. alicastrum 0.152 

E. cyclocarpum old- B. alicastrum 0.000 

E. cyclocarpum young- B. alicastrum 0.000 

M. guatemalensis- B. alicastrum 0.000 

E. cyclocarpum old- C. edulis 0.000 

E. cyclocarpum young- C. edulis 0.000 

M. guatemalensis- C. edulis 0.000 

E. cyclocarpum young- E. cyclocarpum old  0.854 

M. guatemalensis- E. cyclocarpum old 0.999 

 

After the dying and destaining process, the mycorrhizal colonization was shown by the blue parts 

of the sample while the uncolonized sections appeared a light yellow-brown or white. Figure 2 

shows a clear distinction between uncolonized and colonized sections of a root of C.edulis. 
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Figure 2. Dyed root of C .edulis under a 10x magnification lens. The blue part indicates 

presence of mycorrhizae. 

DISCUSSION 

The highest colonization was shown in the C. edulis and B. alicastrum species with 41% and 

51%, respectively.  These species occur naturally within the elevation range that the tree nursery 

is located.  C. edulis occurs from 900-1500 m, and B. alicastrum occurs from 20-1600 m (Haber 

et al. 2000).  The study site was located at approximately 1200 ft, so these saplings were being 

grown within their natural habitat.  B. alicastrum is commonly seen in places with shallow soil 

and low elevation and does not have a very extensive root system (Querejeta et al 2006).  

However, it can also occur naturally at the elevation in which the study site was located.  This 

information supports the idea that it would have the highest reliance on mycorrhizae as this 

fungal mutualistic relationship functions to increase the productivity of a tree’s root system.   

E. cyclocarpum grows primarily in places of low altitude and survives in areas that have 

undergone significant human disturbance (Muñoz-Flores et al 2016).  M. guatemalensis is 

planted as a windbreak in the cloud forest area of Costa Rica where the nursery is located (Piper 

2005).  However, it is not native to the cloud forest area; it is native to lower elevations (Haber et 

al 2000).  Studies show that fungal symbionts are species specific (Ferlian et al 2021).  This 

means that certain species of fungi prefer certain species of trees.  The soil of the species natural 

habitat may be inhabited by different species than the soil from the tree nursey located at a 

higher elevation.  In addition, studies show that trees that were grown in nurseries had different 

species and species richness than the samples taken from nature (Southworth et al. 2009).  These 

two species that showed lower colonization were being grown away from their native habitat as 

well as being cultivated in a nursery, and these factors would affect the rate of mycorrhizal 

colonization. Therefore, it is consistent with previous research that the E. cyclocarpum and M. 

guatemalensis would have lower percent colonization than the other two species.   
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Plant age has been shown to have an impact on the levels of mycorrhizal colonization (Elumeeva 

et al 2016).  The study site only possessed the tested tree species with two different ages -3 

months and 10 months-, so this result suggests that the seven-month age difference is not a wide 

enough age difference in the E. cyclocarpum species to impact the percent colonization.  It is 

possible that there would be a significant difference if the samples were coming from a sapling 

that was grown where this species naturally occurs. 

The implications of this research will help in the cultivation of trees for reforestation efforts.  

Mycorrhizae has already been introduced into the agroforestry industry as a means of organic 

fertilizer (Tiwari et al 2004).  The more that is known about the interactions between 

mycorrhizae and their host plants, the better this means of organic fertilization can be developed.  

This is especially important for the tropics because mycorrhizae have the largest impact in areas 

with poor soil (Elumeeva et al 2016). The benefits to the tropical trees can have global 

implications as it will help to maintain the overall biodiversity of the planet.   

One limitation of this study is the amount of time that was allotted for testing of the samples.  

This was a short study, and more definite answers would require a longer study with a greater 

sample size.  In addition, there were soil differences in some of the plants. A few of the tree 

seedlings had outgrown the plastic bag in which they were planted and had established roots in 

the soil in the ground. This difference was not tested in this study, but it is an observation that 

was made during the process of taking samples.  The soil difference may have made an impact 

on the colonization. Analyzing these possible differences would require more information about 

the soil in which they were potted versus the ground soil present at the tree nursery.   

Future work could include comparing more species in order to get a broader picture of the 

relationship between mycorrhizae and trees.  It could also help to establish clearer patterns in 

how factors of a tree’s environment or physiology impact its mycorrhizal dependency.  It would 

also be helpful to be able to determine more specific details about the mycorrhizae fungi itself- 

such as what species prefers what type of trees and more information about how the fungus 

functions and grows. 
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Analysis of Physical, Chemical, and Biological Characteristics of Aerated 

Compost in Different Stages of Decomposition 

Kaitlyn Hilley 

Biological Sciences Department and Government and Law Department, Lafayette College, USA 

 

ABSTRACT 

Composting provides solutions to issues such as climate change, food insecurity, and waste production. 

However, producing compost faster can increase its potential which requires a comprehensive 

understanding of maturity indicators and their rates of change throughout decomposition. This study 

analyzed physical, chemical, and biotic characteristics of compost throughout its decomposition to better 

understand their rates of change and the time needed for compost to mature. I studied compost from 

ASADA’s program in Monteverde, Costa Rica, at 3, 7, and 12 weeks of decomposition. Each week 

contained groups, t and b, from the compost site; t was more exposed to the outdoors and b was more 

protected. It was hypothesized that maturation would take 12 weeks and the conditions of the groups, t 

and b, would influence the rate of decomposition. The characteristics measured were texture composition, 

porosity, temperature, pH, electrical conductivity (EC), and macroinvertebrate community composition 

(MCC), and their averages were used to analyze their rates of change. The percent of solid matter in the 

texture tests decreased for each layer between weeks and was the only characteristic influenced by the 

difference in position between groups. Porosity, pH, and MCC increased, and EC decreased between 

weeks. Temperature change was non-significant between weeks and group, likely due to its containment 

during data collection. Therefore, the first hypothesis was confirmed while the second was not for all 

variables measured. These findings further the understanding of the rate and characteristics of compost 

throughout decomposition which has implications for the amount and quality of compost able to be 

produced. 

RESUMEN 

El compostaje proporciona soluciones a problemas como el cambio climático, la inseguridad alimentaria 

y la producción de residuos. Producir compost más rápido puede aumentar su potencial, lo cual requiere 

comprender el comportamiento de los indicadores de madurez y sus cambios en la descomposición. Este 

estudio analizó las características físicas, químicas y biológicas del abono a lo largo de su descomposición 

para comprender mejor el cambio y el tiempo necesario para madurar. Estudié el compost de 3, 7 y 12 

semanas de descomposición del programa de compostaje de ASADA en Monteverde, Costa Rica, a las. 

Cada semana contenía dos grupos, t y b, del sitio de compost; t estaba más expuesto al aire libre y b 

estaba más protegido. Se planteó la hipótesis de que la maduración llevaría 12 semanas y que las 

condiciones de los grupos, t y b, influirían en la tasa de descomposición. Las características medidas 

fueron composición, porosidad, temperatura, pH, conductividad eléctrica (CE), Y la composición de la 

comunidad de macroinvertebrados (CCM.El porcentaje de materia sólida en la composición disminuyó 

para cada capa entre semanas y fue la única característica influenciada por las condiciones del grupo. La 

porosidad, el pH y el CCM aumentaron y la CE disminuyó entre semanas. La temperatura no fue 
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significativa entre las semanas y el grupo debido a su contención durante la recolección de datos. Por lo 

tanto, la primera hipótesis fue confirmada mientras que la segunda no pudo serlo. Estos hallazgos 

profundizan la comprensión de la tasa de descomposición, lo cual implicaciones para la cantidad y calidad 

de compost capaz de ser producido. 

INTRODUCTION 

Aerated composting is a method of composting that encourages aerobic decomposition by 

forcing air through the mass of compost. Compared to windrow composting, another popular 

method for large-scale composting, aerated composting has been shown to produce mature 

compost faster and results in higher crop yields when applied to growing sites (Adediran et al. 

2003). The United States Environmental Protection Agency states that food waste can be turned 

into compost between three and six months using an aerated composting system (US EPA 2015). 

However, the rate at which maturity occurs and levels change across various indicators is 

disputed across the relevant literature and in practice even when comparing the same composting 

methodology. 

Compost goes through three different stages based on its temperature and the resulting biotic 

decomposition it can undergo; mesophilic phase 45-50 ℃, thermophilic phase 65-75 ℃, and the 

maturation phase where the temperature drops off below 50℃ (Olynciw 1996). Compost 

maturity can also be recognized through its pH which drops to its lowest at around 6.7-7.2 in the 

initial stage of decomposition, its highest at around 8.0-8.5 in the middle stage, and then back to 

nearly its lowest levels again once it is mature (Adediran et al. 2003). Mature compost usually 

has less capacity for water retention and fewer nutrients; however, this is heavily dependent on 

the type of method and containment used (Adediran et al. 2003). Since nutrients usually 

decreases as compost matures, its electric conductivity does as well (López 2002). 

Macroinvertebrate presence has been shown to be initially very abundant and widely diverse in 

the first week of the first stage of composting. During the middle stage, abundance is relatively 

high for certain species and low nonexistent for most others which results in low overall 

diversity. Abundance and diversity later increase slightly in the final stage; however, it does not 

reach the same level as in the first couple of weeks of decomposition (Hammed et al. 2019). 

ASADA’s Community Composting program in Santa Elena Monteverde, Costa Rica, produces 

compost routinely in 8-12 weeks which is significantly faster than the EPA’s predictions (Welch, 

J. pers. comm 2022; US EPA 2015). This assessment of maturity is made based on visual 

observations of the compost’s composition and biotic communities as well as temperature 

recordings (Welch, J. pers. comm 2022). However, the rate of decomposition and transition from 

one phase to the next in ASADA’s program is unknown. Furthermore, the quality of the compost 
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based on various quantitative factors that are produced in such a short period of time is also 

unknown. 

This study measured the texture, temperature, porosity, pH, electric conductivity (EC), and 

macroinvertebrate community composition (MCC) and abundance of ASADA’s compost during 

weeks 3, 7, and 12 of decomposition over the course of seven days. The maturity of the compost 

was hypothesized to take the entirety of the 12 weeks based on indicator levels transitioning into 

what is considered the final stage only at or right before the 12-week mark. The conditions of 

containment were also hypothesized to play a role in the speed of decomposition. It was 

predicted that higher exposure to the outdoors, based on the compost’s location within the 

facility, and air, based on the vessel of containment or lack thereof, will increase the rate of 

decomposition. Quantifying various physical, chemical, and biotic characteristics of compost in 

different stages of decomposition provides an insight into the quality of the compost after the 12 

weeks, its level of maturity, and the rate at which compost transitions from one phase to the next. 

MATERIALS AND METHODS 

Study site and Sample Collection 

The compost studied came from ASADA, Santa Elena in Monteverde Costa Rica. The food 

waste materials are collected from various households and businesses in Monteverde as an 

elective service for the community. They use a volumetric ratio of approximately 1 to 1 carbon 

to nitrogen material types; leaf litter and coarse materials filtered from previous composting 

batches as their carbon source and collected food waste and chicken manure as their nitrogen 

source (Welch, J. pers. comm 2022). The leaf litter is collected from around the Monteverde 

community during the dry season and the chicken manure is donated by local farms. Their 

compost is aerated once every 1.2 hours first in large containers (3m L x 1.22 m H x 1.15 m W) 

for four weeks and then in covered piles for another two weeks. By week seven the pile is moved 

off the aerated vents and by week eight it is spread out to cool and evaporate (Welch, J. pers. 

comm 2022). The entire process occurs underneath a covered roof with three sides directly 

exposed to the outdoors. The compost is not chipped to maintain high free air space and rapid 

aerobic decomposition; however, mature compost contains observed smaller and homogenous 

components. After eight weeks, the compost is sent to various participating community 

organizations such as the community garden in Santa Elena (Wilkins 2021). There, the compost 

is re-wet and allowed to continue decomposing under similar conditions until it is twelve weeks 

old in total. Samples were collected from the composting sites and stored in plastic bins with lids 

that maintained comparable ventilation to maintain standardized conditions across each sample. 

Two samples were taken from each compost pile at different distances from the outside of the 

containment building: group “t” being closest to the outside and group “b” being closest to the 
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inside of the operational space. These groups were formed to control any influence on the 

compost’s exposure to sunlight and airflow due to the distance to the outside which may impact 

some of the measurements. Throughout the seven days, the compost samples were stored in the 

laboratory on CIEE’s campus in San Luis. I conducted all measurements and procedures either in 

the laboratory or outside underneath a covering, weather permitting.  

Five replicates of each t and b section of each week resulted in 30 individual samples in total. 

The samples’ physical, chemical, and biological characteristics were measured on each of the 

five data collection days. The physical characteristics were composition and porosity, the 

chemical characteristics were pH and electric conductivity (EC), and the biological characteristic 

was macroinvertebrate community composition (MCC). 

Texture 

The texture of the compost was measured by measuring the height of the layers of sand sized 

particles, silt sized particles, clay sized particles, and plant matter of the compost when treated. I 

placed 20 g of the sample in a 300 ml beaker along with ½ teaspoon of liquid dish soap. Then, I 

filled the beaker to 300 ml, or 7 cm in height, with water and stirred for 30 seconds. The samples 

were then left undisturbed overnight to settle. I measured the height of each layer of the sample 

and divided by the total height of the system, 7 cm, to calculate the percentage of each layer from 

bottom to top. Layers were determined by identifying the line where the visual consistency 

changed. The order of layers is always the same due to the density and particle size of each 

component of compost. The bottom layer is sand sized particles, then silt sized particles, clay 

sized particles, water, and lastly, plant matter (Dyer 2022). This was repeated five times in total 

for each sample (i.e., week 3 t) resulting in a total of 30 individual samples across the 3 weeks. 

 
Figure 1. Composition test set-up from two different angles. 

Porosity 

The sample was added to about 25 ml in a 50 ml graduated cylinder. A light and narrow metal 

spoon was dropped into the graduated cylinder to gently “pack” the sample. Next, 30 ml of water 
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was added to the graduated cylinder. It was then gently tapped on the side of the cylinder and 

given about 15 seconds to allow any air bubbles to escape, ensuring that the sample was fully 

saturated with water. The resultant volume of the mixture was then recorded. The difference 

between the volume of the mixture and the volume of the water added was calculated as the 

volume of the solids. This was then used to calculate the volume of the pore space in the sample 

by subtracting it from the volume of the packed sample. Then the volume of the pore space was 

divided by the volume of the packed sample and multiplied by 100 to find the porosity of the 

sample as a percentage (Trautmann and Krasny 2016). This was repeated five times in total for 

each sample resulting in a total of 30 individual samples across the 3 weeks. 

Temperature 

The initial temperatures of each week and group were taken at the compost site before the 

samples were collected. The temperature of each sample was taken from the total sample supply 

inside of its plastic bin with the lid still on for the remaining tests. The temperature was taken in 

degrees Celsius and was measured using a probe soil thermometer. This was repeated five times 

in total for each sample resulting in a total of 30 individual samples across the 3 weeks. 

pH 

About 50 ml of the sample was added to a 300 ml beaker and water was filled to 250 ml. Next, 

the mixture was stirred for 30 seconds and allowed to rest for 15 minutes. A pH meter was then 

used to measure the pH of the solution and was rinsed in water in between each measurement 

(Al-Turki et al. 2013). This was repeated five times in total for each sample resulting in a total of 

30 individual samples across the 3 weeks. 

Electric Conductivity 

About 50 ml of the sample was added to a 300 ml beaker and water was filled to 250 ml. Next, 

the mixture was stirred for 30 seconds and allowed to rest for 15 minutes. An electric 

conductivity meter was then used to measure the EC of the solution and was rinsed in water in 

between each measurement (Al-Turki et al. 2013). This was repeated five times in total for each 

sample resulting in a total of 30 individual samples across the 3 weeks. 

 
Figure 2. Set up for pH and electric conductivity tests. 
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Macroinvertebrate Community Composition 

About 2.5 cups of the sample were placed on a light-colored tray. With a plastic spoon, tweezers, 

and a desk lamp, the sample was carefully examined. Macroinvertebrates and larvae present in 

the sample were observed and recorded as distinct morphological species based on their shared 

appearance and given a code for later identification. Their apparent abundance was also 

recorded. Pictures were taken of as many observed species and used to help in later 

identification. Then the order of each assumed species was identified (Bray et al. 2019; 

Trautmann and Olynciw 1996). This was repeated twice in total for each sample. 

A)   B)  C)  

Figure 3. Examples of community biodiversity and abundance tests and organisms spotted. A) 

Soldier Fly Larvae, Diptera; B) Soldier Fly Adult, Diptera; C) Fly 2, Diptera 

Statistical Analysis 

A generalized linear regression with Gaussian distribution and X~Y format was used to test the 

significance between each week and between each group, t and b. All figures and tables were 

created using EXCEL. 

RESULTS 

Texture 

Each layer of the solid composition of the compost has a linearly decreasing trend (Figure 4). 

The percent each solid layer takes up decreases at a passably constant rate as the compost 

matures. Additionally, the portion of the sample that is composed of solids decreases and the 

portion of water increases as the compost matures. The samples from week 3 have a greater 

percentage of overall solid matter compared to weeks 7 and 12 and it was higher in all the group 

b’s compared to the group t’s of the same week (3t = 1.37% ± 0.143, 3b = 1.40% ± 0.155, 7t = 

0.750% ± 0.116, 7b = 0.830% ± 0.166, 12t = 0.706% ± 0.129, 12b = 0.710% ± 0.127). The plant 

matter layer has the largest decreasing slope, and each subsequent layer has a smaller slope (R2 

sand sized particles = 0.732, R2 silt sized particles = 0.598, R2 clay sized particles = 0.573, R2 

plant matter = 0.475). P values were not calculated for the texture composition tests.  

During the composition tests, the color of the mixture across each of the samples was observed. 

More mature compost in the week 12 samples was much darker and contained more red 
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undertones as compared to the less mature samples which were lighter and had progressively 

more yellow undertones. 

 

Figure 4. The overall average composition of each compost sample throughout the five days of 

data collection. The percentage of each layer of solid matter (sand, silt, clay, and plant matter) is 

displayed in a stacked bar chart to display the gross percentage of the solid components.  

Porosity 

The porosity of the compost generally increases as it matures (Figure 5, 57.0 ± 13.8 for 3t, 54.8 ± 

12.2 for 3b, 71.2 ± 7.33 for 7t, 69.4 ± 8.95 for 7b, 66.7 ± 7.09 for 12t, and 71.8 ± 13.7 for 12b). 

The increasing change in porosity between each week is significantly different (p = <0.001, t-

value = 22.0, df = 107) however, the difference between the groups t and b for each week was 

nonsignificant (p = > 0.05, t-value = 37.8, df = 107). While the average porosity between weeks 

7 and 12 remains generally constant, the standard deviation of the sample 12b (Figure 5) is much 

wider (12b= 71.8 ±13.7), and therefore the trend of the porosity increases. This means that more 

than 50% of the average compost sample contains space for air or water. The trend of the 

increasing porosity is linear and increases at a continuous rate throughout the compost’s 

maturation. 
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Figure 5. The average porosity of each sample throughout the five days of data collection. Week 

p = <0.001, t-value = 22.0, df = 107; group p = > 0.05, t-value = 37.8, df = 107. 

Temperature 

The temperature of the samples increases and then decreases over the course of the compost’s 

maturity and generally follows a polynomial trend (Figure 6, 22.1℃ ± 3.48 for 3t, 22.6℃ ± 4.14 

for 3b, 23.9℃ ± 1.70 for 7t, 23.7℃ ± 1.55 for 7b, 23.3℃ ± 1.28 for 12t, and 21.9℃ ± 3.44 for 

12b). The average temperature of the week 3 samples is roughly equal to that of the week 12 

samples while the week 7 samples have higher average temperatures. The difference between the 

averages of each week and between the t and b groups were both nonsignificant (week p = >0.05, 

t-value = 59.234, df = 107; group p = >0.05, t-value = 92.7, df = 107). However, there was a 

significant difference between all three weeks in the initial temperatures recorded for each 

sample at the compost site before data collection (Table 1, p = <0.001). 
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Figure 6. The average recorded temperature of each sample throughout the five days of data 

collection. Week p = >0.05, t-value = 59.234, df = 107; group p = >0.05, t-value = 92.7, df = 

107. 

Table 1. Initial temperatures recorded for each sample at the ASADA composting site before 

data collection on CIEE’s campus. Week p = <0.001. 

Sample Temp (℃) 

3t 10 

3b 9.72 

7t 21.1 

7b 21.67 

12t 8.33 

12b 8.61 

pH 

The pH increases significantly with the age of the compost (Figure 7, 6.07 ± 0.270 for 3t, 6.2 25 

± 0.371 for 3b, 6.99 ± 0.275 for 7t, 7.26 ± 0.317 for 7b, 7.57 ± 0.305 for 12t, and 7.78 ± 0.394 

for 12b). The lowest pH value is 6.07 at week 3 and the highest is, 7.78, at week 12. The 

difference between the pH levels each week was significantly different (p = <0.001, t-value = 

71.7, df = 101) however, the pH values between groups t and b were not significantly different. 

(p = >0.05, t-value = 72.2, df = 101). Since pH is recorded as a log value, the averages were 

calculated using the equation, -log10[(ΣCi)/(n)], where C is the concentration of hydronium ion 

and n is the number of measurements. 
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Figure 7. The average recorded pH of each sample throughout the five days of data collection. 

Week p = <0.001, t-value = 71.7, df = 101; group p = >0.05, t-value = 72.2, df = 101.  

