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Allelopathy in Three Species of Neotropical Cloud 
Forest Ferns 
Mary Brady 

Department of Biology, Whitman College 

 
ABSTRACT 
The purpose of this study was to investigate allelopathy in three species of understory tropical ferns in the 
premontane wet forest in Monteverde, Costa Rica: Thelypteris sp., Diplazium sp., and Blechnum sp. I analyzed 
plantlet communities growing under the ferns in situ, the effects of soil from under the ferns on seed germination, 
and the effects of leachate from the fern fronds on seed germination. I found significantly higher plantlet abundances 
growing in control areas than under the ferns (on average, one or two more plantlets), no difference between the 
seeds grown in soil from the ferns and control soil (mean germination rates within 12 percent of each other), and 
delayed germination for the seeds grown with fern leachates (mean delay of approximately one day). Although all 
three fern species showed evidence of allelopathy, Diplazium sp. showed the most inhibition (15 percent fewer seeds 
developed roots). These results confirm previous studies which found varying degrees of allelopathy in many 
species of ferns and lead me to conclude that ferns help maintain tropical biodiversity and may have been able to 
persist in the tropical understory at least in part by avoiding competition with angiosperms through allelopathy. 
 
RESUMEN 
El propósito de este estudio fue investigar la alelopatía en tres especies de helechos de sotobosque tropicales en el 
bosque premontano húmedo en Monteverde, Costa Rica: Thelypteris sp., Diplazium sp., y Blechnum sp.  Analizé las 
comunidades de plántulas creciendo bajo los helechos in situ, los efectos del suelo bajo los helechos en la 
germinación  de semillas, y los efectos de lixiviado de las hojas de los helechos en la germinación de semillas.  
Encontré una mayor abundancia significativa de plántulas creciendo en áreas de control  que bajo los helechos (en 
promedio, una o dos plántulas más), no hay diferencias entre las semillas creciendo en la tierra de los helechos o el 
control (tasas de germinación promedio dentro del 12 por ciento de las otras), y una germinación retardada para las 
semillas creciendo en el lixiviado de los helechos (en promedio un retardo de aproximadamente un día).  Aunque las 
tres especies muestran evidencia de alelopatía, Diplazium sp. muestra la mayor inhibición (15 porciento menos 
semillas desarrollanron raíces).  Estos resultados confirman previos estudios en los cuales se encontraron diferentes 
grados de alelopatía en varias especies de helechos y me lleva a la conclusión que los helechos ayudan a mantener la 
diversidad tropical y que pueden ser capaces de persistir en el sotobosque tropical al menos en parte al evitar 
competir con angiospermas a través de la alelopatía 

 
 INTRODUCTION 
Competition for resources leads to allelopathy, one of the most potent weapons plants employ 
against their neighbors (Rizvi et al. 1992). Allelopathy occurs when one plant chemically 
inhibits the growth, germination, or overall health of another. Plant communities that have 
coevolved have unique sets of allelopathic chemicals and corresponding defenses (Hierro & 
Callaway 2003). Plants deploying allelopathic chemicals are an integral component of every 
ecosystem and can determine which plants can coexist, as well as their distribution and 
abundance (Rizvi et al. 1992, Moral & Cates 1971). Allelopathic interaction are sufficiently 
influential to affect forest structure, biodiversity, and function (Moral & Cates 1971). Diverse 
plant taxa produce allelopathic compounds but as the study of allelopathy is still relatively 
unexplored, most species, even those in divisions known to contain many allelopathic species, 
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like ferns, have not been tested for allelopathic properties (Moral & Cates 1971, Olofsdotter 
1981).  
 One division particularly well known for containing many allelopathic species is the 
Pteridophyta (Star 1980). The Pteridophyta is a primitive division of the plant kingdom 
comprised of vascular, seedless plants including ferns (Zuchowski & Forsyth 2007). Ferns, of 
various genera, are especially well known for producing allelopathic chemicals (Star 1980). 
Additionally, ferns evolved and persist in the species rich tropic. They are especially prevalent in 
the Monteverde area of Costa Rica (Bigelow & Kukle 1991). This prevalence makes Monteverde 
an ideal place to study allelopathy: the ferns are easy to find and collect. It is also important to 
study ferns in the tropics and Monteverde in particular because, due to their prevalence, the ferns 
are influential members of the ecosystem. Understanding how much of that influence is exerted 
through allelopathy will increase our understanding of tropical forest dynamics (Rizvi et al. 
1992).  

