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ABSTRACT

In temperate forests, a single tree can influence the immediate soil nutrient availability and
fertility, however, no such patterns seem to exist for species rich tropical forests. I examine the
relationships between tree species, diameter at breast height (DBH) of the tree, and soil pH, and
soil organic carbon (SOC) in a premontane, secondary successional, tropical forest in San Luis,
Costa Rica in order to determine whether or not some species create different microhabitats
around them. SOC and pH were not found to be significantly different between Cecropia
obtusifolia and Inga punctata, two common secondary successional species. Additionally, I
consider the relationship between tree density and diversity and soil quality indicators, namely
pH and nutrient availability (nitrogen, phosphorus, and potassium). Density and pH were
significantly positively correlated. Specifically examining tree diversity and soil quality in a
naturally regenerated forest will contribute to conservation strategies and tools in tackling
reforestation. Understanding the relationships between tree species, soil quality, and tree
diversity and density can have important implications for what different forests can provide for
other flora and fauna with which they share a habitat.

RESUMEN
En los bosques templados, un solo árbol puede influir en la disponibilidad inmediata de
nutrientes y en la fertilidad del suelo, sin embargo, no este patrón no es el caso para los bosques
tropicales ricos en especies de árboles. En este estudio evalúo las relaciones entre las especies de
árboles, el diámetro a la altura del pecho (DAP) del árbol, y el pH del suelo, y el carbono
orgánico del suelo (COS) en un bosque tropical premontano, de sucesión secundaria, en San
Luis, Costa Rica, con el fin de determinar si algunas especies crean o no diferentes microhábitats
a su alrededor. Se encontró que el COS y el pH no eran significativamente diferentes entre
Cecropia obtusifolia e Inga punctata, dos especies de árboles sucesionales secundarias comunes.
Además, considero la relación entre la densidad y la diversidad de los árboles y los indicadores
de calidad del suelo, concretamente el pH y la disponibilidad de nutrientes (nitrógeno, fósforo y
potasio). La densidad y el pH están significativamente correlacionados de forma positiva. El
estudio específico de la diversidad de árboles y la calidad del suelo en un bosque regenerado de
forma natural contribuirá a las estrategias y herramientas de conservación a la hora de abordar la
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reforestación. La comprensión de las relaciones entre las especies de árboles, la calidad del suelo
y la diversidad y densidad de los árboles puede tener importantes implicaciones para lo que los
diferentes bosques pueden proporcionar a otra flora y fauna con la que comparten hábitat.

1 | INTRODUCTION

Rich soil that can sustain biological productivity and maintain or improve water and air quality is
vital to ecosystem functioning (Doran et al., 1994). The diversity of tree species is correlated
with soil heterogeneity: localized differences in soil quality indicators such as pH, soil organic
carbon (SOC) content, and availability of nutrients (Tang et al., 2011). Studies in temperate
forests have shown that a single tree can influence the immediate soil nutrient availability and
fertility; more specifically, species in the genus Pinus have been shown to contribute to local
heterogeneity (Zinke, 1962). Differences in local soil pH, soil organic carbon (SOC) and
nitrogen mineralization rates have been found in temperate deciduous forests related to the
presence of different tree species (Boerner & Koslowsky 1989; Boettcherd & Kalisz 1990; Finzi
et al., 1998).Soil pH was influenced by tree species identity but not tree diversity in a montane
subtropical temperate transition zone forest in the mountains of China (Zheng et al., 2017).
However, no such patterns have been found in tropical forests (Powers et al., 2004).

In this study, I examine the relationships between tree species, diameter at breast height
(DBH) of the tree, soil pH, and SOC in a premontane tropical forest in San Luis, Costa Rica in
order to determine whether or not some species create different microhabitats around them.
Cecropia obtusifolia and Inga punctata were chosen because of their differing successional
strategies and because they are common in neotropical, premontane forests. Cecropia obtusifolia
is a pioneer species that is highly successful at reclaiming disturbed areas with poor soil, and
Inga punctata is a slow-growing species common in secondary forests, arriving last in the
successional stages, but still is successful in poor soils (Shukla & Ramakrishnan, 1986). Lastly, I
explore the relationship between tree density and diversity and soil quality indicators, namely pH
and nutrient availability. In Borneo, it was found that tree diversity and phylogenetic diversity
were positively correlated with soil pH but negatively correlated with elevation (Ferry Slik et al.,
2009). However, this island-wide study does not take into account the history of the forests such
as land use change, deforestation, and regeneration, nor does it address density of trees. Both the
effect that soil characteristics have on tree community composition and the effect that trees have
on soil characteristics is understudied in tropical forests. Additionally, the relationship between
tree density and soil characteristics in tropical ecosystems remains underexplored. Specifically
examining tree diversity and soil quality in a naturally regenerated forest will contribute to
conservation strategies and tools in tackling reforestation. In addition, understanding the
relationships between tree species, soil quality, and tree diversity and density can have important
implications for what different forests can provide for other flora and fauna with which they
share a habitat.
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2 | METHODS

2.1 | Study Site
The Zapote plot in San Luis, Monteverde Costa Rica is in a premontane, wet forest on the

pacific slope with an elevation of about 1,400 m. It is 1 ha of natural forest regeneration that used
to be cattle pasture, and is divided into 25 subplots (Figures 1, 2 & 3). A total of 1,111 trees have
been identified to the species level and tagged. The four most common species are Nectandra
salicina, Cecropia obtusifolia, Inga punctata, and Eugenia guatemalensis; however, there is no
dominant species (Figure 3).

Figure 1. Each side of the Zapote plot is 100 m and it is on a steep, south-east facing slope.
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Figure 2. Zapote plot with all identified and tagged trees, each tree is labeled with its tag number
and the axes are in meters. One can see there is a higher density of trees in the north end of the
plot and a low density in the south-west corner.

4



Figure 3. Distribution of the four most common species in the Zapote plot: Nectandra salicina,
Cecropia obtusifolia, Inga punctata, and Eugenia guatemalensis showing different distributions
throughout the plot.

2.2 | Individual Tree Species and Soil Heterogeneity
Two Cecropia obtusifolia and four Inga punctata trees were sampled in order to examine soil
organic carbon (SOC) and pH in the immediate vicinity of different tree species. I took four soil
samples for each tree, one at each of the cardinal directions 1 m away from the trunk with a 10
cm soil core. The soil samples were then tested for SOC, pH, and nitrate content. First, the soil
samples were dried overnight with a lab oven set at 54 ˚C. In order to calculate the SOC, I used
the Organic Carbon Test (Colorimeter Method) as outlined by Sutherlin (2018) and a
sucrose-based standard curve for carbon concentration vs. absorbance provided by Mendoza
(2016). I combined 0.5 g of dried and sieved soil, 2 mL of distilled water, 10 mL of 5%
dichromatic potassium, and 5 mL of 98.08% sulfuric acid in an erlenmeyer flask. Each sample
was then heated on a hot plate for 30 minutes at 150 ˚C and cooled to room temperature. I added
50 mL of 0.4 % barium chloride and let the samples sit overnight. I also made a blank solution
without the addition of soil in order to calibrate the spectrophotometer. The next day I added 2
mL of the produced solution to a colorimeter cuvette. I used a spectrophotometer to measure
percent transmittance at 600 nm and then calculated the SOC of each sample using the equation:

𝑚𝑔𝑚𝑔 𝑜𝑓 𝑆𝑂𝐶 𝑆𝑂𝐶
𝑚𝐿 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 =    (2−𝑙𝑜𝑔(%𝑇)−0.0124)

0.053
where %T is the percent transmittance (Mendoza, 2016). Additionally, soil and deionized water
were mixed in a 1:1 volume ratio and the pH of that solution was measured using a digital pH
meter.
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2.3 | Soil Heterogeneity and Tree Species Richness and Density
The Zapote plot was divided into 25 subplots each measuring 20 m x 20 m. Species richness and
count of trees (and therefore density) was provided by CIEE.

Figure 4. The Zapote plot is split into subplots each 20 m x 20 m. Subplots C, D, F (high
diversity and density), H, M, and X (low diversity and density) were sampled.

Subplots C (high density), D (high density), F (high density and diversity), H (low
diversity), M (low diversity), and X (low density) were sampled (Figure 4). Five soil samples
were taken in each subplot with a 10 cm soil core, four at 5 m in from each corner, and one in the
center. The samples were then taken into the lab to be dried and ground as described in section
2.2. Then each sample was tested with a Lamotte Soil Testing Kit to determine the concentration
of nitrogen, phosphorus, and potassium. In order to produce a numerical result, the percentage of
samples in a given subplot that had “medium” levels of the nutrient as reported by the Lamotte
Soil Test Kit was calculated and then compared across subplots. Additionally, soil and deionized
water were mixed in a 1:1 volume ratio, and the pH of that solution was measured using a digital
pH meter.

2.4 | Statistical Analysis
1-way ANOVA  was performed to compare SOC and soil pH between Cecropia obtusifolia and
Inga punctata. Linear regressions were performed on the relationship between tree density of
each subplot and soil pH, diversity and soil pH, and diversity and the standard deviation of soil
pH. 1-way ANOVA was performed to compare the mean soil pH of different subplots.
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3 | RESULTS
3.1 | Individual Tree Species
It was found that Inga punctata had a higher mean pH than Cecropia obtusifolia (Figure 5), but
this difference was not found to be significant (1-way ANOVA, F1,21 = 0.823, p = 0.375). No
difference was found between the mean SOC for Inga punctata and Cecropia obtusifolia. (1-way
ANOVA, F1,22 = 0.6247, p = 0.4378). All soil samples tested “Low” for nitrogen using the
Lamotte Soil Kit.
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Figure 5. The mean pH (above) and mean SOC (below) divided by species. Error bars indicate
one standard error.

When comparing DBH to SOC, there was a negative relationship for both species (Figure
6), but those trends were non-significant (Linear model, F3, 20 = 0.160, p = 0.6925). As the tree
increases in age (DBH), the SOC content immediately around the tree decreased, but as
aforementioned, this relationship was not found to be significant.

Figure 6. The relationship between tree DBH and SOC in soils for the two species. Sampled
Cecropia obtusifolia had a higher average DBH than sampled Inga punctata.

3.2 | Soil Heterogeneity and Tree Species Richness and Density
The subplots with high tree density had the lowest mean soil pH at 6.794 (95% C.I. 6.527 -
7.061), and the subplots with low tree density had the highest mean soil pH, 6.912 (95% C.I.
6.507 - 7.317) (Figure 7). However, no significant differences were found (1-way ANOVA, F1,4

= 0.18, p = 0.909).
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Figure 7. Mean pH of each treatment. Some treatments had 2 subplots and some had 1. Error
bars show 1 standard error.