Electrical Conductivity 

The electrical conductivity decreases significantly as the age of the compost increases and the 

difference in EC between each week is significant (Figure 8, 2358.94 us/cm ± 1415.70 for 3t, 

2659.41us/cm ± 1152.86 for 3b, 1576.65 us/cm ± 780.00 for 7t, 1697.76 us/cm ± 842.37 for 7b, 

1369.82 us/cm ± 457.47 for 12t, and 1819.41us/cm  ± 622.61 for 12b, p = <0.001, t-value = 12.6, 

df = 101). The average EC of the b sample for each week appeared higher across all the weeks as 

displayed in figure 8. However, the difference in EC between the groups t and b for each week 

was nonsignificant (p = >0.05, t-value = 14.8, df = 101). 
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Figure 8. The average recorded EC of each sample throughout the five days of data collection. 

Week: p = <0.001, t-value = 12.6, df = 101; group: p = >0.05, t-value = 14.8, df = 101. 

Macroinvertebrate Community Composition 

The abundance of species was at zero for both weeks 3 and 7. The week 12 samples were the 

only ones that had macroinvertebrates present (Figure 9). The most abundant macroinvertebrate 

was labeled “red mite” and is in the order Arachnida. Arachnida was also the most abundant 

order present with a total of 32 individuals counted. This was followed by the order Coleoptera, 

with 23 individuals identified, and Tubificida, with 14 individuals identified. Although the order 

Diptera was the least abundant, with only 12 individuals identified, it was the most diverse order 

with 3 distinct morphological species and one species, the soldier fly, being present in two 

different forms of its life cycle: larvae and adult. Arachnida and Coleoptera had 2 morphological 

species present and Tubificida only had one morphological species present. 
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Figure 9. The sum of each week’s macroinvertebrate abundance of different morphological 

species and forms of the same species in different stages of its life cycle with a table legend. 

DISCUSSION 

All indicator levels (texture composition, pH, porosity, EC, temperature, and MCC) reached 

what is mature levels in all categories based on previous studies (López 2002, Koutsoumanis et 

al. 2020, Olynciw 1996, Adediran et al. 2003, Hammed et al. 2019, Estrella-González 2020). 

Therefore, the maturity process took the entirety of the 12 weeks as hypothesized. However, the 

difference in conditions of containment between groups t and b (“t” being closest to the outside 

and group “b” being closest to the inside of the operational space) did not play a role in the speed 

of decomposition. These results oppose what was originally hypothesized. Across all the 

characteristics studied other than composition, none had any significant difference between the 

groups t and b. Therefore, no other characteristics besides texture composition were influenced 

by any potential exposure due to their location at the ASADA composting site. However, the 

conditions of containment during the experiment did play a role in the maturity of the compost 

because they influenced the compost’s temperature and macroinvertebrate communities. 

Texture 

Each layer of the compost in the composition tests decreased with maturity, indicating that the 

granule size of each layer decreased. This was most prevalent in the plant matter layer which 

confirms previous research showing that more mature compost is more homogenous because 

larger pieces of food waste are broken down further (López 2002). Group t for each week also 

had a smaller sum percentage of solid matter compared to group b for each week. This indicates 

that group t’s increased exposure to the outside of the compost facility resulted in smaller 
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particle sizes and increased decomposition. This has important implications for compost 

production and utilization because smaller particle size in compost has been shown to be of 

better quality and higher maturity (López 2002). Compost with smaller particle size, therefore, 

indicates the maturity and quality of compost and increasing factors such as exposure that can 

speed up compost maturation or decrease particle size may more quickly produce compost of 

higher quality. Additionally, the observed change in color of the compost across each week has 

been recognized in other studies (Rashwan 2020). When correlated to other characteristics and 

indicators of quality and maturity, color can provide an efficient and cost-effective method to 

discern the maturity and quality of compost (Rashwan 2020). 

Porosity 

Porosity increased as the compost matured which indicates that its capacity to hold water 

increased. This means that the compost loses moisture as it ages which ultimately sustains the 

decomposition process. Too much water retention could prevent air circulation, slowing down or 

stopping aerobic decomposition as a result (Koutsoumanis et al. 2020). Although these results 

corroborate what other studies have concluded, the degree to which the compost is dried can 

have negative implications for its quality. Compost that loses too much water can result in 

nutrient leaching and can take moisture out of the soil when combined (Adediran et al. 2003). 

Temperature 

The change in temperature across weeks and groups was nonsignificant which means that 

temperature is not impacted by compost maturity. However, this contradicts current scientific 

understandings that compost maturity is heavily dependent on temperature (Olynciw 1996). The 

average temperatures recorded in this study ranged from 21.9℃ to 23.8℃ however, compost 

should generally range from 45℃ to 75℃ throughout its maturation (Olynciw 1996). Because of 

this, further analysis of initial temperatures recorded at the ASADA composting site was 

conducted and revealed that there is a connection between the week and the temperature of the 

compost which more accurately reflects current understandings of the relationship between 

compost maturity and temperature. The results from data collection after these initial 

temperatures were taken show that the method of containing and maintaining the compost away 

from the composting site is vital to maintaining its temperature and completing its maturity 

cycle. The compost was not able to maintain its temperature possibly because aeration and the 

amount of organic material contributing to the warmth of the compost piles were not maintained 

once it left the compost site. The plastic containment bins, and air-conditioned laboratory did not 

provide adequate airflow and moisture exchange, and the volume of the samples was much 

smaller. 
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pH 

The pH of the compost increased with maturity however, the minimum and maximum averages 

(min pH = 6.07 ± 0.270, max pH = 7.78 ± 0.394) in this study were less than that of the literature 

(min pH = 6.7-7.2, max pH = 8.0-8.5) (Adediran et al. 2003). This could be due to the method of 

maintaining the samples or the kind of materials used in the compost’s food waste and sources of 

carbon and nitrogen. For example, compost produced from leaf litter or soy-based materials 

resulted in higher pH values than compost produced from maize, urban waste, and weed based 

materials (Adediran et al. 2003). A better understanding of how pH is influenced by such 

external factors and when in maturity certain pH levels are reached may help facilitate creating 

agricultural conditions for crops that require different pH levels for ideal survival, growth, and 

crop yield. 

Electric Conductivity 

The electric conductivity decreased as the compost matured, which indicates a higher quality of 

compost (López 2002). Less mature compost is rich in organic materials and nutrients however, 

to an excessive amount that results in an overly saline environment which is detrimental to plant 

fertility. Environments that are too low in EC, however, are lacking in nutrients which is also 

harmful to plants. As organic matter decomposes, the EC decreases until it reaches levels ranging 

from 200 mS/m to 1600 mS/m that are ideal for plant growth and fertility therefore indicating 

compost maturity (Fourie 2019; López 2002). Since maturity increases the quality of compost, 

the rate of change of electrical conductivity must be examined and targeted when trying to 

expedite the maturity process so that the product is still of good quality. 

Macroinvertebrate Community Composition 

Although the literature predicted that the abundance and diversity of macroinvertebrates would 

be less in the samples from weeks 3 and 7 (Hammed et al. 2019), their complete lack of presence 

was not predicted. This could be a result of the method of storing the samples combined with 

populations that were less stable. If the population of macroinvertebrates in the week 3 and 7 

samples were already more vulnerable due to a smaller abundance and required specific 

conditions, changing those conditions in their containments may have more easily eliminated 

their populations even by the first day of data collection. The diverse and abundant 

macroinvertebrate community in the week 12 samples shows the maturity of the compost and its 

ability to support diverse populations even beyond the initial data collection day in conditions 

different from those at the composting site (Estrella-González 2020). The order Diptera was the 

least abundant (12 individuals) and most diverse (3 morphological species) in this study 

however, it was the most abundant (63.7% and 70.9% of the population) and most diverse (5 

morphological species) in a study by Hammed et al. (2019). The same study recorded less 
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abundance (9.8% of the population) but the same diversity (2 morphological species) as this 

study in the order Arachnida (Hammed et al. 2019). The differences in these results may be due 

to the difference in region or the method of composting as Hammed et al. (2019) was conducted 

in Nigeria using a windrow method as opposed to aeration. 

Conclusions 

Current estimates state that about one-third of the food produced globally goes to waste (Guo & 

Yang, 2019). All this food waste not only limits the number of people that could be fed but also 

has ramifications for global warming. Every 1 kilogram of food waste sent to landfills produces 

about 2.5 kilograms of carbon dioxide emissions (Guo & Yang, 2019). As composting programs 

are being implemented and more people are engaging in those programs, they must have the 

capacity to process the volume of waste coming their way. Composting systems can potentially 

increase their capacities through the speed at which they turn collected food waste into compost 

(Huang et al. 1997). Reducing the amount of time, it takes to complete the composting process 

results in greater quantities of compost produced per unit time (Adediran et al. 2003). Further, 

the characteristics of the mature compost can impact the crops it can be used for and its potential 

to increase crop yields (Adediran et al. 2003). The findings of this study further the 

understanding of the rate and characteristics of compost throughout the composting process. 

Although the USEPA stated that aerated composting would require between three and six 

months to produce mature compost, this study shows that mature compost can be produced in 

only three months (US EPA 2015). This has implications for the amount of compost that can be 

produced and the amount of food waste that can be diverted from landfills. Composting provides 

a method to reduce humans’ carbon footprints, increase crop yields without using chemical 

pesticides or fertilizers, and reduce the negative effects of food waste (Biemer 2021). To do this, it 

is important to develop a comprehensive understanding of the indicators of maturity and what 

influences those indicators through studies such as this. Further research into other 

characteristics of compost such as their microbial communities and the impact of different 

starting materials can broaden this understanding. 
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ABSTRACT 

In the tropical montane forests of Costa Rica, epiphytic bryophytes such as mosses, liverworts, and 

hornworts are an essential component of tree trunk habitat structure. They promote precipitation 

partitioning, a method of water dispersion and distribution created by the growth of new bryophytic 

material and other epiphytes. New epiphytic growth relies on moisture availability, making tropical 

montane host surfaces complex and diverse ecological habitat structures due to mist and rainfall. In this 

study, I analyzed vascular epiphyte and bryophyte density, distribution, and relationship correlation in 

accordance with vertical phorophyte structure and water partitioning. Data suggests a strong correlation 

between percentage bryophyte cover and vascular epiphyte frequency, emphasized through sample 

surveys showing bryophyte-induced hydrological partitioning. While there was a positive correlation 

between moss-epiphyte interdependency, trunk circumference lacked a strong correlation with both 

percentage of moss cover and epiphyte frequency. These results propound vascular epiphyte reliance on 

precipitation partitioning rather than surface area, facilitated by bryophytic cover along vertical 

phorophyte surfaces. Understanding these components betters prepares future assessments on the impacts 

of climate change and other anthropogenic forces on tropical montane forest habitat. 

RESUMEN 

En los bosques montanos tropicales de Costa Rica, las briófitas epífitas como los musgos, las hepáticas y 

los líquenes son un componente esencial de la estructura del hábitat de los troncos de los árboles. 

Promueven la partición de la precipitación, un método de dispersión y distribución del agua creado por el 

crecimiento de nuevo material briófito y otras epífitas. El nuevo crecimiento epífito depende de la 

disponibilidad de humedad, lo que hace que las superficies anfitrionas de las montañas tropicales sean 

estructuras de hábitats ecológicos complejos y diversos debido a la niebla y la lluvia. En este estudio, la 

densidad, la distribución y las relaciones de interdependencia de epífitas y briófitas se analizan de acuerdo 

con la estructura vertical de forófitas y la partición del agua. Los datos sugieren una fuerte correlación 

entre el porcentaje de cobertura de briófitas y la frecuencia de epífitas vasculares, enfatizada a través de 

encuestas de muestreo que muestran la partición hidrológica inducida por briófitas. Si bien hubo una 

correlación positiva entre la interdependencia entre musgo y epífitas, la circunferencia del tronco pareció 

carecer de una fuerte correlación tanto con el porcentaje de cobertura de musgo como con la frecuencia de 

epífitas. Este fenómeno plantea la dependencia de las epífitas en la partición de la precipitación en lugar 

del área de superficie o la edad del árbol huésped, facilitada por la cubierta briófita a lo largo de las 

superficies verticales de forófitos. Comprender mejor estos componentes prepara evaluaciones futuras 

sobre los impactos del cambio climático y otras fuerzas antropogénicas en los bosques montanos 

tropicales. 
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INTRODUCTION 

In the tropical montane forests of Costa Rica, epiphytic bryophytes are an essential component of 

tree trunk habitat structure. Epiphytic bryophytes are a classification of non-vascular plants such 

as mosses, liverworts and lichens which grow along the surfaces of other plants (Lai, 2020). 

They are not parasitic, simply using host flora as attachment points to absorb atmospheric 

moisture and precipitation (Feild & Dawson, 1998). Bryophytes promote precipitation 

partitioning, a method of water dispersion and distribution created by plant growth. Many 

species of vascular epiphytes such as orchids and bromeliads rely on the moisture-retaining and 

precipitation partitioning properties of mosses, lichens, and liverworts (Mendieta-Leiva, 2020), 

making analysis of these components essential in understanding ecosystem reactions to climate 

change and anthropogenic interferences such as deforestation. 

Although many biotic factors such as bark type, host size, and tree architecture contribute to 

flora richness, hydrology is thought to determine the general success of bryophytes and vascular 

epiphytes, the two depending on water accessibility and abundance (Arévalo, 2006; Marcusso, 

2019). Whilst bryophytes and vascular epiphytes don't require each other for survival, it is 

currently presumed hydraulic nutrient and precipitation partitioning is bidirectional, implying 

reliance between vascular epiphytes and bryophytes on water distribution (Mendieta-Leiva, 

2020). Although indirect systems such as stemflow characteristics, throughfall precipitation, and 

other canopy elements are difficult to quantify, direct hydrological relationships between 

epiphytes and bryophytes (E&Bs) appear consistently throughout tropical montane forest 

canopies (Nadkarni & Sumera, 2004). Despite visual patterns, quantitative information is scarce 

on vertical trunk bryophyte distribution in accordance to the rate of epiphyte occurrence in 

Monteverde. This implies system mechanics of precipitation distribution are potentially 

misunderstood, warranting a survey. 

Phorophytes are the host trees that provide habitat for E&Bs by collecting moisture via rain or 

mist across a large protruding surface area (Benzing, 1990). This creates innate precipitation 

runoff pathways that cultivate habitat for E&Bs. Bryophytes are ectohydric, conducting and 

retaining moisture externally at leaf bases, stems, capillary spaces, and between fine hairs over 

the whole surface of the gametophyte (Tuba, 2009). These properties make biotic success 

dependent on atmospheric moisture, precipitation, and water distribution. Bryophytes provide 

dripways and water storage pockets similar to sponges which can be utilised as substrates by 

vascular epiphytes (Feild & Dawson, 1998). On the other hand, most epiphytes are vascular and 

retain moisture internally, relying on the spatial conditions of phorophytes to determine 

community composition, structure, and diversity (Francisco, 2021). Epiphyte rooting allows for 

complex hydrological runoff systems, which fosters conditions that allow for bryophytes. 

Together, E&Bs formulate their own distribution and success based on prerequisite 

environmental conditions and interaction between themselves in a positive feedback loop 

(Mendieta-Leiva, 2020). 

In this study, E&B density, distribution, and interdependent relationships are analyzed in 

accordance with vertical phorophyte structure and water partitioning in the tropical montane 
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forests of Monteverde. Data collection was carried out on the 150-acre CIEE San Luis property 

bordering Bosque Eterno de Los Niños. The goal was to determine a correlation between 

precipitation water dispersion patterns caused by bryophytes present on vertical phorophyte 

trunks, and how those patterns promote supplemental E&B growth. Determining commonalities 

in ecological composition and biotic relationships aims to provide a better understanding of 

climate change impacts on fragile tropical ecosystems. 

MATERIALS AND METHODS  

Study Location 

Data was assembled through one-meter vertical segments of phorophytic trunks in order to 

consistently assess commonalities of E&B codependency. Moreover, data was collected between 

1,036 and 1,219 meters of elevation within the boundaries of the CIEE San Luis campus. The 

large majority of the forested land was composed of advanced secondary growth, with upper 

elevations being considerably more primary. Flora density varied depending on slope and light 

exposure, so samples were taken at random across the span of the property.  

 

Figure 1. Area of land in which samples were collected, CIEE San Luis property (Google, n.d.).  

I collected data in a five-day period between July 20th and July 26th. During the weekend of July 

23rd and 24th data was not collected. Sampling tools were a soft tape measure, a metal tape 

measure, and a one-litre spray bottle. During the days of collection, I measured tree trunks from 

08:30 until 12:00, resuming from 13:00 until 15:00. On average, 14 different phorophyte hosts 

were analyzed per day. On the first day, I worked along the forests bordering Río Bruja, 

sampling a one-kilometer span on both sides of the stream. Day two of data collection took place 

on the southwest fork of Rio Bruja in the morning, sampling the lower half-kilometer bordering 

forests. The afternoon collection was taken along Sendero Zapote and Sendero El Buho. The 
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third day of sampling betided a one-kilometre span of Sendero Camino Real, the upper half in 

the morning and the lower half in the afternoon. The fourth day of the collection took place in 

the deeper forest between Rio Bruja and Rio San Luis. The final day of collection was along 

Sendero Niño. 

Sample Parameters 

One-meter vertical segments were measured half a meter up from the ground. In each one-meter 

segment of host phorophyte, observations consisted of various measurements: number of 

individual epiphytes present, number of epiphytes growing in bryophytic material, phorophyte 

circumference, bryophyte area percentage, precipitation runoff horizontal dispersion, and 

epiphyte distance from runoff pattern. Percent bryophyte cover was visually estimated, as 

measuring the exact amount was impossible with time and technology constraints. All other 

categories were measured in cm beside the number of individual epiphytes. Selected host trees 

were between 20 and 80 centimeters in circumference, lacking lianas and vines to reduce 

experimental disruption. Within these parameters, trees were selected at random. 

The precipitation runoff category described whether or not water flow is indicative of epiphyte 

growth. A spray bottle was used to simulate drip flow and runoff course, applying 50 sprays to 

the trunk 15 centimetres above the highest epiphyte. This was measured in a range of intensity, 

from very low to extreme, measured from the widest point of horizontal water dispersion. 

Furthermore, the distance from flow to epiphyte calculates epiphytic moisture dependency. 

Data analyses 

Statistical analysis of all the variable relationships was conducted through the program language 

R (version 4.0.3.), comparing various categories of sample measurements. Graphs were also 

created in Microsoft Excel in order to compare principal components. Data collection and 

accumulation resulted in 70 phorophyte samples, containing 125 epiphytes total. 
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A)  

B)  C)  
 

Figure 2. Image A shows circumference measurement in the process, while images B and C 

show variation of phorophyte samples. 
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A) B)  

Figure 3. Image A demonstrates water dispersion and drip flow: the right arrow and circle show 

straight flow with very low dispersion where moss is not present. The lower circle shows a small 

epiphyte immersed in moss, the associated red arrow indicating higher water dispersion. Image B 

shows moss cover, and epiphytes are more randomly fastened across a larger area. This was in 

accordance with high water dispersion. 

RESULTS 

Some of the most common tree genera identified for measurement were genus Cecropia, 

Casearia, and Ocotea, but were extraneous in identification due to random sampling and lack of 

relevance to the study. The average phorophyte circumference was around 36 cm, the largest 

sample being 80 cm with the smallest samples being 20 cm. As for epiphyte frequency, 27 trees 

with varying characteristics lacked vascular epiphytes entirely, but still provided valuable data 

on bryophyte cover and water dispersion. Of those that contained epiphytes, the most frequently 

occurring families were Bromeliaceae, followed by Orchidaceae as well as various ferns and 

allies.  
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Figure 4. Number of vascular epiphyte individuals relation to percent moss cover per sample. 

(R2 = 0.3553, df = 67, p < 0.0001)  

This plot suggests an obvious trend of correlation between the two variables. Most samples with 

30% moss cover or less lacked vascular epiphytes entirely (24/30), with only one sample having 

more than two. Every sample with over 75% bryophyte cover contained at least two vascular 

epiphytes, with the highest recorded sample containing 11 with 80% moss cover.   

 

 

Figure 5. Different water dispersion scenarios in different percent moss cover (df = 4,64, f = 

12.18, p < 0.0001) 
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The graph above suggests strong significance between variables. In the very low dispersion 

category, seven samples represent moss cover between 5% and 30%, which indicates a small 

amount of water partitioning. The low dispersion category indicates data from 18 different 

samples, showcasing a very broad range of moss cover from 5% to 90%, most of which (16 

samples) contained 50% cover or under. Medium water dispersion meant a very broad range of 

moss cover represented by 29 samples. This category consisted of the most samples of any group 

and highlighted the inconsistency of water dispersion due to varying moss cover. The high 

dispersion category showed similar results as the medium category, represented through 12 

samples. All of these samples contained over 50% moss cover but two outliers, one with 45% 

and one with 20% cover. The extreme dispersion category was rare, only appearing in three 

samples, all of which were smothered in 90% moss cover or more. Figure 5 demonstrates water 

dispersion is dependent on moss cover, suggesting moss contributes significantly to the 

partitioning of water on vertical phorophyte trunks. 

 

 

Figure 6. Phorophyte circumference and moss cover did not show a significant relation (p = 

0.8243). 
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Figure 7. There is no correlation between phorophyte circumference and epiphyte presence (p = 

0.586). 

DISCUSSION 

My study suggests vascular epiphytes rely on precipitation partitioning rather than surface area, 

facilitated by bryophytic cover along vertical phorophyte surfaces. Epiphyte frequency was 

highly correlated to percent moss cover, however, addressing this relationship requires support 

from the second significant relationship, water dispersion in association with moss cover. Of the 

125 total epiphytes accounted for, 81% were located directly on moss, either using bryophytes as 

a sort of substrate or attachment point. Epiphytes have a natural ability to resist desiccation due 

to evolutionary advancements such as vascular storage systems and succulent leaves (Benzing, 

1998), yet long-term survival is nearly entirely dependent on variation in humidity, rainfall, and 

temperature (Cardelús et al., 2006; Williams et al., 2020). Moreover, vertical surfaces retain 

water poorly due to gravity’s effect on runoff. Any sample of moss cover above 30% retains and 

disperses moisture notably better than samples lacking significant cover (Figure 5). The trend of 

moss cover and water dispersion is applicable to epiphyte occurrence frequency: Vertical 

bryophytic surfaces harbour preferable conditions for vascular epiphytes.  