This study investigated three species of understory tropical ferns: Thelypteris sp., 
Diplazium sp., and Blechnum sp.. Here, I present the effects of a leachate made from the leaves 
of each species on tomato seed germination, the effects of the soil directly underneath each 
species on tomato seed germination, and the abundance of plantlets growing under each species 
in situ.  
 
MATERIALS 
This study looked at three species of understory tropical cloud forest ferns: Thelypteris sp., 
Diplazium sp., and Blechnum sp.. The individuals used for this study I found growing in the 
premontane wet forest on the Pacific slope in Monteverde, Costa Rica at approximately 1500 
meters elevation. The species were identified using The Genera of Neotropical Ferns: A Guide 
for Students. I took three measurements with each species: effect of leachate from each species 
on seed germination, effect of soil from under each species on germination, and the community 
of plants found growing underneath the ferns. The data were collected during late October and 
early November of 2016. 
 
Germination Rate in Soil 
To determine if there were any allelopathic compounds built up in the soil under the ferns, I 
collected soil samples from the top 3cm of soil under the fern fronds. I planted 20 tomato seeds 
in each soil sample for a total of 200 seeds for each fern species. The control was 200 seeds 
planted in soil collected from the top 3cm of soil from different parts of the garden at La 
Estación Biologica de Monteverde. The soil was collected from parts of the garden that did not 
have any ferns. All seeds were watered with tap water every day to keep the soil damp. I counted 
the number of seedling that sprouted every day. Seedlings with both leaves inside the seed coat 
were not counted in order to standardize the point of development when each seedling was 
counted. 
For example, the seedlings circled in green would be counted, the seedling in red would not be 
counted yet: 
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Leachate 
To study the effects of leachate on seed germination I followed the procedure developed by 
Heckendorn and Saeman (2003). To make the leachate, I collected 7.5g of leaves from ten 
individuals of each fern species. I only considered ferns that appeared healthy and were large 
enough to still have at least one frond untouched after 7.5g of leaves were removed. For each 
individual, I ground the leaf samples and then soaked them in 50mL of distilled water. After two 
days I strained the solution to remove the fern particles.  

Each fern individual had its own petri dish which contained 20 tomato seeds spread out 
on a coffee filter which was watered with solely the leachate made from that individual. Ten 
petri dishes were a control group watered with distilled water. All 40 of those petri dishes were 
treated with Tricho-D fungicide at a concentration of 0.12g/L. There were also five petri dishes 
watered with distilled water but not treated with the fungicide to ensure the fungicide had no 
effect on seed germination. 

I watered the petri dishes with the appropriate leachate or water every day to keep the 
seeds half submerged. The petri dishes were kept at approximately 21 degrees Celsius, in a sunlit 
room but the dishes were kept out of direct light. I recorded how many seeds developed roots and 
how many seedlings developed leaves in each petri dish. I also recorded the day that the roots 
and leaves developed. The leaves were only counted if at least one leaf was out of the seed coat 
as in the soil portion of the experiment. 

 
Plantlet communities 
To measure the effects of any allelopathy in situ, I counted the number of plantlets growing 
under the fronds of 15 individuals for each of the three fern species in the field. Only ferns that 
did not overlap with other ferns, appeared healthy, had at least three fronds and a radius of 18cm 
or larger were considered. The size of the area censused was determined by the plant size; it was 
a circle centered at the base of the plant extending as far as the ends of the fronds. All plantlets 
within that circle were counted. For the first five individuals of each fern species, I identified the 
plantlets down to morphospecies; for the other ten individuals I only counted the total number of 
plantlets without regard to morphospecies. Each species of fern had its own set of controls. I took 
the measurements for the controls under non-Pteridophyte plants that were the same size and 
near to their analogous fern individual to standardize abiotic factors like the slope, soil type, 
drainage, and amount of light the area under the plants received.  
 