All soil samples had similar values using the Lamotte Soil Testing Kit for nitrogen values
(low), but potassium and phosphorus were found at varying levels (low and medium) in the soil
samples. There was no general trend in the data to indicate that one of the plots had higher levels
of potassium or phosphorus due to the tree density or diversity of the plot (Figure 8).
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Figure 8. Percentage of results from the Lamotte Soil Kit that were “medium” for each
treatment. Error bars show 1 standard error.

No significant relationship was found between soil pH and tree species richness in the
subplots (Figure 9) (Linear model, F1,4 = 0.9639, p = 0.3818). However, tree density and soil pH
were significantly positively correlated (Figure 9) (Linear model, F1,4 = 10.91, p = 0.0298). As
both tree species richness and tree density increase, the soil pH also increases.
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Figure 9. The relationship between tree species richness and soil pH (top), and the relationship
between tree density and soil pH (bottom).

There was a positive relationship between tree species richness and the standard deviation
of soil pH but it was not significant (Linear model, F1,4 = 5.889, p = 0.0722). As the tree species
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richness increased, the variation (standard deviation) of soil pH within the subplot increased.

Figure 10 The relationship between tree species richness and the standard deviation of soil pH.

4 | DISCUSSION
Soil organic carbon content was not found to be significantly different between Cecropia
obtusifolia and Inga punctata; other studies conducted in other areas of the neotropics support
this finding (Powers et al. 2004). Inga punctata is from the family Fabaceae and has a symbiotic
relationship with nitrogen fixing bacteria (Corby 1998). This relationship could suggest that
there would be a higher concentration of nitrates directly around Inga punctata trees, however,
all soil samples reported the same concentration of nitrogen (low) because of the poor resolution
of the testing kit used. These similar results between tree species suggest that either Cecropia
obtusifolia and Inga punctata do not influence the pH or nitrogen of the soil around them, or they
grow in similar soils. Further research should be conducted with higher precision tools for
measuring nitrogen content in the soil, and with a larger sample size of trees. If heterogeneity
were found, those results could help inform conservationists about active forest regeneration. For
example, in a disturbed tropical forest, introduced trees that fix nitrogen (Fabaceae family)
support a higher diversity of understory and woody plants similar to that of areas with
native-dominated canopies (Cusack & McCleery, 2014). DBH and SOC were found to have a
negative relationship, however it was found to be non-significant. This pattern suggests that the
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age of individual trees (DBH) does not have an effect on immediate local soil carbon
sequestration. However, older secondary tropical forests have higher SOC (Sang et al., 2013).
Further research should investigate on a larger scale if individual tree age does increase SOC
rather than examining SOC at stand levels.

It is important to note that there could be soil quality gradients across the entire Zapote
plot that interfere with the data. That being said, it was found that the number of trees per subplot
(density) was positively correlated with pH; the more trees in the plot, the less acidic the soil.
These findings suggest that either higher density and diversity creates less acidic soils or that less
acidic soils support a higher density and diversity of trees. Ferry Slik et al. (2009) found similar
results relating species richness to higher pH, but no studies have examined density and its
relation to soil pH in tropical forests. It is unknown in this case if soil characteristics determine
tree stand composition or if the tree stand composition determines soil characteristics.
Additionally, this relationship could be multifaceted and further studies teasing apart the details
of this relationship are needed.

Having a variety of localized soil pH, helps increase or maintain the diversity of tropical
forests (Homeier et al., 2010). My findings are in accordance with this as the standard deviation
of soil pH increased with tree species richness. It is unclear whether more species of trees creates
more soil pH heterogeneity or if more soil heterogeneity supports higher species richness. With
more diverse soil pH, forests may be able to support more tree species. In a tropical forest in
Mexico, variation in soil qualities within the same forest increases β-diversity (Kurzmeier et al.,
2021). Soil heterogeneity caused by buttress roots maintains seedling diversity by creating
different microenvironments that support different species (Tang et al., 2011). Future studies that
investigate the relationships between tree species and the local soil heterogeneity or the
relationships between forest species composition and soil quality can provide important
information about how these tree species and the soil itself can sustain bioproductivity and
healthy ecosystems.
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How proximity to forest ecosystems influences soil microbial 

diversity, growth, and health of bananas (Musaceae) 

Kathryn Hart 

O’Neill School of Public and Environmental Affairs, Indiana University 

Abstract 

Bananas and plantains (Musa spp.) are produced heavily in monoculture which makes 

them particularly vulnerable to Fusarium Wilt, a fungal disease. It has been suggested 

that crop proximity to forest ecosystems, soil microbe diversity, and plant health are 

related; therefore, increased implementation of agroforestry methods and the use of 

biological control agents should decrease Fusarium spp. infections. In this study I 

monitored plant growth and surveyed diseased leaves of banana plants and collected 

soil microbes in forest interior and forest edge locations in San Luis, Costa Rica. Non-

reproductive banana pseudo stems were trimmed, and growth was measured after two 

weeks. To quantify disease, the number of yellowing or browning leaves on 

reproductive plants were counted and the average percentage of diseased leaves per 

plot was calculated. Rice traps were constructed to culture and identify the possible 

presence of antagonistic and pathogenic soil microbes in the two locations. 

Observations of banana plant growth and disease indicators on banana leaves revealed 

that plant growth is higher on the forest edge and disease presence does not differ 

because of plantation location. Possible microbial antagonists and pathogens, such as 

Beauveria bassiana and Fusarium spp. respectively, were identified in soils along the 
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forest edge. These conclusions suggest that other factors may be more important in 

determining banana plant growth patterns. The high abundance of diseased leaves and 

possible presence of Fusarium in the soil should be further investigated to mitigate 

disease spread. 

Resumen 

Bananos y plátanos (Musa spp.) son producidos frecuentemente en monocultivos y por 

eso son vulnerables a la fusariosis, una enfermedad micótica. Ha sido sugerido que la 

proximidad a sistemas ecológicos del bosque, diversidad de microbios del suelo, y la 

salud de las plantas están relacionados; así que la implementación elevada de métodos 

agroforestales y el uso de agentes de control biológica deben reducir las infecciones de 

Fusarium spp. En este estudio yo observé el crecimiento y los indicadores de 

enfermedad en las hojas de plátanos y colecté los microbios del suelo dentro del 

bosque y en el borde del bosque en San Luis, Costa Rica. Los tallos de plantas no 

reproductivas fueron cortadas para ver el crecimiento después de dos semanas. Para 

cuantificar la enfermedad, se contó el número de hojas amarillas o marrones en plantas 

reproductivas y se calculo el promedio del porcentaje de hojas enfermas.  Trampas de 

arroz fueron construidas para cultivar e identificar la presencia posible de microbios 

antagonistas y patógenos en los dos sitios. Observaciones del crecimiento de bananos 

e indicadores de enfermedad revelaron que el crecimiento es mayor en el borde del 

bosque, y no hay diferencias en la presencia de enfermedad entre los dos sitios. Es 

posible que microbios antagonistas y patógenas, como Beauveria bassiana y Fusarium 

spp. respectivamente, fueron identificados en el suelo del borde del bosque. Estas 

conclusiones sugieren que otros factores son más importantes en la determinación de 
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los patrones del crecimiento de los bananos. La gran abundancia de enfermedad y la 

presencia posible de Fusarium en el suelo deben ser investigados más para evitar la 

propagación de la enfermedad. 

Introduction 

Bananas and plantains (Musa spp.) are the most widely cultivated and distributed fruits 

in the world (Bubici et al., 2019); originally native to Southeast Asia, many species and 

varieties are now grown throughout the tropics. A variety of Musa acuminata called the 

Cavendish currently makes up 99% of all banana exports and has been cultivated since 

the 1950’s when the previously popular variety was devastated by an epidemic of 

Fusarium Wilt or Panama Disease (Köberl et al., 2017 and Xue et al., 2015). The first 

epidemic was caused by Fusarium oxysporum f.sp. cubense (FOC) race 1, and now the 

lack of genetic resistance in the Cavendish variety has resulted in the spread of FOC 

race 4 (Bubici et al., 2019). Without change in cultivation techniques or the adoption of a 

new fungus resistant variety, banana plantations across the globe will remain vulnerable 

to this disease. 

Recent research has suggested that the application of biological control agents 

(BCAs) and bioorganic fertilizers (BIO) may decrease the incidence of FOC via natural 

antagonism of the fungus by other fungi and bacteria (Bubici et al., 2019). Agroforestry 

systems have also been shown to decrease the incidence of FOC compared to 

monocultures, but they often still require conventional fungicide treatments. (Köberl et 

al., 2017). Microbiomes and their ecosystem relationships are complex, yet there seems 
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to be some link between soil microbe diversity, forest- agricultural proximity, and 

banana plant health.  

This study aims to understand the influence of the proximity to forest ecosystems 

on soil microbial diversity and banana plant growth and health. 

I expect to find that plots located along the forest edge have lower plant growth 

rates, higher percentages of diseased leaves, higher occurences of pathogenic 

microbes, and a lower occurrence of antagonistic microbes than plots located in the 

forest interior. In addition, those predictions will hold true for the plots that are farther 

away from the forest edge than those that are closer. This would suggest that the 

current structure of intensive monoculture banana plantations decreases plant health 

which, in the case of fungal/ bacterial outbreaks could eventually lead to the destruction 

of entire farms. If similar results between banana stands are found then it would suggest 

that plant health is more heavily impacted by factors besides proximity to forest 

ecosystems such as nutrients, light, and herbivory. 

Methods 

Study Plantations 

I sampled two banana stands located just north of the reception building and along the 

zapote trail, near Nino Farm, of the CIEE Monteverde Campus, Puntarenas, Costa Rica 

(Figure 1). Each plantation was located on a slope and at each plantation a 20 by 20-m 

plot was measured and 5 transects (3.33 m apart) were marked at the base of the slope 

(Figure 2). For each transect, two points were selected at random distances, between 0 

and 20 meters, where 0 m was the top of the slope; these points were the center of 
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each sample plot. The reception location was the forest edge plantation, and the Zapote 

Trail location was the forest interior plantation. At the forest edge plantation, the top of 

the slope or 0 m in the plot was the closest to the forest. I sampled two randomly 

selected plots near the reception building that were outside of the plot limits as it was 

the furthest stand of bananas from the forest edge and I wanted to sample a wider 

distance margin from the forest edge. The selected plots had to fit the following criteria: 

have at least three reproductive plants, at least three nonreproductive plants, and 

contain no other large canopy tree species. Reproductive plants were individuals that 

were large enough to product fruits while non-reproductive plants were young 

individuals that were not much taller than 1 m or smaller.  