Interestingly, phorophyte circumference appeared to have little to no impact on percent moss 

cover. I suspect this has to do with the fact I was measuring in percentage, so that percentage 

would adjust with new growth as the tree aged, rather than remain constant. Moreover, trees 

showed a wide variety of sizes and moss covers that followed no trend. Similarly, phorophyte 

circumference appeared to have little to no impact on epiphyte presence either. This result is 

more striking, as I would have originally expected larger trees to be older, therefore would have 
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more time to accumulate epiphytes. This data alongside figures 6 and 7 helps support the reliance 

on the bryophyte cover phenomenon, as well as narrows the range of factors that contribute to 

epiphyte survival and habitat. 

Although there were more vascular epiphytes on trees with more moss cover, other factors can 

be considered that were not accounted for in the study. For example, bark type was not measured 

or accounted for in the sampling process. Presumably, this would have an effect on habitat 

structure, yet previous studies suggest bark characteristics are of little importance compared to 

factors such as precipitation and moisture availability (Mitchell, 2021). In various individual 

studies, precipitation partitioning continues to be considered the most important variable 

(Mendieta-Leiva, 2020). The results of this study support that, contributing the element of 

bryophytic aid with hydrology being the most notable factor within the experiment parameters.  

To improve the accuracy of this study in the future, a more reliable method of bryophyte cover 

measurement would be extremely valuable for statistical assessment. Moreover, the period of 

data collection had extremely variable weather, some days being completely dry, and others with 

extreme precipitation to the point it may have caused underlying obstructions in consistent forest 

conditions. A future study should be done during consistent weather to increase the precision of 

measurements. Although aspects of research can be adjusted, the implications of this study 

contribute to a greater understanding of vertical phorophyte habitat. This understanding can then 

be applied to future studies on anthropogenic and climatic impacts on the tropical montane 

ecosystem in Central America. 
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ABSTRACT 

Recently, increased focus has been placed on the ecological theory of negative density-dependent 

interactions and how it impacts tropical biodiversity. This theory predicts that survival rates are inversely 

correlated to conspecific proximity. To better understand the specifics of herbivores as drivers of negative 

density-dependence in tropical forests, more studies are necessary. In order to observe the importance of 

negative density and the predictions of the Janzen-Connell hypothesis on Inga punctata (Fabaceae) 

saplings and seedlings, three sites were surveyed in a premontane tropical forest of Costa Rica for 

herbivory, height, and number of leaflets. Sites were located across three trails in a secondary-growth 

cloud forest. Inga punctata (Fabaceae) was found to experience average plant herbivory from 0-10.5%, 

averaging 3.8% herbivory over all plots and sites. Along these sites, it was found that there are significant 

impacts from negative density-dependent interactions on herbivory in Inga punctata saplings, as well as 

significant variance in herbivory compared to Inga punctata maturity. The difference was found to be 

significant between site-independent leaflet herbivory compared with plant maturity and average percent 

herbivory compared with plot density. Marginal significance was found between distance to mother tree 

and decreased herbivory, and plot density compared with distance to mother tree was found not to follow 

a significant trend. This study is important to understand the maintenance and creation of tropical 

biodiversity through negative density-dependent interactions, as well as understanding the predictions of 

the Janzen-Connell on seedling and sapling herbivory rates. 

RESUMEN 

Recientemente, se ha puesto mayor atención en la teoría ecológica de las interacciones negativas 

dependientes de la densidad y cómo impacta la biodiversidad tropical. Esta teoría predice que las tasas de 

supervivencia están inversamente correlacionadas con la proximidad conespecífica. Para comprender 

mejor las características específicas de los herbívoros como impulsores de la dependencia negativa de la 

densidad en los bosques tropicales, se necesitan más estudios. Con el fin de observar la importancia de la 

densidad negativa y las predicciones de la hipótesis de Janzen-Connell en árboles jóvenes y plántulas de 

Inga punctata (Fabaceae), se muestrearon tres sitios en un bosque tropical premontano de Costa Rica para 

herbivoría, altura y número de folíolos. Los sitios se ubicaron a lo largo de tres senderos en un bosque 

nuboso de crecimiento secundario. Se encontró que Inga punctata (Fabaceae) experimentó una herbivoría 

promedio de plantas de 0-10.5%, con un promedio de 3.8% de herbivoría en todas las parcelas y sitios. A 

lo largo de estos sitios, se encontró que hay impactos significativos de las interacciones negativas 

dependientes de la densidad sobre la herbivoría en los árboles jóvenes de Inga punctata, así como una 

variación significativa en la herbivoría en comparación con la madurez de Inga punctata. Se encontró que 

la diferencia era significativa entre la herbivoría de folíolos independiente del sitio en comparación con la 

madurez de la planta y el porcentaje promedio de herbivoría en comparación con la densidad de la 

parcela. Se encontró una significación marginal entre la distancia al árbol madre y la disminución de la 

herbivoría, y se encontró que la distancia al árbol madre no tuvo un efecto significativo en la densidad de 
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la parcela. Este estudio es importante para comprender el mantenimiento y la creación de la biodiversidad 

tropical a través de interacciones negativas dependientes de la densidad, así como para comprender las 

predicciones de Janzen-Connell sobre las tasas de herbivoría de plántulas y árboles jóvenes. 

INTRODUCTION 

The majority of the world’s biomass, and more than half of the biodiversity in the tropics is 

constituted of plants and their herbivores. Understanding the central mechanisms structuring 

biodiversity, and by which forest composition is altered, is vital to understanding tropical 

ecology. Previously, it has been established that biodiversity in tropical forests is maintained by 

conspecific negative density-dependent interactions (Forister et al., 2019). Conspecific negative 

density-dependent interactions (CNDD) are defined as interactions in which survival rates are 

negatively correlated with conspecific proximity. Additionally, it is widely accepted that distance 

from mother plant is negatively correlated to the recruitment rate of seedlings, as predicted in the 

Janzen-Connell Hypothesis (Janzen et al., 1970; Connell, 1971; Xu et al., 2017). The Janzen-

Connell Hypothesis (JCH) is one of the most widely proposed ecological theories, and it predicts 

that species survival rate is determined by conspecific negative density-dependence (Johnsen et 

al, 2014; Xu et al., 2017). These proposed ecological mechanisms help to maintain tropical 

biodiversity and influence forest structure through survival rates and impacts on sexual selection 

(Kobayashi, 2018). While this ecological theory is well understood across general applications, 

the intricacies are still greatly understudied, and further studies could reveal other underlying 

mechanisms and factors that are deeply intertwined with this ecological theory (Forister et al., 

2019). 

Many of the studies previously conducted on CNDD of tropical forests have focused 

predominantly on either seed predation, seedling mortality, or herbivory on the ecological 

bottleneck that is sapling stage (Forister et al., 2019). The differences between CNDD in the 

different life stages has been shown to be significant, however, studying applications of the 

theory between both seedling and sapling stage could result in general ecological patterns. This 

study tests the predictions of JCH in the Inga genus (Leguminosae) on both seedlings and 

saplings. The Inga genus, which is a very broad and common genus, has radiated massively in 

the last 50 million years into a diverse group of around 300 species throughout moist and wet 

forests of the new world (Coley et al., 2019; Forister et al., 2019). Seedling and sapling 

herbivory rates as a result of CNDD were tested, as well as the relationship between the 

maturation of the specific Inga species, Inga punctata, and the change in percent total herbivory 

in this species. Inga punctata was chosen for its abundance in the test site. 

The applications of ecological theory and tropical forest ecology are generally wide-spread and 

highly applicable. Understanding intrafamily competition and herbivory rates can help to 

understand effects of plant-community composition, and species radiation (Coley et al., 2018; 

Denslow et al., 2019). Additionally, analyzing seedling herbivory of the species in the context of 

the JCH has implications on the general survival rate of seedlings and their susceptibility to 

CNDD. As tropical forests tend to not be dominated by a single species, genera with high species 
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richness are more likely to have a significant impact on forest ecology, as shown in previous 

studies on neotropical floristic diversity (Gentry, 1982). For this reason, studying the Inga genus 

is likely to have implications on the forest composition of many neotropical forests, as tree 

species diversity and the composition of forests has been previously shown to affect the 

productivity and efficiency of ecosystems, in both old growth and planted forests (Salisbury & 

Potvin, 2015). Considering that tropical forests have the highest productivity of any forest type 

(Pounds et al., 1999), ecological mechanisms such as CNDD can have important implications on 

global tropical forest productivity. 

The goal of this study is to investigate the predictions of the Janzen-Connell Hypothesis and the 

impacts of CNDD on a highly abundant plant species in Monteverde, Costa Rica. This was done 

by performing percent herbivory surveys on seedlings and saplings of various Inga punctata 

mother trees on young individuals of varying size, leaflet number, and distance from mother tree. 

All areas surveyed where within a secondary-growth forest, which has significantly different 

structure and species biodiversity as compared to pristine forests (Bauters et al., 2019). Looking 

at the differing herbivory rates in Inga punctata across multiple sites will hopefully provide 

insight on the mechanisms structuring forest composition within a premontane forest, or on a 

broader scale, global tropical forests. Results from this study are expected to contribute to global 

understanding of tropical forest composition and maintenance of biodiversity in a negative 

density-dependent interaction context. 

MATERIALS AND METHODS 

Sample collection 

 

 

 

 

 

 

 

 

 

 

Figure 1. Mother tree sites: first site indicated by a blue dot, second site indicated by a red dot, 

and third site indicated by a green dot. 
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In this study, three different mother trees were measured, all of which had dense populations of 

Inga punctata (Fabaceae) seedling and saplings nearby. All sites measured were at the CIEE-

Monteverde campus, Costa Rica, a premontane cloud forest on the pacific slope of Costa Rica. 

The first site was in the Sendero Buho trail, located to the North-East of the CIEE campus. The 

second site was on the Sendero Zapote trail, which is a continuation of the Buho Trail. The final 

site was at the Sendero Camino Real which is located to the East of the CIEE-Monteverde 

campus (Fig. 1). 

            A)   B)  

                                              C) 

Figure 2. Three mother trees at the CIEE-Monteverde Campus, Costa Rica. A) Sendero Buho, 

B) Sendero Zapote, C) Sendero Camino Real. All mother trees are indicated with a red arrow.At 

all three of the sites, a straight line away from the mother tree was chosen at random and plots 

were marked using a plot template tool. 
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     A)  B)  

                                    C) 

Figure 3. Sampled plots at CIEE-Monteverde campus, Costa Rica. A) Plot located at the first 

site, with the plot template in use, B) Example of an Inga punctata sapling, C) Plot located at the 

second site, with the plot template removed, and flags to denote plot boundaries. 

To measure the three different sites, a straight line was indicated using a bamboo stake in a 

random direction away from the mother tree (Fig. 2). Then, the plot template tool was placed 

with its center 1m away from either the mother tree or the last plot location (Fig. 3A). The plot 

was then marked with a flag or bamboo stake in each corner (Fig. 3C). This was repeated until a 

total distance of 10m from the mother tree was reached, totaling 10 plots for each site. In each 

plot, the total number of Inga punctata individuals, below chest height, in the entire plot were 

counted to indicate density. Then, if more than three Inga punctata individuals where present in 
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the plot, three total plants were selected randomly to measure. For each plant, the height was 

noted, to its crown, using a standard metal measuring tape. Then, the total number of leaflets 

present on the plant were counted and removed, then placed in a labeled plastic bag. On the first 

day of data collection, 19 total Inga punctata individuals were collected in a very dense plot near 

the first mother tree. The goal of this collection was to obtain a large data sample size for 

herbivory-density relation within a single plot. Finally, for the last day of data collection, Inga 

punctata individuals were measured, independent of a mother tree’s presence. These plants were 

located both at the Sendero Zapote trail (Fig. 3), and at the Ecological Reserve adjacent to the 

CIEE-Monteverde campus. For these individuals, height and number of leaflets were noted, and 

every leaflet was removed, with the exception of individuals that had more than 20 leaflets, in 

which case only 10 leaflets were removed.  

Foliar Analysis 

A)  B) 

                           C)  

Figure 4. Example of BioLeaf foliar analysis mobile app in use, A) Initial image processing to 

get accurate silhouette of leaf, B) Leaf with margins drawn in where herbivory has occurred 

along the leaf edges, C) Leaf with all herbivory drawn in, and percent herbivory calculations 

available. 

After returning from the field, foliar analysis was conducted on the individual leaflets collected, 

and percent leaf herbivory in correlation with the numbered plants height and leaflet number 

measurements was recorded. Foliar analysis was conducted on the BioLeaf mobile app, which 

utilizes visual analysis to determine percent herbivory for leaves and leaflets (Machado et al., 

2016). First, a picture of each leaflet was taken against a plain background, and then the foliar 

analysis app would isolate the silhouette of the leaf (Fig. 4A). External missing sections of the 
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leaf would then be drawn in on the app to indicate the margins of the leaf before it experienced 

herbivory (Fig. 4B). The app then calculates the total percent of herbivory for each leaflet (Fig. 

4C). This was conducted for every leaflet collected.  

Statistical Analyses 

Leaf data was input in correlation with the numbered plants data on height and number of 

leaflets, as well as the correlating plot and mother tree site. Then, total herbivory was measured 

by averaging the herbivory percentages of every leaflet for each plant. This data was then 

averaged for the individuals of each plot in order to calculate the average percent herbivory for 

each plot. Next, total percent herbivory was calculated for each individual seedling or sapling 

measured using the data for each leaflet’s total herbivory. To test the effect the effect of 1) 

distance to mother three on herbivory, 2) density on herbivory, 3) distance to mother tree on 

density and 4) plant height on herbivory, a linear model following a Gaussian error distribution 

was followed. All statistical analysis was conducted in the statistical programming language R 

version 4.0.0 (R Development Core Team 2020). 

RESULTS 

Site Dependent Herbivory  

Figure 5. Distance from mother tree (measured in meters) and average herbivory percentage. 

(average of percent herbivory of all measured individuals in each plot) of Inga punctata 

(Fabaceae) at CIEE-Monteverde campus, Costa Rica.  
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It appears that average percent herbivory has negative trend with plot distance from mother tree 

(Fig. 5). The distance from the mother tree tended to have a continuous effect on the amount of 

average herbivory experienced in each plot. This result was found to be marginally statistically 

significant at a 0.1 significance level by using a linear regression test (t = -1.978 , d.f. = 29, 28, p 

= 0.056). 

Figure 6. Plot density (all Inga punctata individuals in a plot) and the average plot herbivory 

(average of percent herbivory of all measured individuals in each plot) of Inga punctata 

(Fabaceae) at CIEE-Monteverde campus, Costa Rica. 

Plot density was found to have a significant positive trend with average herbivory in each plot 

(Fig. 6), with plots of low density experiencing low rates of herbivory (average plot herbivory of 

5.88%) and plots of high density experiencing high rates of herbivory (average plot herbivory of 

8.62%). This result was statistically significant as shown by a linear regression test (t = 3.287, 

d.f. = 29, 28, p < 0.01). 

Distance to Density Relationship 

 

 

 

 

 

 

 

Figure 7. Distance from mother tree (measured in meters) and plot density (total of all Inga 

punctata individuals in a plot) of Inga punctata (Fabaceae) at CIEE-Monteverde campus, Costa 

Rica.  
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Plot density appeared to have a negative relation with plot distance from mother tree (Fig. 7). 

Plots located nearer to 10m seemingly experienced significantly lower density within each plot, 

while plots nearer the mother tree (excluding at 0 meters,) seemed to experience higher plot 

density. This result was found not to be statistically significant as shown by a linear regression 

test (t = -1.479 , d.f. = 29, 28 , p = 0.15). 

Site Independent Herbivory 

 

 

 

 

 

 

 

 

 

Figure 8. Plant age (cm) (as proxy for plant maturity) and total leaflet herbivory (%) of Inga 

punctata (Fabaceae) at CIEE-Monteverde campus. Each data point represents the total percent 

herbivory of a single leaflet correlating to its plant’s height. Site-independent (spatially isolated) 

leaflet herbivory measurements were included in this analysis.  

Total leaflet herbivory was found to be strongly positively correlated with the maturity of the 

plant, with more mature Inga punctata individuals experiencing more herbivory than younger 

individuals (Fig. 8). This result was statistically significant as shown by a linear regression 

(t=5.423 , d.f.= 497, 496, p < 0.01). 

DISCUSSION 

Plant density and percent average herbivory had a strong positive correlation, indicating that the 

results are consistent with the predictions of conspecific negative density-dependent interactions 

in the tropics (Forister et al., 2019). This implies that generally for Inga punctata (Fabaceae) 

seedlings and saplings, it is disadvantageous to be spatially located near to another Inga punctata 

individual due to increased presence of specialized predators in the tropics (Janzen et al., 1970; 

Connell, 1971). While the general trend was observed, there are likely many underlying 

mechanisms responsible for CNDD in Inga punctata that are not being accounted for. More 

research on the mechanisms that promote intraspecific competition, such as asynchronous 

reproduction in the lack of seasonality, variation in chemical defense, and induced defenses are 
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necessary to fully understand the phenomenon I observed in this study (Usinowicz et al., 2017; 

Coley et al., 2005; 2018; Coley, 1987). 

Site independent leaflet herbivory percentage was shown to be positively affected by the 

maturity (with plant size as an age proxy) of Inga punctata individuals, at least in seedlings and 

saplings. This implies that due to unknown underlying factors, such as variation in induced 

defenses, or ease of locating by herbivores, young Inga punctata individuals experience reduced 

herbivory as compared with more mature Inga punctata saplings. This result may be due to a 

variety of factors including but not limited to: induced defenses at different life stages, 

geographical location, and soil composition (Coley, 2018; Coley et al., 2005). 

Distance to mother tree compared with average percent plant herbivory was shown to be 

marginally significant. This implies that there is a lower rate of herbivory for saplings and 

seedlings as the distance from the mother tree increases. Ecological theory predictions of the 

Janzen-Connell Hypothesis support this correlation, and my results are consistent with the 

predictions of this ecological theory (Xu et al., 2017; Johnson et al., 2014). The lack of statistical 

significance below p = 0.05 for this test, which would more strongly coincide with the 

predictions of ecological theory, are likely due to variables that were not measured in this study. 

The scope of data collection in this study was significantly smaller than other conspecific 

negative-density dependent herbivory studies (Forister, et al., 2019). It is possible that given 

more time to collect data from more mother tree sites, data trends would more strongly coincide 

with the predictions of the Janzen-Connell hypothesis. 

Finally, distance to mother tree compared with plant density was found to not be statistically 

significant and did not correlate with predictions on seedling distribution. It was expected that 

the plot density would be highest immediately near the mother tree, barring heavy seed predation 

and long-distance mammal dispersion (Villar, et al., 2019). Observations revealed that plot 

density was seemingly highest underneath the edge of the mother tree’s crown, the lack of 

statistical significance, however, indicates that unaccounted for environmental filters and 

interdigitated spatial scales are likely responsible for spatial distribution patterns of Inga 

punctata (Fabaceae) (Denslow et al., 2019). It is likely that through research of dispersal 

mechanisms in Inga punctata, trends of density-dependent spatial distribution would become 

apparent. Abiotic factors and dispersal mechanisms such as varying soil quality, altitudinal 

variation, and slight precipitation differences may have also been significant in determining the 

germination sites of Inga punctata seedlings, and survival rates of saplings. In turn, genetic 

sequencing could help assure that surveyed seedlings are truly from a nearby parent tree, and not 

long-distance vagrants. Finally, biotic factors such as mammal dispersers and specific insect 

herbivores were not accounted that for, and those factors have been previously shown to follow a 

density-dependent seed predation model consistent with this study’s field observations (Lott et 

al., 1995; Kursar et al., 2009; Endara et al., 2017). 
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It is important to emphasize that seed distribution, seed predation, and seedling/sapling herbivory 

was not considered in this study. Mammal activity, which is considerable in tropical regions, 

could contribute to the spatial distribution of Inga punctata seedlings and saplings in these test 

sites (Nacho et al., 2019; Lott et al., 1995; Tucker et al., 2021). Previous research on seed 

dispersal and dispersal limitations of white-faced monkeys, Cebus capucinus (Cebidae), found 

that primate frugivores can act as generalist seed dispersers in many tropical forests (Wehnecke 

et al., 2003). In Monteverde, Costa Rica, seed dispersal in Inga punctata (Fabaceae) is almost 

principally performed by Panamanian white-faced capuchins, Cebus imitator (Cebidae), who 

consume and defecate out seeds. Given the high abundance and generalist nature, it is likely that 

Cebus imitator (Cebidae), is responsible for many of the patterns of spatial distribution observed 

in this study, especially for seedlings or saplings that occurred a considerable distance away from 

any mother tree. 

Another factor that was not considered in this study is the specific herbivores, insects in this 

case, that target the genera Inga (Fabaceae), and Inga punctata (Fabaceae) more specifically. 

Previous research on the genera Inga has observed that tropical herbivore systems drive 

diversification and plant community composition (Endara et al., 2017). More specifically, it has 

been proposed that herbivores “chase” plant anti-herbivore evolution in Inga, instead of 

coevolving to bypass a particular species defenses (Endara et al., 2017). Furthermore, research 

has established that anti-herbivore defenses vary more than random between Inga species co-

occurring as neighbors (Kursar et al., 2009). Based on this previous research, it is likely that anti-

herbivore defense variation and specific insect herbivores played a significant role in the spatial 

distribution and herbivory of Inga punctata (Fabaceae) individuals in this studies field sites. 

Further research on this topic, as well as mammal seed dispersion, could provide insights on the 

mechanisms impacting Inga punctata seed dispersion, herbivory, and anti-herbivore measure 

evolution, which would in turn give insight on the effects of conspecific negative density-

dependent interactions on this study’s subjects (Forister et al., 2019; Lott et al., 1995).   