RESULTS 
Germination Rate in Soil 
Mean percent germinations for the seeds grown in soil did not differ statistically by species (One 
Way ANOVA F= 1.17697, d.f.=3, p=0.33). The mean for Thelypteris sp. was approximately 47 
percent +/- 6, Diplazium sp. was approximately 42 percent +/- 5, Blechnum sp. was 
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approximately 38 percent +/- 4, and the control was approximately 35 percent +/- 5 (mean +/- 
standard error; Fig 1). The fern species differed from one another by no more than 9 percent and 
all three followed a trend of higher germination rates than the control. The largest difference was 
between Thelypteris sp. and the control which varied by 12 percent.  

 
Figure 1: Percent of tomato seeds germinating over the course of 13 days when grown in soil 
from under three species of understory tropical ferns in Pacific premontane wet forest in Costa 
Rica: Thelypteris sp., Diplazium sp., and Blechnum sp.. Each species is represented by 200 seeds: 
20 seeds were planted in soil from 10 different individuals of each species. The control is 
represented by 200 seeds grown in soil collected from areas without ferns. Seedlings were 
considered germinated once the leaves were out of the seed coat. The error bars are +/- 1 
standard error. Bars with the same letter over them did not differ significantly (Fisher LSD at 
p<0.05). 
 
Mean number of days to germination for each species and the control did not differ significantly 
for the seeds grown in soil (One Way ANOVA F=0.309, d.f.=3, p=0.82). The mean for 
Thelypteris sp. was 8.5 days +/- 0.3, Diplazium sp. was 8.5 days +/- 0.7, Blechnum sp. was 9 
days +/- 0.3, and the control was 8.7 days +/- 0.3 (Fig 2). The fern species differed by 0.5 days.  

 
Figure 2: Mean germination day for tomato seeds over the course of 13 days when grown in soil 
from under three species of understory tropical ferns in Pacific premontane wet forest in Costa 
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Rica: Thelypteris sp., Diplazium sp., and Blechnum sp.. Each species is represented by 200 seeds: 
20 seeds were planted in soil from 10 different individuals of each species. The control is 
represented by 200 seeds grown in soil collected from areas without ferns. Seedlings were 
considered germinated once the leaves were out of the seed coat. The error bars are +/- 1 
standard error. Bars with the same letter over them did not differ significantly. 
 
 
Leachate 
Percent of seedlings that developed roots and leaves for the seeds grown in the petri dishes 
differed significantly by species (Two Way ANOVA F=3.47138, d.f.=4, p=0.01). Specifically, 
the percent of seedlings that developed leaves did not differ significantly but the percent that 
developed roots did differ significantly (Fisher LSD difference at p<0.05). For leaf development, 
Thelypteris sp. had a mean of 49.5 percent +/- 2.5, Diplazium sp.’s mean was 43.5 percent +/- 
2.8, Blechnum sp. was 49.9 percent +/- 5.6, and the mean for control was 47.0 percent +/- 2.7 
(mean +/- standard error; Fig. 3). All the species and the control varied by only 7 percent; the 
largest difference was between Diplazium sp. and Blechnum sp. as Blechnum sp. had a mean 6 
percent higher than Diplazium sp.. For Thelypteris sp., a mean of 79.0 percent +/- 2.4 of seeds 
developed roots, for Diplazium sp. an average of 62.5 percent +/- 2.5 of seeds developed roots, 
Blechnum sp. had an average of 74.5 percent +/- 3.5 of seeds develop roots, and 77.0 percent +/- 
2.8 of the control seeds developed roots (mean +/- standard error; Fig 3). The largest difference 
for root development was between Thelypteris sp. and Diplazium sp. where Thelypteris sp. had 
16.5 percent more seeds with roots. The only species that showed significantly different root 
development was Diplazium sp. which was lower than the other ferns and the control (Fisher 
LSD difference p<0.05).  

 
Figure 3: Mean percent of tomato seeds that developed roots and leaves over the course of 11 
days when grown in petri dishes watered with leachate made from three different species of 
understory tropical ferns from the Pacific premontane wet forest in Costa Rica: Thelypteris sp., 
Diplazium sp., and Blechnum sp.. Each species is represented by 200 tomato seeds. Leachate was 
made from ten individuals of each species and each leachate was used to water one petri dish of 
20 seeds. The control was ten petri dishes watered with distilled water for a total of 200 seeds. 
The roots were counted once they emerged from the seed while the leaves were counted once the 
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leaves were out of the seed coat. The error bars are +/- 1 standard error. Bars with the same letter 
over them did not differ significantly. 
 