 

Figure 1 Map of CIEE Monteverde Institute Campus, in Puntarenas, Costa Rica, 

labeled with the location of the banana plantations, Nino Farm, and reception building.  
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Figure 2 Diagram of plantation design where Tn are the transects and the red circles 

are plausible plot locations. 

Plant Growth 

To measure non-reproductive plant growth rate, 3 non-reproductive plants in each plot 

were be trimmed approximately 10 to 15 cm from the ground (Figure 3). After two 

weeks, the height of the new growth was measured.  
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Figure 3 Image of freshly trimmed non-reproductive plant 

Plant Health 

Leaf health was measured by identifying the percentage of yellowing or browning leaves 

on each of the reproductive plants in each plot. Any yellow or brown edges or spots was 

considered diseased. The percentage of disease leaves of the plants in each plot was 

then averaged to give an average percentage of diseased leaves per plot.  

Soil Microbes 

Rice traps were used to collect and culture soil microbes using the field assessment of 

soil microorganisms protocol (Hilje, 2021). Wire baskets and chicken wire screens were 

staked into the ground over the cups in efforts to protect the rice from being disturbed or 

eaten by wildlife (Figure 4). Photos were taken from an aerial view of the cups 
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immediately after collection to measure the area of coverage, on the surface of the rice, 

using Image J (Schneider et al., 2012). Microbe type (color and/or texture) was also 

recorded to identify if the microbes were antagonistic or pathogenic.  

Statistical Analysis 

One tailed paired t-tests were performed to identify differences in plant growth and 

disease percentage between the two sample plantations. 

 

Figure 4 Image of wire baskets staked into the ground over the rice cups. 
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Results  

Plant Growth 

Over two weeks, the non-reproductive plants in the forest edge location grew more 

(mean= 47.5, SD=12.4) than the plants in the forest interior (mean=26.4, SD=8.38), 

t(9)=3.60, p= 0.002. Plant growth was lower in plots far from the top of the slope at the 

forest edge, while plant growth was higher in plots far from the top of the slope in the 

forest interior (Figure 5).  

 

Figure 5 Average plant growth at the forest edge showed a slight negative trend along 

the distance gradient while the plots in the forest interior showed a strong positive trend 

along the distance gradient. 
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Plant Health 

The two plantations also had different trends in disease percentage. There was no 

relationship between disease percentage at the forest edge, while there was a slight 

increase in disease percentage farther from the top of the slope in the forest interior 

(Figure 6). However, there was no statistical difference in disease percentage between 

the forest edge (m= 0.790, SD=0.114) and the forest interior (m=0.844, SD=0.0490), 

t(9)=-1.31, p= 0.112.  

 

Figure 6 Average disease percentage in the plots at the forest edge showed no trend 

along the distance gradient, while plot in the forest interior showed a slight positive trend 

along the distance gradient. 

Soil Microbes  

The collection of soil microbes was heavily disturbed by local scavenging mammals, so 

only microbes in the forest edge plantation were collected. In total five types of microbes 

were identified and measured. (Figure 7).  
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The yellow, green, and white microbes could be Beauveria bassiana, 

Trichoderma spp., and Bacillus spp., respectively, which are possible antagonistic 

microbes, and the red and purple microbes could be Fusarium spp. the pathogenic 

fungus of concern for banana health (Hilje, 2021). 

 

Figure 7 Soil Microbe types found in the forest edge and their average area coverage 

on the surface of the rice. Total possible area was 28.27 cm, as the cups’ rice surface 

had a diameter of 6 cm. 

Discussion 

In this study I identified that plant growth is higher in the forest edge plantation than in 

the forest interior, which does not support my hypothesis. It is possible that other factors 

such as light and nutrient availability are more impactful on plant growth than their 

location. However, in the forest edge plantation plant growth was higher in the plots that 

were closer to the forest which does support my hypothesis. In the future, researchers 
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should work to identify which environmental factors are producing this pattern of plant 

growth. 

 There was no difference in the percentage of diseased leaves between the two 

plantations, but all the plots had rates of disease above 60 percent. While my 

hypothesis was not supported by this result, such high rates of a disease indicator is 

concerning and should be further evaluated in the future.  

During the data collection period of this study, the rice cups used to capture soil 

microbes were destroyed by local animals. Coatis (Nasua narica) were witnessed on 

several occasions digging up the cups to eat the rice, and they were not deterred by 

yelling or human presence (Figure 8). A tayra (Eira barbara) was observed sniffing 

around baskets that had been left near the forest interior plantation, but it fled 

immediately after seeing an approaching human. Future researchers should work to 

develop equipment or methods that prevent these and other potential species from 

accessing the experiments. This is important not only for the studies, but for the health 

of the animals and environment, as the consumption of human food can lead to 

changes in animal behavior (Orams, 2002) and it has been observed in some areas that 

coatis may develop dependence on foraged human foods (Van Hulle, M.& Vaughan, 

2009).Also,  the materials used to assemble the rice cups were not always found after 

they were disturbed, so anti-animal equipment is also necessary to prevent pollution of 

the plantation’s surrounding habitat.  
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Figure 8 Coati witnessed removing the stakes from the chicken wire screen and the 

mesh cover from the rice cup at the forest edge location. 

A variety of microbes were observed in the soil at the forest edge, some of which 

could be antagonistic and provide pest control, promote plant growth and ward off 

disease. (Corrales- Ramírez et al.. 2017, Sinha et al., 2016, Radhakrishan et al., 2017, 

Zin and Badaluddin). However, it also possible that Fusarium was found, which is the 

main concern for banana producers world-wide. Fusarium  does not exclusively attack 

bananas; the genus has been found to impact many important crops making it one of 

the most economically destructive diseases (Dita et al., 2018 and Dongzhen et al., 

2020). Fusarium is particularly successful because it can remain in the soil even without 

a suitable host for decades (Bubici et al., 2019 and Köberl et al., 2017). Luckily, the 

genus is heavily researched worldwide, and the most promising solutions include the 

application of BCA’s alongside other control means. Increased implementation of 
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agroforestry is also promising, as it has been shown to have increased natural BCAs 

and lower Fusarium presence than monocultures (Köberl et al., 2017). 

 In the future, a more comprehensive analysis of soil microbes should be 

performed, given the possible presence of Fusarium in the soil and the high presence of 

yellowing/browning leaves on banana plants. FOC, specifically, is hard to control with 

fungicides, can be spread through irrigated water and disturbed soil particles, and can 

be asymptomatic (Bubici et al., 2019). Some strains may cause severe epidemics that 

and destroy plantations in less than 2 cropping cycles (Dita et al., 2018). Therefore, 

increased management of the banana plantations on campus through the integration of 

agroforestry techniques could support the health of the plantations and help mitigate the 

spread of Fusarium to other plants in the area.  
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ABSTRACT 
 
Delayed greening in plants is a unique and colorful tropical phenomenon. This process involves the 
delayed production of green pigments in a leaf until physical maturity of the tissue. During the 
development period, young leaves often display bright colors caused by anthocyanins. The ecological and 
evolutionary basis for these adaptations has not yet been resolved. As a native plant of Costa Rica, with 
pronounced delayed greening and anthocyanin pigmentation, the Hammock Fern (Blechnum occidentale) 
is an ideal candidate for this study. The goal of this novel research is to collect both qualitative and 
quantitative observational information on the development of Blechnum occidentale to provide context to 
the delayed greening processes and use of anthocyanin pigmentation as adaptations. The fern was studied 
in two different sites with distinct abiotic conditions expecting that the juxtaposition of habitats would 
highlight certain traits in the individuals and provide insight into the ecology. The first site was 
established on a roadside along the forest edge, while the second site was settled in a forest interior. The 
primary conclusions of this research are 1) that B. occidentale demonstrates high phenotypic plasticity, 
and 2) that anthocyanin pigments involved in the delayed greening process may serve as protection 
against UV radiation in addition to other sources of herbivorous damage.  
 
RESUMEN  
 
El acto de retrasar el enverdecimiento en plantas es un colorido fenómeno exclusivamente tropical. Este 
proceso incluye retrasar la producción de pigmentos verdes en una hoja hasta la madurez completa del 
tejido. Durante el periodo de desarrollo, las hojas jóvenes a menudo exhiben colores brillantes causado 
por antocianinas. La razón ecológica y evolutiva de este fenómeno aún no está resuelta. Con un retrasado 
pronunciado de enverdecimineto, el Helecho Hammock (Blechnum occidentale) es un candidato ideal 
para investigar el proceso de enverdecimiento. La meta de esta investigación fue colectar información 
cualitativa y cuantitativa sobre el desarrollo de Blechnum occidentale para proveer contexto al proceso de 
enverdecimiento retrasado y el uso de antocianinas como adaptaciones. El estudio se realizó en dos 
lugares differentes con condiciones abióticos distintas esperando que la yuxtaposición de hábitats 
resaltaría ciertos rasgos y proveer nueva información ecológica. El primer sitio fue establecido en un 
borde de camino a lo largo de borde del bosque, mientras la segunda lugar fue ubicado en el interior del 
bosque. Las principales conclusiones de esta investigación son, 1) que B. occidentale muestra alta 
plasticidad fenotípica, y 2) que las antocianinas involucradas en el proceso del enverdecimiento retrasado 
pueden actuar como protección contra la radiación UV en adición a protección contra daño por 
herbívoros.  
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1 | INTRODUCTION 
 
It is well documented that young leaves of plants are more prone to damage than mature leaves 
(Kursar, 1992). This is because young leaves are soft, while mature leaves are tough and 
lignified. Because the process of lignification inhibits the growth of tissues, leaves will not 
harden until they are fully expanded (Kursar, 1992). During this expansion period, young leaves 
are soft and thus vulnerable to damage.  

 
To prevent herbivory during this vulnerable period, various adaptations have arisen as a 

direct defense against damage. Such adaptations include rapid leaf expansion, secondary 
metabolites, anthocyanins, ant mutualisms, and synchronous leaf production (Coley, 1996). 
While these mentioned adaptations directly reduce herbivory by making vulnerable leaves less 
available and/or attractive, delayed greening is a tactic to minimize the energetic losses of 
successful herbivory (Coley, 1996). Both the use of anthocyanins and the process of delayed 
greening and can be found in tropical plants worldwide (Coley, 1996).  