The results of this study regarding herbivory compared with distance to mother tree, as well as 

herbivory compared with plant density have implications on the predictions of the Janzen-

Connell Hypothesis. The Janzen-Connell Hypothesis predicts that conspecific negative density-

dependent interactions contribute to forest composition through the presence of specialized 

herbivores and the plant anti-herbivore evolutionary “chase” (Janzen et al., 1970; Connell, 1971; 

Xu et al., 2017; Kurasar et al., 2009; Endara et al., 2017). Given that forest composition has been 

previously shown to affect forest productivity and efficiency (Salisbury & Potvin, 2015), 

understanding of the mechanisms that contribute to maintenance of biodiversity, as well as 

species composition in tropical forests, have larger global implications on tropical forests and 

carbon emissions (Salisbury & Potvin, 2015; Pounds et al., 1999). Further research on this field 

study could reveal further mechanisms by which tropical forest biodiversity is maintained and 

forest structure is created, which could benefit understanding of general tropical ecology and 

more specifically tropical forest ecology. 
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Behavior of the Leaf-Cutter Ant, Atta cephalotes, in Response to Trail 

Obstacles 
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ABSTRACT 

One of the most prevalent herbivores in the Neotropics are the leaf-cutter ants (LCAs), Atta cephalotes. 

They account for approximately 25% of all herbivory on a daily basis. A. cephalotes forage for leaves, 

flowers, and seeds to feed fungus in their nests that feed the larvae of the colony. The trails of the LCAs 

are vital to the survival of the nests. They not only provide the path back to the colony, but they also 

facilitate communication. Any kind of disturbance or obstruction to the trails can be very costly to the 

LCAs. In this study, I tested how LCAs respond to obstacles on their trails. I measured the change in 

velocity of the ants, the width and length ratio of the plant matter collected, and the traffic of the 

respective trails. To analyze LCA response, I placed two sets of three bridges, each 3 cm apart, 

approximately 4 meters from the nest. One set of bridges was the control group and was 3 cm high, while 

the other was the experimental group at 1 cm high. Ultimately, there was a correlation in the difference 

between velocity and leaf width/length ratio with bridge height, but not LCA traffic. This study is 

important because it could have future implications for how LCAs adapt and respond to changes in their 

environment especially when it comes to increased incidence of human disturbance in the natural 

environment. 

 

RESUMEN 

Uno de los herbívoros más prevalentes en el Neotrópico son las hormigas cortadoras de hojas (LCAs), 

Atta cephalotes.  Representan aproximadamente el 25% de toda la herbivoría diariamente.  A. cephalotes 

buscan hojas, flores y semillas para alimentar a los hongos en sus nidos que alimentan a las larvas de la 

colonia. Los rastros de A. cephalotes son vitales para la supervivencia de los nidos. No solo proporcionan 

el camino de regreso a la colonia, sino que también facilitan la comunicación. Cualquier tipo de 

perturbación o obstrucción a los senderos puede ser muy costosa para A. cephalotes. En este estudio, 

probé cómo las hormigas responden a los obstáculos en sus senderos. Medí el cambio en la velocidad de 

las hormigas, la relación de ancho y largo de la materia vegetal recolectada y el tráfico de los respectivos 

senderos. Para analizar la respuesta de A. cephalotes, coloqué dos juegos de tres puentes, cada uno a 3 cm 

de distancia, aproximadamente a 4 metros del nido. Un conjunto de puentes era el grupo de control y tenía 

3 cm de altura, mientras que el otro era el grupo experimental de 1 cm de altura. En última instancia, hubo 

una correlación en la diferencia entre la velocidad y la relación ancho/largo de la hoja con la altura del 

puente, pero no el tráfico de las hormigas. Este estudio es importante porque podría tener implicaciones 

futuras sobre cómo A. cephalotes se adaptan y responden a los cambios en su entorno, especialmente 

cuando se trata de una mayor incidencia de perturbaciones humanas en el entorno natural. 
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INTRODUCTION 

The Neotropics are full of complex and extensive species interactions, with herbivory being a 

significant contributor to the structure of forest ecosystems. Herbivores impact the evolution of 

traits, structure of plant communities, and the way in which ecosystems function (Leal et al. 

2014). Many plants have evolved defenses in response to herbivory. These include physical 

defenses such as thorns; chemical defenses such as toxins; and biotic defenses such as ants that 

have symbiotic relationships with plants (Mitchell 2016). When plants lack defenses, they are 

prone to herbivory, particularly by leaf-cutter ants. 

Leaf-cutter ants (LCAs), Atta cephalotes, collect not only leaves but other plant matter as well. 

They gather twigs, bark, flowers, fruits, and seeds. The ants have adapted particularly well to 

forest gaps since the plant species that grow in forest gaps tend to be poorly defended and are 

therefore an easy resource for A. cephalotes (Leal et al. 2014).  While seemingly insignificant 

due to their small size at the scale of a tropical rainforest, A. cephalotes are not to be 

underestimated. Approximately one-fourth of daily herbivory is the result of the work of LCAs, 

and 1-2 tons of vegetation is consumed by the ants annually (Swanson et al. 2019). 8-15% of 

available leaves are removed in the area around which they forage (Leal et al. 2014). Because of 

the significant impact the LCAs have on the environment, they are considered a keystone 

species. They contribute to productivity, energy flow, and environmental diversity in their 

ecosystems by modifying soil quality and contributing to seed dispersal (Della Lucia et al. 2013). 

LCAs are also considered to be ecosystem engineers, like termites and worms, because of their 

influence on the physical environment and biological conditions which impact resources and 

habitats for other organisms (Swanson et al. 2019). 

A. cephalotes are one of the most dominant generalist herbivores in the Neotropics. A. cephalotes 

are a very widely dispersed species of leaf-cutter ant, living in several countries such as Mexico, 

Brazil, Costa Rica, and Colombia (Della Lucia et al. 2013). This species has an incredibly 

structured caste system composed of mediae, minims, minors, and majors. The nests rely on one 

queen to produce all the larvae for the colony. When it is time for a new colony to be established, 

winged females leave their nest and take a piece of the fungus from their former colony to start a 

new fungal garden in their own nest (Hölldobler & Wilson 1994). A. cephalotes have a 

mutualistic relationship with the fungus they grow; they use freshly cut leaves to cultivate their 

fungal gardens, as well as protect them from molds and clear the fungus of debris. The fungus, in 

return, serves as the food source for the larvae of A. cephalotes. The survival and health of the 

fungal gardens is essential for the survival of the ant colony. It is not only needed to help larvae 

grow and develop but also to start new colonies (Della Lucia et al. 2013). 

One important characteristic of A. cephalotes is their effect on the physical environment when 

they maintain and clear their foraging trails. The trails play a very significant role in a colony’s 

communication and activity. Not only does it aid in the moving of plant matter to the nests, but it 
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also facilitates the spread of information, such as stimulating the recruitment of defenders (Bruce 

et al. 2017). A. cephalotes secrete “nest exit pheromones” around the entrances to their nests. 

These pheromones direct the ants to nest openings and increase the rate at which the ants cut and 

retrieve leaves. The colony-specific substance provides the ants with a mental map that orients 

them to their nest. Furthermore, the rate of trail laying increases when these pheromones are 

sensed (Hölldobler & Wilson 1994). While the ants do work well together to collect matter for 

the fungi, traffic can easily build up on the trails and slow progress. Any obstruction that causes 

congestion can potentially be very costly to the productivity of A. cephalotes nests. It has been 

found that only when the flow of traffic is hindered by an overhead obstruction is there a 

response to remove the obstruction. The LCAs without leaves do not respond to visual cues of 

obstruction even if it blocks other LCAs that are carrying plant matter (Alma et al. 2019). 

However, in the case that the obstacle cannot be removed, more research can still be done on the 

velocity of LCAs over time as well as the size and shape of the plant matter in response to an 

obstacle. The present study aimed to answer three main questions. Will the width and length of 

the leaf and flower pieces collected become longer rather than wider in response to an overhead 

obstruction? Will the speed at which the LCAs navigate an obstacle decrease with time and 

experience? Does the flow of traffic significantly increase in response to an obstruction? 

 

MATERIALS AND METHODS 

Study Site 

I collected data on the trail Camino Real located near the CIEE campus in Monteverde, Costa 

Rica. On this trail I found a nest and two trails of ants leading to this nest. The location of this 

trail is in a pre-montane moist forest with forest gaps caused by human disturbance and natural 

causes. This site has an elevation of approximately 1,100 meters above sea level. I collected data 

from July 20-22 and from July 25-26. I recorded my observations and collected data from the 

nest in the morning at approximately 9:30 am one day and in the afternoon at approximately 1:30 

pm the following day. Each day I would alternate what time I would visit the nest to keep the 

data consistent. 

Materials 

I used 6 pieces of wire that were about 10 cm long to build bridge obstacles. Two types of 

bridges were made, and both needed to last for at least five days. One bridge was low, 

approximately 1 cm high and 10 cm wide, and was intended to block LCA activity (Figure 1). 

The other bridge was higher, approximately 3 cm high and 10 cm wide, and served as the control 

of the experiment. I also used a measuring tape to record the width and length of the plant matter 

collected from the LCAs. 



58 

 

 
Figure 1. This image depicts the series of three bridges each 1 cm high and 1 cm apart. 

Experimental Design 

To test the response of LCAs to trail obstacles, I created two types of bridges that were 

approximately 4 meters from a LCA nest. The 1 cm high 10 cm wide bridges were intended to be 

too low for leaf pieces to pass through but too wide to go around. The other bridges were 

approximately 3 cm high and 10 cm wide and served as controls. I located two trails of LCAs to 

the same nest. One trail had three 1 cm high bridges, while the other had three 3 cm high bridges. 

Three bridges were placed to completely hinder the flow of LCA traffic which should stimulate a 

change in their activity after a few days. Each of the three bridges per set were placed 1 cm apart, 

making the whole obstacle 3 cm long. For this experiment, I went out into the field for about 1.5 

hours to 2 hours to the nest to check the progress and changes made by the LCAs. The nest was 

observed in the morning one day and the afternoon the following day and vice versa. The next 

day the times the trails were observed were flipped. I measured three main aspects of LCA 

activity: plant matter width/length ratio, traffic, and velocity. 

Plant Matter Width/Length Ratio 

I calculated how the width and length of the pieces collected by the ants changed over time. I 

recorded the length and width of the pieces from 15 ants from the 1 cm high bridge and 5 ants 

from the 3 cm high bridge after the ants passed through the bridges. The width was measured in 

centimeters with a tape measure parallel to the secondary veins or perpendicular to the midvein. 

The length was measured in centimeters perpendicular to the secondary veins or parallel to the 

midvein. I conducted a total of 20 measurement a day for the two trails combined. 
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Flow of Traffic 

I measured the flow of traffic at each respective LCA trail. I did this by drawing an imaginary 

line approximately 10 cm before the bridges. I set a timer and counted the number of ants that 

passed this line in 1 minute to analyze the flow of traffic.  

 

Velocity of LCAs 

I measured the speed at which the ants passed through the bridges. I collected this data by timing 

each ant carrying a load while recording it with my phone to see how many seconds it took each 

ant to travel the 3 cm length of bridges.  

 

Statistical Analysis 

Analysis of variance using ANOVA and a linear model were used to analyze the difference in 

LCA traffic, leaf W/L ratio, and velocity. This test was chosen because it compared two 

independent groups to see if there was a difference between them. In this case, how time and 

bridge height impacted the traffic, leaf W/L ratio, and velocity of the LCAs. 

 

RESULTS 

Plant Matter Width and Length 

The difference in the W/L ratio for the 1 cm bridges was statistically significant (Figure 2, F= 

3.195, df= 3, p= 0.030). The difference was significant between day 1 and day 2 and between 

day 2 and day 3 and day 4 as depicted by letters a and b. Initially, the leaves were wider than 

they were long, but as the days progressed, the LCAs adapted to the 1 cm bridge obstructions 

and changed the size and shape of their leaf pieces. The width decreased while the length 

increased. The average of the width/length ratio is 0.615 and a standard deviation of ± 0.066. 
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Figure 2. The W/L ratio of the plant matter collected by the LCAs for the 1 cm bridge. The error 

bars show ± 1 standard error. 

The difference in the W/L ratio for the 3 cm bridges was not statistically significant (Figure 3, 

F= 1.382, df= 3, p= 0.284). There was not noticeable difference in the width/length ratio after 4 

days of observation at the control trail. The plant matter continued to be wider than it was long 

with an average width/length ratio of 0.619 and a standard deviation of ± 0.199. 

 

Leaf W/L for 1 cm Bridge a 

ab 

b 

b 
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Figure 3. The W/L ratio of the plant matter collected by the LCAs for the 3 cm bridge. The error 

bars show ± 1 standard error. 

Traffic 

For the trail for the 1 cm bridges, the overall traffic did not experience a statistically significant 

difference over the 4-day period (Figure 4, F= 0.349, df= 3, p= 0.791). However, there is a 

decreasing trend after day 1 for this trial. The average number of ants for day 1 was 21 ants per 

minute, whereas the average for day 4 was 9 ants per minute. The average for all 4 days was 14 

ants per minute, and the standard deviation was ± 7.024. 

 

Leaf W/L for 3 cm Bridge 
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Figure 4. The traffic on the 1 cm trail over a series of 4 days. Day 1 displayed the most traffic at 

the nest and gradually the traffic decreased. There was not a significant difference between any 

of the days. The error bars show ± 1 standard error. 

Similarly, the 3 cm bridges did not have a statistically significant difference in traffic over the 4-

day period (Figure 5, F= 0.122, df= 3, p= 0.944). Similar to the 1 cm bridge, there was no trend 

for the 3 cm bridge. Some days had more traffic than others, but the difference was not a result 

of the 3 cm bridges since it was a control variable that did not impede the progress of the LCAs. 

The average was 13.5 ants per minute, and the standard deviation was ± 4.203. 

 

 
Figure 5. The traffic on the 3 cm trail over a series of 4 days. The traffic at the control site varied 

throughout the 4 days. The average for all 4 days was 13.5 ants per minute. The error bars show 

± 1 standard error. 

Traffic for 1 cm Bridge 

Traffic for 3 cm Bridge 
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Velocity 

For the 1 cm bridge, the difference was statistically significant over the 4 days of data collection 

(Figure 6, F= 5.161, df= 3, p= 0.0029). The difference was significant between day 1 and day 2, 

day 3, and day 4 as depicted by letters a and b. Initially, a greater amount of time was taken to 

maneuver the three obstacles with some taking more than 100 seconds. However, by the fourth 

day, the time taken averaged around 13 seconds to navigate the 3 bridges. The average time 

taken to travel past the 3 bridges for the 4 days was 16.98 seconds, and the standard deviation 

was ± 5.14. 

 
Figure 6. The velocity (cm/sec) over a period of 4 days for the 1 cm high bridge. The plots 

represent the individual ants measured each day. The velocity decreased over the 4-day period. 

The error bars show ± 1 standard error. 

The velocity for the 3 cm bridges was not statistically significant (Figure 7, F= 3.088, df= 3, p= 

0.057). The time it took the LCAs did not show any trends. The ants moved more quickly 

through these bridges since there was not an overhead obstruction. The maximum time spent to 

pass through the three 3 cm bridges was 7 seconds, and the minimum was 2 seconds. The 

average time taken to travel past the 3 bridges over the 4 days was 4.11 seconds, and the standard 

deviation was ± 0.88. 
 

 

Velocity for 1 cm Bridge 

a 

b b 
b 
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Figure 7. The velocity (cm/sec) over a period of 4 days for the 3 cm high bridge. The plots 

represent the individual ants measured each day. The velocity showed no trend or consistency 

over the 4 days for the control bridge. The error bars show ± 1 standard error. 

DISCUSSION 

The data suggests that A. cephalotes do adapt and respond to trail obstructions over time. The 

width/length ratio showed statistically significant differences for the experimental trail with 1 cm 

high bridges but not for the 3 cm high bridges. According to a similar study, laboratory colonies 

of LCAs did reduce the size of their leaf fragments, while increasing the number of ants on the 

trail when an overhead obstruction was present. This allows for the productivity of the colony to 

remain consistent despite the obstruction (Dussutour et al. 2008). While my observations did 

match this study in terms of changing leaf fragment size, my data did not show a statistically 

significant difference for LCA traffic over 4 days. However, it did show a decreasing trend for 

the 1 cm high bridges. This may suggest that the initial encounter with the 1 cm high bridges 

attracted more ants to the area to remove the obstruction but over time the ants adjusted. There 

should have been an increasing trend, however. Contrastingly, overhead obstructions led to 

smaller leaf fragments which also led to higher ant density on the trails to compensate for the 

smaller loads (Bruce et al. 2017). Finally, the velocity for the 1 cm high bridge was also 

statistically significant, indicating that the amount of time taken to pass through the obstructions 

decreased over the 4-day period. This can be correlated with the data that indicated leaf 

fragments decreased in size. As the leaf pieces became smaller, the time taken to navigate the 

obstacles decreased. The LCAs adapted to the obstruction in order to maintain the productivity 

of their nest. Furthermore, a previous study predicted that when laden ants were slowed by an 

obstruction in the trail, unladen ants would work towards clearing the trail and increasing the 

Velocity for 3 cm Bridge 
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overall speed of the traffic. This study did not hold true, however, because the unladen ants 

speed did not decrease (Bruce et al. 2017). 

While most of my data was statistically significant, I made several observations that impeded my 

data collection and could be interesting areas for future study. Rain often impacted my data 

collection. On the mornings following heavy rain, I noticed that the ants were less active on their 

trails. However, they seemed to be more active in the afternoons. The rain also made the wires 

that acted as overhead obstructions more adhesive to plant matter. When the ants would attempt 

to pass underneath the obstructions, their progress was often hindered by the dew that caught 

their leaf and flower fragments. This may have impacted the rate of traffic and velocity of the 

LCAs. Similarly, minima, or hitchhiker ants, slowed the rate at which foragers passed though the 

obstacles. Not only did the minima make the plant matter heavier, but they also grasped the wire, 

impeding the progress of the foragers. Further investigation could study how minima impact the 

productivity of a nest, and how they impact the velocity of foragers. Ample research can be done 

on minima since little is known of their purpose. Finally, individual ant size and intuition created 

a noticeable difference when the ants were navigating the obstacles. Some moved quicker than 

others, and some even learned to move around the obstacle rather than through. It has been found 

that LCAs release pheromones as a main method of communication. When there is an 

obstruction laden ants release this chemical signal to alert the others and increase the rate of trail 

clearing (Bruce et al. 2017). Studying the different uses of pheromones and the reaction time to 

them could be another future area of study that would help us better understand the 

communication system of ants and possibly other insects. 

Studying and observing the flexibility of the foraging behavior of A. cephalotes could help us 

better understand the adaptability of the LCA. With increased incidence of human disturbance in 

the Neotropics and other habitats, it is important that we learn how different species such as 

LCAs adapt to changes in their environment. This research may also educate us on the limits of 

different organisms’ ability to adapt to change on both the individual level and community level. 

With increased occurrence of human infringement on the natural environment, studying species 

such as A. cephalotes and their intelligent ability to thrive and survive, may help us be better able 

to protect and preserve the environment by limiting our own impact.  
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ABSTRACT 

Ithomiini react defensively to predators through a behavior called thanatosis or also known as death 

feigning. I measured time in thanatosis in four butterfly species: Greta annette championi, Ithomia 

heraldica, Ithomia patilla, and Pteronymia fulvescens. There were no differences between average 

thanatosis time within each species, nor in sex ratio and thanatosis time for all species. I also analyzed site 

fidelity and sex proportion of glass wing butterflies within four different sites. The results show no site 

fidelity for Ithomiini butterflies within each site. Though, the results from the data showed that there were 

significantly more females than males in all sites. Further studies can be implemented to understand the 

different factors in the ecological behavior of Ithomiini Nymphalidae butterflies that can affect thanatosis, 

sex proportion, and site fidelity. 

RESUMEN 
 

Ithomiini reacciona a la defensiva ante los depredadores a través de un comportamiento llamado tanatosis 

o también conocido como fingir la muerte. Medí el tiempo de tanatosis en cuatro especies de mariposas: 

Greta annette championi, Ithomia heraldica, Ithomia patilla, and Pteronymia fulvescens. No hubo 

diferencias entre el tiempo promedio de tanatosis dentro de cada especie, ni en la proporción de sexos y el 

tiempo de tanatosis para todas las especies. También analicé la fidelidad al sitio y la proporción de sexos 

de las mariposas con alas de cristal en cuatro sitios diferentes. Los resultados no muestran fidelidad al 

sitio para las mariposas Ithomiini dentro de cada sitio. Sin embargo, los resultados de los datos mostraron 

que había significativamente más mujeres que hombres en todos los sitios. Se puede implementar más 

estudios para comprender los diferentes factores en el comportamiento ecológico de las mariposas 

Ithomiini Nymphalidae que pueden afectar la tanatosis, la proporción sexual y la fidelidad al sitio. 

 

INTRODUCTION 

Thanatosis, also known as death-feigning is an under-reported but fascinating anti-predator 

strategy adopted by diverse prey later in the predation sequence, and frequently following 

physical contact by the predator (Humphreys and Ruxton, 2018). Anti-predatory defenses are 

crucial to many aspects of behavioral ecology (Humphreys, 2018). Thanatosis has long been an 

under-appreciated defense, despite being taxonomically and ecologically widespread 

(Humphreys, 2018). The main chemical compound providing Ithomiinae butterflies with a potent 

chemical defense against predators is the secondary plant metabolites pyrrolizidine alkaloids 

(Kassarov, 2001). Predation is fundamental to the lives of wild animals, influencing key aspects 

of fitness such as feeding, breeding, and often, ultimately, morality (Humphreys, 2018). The 

neotropical Ithomiini tribe of Nymphalidae butterflies responds to the threat of predation through 
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thanatosis (Quicke, D. L., 2017). Some of the species in this butterfly tribe are also known for their 

transparent clear glass wings that work to protect them from potential predators. 

The sex ratio of butterfly population is also an important role in behavioral ecology that helps to 

better understand species structure and dynamics (Caro & Berger, 2019). Knowledge of 

population parameters is important to the understanding of this butterfly tribe and of the whole 

butterfly community (Freitas, Neto, and Brown, Freitas, et al, 2001). Long term population 

studies may also reveal important features of ecology and adaptation in tropical butterflies 

(Freitas et al, 1996). Therefore, patterns in sex ratio and populations can be crucial to the future 

protection of these species. 

Site fidelity is also an important role in increasing foraging efficiency, particularly when food 

resources are reliable (Moura, Corso, Montgomery, & Cardoso, 2021). In butterflies, evidence of 

foraging site fidelity is limited but may be present in species with specific foraging 

specializations, such as Heliconius, which have derived foraging behavior centered around active 

pollen feeding (Moura et al, 2021). A study on Nymphalidae found a relationship between age 

and site fidelity (Kemp, 2001). The study suggests that future research into butterfly territoriality 

should be sensitive to the possible effects of male age on-site fidelity (Kemp, 2001). 

This study analyses thanatosis time within the different species of Ithomiini and their sex 

proportions, as well as site fidelity and sex proportion of glass-winged butterflies within four 

different sites. This will help further understand any patterns in ecological behaviors within the 

different butterfly species. The understanding of thanatosis time and sex proportion between 

species can better explain the predatory defenses mechanism adapted in each species and its 

potential influence on predatory evolutionary development. Understanding the dynamics of site 

fidelity can predict food resources and preferred pollen feeding within sites. 

MATERIALS AND METHODS 

Study Site 

The study was conducted in a premontane wet forest in San Luis, Monteverde, Costa Rica. The 

study consisted of four sites located behind the casitas trail in the CIEE campus trails (Figure 1). 

Each site is located directly next to each other as shown on the map, with site number two being 

the smallest site measuring approximately 60 meters around its perimeter. 
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Figure 1. CIEE campus trail map. Casitas trail (Site 1, 2, 3, and 4). 

Experimental Design 

Each site was labeled throughout its perimeter with a different colored tape to help identify 

where each species was found throughout the study. I collected data for a total of five days, two 

days for the first part of the study were on thanatosis time and three days for the second part of 

the research was on site fidelity. A butterfly net was used to catch Ithomiini Nymphalidae 

butterflies at each site. Once the butterfly was captured, it was carefully removed from the net by 

gently holding its wings together (Figure 2). 

 

Figure 2. Handling the butterfly once removed from the butterfly net. 

 

Experiment 1: Thanatosis and Sex Proportion within Species 

To test thanatosis, each butterfly was carefully removed from the net and marked with a visible 

dot on the right-side wing. Butterfly species were identified using the guide in figure 3. To test 

the thanatosis reaction time, the butterfly was placed on the palm of the hand, and pressure was 

gently placed on the thorax with the index finger for a few seconds to initiate thanatosis (Figure 
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4). Thanatosis was measured with a stopwatch on my phone from the time my index finger was 

removed from the thorax to when the butterfly flew away. 

 

 
Figure 3. Ithomiini, Nymphalidae butterfly identifying legend. A. Ithomia heraldica B. 

Pteronymia fulverscens C. Ithomia patilla D. Greta Annette championi. 

 
Figure 4. Thanatosis reaction testing. 

  

Experiment 2: Site Fidelity and Sex proportion 

To test site fidelity, 90 minutes was spent on each site each day in intervals of 45 minutes while 

alternating through each site. Once the butterfly was captured, it was marked on its right-side 

wing with the cite letter and number of the butterfly in the order they are being captured. The sex 

of the butterfly was then identified by gently separating its wings by holding onto its torso to see 

if an elongate patch of erectile, hair-like andrological scales at the interior edge of the dorsal 

hindwing were present (Willmott, 2022) which indicated a male butterfly. Once the data was 

recorded, the butterfly was released unharmed. 

 

 

A B 

C D 
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RESULTS 

Experiment 1: Thanatosis and Sex Proportion within Species 

Over two days of data collection, 58 samples were collected within all four sites. Species in the 

samples included 18 Ithomia heraldica (IH), 9 Pteronymia fulverscens (PF), 26 Ithomia patilla 

(IP), and 5 Greta annette championi (GC). There were no significant differences in thanatosis 

time between the four species (One-way ANOVA., F= 0.01, df=3, p= 0.999).  

 
Figure 5. thanatosis time in seconds for each of the four species Greta annette championi (GC), 

Ithomia heraldica (IH), Ithomia patilla (IP), and Pteronymia fulverscens (PF). (One-way 

ANOVA., F= 0.01, df=3, p= 0.999). 

Figure 6 shows the results in average thanatosis time and standard deviation within species and 

sex. There were no significant differences in the average thanatosis time when comparing males 

and females of the different species (Two sample t-tests, t = -0.49933, df = 4.7673, p-value = 

0.6397). The following are the times in thanatosis for each of the groups: Female Greta annette 

championi (x̄= 19 s, SD= 19.29 s). Greta annette championi males (x̄= 11 s, SD= 14.14 s). 

Ithomia heraldica females (x̄= 13.05 s, SD= 12.52 s). Ithomia heraldica males (x̄= 18.96 s, SD= 

25.4 s). Ithomia patilla females (x̄=16.44 s, SD=15 s). Ithomia patilla males (x̄= 10.25 s, SD= 

16.56 s). Pteronymia fulvescens females (x̄= 12 s, SD= 12.38 s). Pteronymia fulvescens males 

(x̄= 25.5 s, SD= 26.16 s). 
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Figure 6. Average thanatosis time and standard deviation of each species and sex within each species. 

(Two sample t-tests, t = -0.49933, df = 4.7673, p-value = 0.6397). 

There was a higher proportion of females than males captured within the four species (Figure 7). 

In Ithomia heraldica, 5 males and 13 females were captured. Pteronymia fulvescens, 2 males and 

7 females were captured. Ithomia patilla, 8 males and 18 females were captured. Greta annette 

championi, 2 males and 3 females were captured. 

 
Figure 7. Sex proportion between all four species that were captured. 
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Experiment 2: Site Fidelity 

Over three days of data collection within all four sites, I collected 53 samples. In site 1, a total of 

8 samples were collected, with 5 of them being females and 3 males. In site 2, a total of 13 

samples were collected with 10 females and 3 males. In site 3 a total of 21 samples were 

collected with 13 females and 8 males. Finally, in site 4 a total of 10 samples were collected with 

8 females and 2 males. The sex proportion within each site is significant with more females than 

males (Figure 8, X-squared = 7.6923, df = 1, p= 0.005546). 

Figure 8. The total number of individuals in each site and their sex proportion. 

 

There was a total of 5 recaptures within all 4 sites. On sites 1 and 4 there were zero recaptures. 

On site 2 there was 1 recapture and on site 3 there were 3 recaptures as shown in figure 9. 
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Figure 9. The total number of recaptured individuals in each site. 

DISCUSSION 

Thanatosis 

Pyrrolizidine alkaloids (PA), is the main chemical compounds that provide Ithomiinae, and other 

aposematic butterflies with a potent chemical defense against their main vertebrate predators, the 

insectivorous birds (Kassarov, 2001). The chemical compound, pyrrolizidine alkaloids provoke 

thanatosis reaction in Ithomiini butterflies. This study found no statistical relationship between 

the average thanatosis time within Ithomiini butterfly species. The difference in thanatosis time 

between the four species may suggest that each species has different levels of pyrrolizidine 

alkaloids. Since this study looked at Ithomiini butterflies in four sites, the differences in 

thanatosis time between species can suggest that the plant source providing them pyrrolizidine 

alkaloids is limited or scares within the sites studied. 

 

This study also found no statistical relationship between the average thanatosis time within the 

four butterfly species and their sex proportion. The difference in thanatosis time between the 

males and females in each species may suggest that the levels of toxicity vary throughout each 

species and sex. This suggests that the availability of pyrrolizidine alkaloids in plants within sites 

could potentially be limited for the male butterfly’s toxicity. Ithomiini male butterflies collect 

pyrrolizidine alkaloids which are thought to provide toxicity and pheromone precursors 

(McClure et al, 2019) to adapt their anti-predatorial strategy, thanatosis. Other factors like age, 

size, and genetics can also contribute to the differences in their thanatosis reaction time. These 

results may indicate that food sources in these sites are limited or are lacking the chemical 

compound needed for butterflies to continue their reproduction cycle. 
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Site Fidelity 

This study showed no strong site fidelity since the recapture rate in each site was very low. The 

recapture rate in each site may indicate that capture and handling reduce the probability that 

butterflies are recaptured (Mallet, Longino, Murawski, Murawski, and Simpson De Gamboa, 

1987). The increased number of females captures in this study may also indicate that food 

sources are limited within sites for males to collect pyrrolizidine alkaloids from their plant 

source. The higher number of captures for males in site 3 may indicate that food sources for 

Ithomiini Nymphalidae butterfly males are abundant since there was a greater male population in 

that site. Although, no direct observations were made in this study to identify their food sources. 

The results in this study suggest that there are many other factors that can affect thanatosis 

reaction and possibly, site fidelity. Thanatosis and sex proportions are ecological behaviors that 

can help us better understand how predatory defense mechanisms are adapted in each species and 

potentially influence the evolutionary development of new behaviors through speciation. The 

experimental design could be improved by studying more closely the effects of age, size, and 

genetics on the Ithomiini butterfly species. Further analytical studies on site fidelity in Ithomiini 

Nymphalidae butterflies can also suggest a better understanding of the dynamics in food 

resources for this species' future protection. Ithomiine distribution data have therefore been used 

in identifying areas of endemism in the neotropical lowlands and testing the refuge hypothesis 

(Willmott, 2022). Through this research, it has become clear that many other factors in the 

ecological behavior of Ithomiini Nymphalidae butterflies can affect thanatosis, sex proportion, 

and site fidelity. 
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ABSTRACT 

Rolled-leaf beetles spend their entire lifecycle within the rolled leaves of plants in the Zingiberales order. 

Rolled leaves are used for shelter, mating grounds, and as a food source for both adults and larvae of 

these beetles (Chaves-Fallas 2020). This study system was conducted to understand the rolled-leaf beetle 

community in Monteverde, the correlation of abundance of rolled-leaf beetles on herbivore damage, and 

the distribution of herbivore damage between the inner and outer sections of Zingiberales leaves. Rolled 

leaves from plants in the Zingiberales order were cut from the base of the plant and unrolled slowly. 

Observations were made on beetle abundance while measurements were taken to determine the area of 

the leaf and amount of the leaf damaged in mm2. It was hypothesized that a larger abundance of rolled-

leaf beetles in Zingiberales plants would have a positive relationship with herbivore damage, which was 

supported. It was also hypothesized that herbivore damage would be higher within the inner part of the 

leaf, which was supported as well. There was a range of 4 mm2 to 435 mm2 of total herbivore damage 

observed, and a range of 0.044% to 4.364% of total herbivore damage was found amongst all samples. 

The inner section of the leaf had an average of 1.164% herbivore damage while the outer section of the 

leaf had an average of 0.585% herbivore damage. This study offers an understanding to the rolled-leaf 

beetle community in Monteverde and how herbivore damage is affected by the abundance of these 

hispine beetles. 

RESUMEN 

Los escarabajos de las hojas enrolladas pasan todo su ciclo de video dentro de las hojas enrolladas de las 

plantas del orden Zingiberales. Las hojas enrolladas se utilizan como refugio, lugares de apareamiento y 

como fuente de alimento tanto para los adultos como para las larvas de estos escarabajos (Chaves-Fallas 

2020). Este estudio se llevó a cabo para comprender la comunidad de escarabajos de las hojas enrolladas 

de Zingiberales en Monteverde, la correlación de la abundancia de escarabajos de las hojas enrolladas con 

la herbívora y la distribución de daño por herbívoros entre las secciones internas y externas de las hojas 

de Zingiberales. Se cortaron hojas enrolladas de plantas del orden Zingiberales desde la base de la planta 

y se desenrollaron lentamente. Se realizaron observaciones sobre la abundancia de escarabajos y se 

tomaron medidas para determinar el área de la hoja y la cantidad de hoja dañada en mm2. Se planteó la 

hipótesis de que una mayor abundancia de escarabajos de hojas enrolladas en las plantas de Zingiberales 

tendría una relación positiva con el daño por herbívoros, lo cual fue respaldado por este estudio. También 

se planteó la hipótesis de que el daño de los herbívoros sería mayor en la parte interna de la hoja, lo cual 

también se confirmó con los resultados de este estudio. Se observo un rango de 4 mm2 a 435 mm2 de daño 

total por herbívoros, y se encontró un rango de 0,044% a 4,364% de daño total por herbívoros entre todas 

las muestras. La sección interna de la hoja tuvo un promedio de 1,164% de daño por herbívoros, mientras 

que la sección externa de la hoja tuvo un promedio de 0,585% de daño por herbívoros. Este estudio ofrece 

una comprensión a la comunidad de escarabajos de hoja enrollada en Monteverde y cómo el daño de los 

herbívoros se ve afectado por la abundancia de estos escarabajos hispinos. 
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INTRODUCTION 

The Zingiberales order contains well-known plants such as gingers and bananas. The 

Zingiberales order includes more than 2,100 species, most of which are found as partial shade 

plants in the understory of tropical forests (Holttum et al. 2020). This order of plant species is the 

main focus in this study system. Species in this order tend to have very large leaves that uniquely 

grow inside the sheath of the preceding leaf, often appearing as rolled while the leaf is young and 

unfurled once the leaf reaches maturity (Holttum et al. 2020). While the immature leaf is rolled, 

it can provide a shelter and food source to herbivorous insects, specifically for rolled-leaf beetles 

(García-Robledo et al. 2017). There is evidence that rolled-leaf hispine beetles and plants from 

the Zingiberales order have maintained a highly specialized plant-herbivore interaction for more 

than 60 million years (García-Robledo et al. 2008). 

The family Chrysomelidae, or leaf beetles, is estimated to have 37,000 species world-wide 

(Flowers et al. 1997). The Cephaloleia genus, which is the most common genus of 

Chrysomelidae in Costa Rica, contains 215 species of rolled-leaf beetles which are restricted 

within the Neotropics (Chaves-Fallas 2020). These beetles complete their entire life cycle within 

the young rolled leaf. This includes mating, larvae development, shelter, and food sources, unless 

the leaf reaches maturity in which case, the rolled-leaf beetles need to move onto a different 

rolled leaf in order to survive (Chaves-Fallas 2020). Rolled-leaf beetle species have specific bite 

marks that are formed when they use the plant as a food source, and the damage done to the leaf 

can be clearly observed once the leaf reaches maturity, as scars are often left behind (Bieńkowski 

2008). The dietary patterns and structure of the community of these rolled-leaf beetles have been 

greatly described at the La Selva Biological Station, where many of these beetles are specialists 

for species of Zingiberales plants (Chaves-Fallas 2020). As was previously mentioned, rolled-

leaf beetle species spend their entire lifecycle acting as a parasite on Zingiberales plants, causing 

damage and scarring to the leaf (Strong 1977). It has been found that more common host species 

of Zingiberales, such as Heliconiaceae and Marantaceae, tend to have a higher species richness 

of rolled-leaf beetles. There is more variance of species of rolled-leaf beetles in Zingiberales 

species that have larger surface area, indicating there will be more damage to the plant if more 

species claim it as a host (Strong 1977).  

While rolled-leaf beetle communities are well known at La Selva Biological Station, little to no 

research has been done on them in Monteverde. Herbivore damage related to beetle abundance 

has not yet been quantified in a premontane forest and the distribution of herbivore damage 

between sides of the leaf has yet to be examined at all in Costa Rica. The objective of this study 

is to understand the structure of rolled-leaf beetle communities, the effect of the abundance of 

beetles in herbivore damage, and how herbivore damage varies across leaf sides in order to get a 

deeper insight on the relationship between rolled-leaf beetles and Zingiberales plants in 

Monteverde. 
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It can be predicted that the rolled-leaf beetle community will be similar to that of the community 

in La Selva, but, perhaps, with less diversity. Since there is more diversity of Zingiberales plants 

at La Selva Biological Station, there is more variance in species of hispine beetles (Strong 1977) 

whereas in a premontane forest, there is not as much diversity in these Zingiberales plants and 

subsequently, will most likely contain less diversity of rolled-leaf beetles. It can also be predicted 

that a higher abundance of beetles and larvae would cause more damage to the rolled leaf since 

more individuals will require more food. Since adult rolled-leaf beetles are often found within 

the inner section of the leaf, it can be predicted that there will be more damage to the inner side 

of the leaf rather than the outer. This study will help to further understand how rolled-leaf beetle 

communities are structured and their relationship with herbivore damage in Zingiberales plants 

in Monteverde. 

MATERIALS AND METHODS 

This study was conducted at different trails among the CIEE Monteverde campus, Costa Rica. 

The nino, cecropia, and the camino real trails were used during data collection. The study site 

also extended along the road on campus and by the cabinas. Data was collected on rolled leaves 

of plants in the Zingiberales order (Figure 1). To collect samples, clippers were used to cut rolled 

leaves off of the plant at the very base, careful to contain the entirety of the leaf. I identified the 

species of Zingiberales plant, recorded total abundance of rolled-leaf beetles and larvae, and 

quantified percentage of herbivore damage on each leaf sample. In addition, herbivore damage 

was observed and quantified on each side of the leaf, as well as in total. In order to measure 

percent herbivory, a transparent sheet with square millimeters (mm2) as a unit was used to 

measure the entire surface area of each leaf sample by hand, and subsequently used to measure 

the amount of damage on both the inner and outer section of the leaf. Specimens were also 

collected from leaf samples in order to better understand the diversity and rolled-leaf community 

in Monteverde (Figure 1). 

To test if herbivore damage (mm2 and %) have a structure that does not fit the normal 

distribution, I performed a Shapiro-wilk test for normality. Then, to test the effect of rolled-leaf 

beetle abundance on herbivore damage, I ran a Generalized Linear Model with a Poisson error 

distribution for area (mm2) and a Gamma error distribution for percentage (%). Lastly, to test if 

herbivore damage differed across leaf sides, I ran an analysis of variance (ANOVA). All 

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

Development Core Team 2020). This software assisted in determining whether the data was 

statistically significant or not. 
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B             C 

 

C                  D 

Figure 1. A - Heliconia tortuosa (Heliconiaceae) plant sample where rolled leaves are collected 

for observations and data collection. B – Two rolled-leaf species morphs mating. C – Two 

rolled-leaf species morphs mating. D – A Chelobasis larvae moving along the midvein of the 

Zingiberales rolled leaf. 
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RESULTS 

In this experiment, percent herbivory varied across leaves from 0.044% to 4.364%, with an 

average of 0.875%. Most of the leaves (30 out of 42) had less than 1% herbivory and only two 

rolled leaves had a percentage of herbivory damage above 3% (Figure 2). Herbivore damage did 

not follow a normal distribution, both when testing for mm2 (W = 0.759, p = 6.545e-07) and 

percent (W = 0.783, p = 1.948e-06). Along with the data collection, three different species of 

rolled-leaf beetles were observed and collected as specimens, and three different morphs were 

observed in the same species (Figure 1). 

  

Figure 2. Frequency of percent herbivore damage on rolled leaves of Zingiberales at CIEE 

Monteverde campus, Costa Rica. This distribution does not follow a normal distribution (P < 

0.01). 

While examining the second section of this study of whether beetle abundance affects the 

percentage of herbivore damage, adult rolled-leaf beetles, larvae abundance, and total rolled-leaf 

beetles present were each compared in correlation to herbivory percentage. I found that beetle 

abundance has a positive effect on herbivore damage for adult beetle abundance (R2 = 0.0497), 

larvae abundance (R2 = 0.0135), and total amount of beetles present (both larvae and adults) (R2 

= 0.0395) (Figure 3). The effect of the total number of beetles on herbivore damage was 

statistically significant for area (mm2) (Z = 42.56, p < 0.01), but not for percent herbivore 

damage (t = -1.222, p = 0.229). 
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Figure 3. Rolled-leaf beetle abundance and percentage of herbivore damage on rolled leaves of 

Zingiberales at CIEE-Monteverde campus, Costa Rica.  

 

Figure 4. Rolled-leaf beetle abundance and herbivore damage (mm2) on rolled leaves of 

Zingiberales at CIEE-Monteverde campus, Costa Rica. 
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I found that the average area consumed by herbivores in the inner side of the leaf was 60.33 

mm2, whereas the average area consumed by herbivores on the outer side of the leaf was 25.83 

mm2. The difference between the area consumed on each side of the leaf was statistically 

significant (F = 6.446, p = 0.013). 

 

Figure 5. Herbivore damage (mm2) caused by rolled-leaf beetles on the inner and outer side of 

Zingiberales rolled leaves at the CIEE-Monteverde campus, Costa Rica. 

DISCUSSION 

For the first section of this study, the histogram was formed in order to observe the distribution 

of percentage of herbivore damage on each of the Zingiberales rolled leaves. Herbivore damage 

on the samples was very low overall, with the highest percent of herbivore damage being 4.36% 

of the total leaf. This is a relatively small value as most herbivorous studies have found that the 

amount damaged can range up to 60% (Nooten 2013).  Given this experiment was evaluating 

rolled-leaf beetles and how they relate to herbivore damage, it does make sense there is only a 

small amount of damage done to the leaf as these insects and their larvae have very small 

mouths. However, there were other herbivorous insects found in the leaves, which would likely 

contribute to more damage, which is why it seems odd the percentage would be so low. While 

rolled-leaf beetles spend their entire lifecycles within the leaf, it does not make sense to consume 

too much of the shelter in which these hispine beetles reside, as they would no longer have 

security in habitat, mating sites, or food sources. With this reasoning, it makes sense that the 

herbivore damage percentage would be low. It is interesting to observe the distribution of the 
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percentage of herbivore damage and notice a trend of very little damage being done to the leaf 

because it shows how these rolled-leaf beetles behave in their environment, perhaps indicating 

that there is a limit to damage that can be done on the leaf in order to keep it as a habitable 

shelter. 