 
Because chlorophyll is an energetically expensive pigment, investing such a valuable 

resource in young leaves is risky as they are prone to herbivory during development. Thus 
delaying the production of chlorophyll until the leaves are mature and lignified, prevents the loss 
of expensive resources (Coley, 1989). Despite forfeiting photosynthesis during the 
developmental period, the long-term benefits outweigh the short-term costs (Kursar, 1992; 
Queenborough, 2013).  

 
Pigmentation via anthocyanins often accompanies plants with delayed greening (Coley, 

1989; Kursar, 1992). As previously mentioned, anthocyanins are used by young leaves to prevent 
herbivory during the vulnerable developmental period. While anthocyanins have been proven to 
reduce herbivory in young leaves, the exact means by which they operate is still hotly debated 
(Coley, 1996; Coley 1989; Fadzly, 2016; Kursar, 1992; Queenborough, 2013; Wei-Chang, 
2020). The primary proposed functions include providing cryptic camouflage to hide from 
insects, acting as an anti-fungal compound to inhibit fungal pathogens, and acting as a form of 
sun protection against UV radiation (Coley, 1996; Coley, 1989; Fadzly, 2016; Schaefera, 2008; 
Wallace, 2015; Wei-Chang 2020).  

 
This study focused on the possible use of anthocyanins as a form of UV protection. While 

some literature suggests that pigments such as tannins and anthocyanins don’t provide sufficient 
absorption to be of significant use as protection against UV radiation (Wei-Chang 2020), other 
literature remains unconvinced (Coley, 1996). Anthocyanin pigmentation (along with delayed 
greening) is exhibited in all levels within a forest (although with a higher occurrence in the 
shaded understory) (Kursar, 1992). If anthocyanins do indeed serve as a form of protection 
against UV radiation, then it would be expected that leaves in the sunny canopy of a forest would 
display higher pigmentation, while leaves in the shady understory would express less 
pigmentation (Coley, 1996). The same could be expected of plants growing on a sunny forest 
edge vs. in the shaded interior of a forest.  
 

This study aims to observe the process of delayed greening the use of anthocyanins as 
pigments specifically in the Hammock Fern (Blechnum occidentale). As a native fern of Costa 
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Rica, it can be found all over the Monteverde region. Its representatives prefer to inhabit forest 
interiors, but can be found along forest edges, trails, and roads (Dittrich, 2015). Because of these 
traits, the fern is an ideal subject for this research. The majority of current literature concerning 
the Hammock Fern has focused on the cultural and medicinal properties, and not necessarily on 
the physiological aspects, thus this is research is novel. This study recorded both qualitative and 
quantitative observational data collected on the developmental patterns of this fern. In 
juxtaposing populations growing in habitats with different abiotic conditions, certain traits were 
expected to be highlighted and potentially provide insight into delayed greening and anthocyanin 
pigmentation as adaptations.  

 
The qualitative component of this research focused on recording patterns in various frond 

qualities and growth habits. The quantitative focus of the research was to measure both physical 
growth and color progression of developing fronds, and to assess population density and foliage 
composition. The primary goals were to determine how long it takes for a frond to 1) fully 
expand and 2) turn green.   

 
The goal of this research was to analyze these various qualitative and quantitative data in 

order to determine if there are relevant correlations between factors and what these potential 
relationships would mean ecologically for the evolution of delayed greening and anthocyanin 
pigmentation as adaptations.  

 
2 | METHODS 
 
This research was conducted on the CIEE campus located in the San Luis valley of Monteverde, 
Costa Rica at 1060 meters above sea level. The region is described as a tropical pre-montane 
cloud forest in which the unique habitat and ecosystem support an incredible amount of 
biodiversity (Bubb, 2004; Nadkarni 2000). Prevalent among the many animals and plants to be 
seen on campus, is the conspicuous Blechnum occidentale with its stunning pink fronds.  
 

The first site of this study evaluated a population of Hammock Ferns growing along a 
roadside on the edge of a secondary forest, while the second site observed a population atop a 
small peak in the Zapote plot in the interior of the primary forest. The two sites were separated 
by 330m of latitude and 100m of altitude (Fig. 1).  

 
The edge habitat was characterized by a roadside exposed to open sky and thus was 

impacted by direct sunlight, rain, and wind. Relatively speaking, the micro-climate conditions 
were typically warm and dry. The secondary forest surrounding the road had a dense understory. 
The interior habitat was characterized by tall trees and dense canopy cover of the primary forest. 
The understory was rather sparse and well shaded. The bluff on which the site was located 
featured occasional prominent winds. Most notably, the forest was often submerged in clouds, 
and the resulting micro-climate was typically cool and moist. In general, the abiotic conditions 
here were less extreme/harsh in comparison to the edge habitat.   
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F I G U R E  1   Ariel view of the CIEE campus located in the San 
Luis Valley of Monteverde, Costa Rica. Both the edge (A) and 
interior (B) site locations are highlighted.   

 
Quadrats were used to sample the density and color composition of each population. A 

quadrat was specifically placed over a high-density location, within which the number of 
individuals, and the number of fronds per individual, were counted, and the color of each frond 
was assessed and scored. Referencing the placement of this initial quadrat, a transect was 
established parallel to the trail/road. Additional quadrats were then placed 5m in either direction. 
This process was repeated on the other side of the trail/road for a total of 6 quadrats along 2 
transects per site.  
 

In addition to quadrats, a 16-day survey was conducted to monitor frond growth both 
physically and in terms of color. Each site featured ferns growing alongside a 15m stretch of 
trail/road, and within 5m of either side of the trail/road, 15 individual fronds were selected and 
flagged for monitoring. Fronds were chosen based on maturity. Fully rolled fiddleheads 
(youngest fronds) served as the ideal target specimen, however, finding such young fronds was 
difficult, and thus several of those chosen were already partially unrolled. Each frond was 
assigned an ID number, and a route was established for regular monitoring of the population: 
starting with frond #1 and ending with frond #15.  
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F I G U R E  2   Illustration of how length 
and width measurements of Belchnum 
occidentale fronds were taken. 

 

 
 

F I G U R E  3   Color rankings of B. occidentale fronds found in 
edge (A) and interior (B) populations. Note the differences in 
rank 3 and rank 4 between the two populations: bronze and 
brown in population A, while peach and light brown in 
population B.  

 
Fronds were evaluated every day for 16 days. Every day a photo was taken of each frond 

before being measured for length, width, and color. Using a ruler, the length of the blade was 
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measured along the midvein from the basal leaflets to the apex of the frond (Fig. 2). The width of 
the blade was measured at the widest pair of leaflets (Fig. 2). If no leaflets were unfolded and the 
frond was still a fully rolled fiddlehead, both width and length were counted as 0cm. Once the 
basal leaflets were unrolled, measurement began, and length was measured from basal leaflets to 
the tip of the rolled leaf.  

 
To assess color more accurately, a color ranking system was developed. After observing 

both sites, it was determined that the two populations had distinct colors, and thus two unique 
color ranking systems were developed. The fronds of the Hammock Fern (Belchnum 
occidentale) were established as having 7 distinctive stages of colors (Fig. 3). Using the 
respective ranking system, each frond was ascribed a color value.  

 
3 | RESULTS 
 
3.1 | Population Qualities 
 

 
 
F I G U R E  4   Samples of B. occidentale fronds demonstrating each of the 7 color rankings. 
Fronds from edge (A) population (left) and fronds from interior (B) population (right).  

 
Developmental trends in leaf texture were the same in both populations. In all cases, 

young fronds had very soft and fleshy tissue. They were easy to bruise, tear, and otherwise 
damage. Young fronds were also soft, yet not so delicate: almost like a sheet of paper. Mature 
fronds, however, were noticeably tougher, feeling stiff and leathery.  
 
 The interior population displayed uniformity in a number of traits. Frond size, stipe (stem 
of frond) length, and leaflet shape were all similar across individuals (Fig. 4). Most fronds were 
positioned to lay in line with the ground (as opposed to upright positioning). Color progression 
was similarly linear across individuals: moving in order through each of the 7 ranks. Other 
characteristics of this population included soft pigmentation, pale and even coloring, and an 
almost translucent appearance (Fig. 4). Frond tissue seemed relatively delicate and thin. 
Individuals were also evenly and sparsely dispersed throughout the study site (see section 3.2 for 
density data).  
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In contrast, the edge population appeared rather heterogeneous and displayed higher 
variation in a number of traits. Across individuals, there was a wide extreme of frond size and 
stipe length, and even differences in leaflet shape (Fig. 4). Leaves were often erect and 
positioned perpendicular to the ground. Color progression varied among individuals and 
demonstrated non-linearity. Color progression patterns included: 1 > 3 > 4 > 5 > 7, and 1 > 2 > 5 
> 6 > 7, and even just 6 > 7 (see Fig. 3 for reference). Other characteristics of this population 
included intense pigmentation, vibrant and uneven coloring, and high opacity (Fig. 4). Frond 
tissue seemed more robust and potentially thicker. Individuals were also unevenly distributed 
within the site and densely packed and along the roadside (see section 3.2 for density data). 
 

 
  
F I G U R E  5  Adaxial (top) and abaxial (bottom) faces of fronds in edge (A) population (right) 
and interior (B) population (left).  
 

Additionally, at any point in development, both populations demonstrated dark 
anthocyanin pigmentation of the adaxial (top) face of the fronds, and almost no anthocyanin 
pigmentation on the abaxial (bottom) face (Fig. 5). The adaxial faces were either pale/colorless 
or light green (Fig. 5).  
 
3.2 | Quadrat Data  
 
 The average density of the edge population was 2.5 times higher than the average density 
of the interior population. The edge population had 16.67 individual ferns per 0.25 m2 with a 
standard deviation of ±10.35, while the interior population had 6.67 individual ferns per 0.25 m2 
and a standard deviation of ±3.93.  
 
 In the edge population, 100 individuals were counted, and in the interior population, 40 
individuals were counted. In the edge population, 49 of these individuals had at least 1 immature 
frond, and in the interior population, 20 of the individuals had an immature frond. Meaning that 
in both populations, almost exactly 50% of the individuals were in the process of developing a 
new frond.  
 

Of 593 total fronds counted, 434 fronds belonged to the edge population, and 159 to the 
interior population. Of the edge population fronds, only 60 fronds showed immature coloration. 
And in the interior population, only 22 fronds were immature. Interestingly, both populations 
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showed that exactly 14.8% of the foliage in a population is new growth. In other words, most 
fronds within a population (86.2%) are fully mature and dark green.  

 
 Of the individuals hosting immature fronds, the average number of immature fronds per 
individual was 1.2 and 1.1 in edge and interior populations, respectively. This means that while 
some ferns had more than 1 immature frond growing at the same time, generally individuals 
developed new fronds 1 at a time.  
 
3.3 | Survey Data 
 

The length and width of a developing frond are positively correlated, thus as length 
increases so too does width (Fig. 6). The interior population had a higher R2 length-width 
relationship than the edge population. The average frond length (and therefore width) of the edge 
population was several centimeters longer than that of the interior population (Fig. 7). 
Additionally, both populations reached full frond expansion and plateaued in growth rate around 
Day 10 (Fig. 7). As plants can only grow larger, any decreases in frond length were due to 
external sources of damage. 

 

  
 

F I G U R E  6   Length-width growth correlation in  
B. occidentale fronds.  
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F I G U R E  7   Length of B. occidentale fronds over the 16-day study period. 
Individuals are shown as dotted lines, and population averages are shown as solid lines.  
 

 

 
 

F I G U R E  8   Color rankings of B. occidentale fronds over 16-day study period. 
Solid lines are population averages, dotted lines are trendlines. Photo references of edge 
(A) population fern colors (right), and interior (B) population fern colors (left).  
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The color progression of the edge population was more sporadic, while the progression of 
the interior population was more linear and consistent (Fig. 8). While the fronds did finish 
expanding within the 16-day study period, they did not finish changing color. On the final day, 
the edge population was at Rank 6, while the interior population was at Rank 5 (Fig. 8). 

  
Using the equations of the trendlines, the day each population would reach rank 7 was 

calculated. The estimated day of complete color maturity for the edge population was Day 19, 
while the interior population was Day 23. Therefore, while fronds were done expanding to full 
size after 10 days, it would take an additional 10-14 days for fronds to finish changing color and 
turn fully green.  
 
4 | DISCUSSION 
 
The data collected suggest that there are distinct differences between the ferns growing on the 
forest edge vs. those in the forest interior. In all cases, the edge population demonstrated 
noticeably higher heterogeneity and trait variation. Based on the literature suggesting delayed 
greening as a shade-tolerant adaptation, and the preference of the Hammock Fern (Blechnum 
occidental) for interior forest habitats, it could be assumed that these ferns have evolved as 
interior forest shade-tolerant plants (Dittrich, 2015; Kursar, 1992). If this is the case, then it 
could be suggested that because the ferns of the edge population are growing outside of their 
traditional evolutionary bounds, that they are essentially “confused” by the foreign abiotic 
conditions, and thus by expressing high phenotypic plasticity, are “hoping” to increase their 
fitness.  
 

Based on the data collected during the 16-day survey, distinct differences in the delayed 
greening process can be seen between the two populations. The edge population turned fully 
green in just 20 days, whereas the interior population turned green in 24 days. However, fronds 
in both populations finished growing physically and became fully expanded after 10 days. 
Because chlorophyll is not produced until leaves are fully expanded and lignified (Kursar, 1992), 
this means that both populations started the greening process at the same time.  
 

This discrepancy between greening times can be explained with a simple explanation; the 
light availability in the edge population was significantly higher than that of the interior 
population. The edge ferns had more light, and thus more energy, with which they could readily 
invest in the production of chlorophyll (Alkema, 1982). Both populations supposedly started 
chlorophyll production at the same time, however, the edge ferns had more resources available to 
them, and were able to produce chlorophyll pigments at a significantly higher rate than the 
interior ferns.  
 
 In terms of anthocyanin pigmentation, the data suggests that the pigments could in fact be 
being used as protection against UV radiation. In the edge population, the frond pigmentation 
was bold, vibrant, and opaque. Whereas in the shady interior population, the pigmentation of the 
fronds was often pale, dull, and almost translucent. In this case, it could be argued that the ferns 
of the shady interior have no need for extensive UV protection, and thus the expression of the 
anthocyanin pigmentation is reduced. Additionally, in both populations, pigmentation was 
increased on the adaxial face of the fronds. The adaxial side is positioned to receive more 
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sunlight. A higher concentration of anthocyanins on the sunny face of a frond indicates their use 
as compounds to protect against UV radiation.  
 
 However, this suggestion that anthocyanin pigmentation evolved as specifically as 
protection against UV, contradicts the previously mentioned postulation that the Hammock Fern 
is evolved for the shady forest interior. If we accept the theory of the Hammock Fern as an 
evolved shade plant, this still does not completely nullify the idea of anthocyanins acting as UV 
protection. Perhaps anthocyanin pigmentation did in fact evolve to combat another form of 
herbivory such as damage caused by fungal pathogens, but is now being expressed additionally 
as a UV protectant in the sunny edge ferns. Regardless of the original evolutionary basis, this 
would suggest that anthocyanins serve as multi-purpose protection.  
 

The primary findings of this research are 1) that B. occidentale demonstrates high 
phenotypic plasticity, and 2) that pigmentation due to anthocyanins in B. occidentale could be a 
multi-purpose adaptation to simultaneously protect against UV radiation and other sources of 
herbivorous damage.  
 

Future research efforts should focus on collecting more in-depth data to support/weaken 
the argument for anthocyanins as protection against UV radiation. Determining the actual 
concentrations of anthocyanins in fronds (via spectrophotometry) would provide concrete data 
for comparing pigmentation between the edge and interior populations. It would also be 
beneficial to measure the possible anti-fungal properties of concentrated anthocyanins (via leaf-
cutter and mold bioassays) from edge and interior population fronds.  
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Changes in species composition and abundance of bark beetles in Cecropia petioles along

an elevational gradient in Costa Rica between 2011 and 2021

Victor Gould Department of Environmental Studies Macalester College

ABSTRACT

Climate change effects species interactions across the globe and researching these changes can

give us insight on climate change and this comparison study sheds light on climate change’s

effects on species interactions. This comparison study of species composition and abundance of

bark beetle in cecropia petioles at three different elevations along the Pacific slope of Costa Rica

between 2011 and 2021 was conducted in order to further our understanding of bark beetle

populations and whether there has been any changes and then to discern possible reasons why

these changes are being observed. The results of this comparison study show that there are

similar trends spotted between 2011 and 2021 when it comes to the presence of bark beetles in

petioles relating to size of petiole. A new species of bark beetle was identified in 2021. The main

patterns observed are of less beetles being found at higher altitudes and a new species being

found.

RESUMEN

El cambio climático afecta las interacciones de las especies en todo el mundo y la investigación

de estos cambios puede darnos una idea del cambio climático y este estudio comparativo arroja

luz sobre los efectos del cambio climático en las interacciones de las especies. Este estudio

comparativo de la composición de especies y la abundancia de escarabajos de la corteza en los

pecíolos de cecropia en tres elevaciones diferentes a lo largo de la vertiente del Pacífico de Costa

Rica entre 2011 y 2021 se realizó con el fin de mejorar nuestra comprensión de las poblaciones

de escarabajos de la corteza y si ha habido algún cambio y luego para discernir las posibles

razones por las que se están observando estos cambios. Los resultados de este estudio

comparativo muestran que se observaron tendencias similares entre 2011 y 2021 en lo que

respecta a la presencia de escarabajos de la corteza en los pecíolos en relación con el tamaño del
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pecíolo. En 2021 se identificó una nueva especie de escarabajo de la corteza. Los principales

patrones observados son que se encuentran menos escarabajos en altitudes más altas y se

encuentra una nueva especie.

INTRODUCTION

Climate change has many consequences for species and is pushing some of them to new habitat

zones. A large climate change effect is that the relationships between species is altered due to the

new enviroenment. Studying these changing species interactions can aid in our undersatnding of

climate change and the effects it is having on biodiversity and our environemt. Studying the

speceis interaction between Cecropia and bark bles can shed some light on how climate change

is effeccting teh environement in Costa Rica.

Cecropia petioles are large and woody and can range from one to two feet in length on

average (Ghandi 2008). This aspect of cecropia petioles allows bark beetles to burrow within and

live. Bark beetles live within the fallen petioles of cecropia leaves. In Costa Rica there may be

over 80 species of bark beetles (Jordal 1998). These beetles live their whole lives within the

petioles of cecropia. Bark beetles are tiny insects with cylindrical bodies which reproduce under

bark generally.

The bark beetles which will be focused upon for this research reproduce and live within

the petioles of cecropia. Cecropia trees drop their leaves year-round and this grants the bark

beetles habitat throughout the year with ten to twenty petioles being habitable under a cecropia

tree at a time (Jordal 1998). The specific bark beetle species which I was expecting to find are:

scolytoides atratus, scolytoides acuminatus, and scolytidae caudatum (Jordal 1998). Even

though there are many more species of bark beetles in Costa Rica these are the bark beetle

species which have been found around here before (Jordal 1998).

There have been studies which document the different types of bark beetles present and

how many there are as well (Jordal, 2001) Studies have also been conducted in order to

determine if bark beetles have specific parts of the petiole in which they inhabit and on their

lifespan and breeding habits (Jordal, 2001). This study shall shed some light upon an area which
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has not been studied and that is whether climate change is changing the species composition of

bark beetles along the Pacific slope of Costa Rica. Some more specific information which is

known about bark beetles may impact this study such as the inbreeding pattern of bark beetles

perhaps leading to less endemism and the average life span of these beetles being (Jordal 2001).

The preliminary data which is relevant in this example is the study done by Katie

Bradshaw in spring of 2011. Through my research I gathered data in three sites which Bradsahw

also gathered data from. The main goal was to determine if there have been any changes in

species composition in 10 years and to link these changes if any possible changes in climate.

METHODS

Study site and petiole collection

Cecropia petioles were collected at three separate elevations, 1100m, 1550m, and 1800m

along the Pacific slope in the Monteverde region.. The study sites were on the CIEE campus, at

the Monteverde Biological Station, and at the TV Towers. All Cecropia trees collected from

were identified as Cecropia obtusifolia. Eight Cecropia trees were identified at each elevation

and then five petioles were collected from each tree. The trees had to have at least half of their

canopy over the forest. Petioles were inspected and chosen by the absence of many small holes

to ensure that they were not old and the bark beetles had already flown away. Non-damaged

petioles were chosen. A pair of clippers was used to cut off the petiole from the leaf without

bending or breaking the petiole. Once the collection was finished, it was time to move onto

measuring and prepping for storage.