When examining the second part of the experiment, there is a clear positive correlation between 

beetle abundance and percentage of herbivore damage in the graph created, meaning that with 

more rolled-leaf beetles observed, more herbivore damage percentage was observed. This also 

holds true when measuring the correlation between beetle abundance and area damaged in 

millimeters squared. However, the data for the area (mm2) was found to be statistically 

significant while the data for herbivore damage percentage was not found to be statistically 

significant. I believe this occurred because the data points for percentage were ranging from 

0.04% to 4.36% (Figure 3), which are much smaller values than the range of area of 4 mm2 to 

435 mm2 (Figure 4). This may have caused the data to be more statistically significant for area 

since there were more integers rather than a decimal value for percent herbivore damage. I am 

unable to say for sure why this was caused, but it is clear there is a relationship of a larger 

abundance of beetles causing more herbivore damage to Zingiberales plants. 

Data collected also supports my hypothesis that the inner section of the leaf will be more 

damaged than the outer, as rolled-leaf beetles and other insects reside and find food sources on 

the inner section. There is more herbivory on the inner side of the leaf because the rolled-leaf 

beetles tend to reside in the innermost part of the leaf. The inner section of the leaf is much 

thinner and softer than the outer section of the leaf, which is most likely easier for the hispine 

beetles to eat. There may be a stronger defensive trait on the outer section of the leaf since it is 

closer to reaching maturity. The outer part has more strength than the inner part and may be 

harder for herbivorous insects to eat. Larvae of rolled-leaf beetles tend to travel around the entire 

leaf, but adults are almost always found deep in the inner part of the leaf, leading to more 

herbivore damage on that side of the leaf. 

While most of my data supported my hypotheses, it is important to recognize the limitations 

within this experiment. One limitation that was prevalent was having to measure the area of the 

leaf in millimeters squared by hand. This task caused me to take a long time measuring each data 

sample, and they were not as accurate as they could have been, which may have altered some of 

the data points for area of the leaves and prevented me from collecting as many samples as 

possible. While it is true Zingiberales leaves are large, it is important to take the time needed in 

order to make accurate measurements, so the time taken to measure the area of samples was 

unavoidable. There is technology that can calculate herbivore damage and the area of the leaf 

automatically with a photo, however these leaves proved to be too difficult to use such 

technology on. Another limitation in this experiment was the amount of other herbivorous insects 

also present within the leaves. This could cause a difference in the source of the herbivore 

damage on each leaf, perhaps making the data statistically significant when the damage was not 

solely from the rolled-leaf beetles. 
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My data was mostly statistically significant and supported my hypothesis of a positive 

relationship between rolled-leaf beetle abundance and herbivore damage as well as more damage 

observed on the inner section of the leaf rather than the outer. Many observations were made to 

better understand the rolled-leaf beetle community in Monteverde. Rolled-leaf beetles are the 

main herbivores for this group of plant. It is therefore fundamental to understand their effect on 

the herbivore damage on rolled leaves in the Zingiberales order. Although these findings may 

only apply to the herbivore system in respect to this study, these insights may be helpful to 

understand the interaction between other plants and their associated herbivores. These 

interactions are major components to the functioning of tropical forests. This experiment was 

very informative and helped to understand the community of hispine beetles in Monteverde and 

herbivore damage amongst Zingiberales plants. 
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The effect of Piper glabrescens (Piperaceae) inflorescences in structuring 

spider assemblages 

Ellis Huang 

Martin A. Fisher School of Physics, Brandeis University, Waltham, Massachusetts, USA 

ABSTRACT 

Spiders use plants for foraging, reproduction, and shelter, and in return, spiders can contribute to plant 

fitness by predating herbivorous insects which increases plant fitness or by predating pollinator insect 

which decreases plant fitness. Despite the abundance and diversity of spiders on vegetation, plant-spider 

interactions are not well-studied. In this study, I looked for Piper glabrescens (Piperaceae) and its 

associated spider elements (spiders, abandoned webs, or spiders in webs) in Monteverde, Costa Rica. In 

order to answer the question of whether spider abundance and distribution was influenced by plant 

inflorescences, I assessed plant height, number of inflorescences (which function to attract pollinators or 

dispersers) and quantified the location of spider elements. In total, I recorded 78 plants and 207 spider 

elements, and found a positive correlation between plant height, number of inflorescences, and number of 

spider elements. It also demonstrated that inflorescence presence affects spider element location: in plants 

with, more spiders were found on the apex and edge (64% and 69%, respectively), while in plants 

without, fewer spiders were found on the apex and edge (55% and 34%) with spiders preferring the 

primary stem (65%). Last, this study finds that in plants with inflorescences, spider elements tended to 

cluster on or near the inflorescences, and in plants without inflorescences, spiders clustered on the 

primary stem. This study shows that P. glabrescens morphology (height and number of inflorescences) 

structure spider abundance and distribution. 

RESUMEN 

Las arañas utilizan las plantas para alimentarse, reproducirse y refugiarse y, a cambio, las arañas pueden 

contribuir positivamente al rendimiento de las plantas depredando insectos herbívoros, o negativamente 

depredando insectos polinizadores. A pesar de la abundancia y diversidad de arañas en la vegetación, las 

interacciones entre plantas y arañas no están bien estudiadas. En este estudio, busqué Piper glabrescens 

(Piperaceae) y sus elementos arácnidos asociados (arañas, telas abandonadas o arañas en telas) en 

Monteverde, Costa Rica. Para responder a la pregunta de si la abundancia y distribución de las arañas 

estaba influenciada por las inflorescencias de las plantas, evalué la altura de las plantas, el número de 

inflorescencias (cuya función es atraer a los polinizadores o dispersores) y cuantificé la ubicación de los 

elementos de araña. En total, registré 78 plantas y 207 elementos de araña, y encontré una correlación 

positiva entre la altura de la planta, el número de inflorescencias y el número de elementos de araña. 

También demostré que la presencia de inflorescencias afecta a la localización de los elementos de araña: 

en las plantas con inflorescencias, se encontraron más arañas en el ápice y en el borde (64% y 69%, 

respectivamente), mientras que, en las plantas sin inflorescencias, se encontraron menos arañas en el 

ápice y en el borde (55% y 34%), prefiriendo las arañas el tallo primario (65%). Por último, este estudio 

encuentra que, en las plantas con inflorescencias, los elementos de araña tendieron a agruparse en o cerca 

de las inflorescencias, y en las plantas sin inflorescencias, las arañas se agruparon en el tallo primario. 

Este estudio muestra que la morfología de P. glabrescens (altura y número de inflorescencias) estructura 

la abundancia y distribución de las arañas.  
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INTRODUCTION 

Terrestrial ecosystems are inhabited by a diversity of species and correspondingly contain a 

diversity of interactions between those species. These complex interactions can be understood by 

studying multiple trophic levels, going from primary producers (plants) to primary consumers 

(herbivores) to secondary consumers (predators). Ecological studies have traditionally focused 

on predator-prey relationships and plant-herbivore interactions (Pace et al., 1999), with few 

studies capturing interactions spanning non-adjacent trophic levels. The multitrophic approach is 

important, because it addresses the complexity of food-web systems more realistically and 

accurately (Price et al., 1980). In addition, tropic cascade theory states that the actions of 

predators at the top will influence herbivores and plants, through top-down effects; conversely, 

plants will influence herbivores and predators, through bottom-up effects (Olff et al., 1999). 

Plants, because they experience selective pressure from herbivores, have built different kinds of 

defenses against primary consumers, ranging from secondary metabolites to physical defenses to 

biotic interactions. Plants use a plethora of different secondary metabolites (or specialized 

chemicals) which are toxic, repellent, or anti-nutritive to herbivores (Mithöfer & Boland, 2012). 

One study found that plant chemical diversity is linked to a reduction in overall herbivore 

damage and increased insect herbivore diversity and trophic specialization (Richards et al., 

2015). Another plant defense is biotic interactions, which occur when plants offer resources to a 

species and in return, that species offers protection. The mutualistic interactions between specific 

plants and insects, like ants, have been well-studied. Some species of plants and ants are even 

entirely dependent on each other as a result of coevolution (Janzen, 1996; Nelson et al., 2018). 

Spiders are diverse and commonly found in plants, however the role their interactions with plants 

through their associate herbivores and pollinators have not been widely studied. Spiders are 

generalist predators that can affect prey populations and the structure of prey communities 

(Riechert, 1974). In addition, they often prey on herbivorous insects, so their presence on plants 

can decrease levels of herbivory (Hodge, 1999). Spiders have been shown to be effective pest 

control in agroecosystems (Sunderland & Samu, 2000), and another shows that the presence of 

spider silk alone is sufficient in decreasing herbivory (Rypstra & Buddle, 2013). However, 

spiders can also harm plants by predating pollinators. The presence of spiders on inflorescences 

can result in a reduced the number of fertilized plant ovules (Louda, 1982). Plants invest in 

reproductive structures, such as inflorescences, to attract pollinators, so when spiders disrupt 

plant-pollinator interactions, plant fitness suffers (Gonçalves-Souza et al., 2008). However, 

sometimes the presence of spiders decreases the number of damaged inflorescences (DHigginson 

et al., 2007). 

Piper shrubs are major components of the understory of tropical forests. Previous studies have 

focused on the interactions on with their herbivores (Dyer et al., 2010) and parasitoids (Richards 

et al., 2010). However, the role of spiders inhabiting Piper shrubs as predators and their 

cascading effect this has on plants has not been fully explored. Also, it is not known if spiders 
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are predating herbivores or pollinators. To build an accurate and complete understanding of 

complex food systems, scientists must investigate organism interactions between multiple 

trophic levels. To understand the relationship between spiders and plants, I studied the effect of 

plant traits, such as height and number of inflorescences, in structuring  the number and position 

of spider elements on P. glabrescens. I predict that spider and spider web distribution and spatial 

position are influenced by the presence of inflorescences on P. glabrescens, and that there is a 

relationship between plant structure and spider abundance. 

MATERIALS AND METHODS 

Study site and organisms: 

The study was conducted at the Council on International Educational Exchange (CIEE) 

Monteverde campus in San Luis de Monteverde, Puntarenas, Costa Rica (10.2827°N, 

84.7985°W). Specifically, the study occurred in the secondary forest, around campus buildings 

and on the Camino Real Trail and the loop around the casitas (Fig 1). The CIEE-Monteverde 

campus  is located on the Pacific slope of the Tilarán Mountain Range, and borders two nature 

preserves: the Monteverde Cloud Forest Reserve and the Children’s Eternal Rainforest. 

The field work was carried out from July 20 to July 26, 2022, during the rainy season that occurs 

from June to the end of October in Monteverde. The Monteverde region contains pre-montane 

tropical forest and receives an average of 2677 meters of rainfall annually (Rhodes 2006). It 

hosts a unique assemblage of flora and fauna. P. glabrescens, one of the flora, is a common 

understory plant. It interacts with insect pollinators and insect herbivores. In this study, I looked 

for P. glabrescens individuals and assessed plant traits and spider elements (spiders, abandoned 

spider webs, or spiders in webs) as follows.  

 

 

Figure 1: Map of the CIEE-Monteverde campus, Puntarenas, Costa Rica. 
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Plant height, inflorescences, and spider elements 

On each P. glabrescens individual, I measured plant height, and counted the number of mature 

inflorescence present. To count number of spider elements and its spatial location, I used a 

flashlight to illuminate spiders, their silk, and their webs in the dim understory. Once a spider 

element was found, the type of element (spider, abandoned web, or spider in web) was recorded 

and its location was determined as follows. 

To quantify spider element location, each P. glabrescens plant was divided into three even 

horizontal sections (Fig 2), and two vertical sections (Fig 3). The spider element was assigned to 

a certain section—apex, middle, or bottom. If a spider web spanned two section, the section that 

contained a greater majority of the web was recorded. Also, spider elements were determined to 

be located on the stem or the edge. 

These procedures, and the following experiments, were repeated for most P. glabrescens plants 

encountered. P. glabrescens plants that were growing parallel to the ground, caused mostly by 

fallen trees, were not considered. The was done to maintain the definition of bottom as the 

section of the plant closest to the ground (Fig 2). The data collection process occurred from 8:30 

a.m. to 5:30 p.m. 

 

Figure 2. Piper glabrescens divided horizontally into three sections: apex, middle, and bottom. 
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Figure 3. Piper glabrescens divided vertically into two categories: primary stem and edge. 

Plants with Inflorescence 

For plants with one or more inflorescences, I measured the shortest distance from the spider 

element to the nearest mature inflorescence. If there was a spider web and part the web was in 

contact with a mature inflorescence, its distance was recorded as zero.  

Plants without Inflorescence 

For plants without inflorescences, I measured the shortest distance from the spider element to the 

primary stem. If there was a spider web and part of it was in contact with the primary stem, its 

distance was considered zero. 

Statistical analyses: 

To test if there is a correlation between plant height and number of inflorescences and between 

plant height and number of spider elements, I ran Pearson correlations. To test the effect of 

number of inflorescences on the number of spider elements, I ran generalized linear models with 

a Poisson error distribution. 

To test if the spider element position, both horizontally (apex, middle, and bottom) and vertically 

(stem and edge) are evenly distributed in plants with inflorescence and plants without 

inflorescences I performed chi-square tests.  

To test the statistical significance between the frequency of spider elements and distance from 

inflorescences and also, between frequency of spider elements and distance from the primary 

stem, I ran Shapiro-Wilk normality tests. 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 

I recorded 78 plants, of which 39 plants had one or more inflorescences and 39 did not have any 

inflorescences. P. glabrescens plants that were taller tended to have inflorescences, while the 

shorter plants tended to have no inflorescences or fewer inflorescences (R = 0.669, t = 12.865, p 

< 0.01, Fig 4). 

 

 

Figure 4: Plant height and number of inflorescences of Piper glabrescens (Piperaceae) at CIEE-

Monteverde, Costa Rica. 

There is a positive correlation between the number of spider elements and plant height (R = 

0.234, t = 3.439, p < 0.01, Fig 5). In other words, as plant height increased, so did the number of 

spider elements present on the plant.  
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Figure 5. Plant height and spider elements in Piper glabrescens (Piperaceae) at CIEE-

Monteverde, Costa Rica. 

 

Plants with more inflorescences had more spider elements (Z = 3.914, p < 0.01, Fig 6).  

 

Figure 6. Number of inflorescences and spider elements in Piper glabrescens (Piperaceae) at 

CIEE-Monteverde, Costa Rica. 
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Spider element locations: 

For plants with inflorescence, 125 spider elements were recorded, and for plants without 

inflorescences, 83 spider elements were recorded. The following graphs compares the location of 

spider elements by percentage on plants with inflorescences and plants without any 

inflorescences (Fig 7 and 8). 

There was a slightly higher percentage of spider elements found on the apex of the plant in plants 

with inflorescences than in plants without. There was a higher percentage of spider elements 

found on the bottom of plants without inflorescences than in plants with (𝑋2 = 72.534, d.f. = 2, p 

< 0.01, Fig 7). 

 

Figure 7. The distribution of spider elements on P. glabrescens (Piperaceae) plants with and 

plants without inflorescences at CIEE-Monteverde, Costa Rica.  

There was a much higher percentage of spider elements found on the edge in plants with 

inflorescences, as compared to plants without (𝑋2 = 8.563, d.f. = 1, p < 0.01, Fig 8). Inversely, 

there was a much higher percentage of spider elements located on the stem in plants without 

inflorescences, as compared to plants with. The small p-value (p<0.01) shows that this data set is 

statistically significant.  
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Figure 8. The distribution of spider elements as percentages on P. glabrescens (Piperaceae) 

plants with and plants without inflorescences at CIEE-Monteverde, Costa Rica. 

Plants with inflorescences:  

In plants with inflorescence, spider elements were more likely to be found on or near mature 

inflorescences (W = 0.662, p < 0.01, Fig 9 and 10). A majority of spider elements were found 

from 0 cm to 23 cm of a mature inflorescence (Fig 9).  

 

Figure 9. Frequency of the nearest distance from a mature inflorescence of spider elements in 

Piper glabrescens (Piperaceae) at CIEE-Monteverde, Costa Rica. 
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Figure 10. Frequency of the nearest distance from a mature inflorescence of spider elements in 

Piper glabrescens (Piperaceae) at CIEE-Monteverde, Costa Rica. 

Plants without inflorescences 

In plants without inflorescence, spider elements were more likely to be found on the primary 

stem (W = 0.589, p < 0.01, Fig 11). There is a strong drop off of spider elements as the distance 

from the primary stem increases. 

 

Figure 11: Spider element frequency and distance from the primary stem. 
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DISCUSSION 

In P. glabrescens, plant height, the number of inflorescences, and number of spider elements are 

positively correlated. This study found a strong positive correlation between plant height and 

number of inflorescences, which is not surprising. It is commonly understood that a plant’s 

reproductive capacity is related to its size, age, and overall fitness. In addition, another study that 

showed that  almost all plant reproductive components are affected by the plant’s overall size 

(Stocklin, 1994). 

This study also found a weak positive correlation between number of spider elements and plant 

height and one between the number of spider elements and number of inflorescences. This 

supports the hypothesis that plant morphology influences the abundance of spiders in P. 

glabrescens. The weak correlation indicates that there are other contributing factors to spider 

element location, and that spiders are affected by a variety of other influences when deciding a 

plant and a location for their web or for foraging. For example, a previous study showed that the 

abundance of spiders is highly influenced by plant structural complexity levels and leaf density 

(Souza & Martins, 2005). The results of this study are consistent with their finding and supports 

the hypothesis that spider element locations are impacted by various structures of plants, 

including inflorescences. 

In addition, the positive correlation between number of spider elements and number of 

inflorescences suggests that spiders benefit directly or indirectly from inflorescences. 

Inflorescences are plants structures that attract pollinator insects, and the spider species that 

predate those insects may be more likely to build webs or forage near those sites. These results 

compliment another study that found green lynx spiders were most abundant in control plants 

where nothing was changed and scarce in manipulated plants that had all their inflorescences 

removed (Jiménez-Salinas & Corcuera 2008). Also, another study found that specific spider 

species stayed close to flowers to feed on pollen (Smith & Mommsen, 1984). 

This study found a different distribution of spider elements in plants with inflorescences 

compared to plants without inflorescences. That means, the presence of inflorescences affects 

spider element distribution. P. glabrescens plants with inflorescences had more spider elements 

on the edge and near the apex, where most inflorescences are located, while in the plants without 

inflorescences, spider elements were more found to be found on the stem and on the bottom of 

the plant. This may be because the spiders that colonize plants without inflorescences eat 

herbivorous insects. Herbivorous insects, unlike pollinator insects, have no reason to cluster 

around inflorescences, so their distribution on plants is different. This compliments a previous 

study that found linyphiid spider web location was related to prey availability in winter wheat 

(Harwood et al., 2001). This is a wonderful demonstration of the bottom-up effect, where plant 

structure affects herbivores which finally affects spiders. 

This study also found that in plants with inflorescences, a majority of spider elements were found 

on or near mature inflorescences. This compliments a previous study found that, for all plant 
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species sampled, inflorescences attracted more spiders than vegetative branches (Souza & Martins, 

2004). Inflorescences may provide favorable microclimatic conditions in many ways. They shelter 

spiders against possible predators (Waldorf, 1976) and attracting prey depending on their size and 

shape, with larger inflorescences attracting larger insects, which ultimately feeds larger spiders 

(Dafni et al., 1997). It is clear from this study and previous studies that inflorescences attract 

spiders, offering many potential benefits. In contrast, for plants without inflorescences, a majority 

of spider elements were found on the primary stem. This may be because spiders can use stems for 

foraging, protection, and/or camouflage (Messas et al., 2014; Souza et al., 2015). Additionally, if 

spiders are attracted to the benefits that inflorescences provide, then, in plants without 

inflorescences, there is no reason for spiders to travel away from the primary stem. 

In conclusion, this study found a correlation between plant morphology, specifically the presence 

of inflorescences and plant height, and abundance of spiders on that plant, which contributes to 

previous bodies of research on plant-spider interactions. P. glabrescens use their inflorescences 

to attract pollinator insects, which changes the prey distribution and ultimately affects spider 

distribution. It is clear that plant morphology affects prey availability and creates microclimate 

that arthropods respond to. For future work, this study can be expanded by considering spider 

species richness by identifying the spiders’ species and family and investigating if a spider’s 

primary prey is related to their location on the plant. Only recently have spider-plant associated 

been researched, but I am hopeful that this and future studies will unveil the many plant-spider 

associations, waiting to be reported. Research through the multiple trophic level approach will 

help model the complexity of food-web systems and demonstrate the interconnectedness of all 

organisms in an ecosystem. 
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Effect of Human Presence on Mammal Species Composition in Costa Rican 

Premontane Forest 

Caroline Wolff 

Wake Forest University, Winston-Salem, North Carolina, USA 

ABSTRACT 

In Monteverde, Costa Rica, one of the most significant impacts of the COVID-19 pandemic was a 

dramatic decrease in visitors to the area. This impact is also applicable to the CIEE campus at 

Monteverde. An increased populations of humans generally causes a decrease in mammal populations, 

though some species respond positively to anthropogenic presences. This research study focuses on 

obtaining samples of mammal populations through camera trap photos and understanding how the 

richness and diversity of mammals had changed over time due to more humans back on CIEE campus. In 

2020, eight camera traps were used, and data was utilized from a 31 day time span. In 2021, eight camera 

traps were used, and data was utilized from roughly a 31 day time span. In 2022, seven camera traps were 

used, and data was obtained over the span of eight days. The trends vary from year to year, but this study 

found a statistical increase in abundance from 2020 to 2021 and statistical decrease in species richness 

from 2020 to 2021; furthermore, there was a statistical increase in the number of omnivorous mammals 

on the trails around campus. Specifically, this study found that the average mammal abundance per day in 

2020, 2021, and 2022 were 17.4, 30.7, and 10.6, respectively. Furthermore, the average species richness 

per day for 2020, 2021, and 2022 were 5.3, 2.9, and 3.5, respectively. In order to better conserve wildlife 

and manage the land being used by humans, it is vital that we understand how mammal populations are 

affected by human presence. Humans always have a responsibility to know the effects that our actions 

and presence have on the native habitants of the land. 