Petiole measuring and storage

The width of each petiole was measured using a caliper. Widths were measured at the

widest location along the petiole which was not at either end of the petiole. Lengths were

measured using a standard measuring tape. Once measurements were completed petioles were

cut in half with clippers to prevent bending and damaging the petiole in areas other than the

cutting location. The two halves were deposited in a plastic bag labeled with the information
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regarding the petiole’s location and number and then tied off in a manner which would prevent

air exchange and bark beetles escaping. These bags were hung up in an area where they would

not be disturbed and let to sit for at least ten days to allow bark beetle larvae to fully form into

beetles. Evenly dispersed within those ten days a process to allow fresh air into the bags was

implemented which was untying the bag and allowing for air exchange without the release of

beetles and then retiring the bag.

Figure 1. Petiole storage for ten days. The petioles were cut in half and then placed in bags.

Petiole dissection and beetle identification

Once those ten days were up, it was time for dissection of the petioles and for the

isolation of all the bark beetles. Petioles were dissected using clippers and hands as tools and

beetles were collected using forceps. Beetles were put into containers filled with 90% alcohol.

Each petiole had it’s own beetle container. Containers were then taken to a microscope to

identify the number and species type for all of the beetles (Fig. 2).

A:
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B:

Figure 2. A: Bark beetle species scolytoides atratus and scolytoides sp.. B: scolytoides

acuminatus side by side

RESULTS

A total of four different species were observed along the elevational gradient this year, compared

to the previous studies where only three were observed. Scolytoides atratus, S. acuminatus, S.

caudatus, and Scolytoides sp. Were found at different densities in 2021 (Fig. 3A). Scolytoides
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acuminatus was by far the most common species present. Scolytoides caudatus was only present

at 1800m. Figure 3B is the percentage of each beetle species found at the same elevation

collection sites in 2011. There is much more scolytoides atratus found at the 1550m collection

site and there is no presence of Scolytoides sp..

A:

B:
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Figure 3. Percentage of each beetle species found at each collection site in 2021. A: Scolytoides

acuminatus was the highest percentage found and scolytoides sp. was a novel find when

compared to 2011 data B: 2011 data where scolytoides sp. is not present.

The number of individual beetles versus the length of the petiole (as a proxy for size) for

each year is displayed in figure 4. There is a trend of a higher number of species being found in

longer petioles.
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Figure 4. Relationship between number of bark beetles (Scolytoides spp.) vs length of Cecropia

petiole comparing 2011 and 2021 in the Monteverde region.

The mean (per petiole) number of bark beetles found per elevation per year is displayed

in Figure 5A. The mean number of beetles did not change across years (Two-way ANOVA:

F1,174= 0.15, P=0.70). there are clear differences in number of beetles across elevations (F2,174=

4.2, P=0.016) including interactions between year and elevation (F2,174= 7.8, P<0.001). In 2021

the most beetles per petiole found was highest at 1100m and lowest at 1550m. In 2011 it was

highest at 1800m and lowest at 1100m. The average number of beetles found per petiole ranged

from 2 to 10. Beetles were concentrated in certain petioles while others had none. The average

number of species found per petiole at each elevation per year is displayed in Figure 5B. The

mean number of bark beetle species did not change across years (Two-way ANOVA: F1,174= 0.24,

P=0.62) or elevations (F2,174= 1.3, P=0.28), but there was an interaction between year and

elevation (F2,174= 11.4, P<0.001).
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Figure 5. Average (±Standard Error) number of bark beetles individuals  (A) and bark beetles

species found per Cecropia petiole at each elevation in 2011 and 2021, in Monteverde.

DISCUSSION

The results of this study reveal certain trends and patterns in bark beetles abundance and

diversity along an elevational gradient. An increase in the number of bark beetles living in each

petiole was observed as the length of petite increases and this stays true in 2021 and in 2011.

This may be the case because the longer petioles have more matter in them to occupy and

consume.

The presence of a new species found in 2021 may mean that this species now has a new

range which could be due to changing climate. There are no obvious trends within the percentage

of each species found at each elevation. An important note regarding these two studies is that the

2011 one was performed in the spring and the 2021 one was performed in the fall and the

composition of the various species may differentiate between seasons. The results of this study

and comparison do not lead to many final conclusions besides that there is a large information
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gap when it comes to bark beetles in Costa Rica. These beetles are rarely studied, and this means

there are many intricacies to these beetles and their relation to Cecropia which are not known.

This study's contribution to the broader scientific community is an expanding knowledge

of bark beetles at the specific study sites. Bark beetles have significant impacts in other areas of

the world and their spread and life cycles have been studied due to the impacts they are having.

Costa Rica is not currently seeing a large negative impact from bark beetle population activities,

but there may be a time when this is the case and at that time it will be important to understand

the intricacies of their populations and behavior.
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Aggressive behavioral responses of the cane toad Rhinella marina to
conspecific playback calls of different sized individuals and a chorus

Nicole Bednarik
Department of Biology, Macalester College
________________________________________________________________________

ABSTRACT

Male anuran advertisement calls can convey reproductively advantageous traits to conspecific males that can
influence phonotaxis and calling patterns. Previous studies have suggested that males with lower frequency calls and
larger body sizes were preferred by females and guided male calling patterns in choruses. However, these studies
have not taken into account the physical responses to calls of both different sizes and density of individuals.
Male-male cane toad interactions are particularly understudied due to the focus on controlling their invasiveness in
Australia and Florida. This study examined the correlation between types of aggressive movement by body size
when 20 individual male cane toads were exposed to different call playbacks (small-toad, large-toad, and a chorus)
in a lab setting. 5 categories of aggressive movement were created to qualify all behavioral observations, and
movement distance measurements were taken. Although there was no difference in the number of individuals in
each aggression category by call type, individuals exposed to the small-toad call were generally less aggressive. In
addition, smaller individuals moved significantly more than larger individuals. When separated by call type,
aggressive distance moved was generally highest when individuals were exposed to the chorus, although this was
not supported statistically. It was also found that the call played first had an effect on distance moved. These results
suggest that density and size of calling individuals affect the behavior of conspecific male cane toads, providing
more context to mating patterns of an understudied invasive species that can contribute to effective removal
strategies.

RESUMEN
Los cantos de advertencia de anuros machos pueden transmitir rasgos reproductivamente ventajosos a machos
conspecíficos que pueden influir en la fonotaxis y los patrones de canto. Algunos estudios sugieren que las hembras
prefieren machos con cantos de frecuencia baja y tamaños corporales más grandes, los cuales guían a machos
durante los cantos en coros. Sin embargo, estos estudios no han tenido en cuenta las respuestas físicas a cantos de
machos de diferentes tamaños y a la densidad de individuos. Las interacciones macho-macho del sapo de caña son
particularmente poco estudiadas debido a que la mayoría de estudios se han enfocado en controlar la invasión de esta
especie en Australia y Florida. Este estudio examinó la correlación entre los tipos de movimiento agresivo por
tamaño corporal cuando 20 sapos de caña machos fueron expuestos individualmente a diferentes cantos (sapo
pequeño, sapo grande y un coro) en un experimento de laboratorio. Se crearon cinco categorías de movimiento
agresivo y se realizaron observaciones de comportamiento y la distancia recorrida durante el comportamiento.
Aunque no hubo diferencias en las categorías de agresión por tipo de canto, los individuos expuestos a cantos de
sapo pequeño fueron generalmente menos agresivos. Además, los individuos más pequeños se movieron
significativamente más que los individuos más grandes. Al analizar comportamientos según tipo de canto, la
distancia recorrida fue más alta cuando los individuos estuvieron expuestos al coro, sin embargo esto no fue
respaldado estadísticamente. También se observó que el canto que los sapos escuchan primero tiene un efecto en la
distancia recorrida. Estos resultados sugieren que la densidad y tamaño de individuos cantando afectan el
comportamiento de los sapos de caña machos, proporcionando más información a los patrones de apareamiento
poco estudiados en esta especie invasora que puede contribuir a estrategias de eliminación efectivas.
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1 | INTRODUCTION

Advertisement calls and choruses are significant functional traits of most anurans that determine
mating patterns, territory disputes, and social organization (Toledo et al., 2014). Functional traits
are phenotypic, fitness-affecting features that define species by their interactions with
conspecifics, ecosystem structures, and the environment (Violle et. al, 2007). Male anurans may
call individually or with multiple individuals in a chorus to compete for females. These calls can
convey an individual’s position, body size, body temperature, and energetic condition, traits
which are influential in female mate choice (Wells, 2007). In addition to the information that
calls convey to conspecifics, call function itself can be impacted by microhabitats, competition,
and temperature (Camurugi et al., 2015; Bosch & Márquez, 2001).

Female anurans, specifically toads, have been found to choose males with calls higher
than median pulse rate and lower than median dominant frequency (Muller & Schwarzkopf,
2017). These two characteristics are correlated with larger sized individuals, who have been
hypothesized to have large influence in choruses (Giacoma et al., 1997). In addition to attracting
females, the sounds of chorusing and individual males can change the phonotaxis and call pattern
of other males (Sullivan & Wagner, 1988). Phonotaxis is the movement of an organism due to a
sound source; male toads that display this behavior in order to attain greater reproductive access
are known as silent satellites, attempting to intercept females from other callers. It has been
suggested that silent satellites may recognize the same high fitness traits from calling individuals
that females recognize, causing them to move closer (Leary et al., 2006). In addition to this type
of exploitative competition, toads can also directly interfere with their competition, responding
with clear aggression. Male toads with a larger body size, indicative of a higher body condition,
are more likely to engage in competition than smaller toads (Sullivan & Wagner, 1988).
However, most studies on male-male interactions have looked at calling behavior patterns in
response to playback calls, rather than phonotaxis. Some patterns found in different toad species
include neighbor-stranger discrimination and temporal calling adjustment in choruses (Bee &
Gerhardt, 2001; Bosch & Márquez, 2010). Thus, current findings suggest that male individuals
listening to another calling male may use species-specific fitness indicators to evaluate their
relative competitive chances.