RESUMEN 

En Monteverde, Costa Rica, uno de los impactos más significativos de la pandemia de COVID-19 fue la 

disminución de visitantes a la zona. Este impacto también es aplicable al campus de CIEE en Monteverde. 

Un aumento de las poblaciones humanas generalmente causa una disminución de las poblaciones de 

mamíferos; sin embargo, algunas especies responden positivamente a las presencias antrópicas. Este 

estudio científico se enfoca en obtener muestras de poblaciones de mamíferos a través de fotos de trampas 

con cámara y entender cómo la riqueza y diversidad de mamíferos había cambiado con el tiempo debido a 

más humanos en el campus de CIEE. En 2020, se utilizaron ocho trampas de cámara y se utilizaron datos 

de un período de 31 días. En 2021, se utilizaron ocho trampas de cámara y se utilizaron datos de 

aproximadamente 31 días. En 2022, se utilizaron siete cámaras trampa y se obtuvieron datos durante ocho 

días.  Las tendencias varían de un año a otro, pero este estudio encontró un aumento estadístico en la 

abundancia de 2020 a 2021 y una disminución estadística en la riqueza de especies de 2020 a 2021; 

además, hubo un aumento estadístico en el número de mamíferos omnívoros en los senderos alrededor del 

campus. Específicamente, este estudio encontró que la abundancia promedio de mamíferos por día en 

2020, 2021 y 2022 fue de 17,4, 30,7 y 10,6, respectivamente. Además, la riqueza promedio de especies 

por día para 2020, 2021 y 2022 fue de 5,3, 2,9 y 3,5, respectivamente. Con el fin de conservar mejor la 

vida silvestre y manejar la tierra que se usa por los seres humanos, es vital que entendamos cómo las 
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poblaciones de mamíferos son afectadas por la presencia humana. Los humanos siempre tienen la 

responsabilidad de conocer los efectos que nuestras acciones y presencia tienen sobre los habitantes 

nativos de la tierra. 

INTRODUCTION 

During the pandemic, travel was limited across the world. In Monteverde, Costa Rica, there were 

no tourists or students at the height of the pandemic, though those numbers have slowly risen 

again. The CIEE campus in Monteverde had a limited number of people on campus, including 

students and staff. This dramatic decrease in human interactions likely shifted the frequency and 

diversity of the mammal populations. Monteverde boasts of a variety of mammals, some of the 

most common including the agouti (Dasyprocta punctata, Dasyproctidae) and the coati (Nasua 

narica, Procyonidae). However, there are also other, less common mammals seen, like the ocelot 

(Leopardus pardalis, Felidae) to name one. 

There are several reasons why mammal activity might change with human activity: they can be 

affected by resource sharing, visual establishment and use of the same trails and water sources, 

attraction to livestock, and garbage and food leftovers, to name some (Khorozyan et al., 2014). 

Under some circumstances, human presence can increase species richness and diversity, but this 

positive response is dependent on when a higher proportion of humans were seen. For example, a 

study in Yemen found that three species—the wolf, fox, and porcupine—dominated their 

communities around higher concentrations of people (Khorozyan et al., 2014). It has also been 

found that human presence was strongly and positively associated with some species, though 

they were less likely to be detected (Khorozyan et al., 2014). While Yemen and Costa Rica are 

hardly comparable, this study is simply seeking to prove that human presence and interactions 

are inevitably linked to mammalian populations, causing a variety of changes species richness 

and diversity. A study of protected areas among the Costa Rican Talamanca Mountains has 

found human activity to have a large impact on mammal populations, asserting that varying 

regulations on protected areas there have “significant effects” on the mammal and bird 

populations (Sáenz-Bolaños et al., 2020). It is vital that humans understand these impacts and are 

aware of how effective various conservation strategies are. 

Humans have other effects on mammals, even going so far as to demonstrate how human 

populations can cause disturbances and lead to both drastic loss of functional diversity and an 

increase in nocturnal behaviors (Li et al., 2022). If this is true in China, it will be interesting to 

see if mammals shift to more nocturnal behaviors with increased human activity in Monteverde, 

considering the area places such an emphasis on protecting wildlife. Logically, an increased 

amount of people on campus would mean that there would be an increased shift in number of 

nocturnal animals in attempt to limit human interactions. However, some animals, such as coatis, 

tend to have less fear of humans and may benefit more from the human influence. In addition to 

the potential behavior shift to a more nocturnal schedule, human presence can also affect the 

proportion of mammals with different types of diets. For example, a study on large mammals 
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found that large herbivores and predators are often thriving in protected areas due to the intended 

sanctuary from human persecution and anthropogenic habitat changes (Sáenz-Bolaños et al., 

2020). Therefore, in areas with increasing human influence or where the human populations 

change quickly, it would stand to reason that the not only the abundance of mammals would 

change but also the composition, with a marked decrease in carnivores and herbivores. 

The pandemic set unprecedented conditions in touristic places such as Monteverde. This unique 

situation provided an important opportunity to understand the effect on humans on mammal 

species composition. The goal of this research study is to understand how the richness and 

diversity of mammals had changed over time due to more humans back on CIEE campus. The 

current conditions of the World are changing fast due to anthropogenic influence; therefore, it 

has become fundamental to understand how mammals’ populations respond to changes in their 

environment. The better we understand wildlife ecology, the better we will be able to conserve 

and manage biodiversity. 

MATERIALS AND METHODS 

Study Site 

This study was done on the trails at the CIEE-Monteverde Campus, Costa Rica (elevation, ~1000 

m) during July 18th to 25th of 2022. The data for 2020 and 2021 had already been collected; the 

same number of cameras will be placed as close to their previous locations as possible. Seven 

camera traps were set up on the CIEE Monteverde Campus at Cecropia, Buho Med, Buho High, 

Zapote Top, Bananal Zapote, Camino Real 2, and Camino Real 3. These traps were placed as 

close as possible to their previous locations based on Figure 1. 

 
Figure 4: Map of camera trap locations CIEE-Monteverde campus, Costa Rica. 
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Experimental Design 

Seven traps were set up along the trail. Before each trap was placed, it was checked for battery 

power and memory card storage, and each camera was set up to only take photos, taking two 

photos at 5 second intervals. Side motion sensors were turned on, the sense level turned to 

medium, and the photos were to be taken at 8 M quality. Each camera was checked meticulously, 

tested before placed in the field, and double checked again after being placed. 

I set up each camera about 60 to 90 cm from the ground, depending on the angle of the lens and 

the height of the trail compared to the tree. The average distance from the ground at trail height 

was 50 to 60 cm. The cameras were all set up facing the open area of the trail, covering as much 

area as possible by setting up at an angle. After the initial setup, the cameras were checked again 

two days later to ensure they were in working order; they take photos at any sign of movement. 

 

 

The cameras required little to no observation during the time allotted for data selection, and this 

time was used analyze the data from previous years. Data from July of 2020 and January, 

February, and March of 2021 were all logged and sorted through. I checked each image, and 

recorded if a mammal present, the year, count, species, location, food source, date, and time. To 

identify the mammals species I used The Mammals of Costa Rica guide (Wainwright, 2007).  

Some images were not of mammals and instead showed birds or butterflies, and some nonnative 

species were seen such as local dogs. Of course, human movement also triggered the cameras. A 

sample image is shown in Figure 2. The correct dates and times were all checked before the 

cameras were used. After collecting data for seven days, the species richness abundance and of 

the mammal species was determined. Then, I categorized the diet (carnivore, omnivore, and 

herbivore) and the habit (diurnal, and nocturnal of each mammal observation. 

 

Figure 6: Sample Camera Trap Photo 
Figure 5: Sample Camera Trap Setup 
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Statistical Analyses 

To test if there was a statistical difference between mammal species richness and abundance 

across year, I performed an analysis of variance (ANOVA)—one for species richness and one for 

total abundance. Then, I conducted a Tukey test for post-Hoc to see if there was any difference 

between the specific years—there were days of samples from the traps for 2020 and 2021 and 

eight days of samples for 2022. A linear model was used to test the difference between mammal 

diets each year and their habits for each year. All statistical analyses were conducted in the 

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

RESULTS 

Mammal Species Richness 

As shown in Figure 4 there is a general decreasing trend in species richness throughout the three 

years. The average species richness per day for 2020, 2021, and 2022 were 5.3, 2.9, and 3.5, 

respectively. There is a statistical difference between 2020 and 2021, showing the decrease in 

species richness between those years (d.f.= 2, 67, p < 0.01) and a statistical difference between 

2021 and 2022 (p = 0.01), showing the increase in species richness between those years. 

However, there is no statistical difference between 2020 and 2022 (p = 0.532). For this 

experiment, year is directly correlated to the number of people on campus, as shown in Figure 5. 

Figure 4 shows clearly how many data points were used for each year, with 2020 and 2021 

showing 31 values and 2022 only containing 8 points. 

 

Figure 7: Mammal species richness per day across year at CIEE-Monteverde campus, Costa 

Rica. 
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Figure 8: Number of people present and average mammal species richness per day at the CIEE-

Monteverde campus, Costa Rica. 

Mammal Species Abundance 

There is a marked decrease in mammal abundance between 2020 and 2022, though 2021 was 

unusual with a high abundance of mammals overall. The average mammal abundance per day in 

2020, 2021, and 2022 were 17.4, 30.7, and 10.6, respectively. Like mammal species richness, 

there is a statistical difference between 2020 and 2021 (p < 0.01) and between 2021 and 2022 (p 

< 0.01), which describes the significant increase in abundance between 2020 and 2021 and the 

significant decrease in abundance between 2021 and 2022. However, there is no statistical 

difference between 2020 and 2022 (p = 0.533). 2021 also has a noticeable amount of high value 

outliers compared to 2020 or 2022 (Fig. 6). Again, year is directly correlated to the presence of 

humans on campus, as shown in Figure 7. 

 

Figure 9: Number of people present and mammal abundance across years at CIEE-Monteverde 

campus, Costa Rica. 
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Figure 10: Number of people present and average mammal abundance at CIEE-Monteverde 

campus. 

Abundance of Mammals with Specific Diets 

Statistical analysis of raw data found that the only significant difference between the various 

diets of mammals between the years is the number of omnivorous animals (F= 8.255, d.f.= 8, 

657, p < 0.01). Otherwise, there was no difference between any of the others, including 

carnivores, herbivores, frugivores, and insectivores. 

 

Figure 11: Average diet for mammals each year at CIEE-Monteverde, Costa Rica 
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Abundance of Time of Activity 

Fig. 7 shows that there is a general decrease in the presence of nocturnal animals on campus. 

However, this data is only statistically significant (F= 7.597, d.f.= 3, 662, p < 0.01) when 

comparing the presence of habits between 2020 and 2021, and between 2021 and 2022. This 

difference is more related to the average abundance, there was a clear, though erratic, increase in 

the overall number of animals between the year (Fig. 6). However, there is no statistically 

significant change in nocturnal animal populations.  

  

Figure 12: Average number of nocturnal and diurnal mammals per day each year on CIEE-

Monteverde Campus, Costa Rica. 

Additional Observations 

Some animals were more difficult to identify than others. Additionally, the traps took photos of 

birds and domestic dogs, neither of which were included in this study. Most noticeable, while 

looking at images from 2021, many of the sites only included coatis, specifically the sites closer 

to campus like the Cecropia trail location. Furthermore, though coatis are considered a diurnal 

animal, their presence was also highly active at night, even at two in the morning. 

DISCUSSION 

In answer to the original question surrounding mammal species richness and abundance, there 

was a discernable difference between each year. However, those differences were not all the 

same. It is important to note that the data from 2022 were much more limited in the amount 

available and could have skewed the results. However, one of the most interesting findings is 

that while species richness decreased, species abundance increased. This is not what was 
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reasons that the species abundance was higher in 2021 is due to the presence of coatis. Since 

there was a drastic increase in coati populations, likely due to human impact, there was also a 

correlated rise in diurnal animals in 2021 and omnivorous animals in 2021. Specifically, one 

camera site noted the presence of at least 10 coatis per day. This could be due to the increase in 

human presence, as some coatis in Costa Rica have been found to prefer to be closer to humans, 

in part developing a dependence on artificial food sources (Hulle & Vaughan, 2009). While it 

was accepted that human settlements might increase some mammal populations while decreasing 

others, it is interesting to note the drastic difference that coatis had on the final manifestation of 

the data. There are several other factors that could have influenced the coati population; for 

example, the correlated decrease in felids due to increased human presence would limit their 

predators, further supporting the coati population (Sáenz-Bolaños et al., 2020). If the presence of 

these animals was not considered, the average abundance of species per day in 2021 would have 

been much lower and would have showed a decreasing trend. Nonetheless, some animals are 

more attracted to anthropogenic settlements than others; humans have a large impact on animal 

populations even when attempting to limit their impact on their surroundings. 

 

Other research done in Costa Rica noted an increase in nocturnal animal with an increase in 

human population (Sáenz-Bolaños et al., 2020). Though no statistical analysis was performed for 

this study, one can see a general trend in the data that shows a decrease in the presence of 

nocturnal animals, which was unexpected. One possible explanation for this trend is that humans 

were still active at night, several cameras showed night hikes or staff walking on the trail as late 

as eleven in the evening. Another possible explanation is that there was a general decrease in 

species diversity throughout the years, and what seems to be a marked decrease in nocturnal 

animals is simply a marked decrease in the species richness. 

 

Though not all data was statistically significant, after going through the data, there was a 

difference in the number of large cats and other uncommon animals seen. For example, many 

pumas, ocelots, and even pacas were seen in the 2020 and 2021 data, and fewer were seen in the 

2022 data. This could have been due to the limited number of days allowed for 2022 images, but 

the presence of these rare mammals is why humans must take care of the habitat around them 

and do their best to limit impacts. 

 

There were several limitations of this study. One of the primary issues was that while there was 

data for each camera for July of 2020, there was not much for July of 2021. It required some 

adaptation, and data from January, February, and March of 2021 was used instead. This could 

have affected the outcome of the data, though it is difficult to know the manner of this change. 

Furthermore, some animals were unidentifiable. Specifically, the rodents seen on the camera 

traps. Considering many of them are nocturnal, the camera was unable to take detailed photos of 

each small rodent seen. Therefore, it required a simple description of “rodent,” even though they 
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may have been difference species and therefore affected the average species richness per day 

measurements. 

Overall, this study was successful in showing the effects of human presence on mammal 

populations. The results of this project were in concordance with other research done in Costa 

Rica—primarily in agreeance that humans have a strong, if unintentional, effect on mammal 

populations simply by being more active in an area (Sáenz-Bolaños et al., 2020). If we do not 

know the influence we have on the wildlife in an area, then there is no way to mitigate the effects 

before it is too late. This study is particularly encouraging because it shows that these animals 

are not gone from the area, many simply choose to be further from human settlements. So long 

as there is a habitat for these animals to escape to, the presence of humans in Monteverde should 

not affect the mammal populations in a damaging, irreversible way. Nonetheless is a vital 

responsibility that we continue to monitor and measure our effects on nature and the world that 

was here before us. 
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The effect of distance between males on the call of the small-headed tree frog 

(Dendropsophus microcephalus, Hylidae) 

Sakura Roberts 

Fulbright College of Arts and Sciences at the University of Arkansas, USA 

ABSTRACT 

Territorial behavior is developed in response to intraspecific competition and need for reproductive 

success. Certain species of male frogs have territories around shallow pond waters in which they defend 

from other conspecific males to attract mates in the breeding season. Intruders are warned off with a 

defense call that serves to establish a certain area in which if the intruder enters, fighting will occur. In 

this study, male Dendropsophus microcephalus found in the foothills of the cloud forest in Monteverde, 

Costa Rica were studied to see if a relationship between increasing call frequency and decreasing distance 

between conspecific males was present. To understand the effect of distance between males on call 

frequency I used two approaches, one comparative using the distance between every pair of frogs and the 

difference between number of clicks, and a second one using average distance between all males and 

number of clicks of each frog. Number of clicks ranged from 5-76 clicks, average of number of clicks was 

36.4 clicks, and average distance between males was 456.5 cm. I did not find a relationship between call 

frequency and distance between males (t= -0.003, p = 0.998). Other relationships such as the one between 

average distances of an individual from all other males and average click numbers show a slight trend that 

indicate that males compete with multiple males at once, however, the data was found to be not 

statistically significant (t= -1.530, p = 0.1467). This study did not provide concluding evidence that 

distance between males influences call frequency. This could be the effect from other factors such as 

predators, female density, environmental conditions, and human disturbance that all effect call frequency. 

RESUMEN 

El comportamiento territorial se desarrolla en respuesta a la competencia intraespecífica y la necesidad de 

éxito reproductivo. Ciertas especies de ranas macho tienen territorios alrededor de aguas de estanques 

poco profundas en los que se defienden de otros machos conespecíficos para atraer parejas en la 

temporada de reproducción. Los intrusos son advertidos con una llamada de defensa que sirve para 

establecer un área determinada en la que si el intruso entra, se producirán combates. En este estudio, se 

estudiaron los machos de Dendropsophus microcephalus encontrados en las estribaciones del bosque 

nuboso en Monteverde, Costa Rica, para ver si existía una relación entre el aumento de la frecuencia de 

llamadas y la disminución de la distancia entre machos conespecíficos. Para comprender el efecto de la 

distancia entre machos en la frecuencia de llamada, utilicé dos enfoques, uno comparativo usando la 

distancia entre cada par de ranas y la diferencia entre el número de clics, y un segundo que usa la 

distancia promedio entre todos los machos y el número de clics de cada rana. El número de clics varió de 

5 a 76 clics, el promedio de número de clics fue de 36,4 clics y la distancia promedio entre los machos fue 

de 456,5 cm. No encontré una relación entre la frecuencia de llamada y la distancia entre hombres (t = -

0,003, p = 0,998). Otras relaciones como la que existe entre las distancias promedio de un individuo de 

todos los demás machos y los números promedio de clics muestran una ligera tendencia que indica que 

los machos compiten con múltiples machos a la vez, sin embargo, se encontró que los datos no son 
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estadísticamente significativos (t = -1.530, p = 0.1467). Este estudio no proporcionó evidencia 

concluyente de que la distancia entre los hombres influya en la frecuencia de las llamadas. Este podría ser 

el efecto de otros factores como los depredadores, la densidad femenina, las condiciones ambientales y la 

perturbación humana que todos los efectos llaman frecuencia. 

INTRODUCTION 

Defense of an individual’s area – territoriality – can be beneficial for the protection or 

acquisition of resources and can result from intense social interactions within a population 

(Córdoba-Aguilar, 2008; Ostfeld, 1990). Territorial behaviors can increase fitness, chances of 

reproduction, and overall success of animals such as mammals, birds, and amphibians (Wells, 

1977). Mating success increases as an individual’s territory size and quality increases (Córdoba-

Aguilar, 2008). Territories can be established in multiple ways, such as using olfactory cues, 

vocal calling, and physical contact (Bunnell, 1973; Harvey Pough, 2007; Ten Eyck & Ten Eyck, 

2017). These actions can prohibit the encroachment of intraspecific competitors for an individual 

and well-defended territories can potentially increase reproductive success. Many species of dogs 

use urine for scent marking territories and red deer engage in rutting as a mating strategy 

(Cafazzo et al., 2012; Carranza et al., 1990). Not just found in mammals, male poison-dart frogs 

use vocal calling as well as physical grasping maneuvers for defense of a territory (Meuche et al., 

2012). 

Territoriality is evident in many pond-breeding anuran species, especially in the wet season. This 

is the result of intraspecific competition for limited resources that can be attributed to increasing 

density or decreasing area. Many territorial sites in frogs tend to be located near oviposition sites 

in bodies of water, suggesting the importance of territorial behavior for mating and reproduction 

(Duellman & Savitzky, 1976). Females choose their partners through call characteristics such as 

frequency, pitch, or intensity; all factors that promise success for offspring (Jennions et al., 1995; 

Leenders, 2016). In the Hylidae family, vocal calling is the main source of territoriality. The 

smith frog is able to alter pulse repetition rates and duration to exhibit distress when a territory is 

being threatened (Martins & Haddad, 1988). Leaf-frogs use two types of acoustic callings (short 

and long type) that are purposed for female recruitment and territorial defense (Abrunhosa & 

Wogel, 2004). Fighting is common when competitors come in close contact with the defending 

male, however, vocal cues are the first main mechanism frogs use when it comes to territoriality. 

One frog species that is known to attract mates and defend their territory is the small-headed tree 

frog, Dendropsophus microcephalus (Hylidae). This species is distributed along the Atlantic 

lowlands through Central and Southern America (Bolívar-G et al., 2009). In Costa Rica, its range 

extends from sea level to 810 m (Leenders, 2016). This small, yellow frog is commonly found in 

disturbed habitats that contain cattle ponds, flooded pastures, roadside ditches, or marshy 

wetlands. A territorial and nocturnal animal, the calls can mainly be heard during breeding 

season as a constant creek-eek-eek with clicks to ward off male competitors for better chances of 

finding a female to mate with. The call of a small-headed tree frog is fascinating in that male 
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individuals have the ability to isolate and synchronize the timing of their calls so females can 

choose a preferred mate. Males can be found calling on perches of branches or brush emerging 

from the vegetation in a pond. Advertisement calls are used to attract females for breeding and 

individuals will include clicks to establish a territory if another male is heard close by (Leenders, 

2016). 

The small-headed tree frog is shown to have expressed increases in call frequency to attract 

nearby females (Leenders, 2016), however, it is unclear whether there is a change in frequency 

when a male is near or approaching the territory of another male. The objective of this study is to 

understand the effect of distance between males on call frequency in the small-headed tree frog 

in Monteverde, Costa Rica. I predicted that call frequency will increase with decreasing distance 

between males due to a necessity for intraspecific competition. 

MATERIALS AND METHODS 

Study Site 

The data was collected from July 22nd to 26th at night in a pond located on CIEE Monteverde 

campus grounds in the San Luis Valley, Costa Rica (pond 3; Figure 1). Calling for small-headed 

tree frogs starts around dusk and extends into the night. The pond, measuring roughly 14 meters 

wide and 11 meters long, consisted of short grasses and patches of brush with water about 0.3 

meters high. 

Call Frequency and Distance Between Males 

Listening to small-headed tree frog calls, a constant clicking noise was used to locate each male. 

After locating an individual male, I recorded the number of clicks in a call for one minute. After 

recording the number of clicks, a flag marker was inserted where the frog was found. Each flag 

had a number that corresponded to the frog that was found in that spot. This method was 

repeated each night.  

Measurements of distance were taken the following mornings after night data collections for 

easier visibility and less disturbance to the frogs. Distances between two calling males were 

found by measuring the length (cm) between flag marker pairs. Measurements were made 

between adjacent numbered flag markers as well as every other pair combination possible (i.e., If 

4 frogs were found, pair measurements would include 1-2, 1-3, 1-4, 2-3, 2-4). 

Natural History Observations 

During data collection, evidence of the presence of groupings, gaps between starting chirps, and 

responses to cane toad calling was noticed. Specific groupings were identified by locating 

isolated groupings within the pond. 3-minute recordings were taken to identify when certain 

territories called and how they called differently.  
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The number of chirps it took to start a steady chorus was noticed and noted during a 2-minute 

recording. This “starting call” was characterized as the gradual beginning of a chorus from 

complete silence. 

Cane toads were sometimes observed to call during small-headed tree frog choruses, and 

recordings were taken starting at the beginning of a cane toad call for 3 minutes to observe any 

responses in tree frog calling to the cane toad call. 

Other measurements calculated from the field data included the difference in click numbers 

between pairs, average distance of an individual frog from others (cm), and the average number 

of clicks per individual. 

Statistical Analyses 

To test for the effect of distance between males and number of clicks, I run a linear regression 

model, one for the paired approach and another for the average approach. All statistical analyses 

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

Team 2020). 

 

Figure 1. Location of study site at the CIEE-Monteverde Campus, Costa Rica. 
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Figure 2. Small-headed tree frog (Dendropsophus microcephalus, Hylidae) found at study site 

pond at CIEE-Monteverde Campus, Costa Rica. 

RESULTS 

There was no statistical difference between distances of pairs versus click number difference (t= 

-0.003, p = 0.998) (Figure 3). Data points are evenly distributed with slightly more pairs being 

found at longer distances (>500 cm). For days 1, 2, and 3, the number of chirps to start a chorus 

were averaged for 3 instances per night with a total average of 13.22 chirps to start a chorus call.  

 

Figure 3. Distance between every pair and difference in number of clicks of the small-headed 

tree frog (Dendropsophus microcephalus, Hylidae) in Monteverde, Costa Rica. 
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Figure 4. Average distance between males and number of clicks of the small-headed tree frog 

(Dendropsophus microcephalus, Hylidae) in Monteverde, Costa Rica. Comparison between 

average distances and average number of clicks of one individual from all others. Slight trend 

indicating more calls found from 400-480 cm. 

Natural history observations (cane toad calling, groupings, and chorus starts) were calculated. 

The average number of calls it took for a chorus to start was 13.22 chirps. For cane toads, in all 

the instances where cane toad calling during small-headed tree frog calling occurred, it was 

noticed that the number of calls of the small-headed tree frogs decreased immensely or 

diminished completely. For groupings observed within the pond, the number of groups varied 

from 2-3 throughout all data collection nights.  

DISCUSSION 

Mechanisms that can cause an increase or decrease in call frequency include female attraction, 

defense, predation, and social density (Jennions et al., 1995; Tuttle & Ryan, 1982; Zhao et al., 

2018). My thought is that social density played a key role in the negative trend found between 

average number of clicks of an individual versus the average number of click differences. 

Increasing social density could mean a decrease in space and amount of territory available for 

male individuals. The trend found suggested that instead of a 1:1 ratio relationship between two 

males, there was a much more complex system found. It was seen that when a frog is exhibiting 

territorial calls, it is competing against multiple males at the same time for mates and resources 

rather than with one male. Even though the data was non-significant, the trend was fascinating, 
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and with more data and a larger sample size, there is a possibility of this trend showing statistical 

significance. 

These results show that there is no significant relation between increasing call frequency when 

the distance between two males decreases. The results were interesting in comparison to the 

averages since this set of data was looking at 1:1 ratios of pairs rather than the group of frogs as a 

whole. There are not many studies that show any experimentation related to this project, so 

determining whether other factors may contribute to this conclusion is not well known. However, 

some factors I believe could have affected this conclusion are 1) prolonged period of drier nights 

and 2) observer bias. 

During Costa Rica’s wet season, June – October, a typical day in Monteverde consists of 

relatively clear mornings with heavy rains in the afternoon. I believe this could have caused an 

inconsistency in sample size, since one of the nights I went out for data collection there had been 

no rain for about 2 days, and that night there was a significant decrease in the number of frogs 

found at the pond. Periods of rainfall are more likely to attract larger numbers of frogs to a 

breeding pond (Leenders, 2016), and on a particularly rainy night, it was observed that call 

abundance in total was much higher than those of drier nights.  

Another issue encountered was the ability to move around in the marshy pond without disturbing 

the frog habitat to a certain degree. Use of heavy waders was needed to walk around the pond, 

and I believe a factor that contributed to a difficulty in hearing calls was the necessary close 

presence of an observer. It is important to be able to visually see the frog while recording clicks 

as to not get different male calls confused. I waded through the pond as slowly and quietly as 

possible but noticed that sometimes frogs would stop calling or retreat into denser brush when I 

approached their site. A less invasive technique could include higher tech equipment such as 

acoustic monitoring software that one could bring into the field to pick up calls from further 

distances. 

The natural history observations were noted throughout the entirety of data collection. Chorus 

call start was defined as the amount of clicks it took to build up to the main chorus. There could 

be two possible reasons for the result found from this trend: 1) male small-headed tree frogs tend 

to synchronize their calls, and a slow build up for the chorus could serve beneficial for allowing 

males to join in synchrony and 2) choruses tend to fall silent when there is fear of predator 

detection, suggesting that slow build up could allow frogs to test their surroundings for predators 

before engaging in full chorus. 

Cane toad calls are loud and easily distinguishable. For all instances of cane toad calling during 

small-headed tree frog calling, the study organisms fell silent. I would say that this is to avoid 

predator detection from the cane toads, and a similar response could occur with other vocal 

calling predators of the small-headed tree frog as well. 
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Lastly, the presence of distinct groupings within the pond was measured and thought to have 

importance in the way frog populations are able to partition areas. There were no physical 

boundaries present that could have prohibited the movement of frogs from one group to another, 

but a possibility of this separation within one habitat could be for better resource partitioning and 

distribution. Male frogs calling in one group never seemed to be defending territories from males 

of another group, and choruses of each group were also heard to start separately but sometimes 

in synchronization with one another. This was interesting to see the social dynamic of different 

presences within one area being able to interact distinctly but also in conjunction with each other. 

Considering territoriality in anurans is important in understanding social interactions of 

organisms. Not only can there be hierarchical standards, but also importance in these behaviors 

for proper reproduction within a population. Territoriality relies on availability of space, and the 

implications of this kind of research can be beneficial in understanding how human degradation 

or disturbance can ecologically alter territorial behaviors. 
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ABSTRACT 

Climate change and the biodiversity crisis are a feedback loop that continues to worsen each year.  

Species are having to adapt to these changes, or they risk going extinct.  Methods of adaption include 

changing their individual characteristics, phenology, or ranges.  The objective of this study is to 

understand how the geographical range of the Long-tailed Manakin has changed over time.  Observations 

of Long-tailed Manakins recorded on the CIEE Monteverde campus were combined with crowdsourced 

data from the past twenty years found on eBird resulting in 18,602 samples.  Results showed a weak 

correlation in the average elevation from the years 2000 to 2022.  Still the relationship between the two 

variables was found to be statistically significant.  Additionally, the number of observations of Long-

tailed Manakins in a location with high elevations (1,000-1,800m) was significantly greater than the 

number found in a region of low elevation (100-500m) .  This study suggests that Long-tailed Manakins 

have expanded their range in recent years.  It also provides information on a new species of tropical bird’s 

elevation range which can be used for further investigating the reasons behind these shifts.  Better 

understanding what necessitates these adaptions, allows for better species protection to help increases 

species abundance. 

RESUMEN 

El cambio climático y la crisis de la biodiversidad son un ciclo de retroalimentación que continúa 

empeorando cada año. Las especies tienen que adaptarse a estos cambios, o corren el riesgo de 

extinguirse. Los métodos de adaptación incluyen cambiar sus características individuales, fenología o 

rangos. El objetivo de este estudio es comprender cómo ha cambiado con el tiempo el área de distribución 

geográfica del saltarín colilargo. Las observaciones de Saltarines de cola larga registradas en el campus de 

CIEE Monteverde se combinaron con datos de colaboración colectiva de los últimos veinte años 

encontrados en eBird, lo que resultó en 18.602 muestras. Los resultados mostraron una correlación débil 

en la elevación promedio de los años 2000 a 2022. Aun así, se encontró que la relación entre las dos 

variables era estadísticamente significativa. Además, el número de observaciones de Saltarines de cola 

larga en un lugar con elevaciones altas (1.000-1.800 m) fue significativamente mayor que el número 

encontrado en una región de baja elevación (100-500 m). Este estudio sugiere que los saltarines de cola 

larga han ampliado su área de distribución en los últimos años. También proporciona información sobre el 

rango de elevación de una nueva especie de ave tropical que se puede utilizar para investigar más a fondo 

las razones detrás de estos cambios. Una mejor comprensión de lo que requiere estas adaptaciones 

permite una mejor protección de las especies para ayudar a aumentar la abundancia de especies. 

INTRODUCTION 

Climate change threatens the future of our planet.  Currently in the zone of certainty with 

increasing risk, climate change is one of the nine planetary boundaries that puts a limit on what 

Earth can handle while being able to provide for generations to come (Steffen et al., 2015).  
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Without reform, greenhouse gases from human emissions will continue to trap heat in the 

atmosphere for long periods of time resulting in increased global temperatures (Steffen et al., 

2015).  This scenario puts individuals, populations, and species at risk which leads to loss of 

biodiversity within ecosystems (Pettorelli et al., 2021; Weiskopf et al., 2020).  However, the 

biodiversity crisis and climate change are interdependent as biodiversity loss threatens valuable 

ecosystem services like carbon sequestration which results in even more carbon remaining in the 

atmosphere (Novasek & Cleland, 2001; Pettorelli et al., 2021). 

Climate change increases primary productivity, the spread of invasive species, biotic attrition, 

sea levels, and the number of extreme events, like floods and wildfires (Colwell et al, 2008; 

Lipton et al., 2018; Sattar et al., 2021; Weiskopf et al., 2020).  These climatic changes not only 

affect ecosystems, but also the ecology of each of the species found within.  Species have to face 

the challenge of finding ways to adapt to these negative effects brought on by climate change or 

they risk going extinct (Weiskopf et al., 2020).  Examples of the way species have adapted are by 

changing their individual traits, the timing of important biological events, or their geographic 

ranges (Lipton et al., 2018).  These three adaptions have been widely researched in birds which 

makes them an important indicator for climate change (Şekercioğlu et al., 2012).  Some 

adaptions to increasing temperatures studied in bird species include smaller body size, but longer 

wingspans across North American migratory birds (Weeks et al., 2019), earlier breeding seasons 

in the black-throated blue warbler (Setophaga caerulescens) (Lany et al., 2015), and expansion 

in the range of lowland birds to higher elevations in southeastern Peru (Freeman et al., 2018).  

However, birds are not always able to overcome these challenges and adapt.  It is predicted that 

if temperatures continue to increase at the rate that they are, 600–900 species of land birds will 

go extinct by the year 2100 (Şekercioğlu et al., 2012). 

In particular, tropical birds have an even greater susceptibility to warming temperatures, as they 

exhibit narrower climatic niches since they only experience limited temperature variation 

throughout the year (Neate-Clegg et al., 2021; Perez et al., 2016; Şekercioğlu et al., 2012).  Still, 

each bird species responds in a different way depending on their traits, such as body size, 

dispersal ability, and territoriality (Neate-Clegg et al., 2021).  The factors that influence birds’ 

responses to climate change are complex.  Therefore, it is advisable to look at their adaptions 

from a regional standpoint to accurately predict a geographical shift among birds (Neate-Clegg et 

al., 2021).  In addition to the regional scale context, it is important to understand birds’ responses 

at the specific species level.  This study focuses on the Long-tailed Manakin (Chiroxiphia 

linearis, Pipridae) in Costa Rica.  Long-tailed Manakins are distributed from the southern tip of 

Mexico to Costa Rica (Marsh, 2014).  The species reside in mangroves, lowlands, premontane 

tropical moist forests, or tropical dry forests and it is uncommon to see them at an elevation of 

1,500 meters above sea level  (Garrigues & Dean, p. 256, 2014; Foster, 1976; Marsh, 2014).  The 

objective of this study is to understand how the geographical distribution of Long-tailed 

Manakins has changed over time. 

More specifically, the elevation of Long-tailed Manakin observations from 2000 to 2022 and the 

difference in number of Long-tailed Manakin observations in a place with generally low 

elevation in comparison to one with high elevation were evaluated.  I hypothesized that over the 
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past 22 years, the habitats of the Long-tailed Manakins have shifted to areas of higher elevation.  

Therefore, it was expected that there would be an increase in the average elevation and an 

increase in observations in the location with high elevation since the year 2000.  This study aims 

to contribute to a better understanding of tropical birds’ elevational shifts as a response to a 

changing environment. 

MATERIALS AND METHODS 

Study Sites 

Fieldwork data was collected at the CIEE-Monteverde campus in San Luis, Monteverde, Costa 

Rica from July 20 to July 26, 2022 (Figure 1).  This area has an altitude of 1089 meters and 

consists of premontane wet forest with primarily secondary growth.  Other data was from 

observations across Costa Rica with a focus on Carara and Monteverde (Figure 2). 

 

Figure 1. Map of CIEE Monteverde Campus where Long-tailed Manakin observations for 

personal dataset were found (10º 16’ 56.20” N, 84º 47’ 55.87” W).  
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Figure 2. Range map of the frequency of Long-tailed Manakins eBird observations in Costa 

Rica from 2000 to 2022.  The red and blue stars mark the general location of Carara and 

Monteverde, respectively. 

Sample Collection 

Observations of Long-tailed Manakins found on the CIEE campus’ trails were recorded using an 

eBird checklist (Figure 3). Each trail was only used once to avoid multiple observations of the 

same individual.  To gather Long-tailed Manakin observations from previous years, a csv file 

was downloaded from Global Biodiversity Information Facility (GBIF) containing 32,268 

sightings from various online data collections.  The observations collected on eBird were 

downloaded and added to this dataset. 

Figure 3. Image (3A) depicts an adult male Long-tailed Manakin.  Adult males are black with a 

red crown and light-blue mantles. Juvenile males have the same crown and mantles, but their 

primary body plumage is green.  They generally grow to be about 25 cm long (Garrigues & 

Dean, p. 256, 2014).  Image (3B) depicts a female Long-tailed Manakin’s greenish body.  They 

A B 
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generally are about 15 cm in size (Garrigues & Dean, p. 256, 2014).  Photos courtesy of Jaret 

Cross. 

Statistical Analyses 

The file was loaded into R (version 4.0.3) and was filtered to contain only data from Costa Rica 

and eBird.  GNsrtm3 from the geonames package (version 0.999) was used to calculate the 

elevation for the data using latitude and longitude.  The samples were grouped into two 

categories based off their elevation with “Low” being less than 1000 meters and “High” being 

1000 meters and above.  Two tests were conducted to find the significance of (1) the change in 

the samples’ elevation from 2000 to 2022 and (2) the difference in number of observations in a 

location with low elevation and one with higher elevation. 

To test for change in elevation over time, the average elevation for each year was calculated to 

control for difference in number of Long-tailed Manakin sightings from year to year.  The 

averages were then plotted as year vs time in a scatter plot to identify a trend.  The data was 

fitted to a linear model using the R Stats package (version 4.0.3). 

To test for the difference in number of observations in locations with difference in elevation, the 

regions of Carara and Monteverde were studied in more detail.  Carara has a reported elevation 

range of 100 to 500 meters whereas Monteverde ranges from 1,000 to 1,800 meters in elevation.  

A subset of the full data was created containing only samples located these two regions.  In order 

to understand if observations of Long-tailed Manakins are more common in Monteverde than 

Carara, I performed a chi-square analysis to test for the difference in the frequency of 

observations between both geographic locations. 

RESULTS 

Change in Elevation from 2000-2022 

Overall, there were 18,600 Long-tailed Manakin observations that ranged in altitude from 0 to 

1,916 meters.  In 2000, the highland observations represented 32% of the total observations, 

whereas in 2022 it increased to 45% (Figure 4).  To account for the variation in the number of 

observations each year, the average elevation for the years 2000 to 2022 was calculated.  The 

values when graphed over time appeared to have a moderate positive correlation (Figure 5).  A 

linear regression was performed to test for this correlation.  It was found that there was a 

statistically significant relationship between the average elevation and year (R2 = 0.281, F = 

8.202, d.f. = 21, p = 0.009).  About 28.1% of variation in average elevation can be accounted for 

by the year. 
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Figure 4. Proportion of eBird observations of Long-tailed Manakins (Chiroxiphia linearis, 

Pipridae) found at low (0–1000m) and high (>1000m) elevations in Costa Rica from 2000–2022. 

 
Figure 5. Average elevation of Long-tailed Manakin (Chiroxiphia linearis, Pipridae) eBird 

observations in Costa Rica from 2000 to 2022. 
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Figure 6. Elevation of Long-tailed Manakins (Chiroxiphia linearis, Pipridae) observed on eBird 

in the Carara and Monteverde regions of Costa Rica from 2000 to 2022.  Carara and Monteverde 

fall in line with the previously used low and high elevation category, respectively. 

Differences in Number of Observations in Carara vs Monteverde 

From 2000 to 2022, there were 737 and 1,537 observations for Carara and Monteverde 

respectively.  Observations in Carara range from 8 to 284 meters in elevation, with an average of 

87.66 meters (Figure 6). Monteverde observations ranges from 671 to 1,828 meters, with an 

average of 1,342 meters (Figure 6).  The difference in number of observations found in Carara vs 

Monteverde from year to year was found to be statistically significant (X2 = 60.653, d.f. = 11, p < 

0.001) (Figure 7). 
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Figure 7. Total number of eBird observations of Long-tailed Manakins (Chiroxiphia linearis, 

Pipridae) in Carara and Monteverde from 2010 to 2022. 

DISCUSSION 

The hypothesis that the habitats of the Long-tailed Manakins have shifted to areas of higher 

elevation over the past twenty years was supported by the two investigations of this study.  First, 

the change from year to year was found to have a statistically significant association with the 

change in average elevation presenting as a moderately positive correlation.  This shows that 

since 2000, the average elevation of Long-tailed Manakin observations has been increasing.  

Second, Long-tailed manakins seem to be more commonly found in regions with higher 

elevations such as Monteverde.  These findings suggest one of two possible responses: Either 

Long-tailed Manakins are expanding their range, or they are shifting their range to higher 

elevations.  Moreover, both of these results are consistent with other research that concluded that 

tropical bird with smaller bodies that exhibit less territoriality were more likely to shift upslope 

(Neate-Clegg et al., 2021). 

Although the findings of this study have signified a change in the geographical range of the 

Long-tailed Manakin in Costa Rica, the reason behind this change is still unknown.  With other 

species of birds, these range shifts have presented as a delayed response of increasing 

temperatures (Forero-Medina et al., 2011).  In fact, the direct influence of temperature on 

tropical birds moving upslope was found to be weak (Freeman, 2016).  This is why researchers 

have concluded that geographical range is a complex system of the indirect effects of climate 

change like temperature and precipitation (Forero-Medina et al., 2011; Freeman, 2016).  Indirect 
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biotic variables like resource availability, habitat, competition, interaction between species, or a 

combination of them would need to be investigated to recognize the driving-force behind Long-

tailed Manakins’ shift upward (Colwell et al., 2008; Freeman, 2016; Neate-Clegg et al., 2021).   

It is important to consider the limitations of this experiment.  In just the past few years, eBird has 

grown immensely in popularity which resulted in more Long-tailed Manakin observations in 

these years.  A greater number of sightings provides a better predictor for the entire population.  

So, the averages for elevation from 2000 to 2015 may not be accurate estimates of the 

geographical range of Long-tailed Manakins in those years due to a smaller total number of 

observations.  Additionally, when comparing the number of Long-tailed Manakins found in 

Carara and Monteverde, not all confounding variables were accounted for.  The difference in 

total geographic area and number of observers were not controlled for, so the difference in total 

observations could be due to bias.  Future studies should aim to limit these confounding variable 

to see if after controlling for them the relationship found in this study holds.  This study provides 

important insights about the changes of the geographical distribution of the Long-tailed Manakin 

in Costa Rica.  The presumable shift in elevation of this bird species might also apply to other 

manakin species and potentially to other groups of Neotropical birds. 

Long-tailed Manakins along with other tropical birds will continue shifting their elevational 

ranges each year due to some combination of the direct and indirect effects of climate change.  It 

is important to understand how birds respond to changing environment conditions.  Knowing 

how they will respond allows one to better predict how they will respond in the future.  If we 

know what will happen we will be able to better protect tropical birds. 
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