While sexual selection has been heavily studied in many anuran species, there has been
little research done on male-male interactions and call behavior in Rhinella marina (cane toads).
The cane toad is an invasive species in Australia, Florida, and islands throughout Oceania and
the Caribbean (Scales, 2018). Thus, most of the literature centers around their ecological impact
and removal strategies, with little analyzing call patterns and behavior (Shine, 2010; Yasumiba et
al., 2016; Schwarzkopf & Alford, 2007). For example, dominant calling of cane toads has been
found to reduce calling of other anuran species because of high energy expenditures needed to
compete, disrupting their ability to mate (Bleach et al., 2015). One of only a few papers to
explore physical behavioral responses in cane toads to conspecific calls found that choruses
make male cane toads more likely to move around more actively and engage in amplexus (an
amphibian mating behavior), but it was limited to only large-density calling and not that of
individuals (Clarke et al., 2019). More research on male cane toad response to calls and the
mechanisms surrounding their function in mating will improve ecological understanding of this
species and could allow for more informed strategies for their removal in regions where they are
invasive.
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Cane toads at the premontane tropical wet forest on the CIEE Campus in San Luis, Costa
Rica have been observed to produce advertisement calls in a chorus, individually, or not at all.
Cane toads are widespread but not invasive in Costa Rica, an ideal site in which to study their
behavior instead of removal methods. They are found at elevations below 1600 m a.s.l. and in
almost all environmental conditions except salty marshes  (Leenders, 2016). Conspecific
advertisement calls are known to attract other male cane toads because they may indicate a
nearby female or breeding site (Haramura, 2020), but the relative impact of different sized
calling individuals or groups in the choice for individual males to engage competitively is largely
unknown. Additionally, the size of hearing males may be an additional factor in their phonotaxis,
with larger, more competitive toads predicted to respond more aggressively. In this study,
differences in aggressive physical responses of individual males to conspecific playback calls of
large and small individuals and a chorus are observed. Specifically, I evaluate whether 1) the
type of aggressive behavior differs between call types; 2) the aggressive distance moved is
correlated to body size; and 3) the aggressive distance moved differs between call types. This
study aims to determine if these differences are associated with directly competitive or satellite
behavior and why these behaviors exist to convey reproductive success. This research uses a
novel approach examining aggressive phonotaxis patterns that are understudied in comparison to
call patterns in cane toads.

2 | MATERIALS & METHODS

2.1 | Study Site & Collection Methods
This study was conducted on the CIEE campus in San Luis, Costa Rica in a premontane tropical
wet forest. Twenty male cane toads were collected at various ponds (Figure 1) during the rainy
season, where 335 m of rainfall was observed in October 2021. The ponds were located at 1095
m, 1135 m, 1083 m, and 1094 m a.s.l., respectively. Individual males were collected from Ponds
2, 3, and 4 and were all released at Pond 1 to minimize chances of recapturing.

FIGURE 1.
Google Earth
Map with
pond locations
and
descriptions.
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2.2 | Recording Calls
Audio recordings of calls from different sized individuals and a chorus were obtained from Pond
2. When individual males or a chorus were heard calling, the call was recorded as long as
possible without exterior noise disruptions. These individuals were then captured and measured
(snout to vent) in order to establish a range of sizes to define what to consider a “large” and
“small” individual. Advertisement calls of four individuals of sizes 14 cm, 16.4 cm, 15.9 cm, and
15.4 cm were recorded. The largest and smallest sized toad calls and the chorus were used as the
stimuli for all ensuing trials.

2.3 | Playback Calls Experiment
An opportunistic sample of toads was collected each night before the trials and then released the
ensuing day at Pond 1. The experiment took place at Casita 3 on the CIEE Campus with a close
approximation of a nighttime atmosphere to simulate appropriate calling conditions. Individuals
were kept in a terrarium lined with leaf litter and water overnight and then were transferred to a
larger one (75 cm x 30 cm)  lined with leaf litter, mud, rocks and more water when being tested.
The experimental setup included the terrarium, two tape measures running along the top and
bottom, and a camera suspended from above to record videos (Figure 2). A speaker was placed 1
m from the terrarium, and the calls were playbacked from an iPod with consistent volumes
between each call type (e.g. small- and large-toad and chorus). While an individual was being
exposed to stimuli, other individuals were separated. Each individual underwent three trials:
playback calls of a small individual, large individual, and a chorus. The order of these calls was
randomized. After an individual was placed in the terrarium, it was left to acclimate for 15 min.
Each call was then played for 5 min, during which video was taken on an iPhone and
presence/absence of behaviors and distance moved were recorded. There was a 10 min recovery
time between treatments.

FIGURE 2. Experimental terrarium setup
with iPhone and measuring tapes & storage terrarium
with net for escape prevention.
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All behavioral responses observed during the trials were placed into different presence or
absence categories of aggression and distances measured (Table 1). They are ordered by least
aggressive to most aggressive behavior (A-E). Distance moved sideways was the most
aggressive behavior observed; the toads would stay at the side of the terrarium closest to the
speaker, moving side to side as if trying to move towards it but could not because of the glass.

TABLE 1. Categories and descriptions of aggressive behavior observed during experimental trials. A, B,
C, D, and E designations are utilized in ensuing analyses.

Categories of Aggression Description

A: Faced w/o Movement (Y/N) Presence or absence of facing sound without movement.

B: Faced w/ Movement (Y/N) Presence or absence of movement directed toward sound.

C: “Swam” Downward (Y/N) Presence or absence of attempting to swim/submerge head in the
water (downward movement).

D: “Clawed” Upward (Y/N) Presence or absence of clawing at the walls of the terrarium (upward
movement).

E: Jumped (Y/N) Presence or absence of vertical jumping, with legs leaving the
ground (does not include horizontal jumping movement).

Distance moved facing (cm) Total distance of movement directed toward sound.

Distance moved sideways (cm) Total distance of movement directed toward sound while moving
side to side at the end of the terrarium closest to the speaker.

Total distance moved
aggressively (cm)

Sum of distance moved facing and distance moved sideways.
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After each individual was exposed to the trials, their body size (snout-vent) was
measured, reference pictures were taken, and they were marked with beet juice (Figure 3). Beet
juice was used as a novel, temporary identifying marker instead of commonly used methods such
as toe-clipping, an invasive technique that causes stress in cane toads (Fisher et al., 2013). The
marking was observed to last at least a few days, allowing for a lower chance of recapturing.

FIGURE 3. Example pictures of a cane toad with a beet juice mark on its right arm. The
location of the mark varied for each individual.

2.4 | Statistical Analysis
A chi-square test of independence was performed to analyze the relationship between categories
of aggression and the type of playback call.

One-way ANOVA tests were performed to compare the effect of body size on the
distance moved sideways and total distance in different call type conditions (small, large, and
chorus).

One-way ANOVA tests were also performed to test whether the first stimulus played had
an effect on distance moved sideways and total distance, barring all other variables. Post hoc
comparisons using the Tukey HSD test were made to test for differences in distance moved
between call types. The first stimulus was chosen to check if novelty in the order of call type
mattered more than the call type itself in provoking a behavioral response.

3 | RESULTS

3.1 | Categories of Aggressive Movement
There was variation found in aggressive movement responses to conspecific playback calls of
different sized individuals and a chorus. Five categories of aggression were created by
integrating all aggressive behavior observational data (Table 1). The results for the number of
individuals in each aggression category separated by call type can be seen in Figure 4. There
were no differences found between categories of aggression and the number of individuals in
each category by call type, 2 (8, N = 20) = 7.609, p = 0.4726. However, there were fewer𝑋
individuals exposed to the small-toad call stimulus in all categories of aggression when
compared to exposure to large-toad call and chorus stimuli. Presence in each category for those
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exposed to the small-toad call stimulus also decreased with more aggressive behavior, with
jumping (E) as the most aggressive behavior containing the lowest number of individuals.

FIGURE 4. The number of individuals that exhibited at least 1 count of
aggressive behavior when exposed to each call type stimulus, separated by
category of aggression. A, B, C, D, & E represent categories of aggression from
least to most aggressive behavior.

3.2 | Relationship Between Body Size & Distance Moved
Distance moved sideways was observed to be the most aggressive measured movement pattern,
as individuals faced the sound and remained at the closest distance to it, actively trying to move
towards it. Total distance moved aggressively was also analyzed to include the additional
aggressive distance measurement of facing with movement.

It was found that body size had an effect on distance moved sideways (1-way ANOVA,
F1,55 = 4.141, p = 0.0467), but not on total distance moved aggressively (1-way ANOVA, F1,55 =
3.431, p = 0.0694) (Figures 5 & 6). There is an overall inverse relationship between body size
and both distance measurements, with larger individuals moving less on average than smaller
individuals. When call type was included in this relationship, it showed a correlation for both
distance moved sideways (1-way ANOVA, F3, 53 = 3.226, p = 0.0297) and total distance moved
aggressively (1-way ANOVA, F3, 53 = 3.012, p = 0.0381) by body size. However, when analyzed
between individual call types, there was no significant difference found in either (p > 0.05). A
general trend not supported statistically reveals that individuals exposed to the chorus playback
moved the most sideways, followed by large- and small-toad calls, respectively. Thus, this
suggests that the stimuli had an impact on the most aggressive movement distance measured.
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FIGURE 5. Distance moved at the closest side of the tank to the sound as a function
of body size, separated by call type. Body size ranged from 14 cm-17 cm. There is a
decrease in distance moved with larger body size.

FIGURE 6. Total distance moved aggressively, including distance moved sideways
and distance moved facing, separated by call type. Body size ranged from
14 cm-17 cm. There is a decrease in distance moved with larger body size.

63



3.3 | Order of stimuli
It was found that the order of the stimuli had an effect on both distance moved sideways and total
aggressive distance (1-way ANOVA, F2, 57 = 4.472, p = 0.0157) (1-way ANOVA, F2, 57 = 4.99, p
= 0.0101). Tukey’s HSD test for multiple comparisons affirmed that the mean values of both
sideways distance and total aggressive distance were different only between the small and chorus
call responses (p = 0.0114) (p = 0.007). Both means were higher when individuals were exposed
to the small-toad call first compared to the chorus (Figures 7 & 8). There was no difference
between exposure to large-toad and chorus calls (p = 0.1929) (p = 0.182) or to small- and
large-toad calls (p = 0.3306) (p = 0.259) for either distance measurement.

FIGURE 7. Means of sideways distance moved by individuals
exposed to either small, large, or chorus call stimuli first.
Error bars are one standard error.

FIGURE 8. Means of total distance moved aggressively by
individuals exposed to either small, large, or chorus stimuli
first. Error bars are one standard error.
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4 | DISCUSSION

This study found that there are differences in aggressive phonotaxis by male cane toads to
playbacks of conspecific calls. Although there was no significant difference found in the number
of individuals in each aggression category by call type, individuals exposed to the small-toad call
were generally less aggressive than when exposed to the large-toad call and chorus, as they had a
lower presence in every aggression category. This indicates that there is nuance in the types of
aggression that are seen in male-male cane toad interactions, with males recognizing certain call
and body traits in others that convey greater reproductive success. Each type of aggression
involved a different form of movement either toward the speaker or an attempt to escape. Since
no calling was observed, these behaviors could indicate that individuals adopted a “satellite”
tactic of mating, moving towards calling males as an indicator of mating site and reproductive
success. This general pattern adds to recent models created for other anuran species predicting
that in addition to the social-acoustic environment, physiological changes could influence the use
of “satellite” tactics, including an elevation in corticosterone levels, a steroid hormone involved
in stress responses (Leary et al., 2006).

In addition to analyzing the presence of aggressive behavior, phonotaxis was also
quantified by taking distance measurements. Smaller individuals were found to move
significantly more than larger individuals. Since it has been found that female anurans prefer
males with lower frequency calls and therefore larger body sizes (Muller & Schwarzkopf, 2017;
Giacoma et al., 2017), these results suggest that larger, more “dominant” cane toads either do not
feel threatened by the presence of another calling individual or do not need to move toward them
to gain a reproductive advantage. However, unlike distance moved sideways, there was no
difference observed between the total aggressive distance moved and body size. This variance
could be explained by the fact that not all individuals started in the same location in the
terrarium. This could have affected the distance moved facing measurements because some
individuals could have started at the side of the tank closest to the speaker and would therefore
inherently have lower measurements than those starting farther away from the speaker,
regardless of actual levels of aggression.

When separated by call type, the distance moved sideways and total distance moved
aggressively was generally highest when individuals were exposed to the chorus, and lower for
large- and small- toad calls, respectively, although this was not supported statistically. Other
studies with less outliers and a larger sample size have found that movement and spacing in
choruses is nonrandom in response to call amplitude, and strong phonotaxis is observed when
individual male calls are played by body size (Brenowitz, 2010; Yasumiba et al., 2015),
supporting the general pattern found in this study. However, those studies are limited in that they
only looked at either high or low density calls and acoustic behaviors, whereas this study
considers their relationship in provoking a response. In addition to the different influences of
individuals and choruses in aggressive movement behavior, a low density calling strategy has
been observed in some toad species, where at a peak number of calling toads the energetic costs
of joining are too high (Höglund & Robertson, 2010). The same trend could potentially be seen
for aggressive movements.

It was also found that the call played first had an effect on both the distance moved
sideways and the total aggressive distance moved. One potential explanation for this unintended
influence on the experiment is that the chorus or large-toad call played as the last stimulus could
have contributed to the differences rather than the small-toad call played as the first stimulus. A
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combination of the greater aggressive distance moved when individuals were exposed to the
chorus stimulus and the high call repetition rate experienced by the time the last stimuli was
played could explain this difference in aggression by order (Walkowiak & Brzoska, 1982).

Overall the results of this study suggest that cane toads exhibit various types and levels of
aggressive behaviors in response to differing conspecific playback calls, as these calls can
indicate fitness-enhancing functional traits and social organization to other male individuals.
Male phonotaxis in response to body size and density dependent call type varies among anuran
species (Starnberger et al., 2014). Unequal responses to playbacks raise questions about anuran
decisions to compete and the relative importance of call characteristics, location, female
presence, and chemical cues in influencing aggressive movement behavior, an understudied area
in male-male toad interaction studies. Information on spatial behaviors in cane toads may
contribute to ecological monitoring and conservation in other, more threatened anuran species by
simulating competitive interactions. Additionally, since cane toads are invasive in Australia and
Florida, knowledge on movement behavior is especially important to increase the effectiveness
of toad trapping and other ecological control techniques. Playback calls have been used to draw
females to traps (Tingley et al., 2017) and knowledge on ideal call type to provoke the largest
movement response in males can be extremely helpful.

66



ACKNOWLEDGEMENTS

I would like to thank Branko Hilje for advising me throughout my independent research,
including collecting toads with me, doing statistical analysis, answering my many questions, and
everything else! Your guidance and mentorship is greatly appreciated, and you have made me a
better writer and researcher. Thank you to Pablo Allen and Hector Castaneda for the support and
teaching me about biodiversity and the tropics, and to CIEE for letting me use their materials and
equipment.

LITERATURE CITED

Bee, M. A., & Gerhardt, H. C. (2001). Neighbour–stranger discrimination by territorial male
bullfrogs (Rana catesbeiana): II. perceptual basis. Animal Behaviour, 62(6), 1141–1150.
https://doi.org/10.1006/anbe.2001.1852

Bleach, I. T., Beckmann, C., Both, C., Brown, G. P., & Shine, R. (2015). Noisy neighbours at the
Frog Pond: Effects of invasive cane toads on the calling behaviour of native Australian
Frogs. Behavioral Ecology and Sociobiology, 69(4), 675–683.
https://doi.org/10.1007/s00265-015-1879-z

Bosch, J., & Márquez, R. (2001). Call Timing in Male-Male Acoustical Interactions and Female
Choice in the Midwife Toad Alytes obstetricans. Copeia, 2001(1), 169–177.
http://www.jstor.org/stable/1448108

Bosch, J., & Márquez, R. (2010). Acoustic competition in male midwife toads Alytes
Obstetricans and Alytes cisternasii: Response to neighbor size and calling rate.
implications for female choice. Ethology, 102(6), 841–855.
https://doi.org/10.1111/j.1439-0310.1996.tb01205.x

Brenowitz, E. A. (2010). Neighbor call amplitude influences aggressive behavior and intermale
spacing in choruses of the Pacific Treefrog (Hyla regilla). Ethology, 83(1), 69–79.
https://doi.org/10.1111/j.1439-0310.1989.tb00520.x

Camurugi, F., Röhr, D. L., & Juncá, F. A. (2015). Differences in Advertisement Calls and Vocal
Behavior in Hypsiboas atlanticus (Anura: Hylidae) among Microhabitats. Herpetologica,
71(4), 243–251. http://www.jstor.org/stable/24635382

Clarke, G. S., Shine, R., & Phillips, B. L. (2019). Whispers on the wind: Male cane toads modify
mate searching and amplexus tactics based on calls from other males. Animal Behaviour,
153, 131–136. https://doi.org/10.1016/j.anbehav.2019.05.008

Fisher, K. J., Guilfoyle, K. J., & Hatch, K. A. (2013). Stress induced by toe-clipping in cane
toads (rhinella marina). Copeia, 2013(3), 539–542. https://doi.org/10.1643/cp-12-149

Giacoma, C., Cinzia Zugolaro, & Laura Beani. (1997). The Advertisement Calls of the Green
Toad (Bufo viridis): Variability and Role in Mate Choice. Herpetologica, 53(4), 454–464.
http://www.jstor.org/stable/3893259

67



Haramura, T. (2020). Advertisement calls attract invasive cane toads in Japan. Herpetology
Notes, 13, 1049–1054.

Höglund, J., & Robertson, J. G. (2010). Chorusing behaviour, a density-dependent alternative
mating strategy in male common toads (bufo bufo). Ethology, 79(4), 324–332.
https://doi.org/10.1111/j.1439-0310.1988.tb00721.x

Leary, C. J., Garcia, A. M., & Knapp, R. (2006). Elevated corticosterone levels elicit non-calling
mating tactics in male toads independently of changes in circulating androgens.
Hormones and Behavior, 49(4), 425–432. https://doi.org/10.1016/j.yhbeh.2005.09.004

Leenders, T. (2016). Amphibians of Costa Rica: A field guide. Comstock Publishing Associates,
a division of Cornell University Press.

Muller, B., & Scwarzkopf, L. (2017). Success of capture of toads improved by manipulating
acoustic characteristics of lures. Pest Management Science. Retrieved from
https://www.researchgate.net/publication/317276206_Success_of_capture_of_toads_impr
oved_by_manipulating_acoustic_characteristics_of_lures.

  Scales, C. G. (2018). Chapter 17 - Invasive Species. In Animals and Human Society (pp.
413–426). University of Wisconsin-Milwaukee. Retrieved from
https://doi.org/10.1016/B978-0-12-805247-1.00024-1.

Schwarzkopf, L., & Alford, R. A. (2007). Acoustic attractants enhance trapping success for cane
toads. Wildlife Research, 34(5), 366–370. https://doi.org/10.1071/wr06173

Shine, R., & Wiens, JohnJ. (2010). The Ecological Impact of Invasive Cane Toads (Bufo
Marinus) in Australia. The Quarterly Review of Biology, 85(3), 253–291.
https://doi.org/10.1086/655116

Starnberger, I., Preininger, D., & Hödl, W. (2014). From uni- to multimodality: Towards an
integrative view on Anuran Communication. Journal of Comparative Physiology A,
200(9), 777–787. https://doi.org/10.1007/s00359-014-0923-1

Sullivan, B. K., & Wagner, W. E. (1988). Variation in advertisement and release calls, and social
influences on calling behavior in the Gulf Coast toad (bufo valliceps). Copeia, 1988(4),
1014. https://doi.org/10.2307/1445726

Tingley, R., Ward-Fear, G., Schwarzkopf, L., Greenlees, M. J., Phillips, B. L., Brown, G.,
Clulow, S., Webb, J., Capon, R., Sheppard, A., Strive, T., Tizard, M., & Shine, R. (2017).
New weapons in the toad toolkit: A review of methods to control and mitigate the
biodiversity impacts of invasive cane toads (rhinella marina). The Quarterly Review of
Biology, 92(2), 123–149. https://doi.org/10.1086/692167

Toledo, L. F., Martins, I. A., Bruschi, D. P., Passos, M. A., Alexandre, C., & Haddad, C. F.
(2014). The Anuran calling repertoire in the light of social context. Acta Ethologica,
18(2), 87–99. https://doi.org/10.1007/s10211-014-0194-4

68



Violle, C., Navas, M.-L., Vile, D., Kazakou, E., Fortunel, C., Hummel, I., & Garnier, E. (2007).
Let the concept of trait be functional! Oikos, 116(5), 882–892.
https://doi.org/10.1111/j.0030-1299.2007.15559.x

Walkowiak, W., & Brzoska, J. (1982). Significance of spectral and temporal call parameters in
the auditory communication of male grass frogs. Behavioral Ecology and Sociobiology,
11(4), 247–252. https://doi.org/10.1007/bf00299301

Wells, K. D. (2007). The Ecology and Behavior of Amphibians. Chicago: University of Chicago
Press. Retrieved from https://doi.org/10.7208/chicago/9780226893334.001.0001.

Yasumiba, K., Alford, R. A., & Schwarzkopf, L. (2015). Why do male and female cane toads,
rhinella marina, respond differently to advertisement calls? Animal Behaviour, 109,
141–147. https://doi.org/10.1016/j.anbehav.2015.08.015

Yasumiba, K., Alford, R. A., & Schwarzkopf, L. (2016). Seasonal Reproductive Cycles of Cane
Toads and Their Implications for Control. Herpetologica, 72(4), 288–292.
http://www.jstor.org/stable/26428703

69