Mean day that seedlings developed roots and leaves differed significantly between species and 
control (Two Way ANOVA F= 34.24363, d.f.=4, p<0.001). For root development, Thelypteris 
sp. had a mean day of 6.6 +/- 0.2, Diplazium sp. was 6.5 +/- 0.2, Blechnum sp. had a mean of 6.8 
+/- 0.2, and the mean day for the control group was 5.2 +/- 0.1 (mean +/- standard error; Fig. 4). 
The fern species only differed by 0.3 days which was not significant (Fisher LSD difference 
p<0.05). The control group however, developed roots significantly earlier than all of the fern 
species (Fisher LSD difference p<0.05). There was a little more variability in the time it took for 
the seedlings to develop leaves than for roots. Thelypteris sp. had a mean day of 9.6 +/- 0.2, 
Diplazium sp. had a mean of 10.7 +/- 0.2, Blechnum sp. was 9.4 +/- 0.2 and the control had a 
mean day of 8.7 +/- 0.1 for leaf development (mean +/- standard error; Fig. 4). Thelypteris sp. 
and Blechnum sp. did not differ significantly from each other but they did differ from Diplazium 
sp. and the control (Fisher LSD difference p<0.05). The control and Diplazium sp. also differed 
from one another (Fisher LSD difference p<0.05). The control group developed leaves earliest, 
followed by Thelypteris sp. then Blechnum sp., and finally Diplazium sp.. 

 
Figure 4: Mean day roots and leaves appeared on tomato seedlings over the course of 11 days 
when grown in petri dishes watered with leachate made from three different species of 
understory tropical ferns from the Pacific premontane wet forest in Costa Rica: Thelypteris sp., 
Diplazium sp., and Blechnum sp.. Each species is represented by 200 tomato seeds. Leachate was 
made from ten individuals of each species and each leachate was used to water one petri dish of 
20 seeds. The control was ten petri dishes watered with distilled water for a total of 200 seeds. 
The roots were counted once they emerged from the seed while the leaves were counted once the 
leaves were out of the seed coat. The error bars are +/- 1 standard error. Bars with the same letter 
over them did not differ significantly. 
 
Plantlet community 
The number of plantlets did not differ significantly between Thelypteris sp. and Diplazium sp., or 
Thelypteris sp. and Blechnum sp. (Paired t-tests: Thelypteris sp. and Diplazium sp.: 
t=0.83769914, observations=15, p=0.42; Thelypteris sp. and Blechnum sp.: t=-1.043458273, 
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observations=15, p=0.31). However, number of plantlets differed significantly between 
Diplazium sp. and Blechnum sp. (Paired t-test t=-2.374929, observations=15, p= 0.03). Mean 
number of plantlets for Thelypteris sp. was 3.9 +/- 0.7, Diplazium sp. was 3.2 +/- 0.5, and 
Blechnum sp. had a mean of 5.1 +/- 1.0 (mean +/- standard error; Fig. 5). The largest difference 
between fern species was between Diplazium sp. and Blechnum sp. which were different by 
nearly 2 plantlets. Thelypteris sp. and Diplazium sp. both differed significantly from their 
controls (Paired t-test: Thelypteris sp. and Thelypteris control: t=-4.260869565, observations=15, 
p<0.001; Diplazium sp. and Diplazium control: t=-4.022486404, observations=15, p=0.001). 
Blechnum sp. did not differ significantly from its control (Paired t-test: t=-1.67418924, 
observations=15, p=0.12). 

 
Figure 5: Mean plantlet abundance under three different species of understory tropical ferns from 
the Pacific premontane wet forest in Costa Rica: Thelypteris sp., Diplazium sp., and Blechnum 
sp.. The area measured was a circle centered at the base of the fern extending to the ends of the 
fronds. Each species is represented by 15 individuals. Only ferns that did not overlap with other 
ferns, appeared healthy, had at least three fronds and a radius of at least 18cm were considered. 
The controls were each comprised of 15 non-Pteridophyta plants of the same size and 
approximate abiotic factors (such as light availability, slope, drainage, etc.) of their analogous 
ferns. The error bars are +/- 1 standard error. Bars with the same letter over them did not differ 
significantly. 
 
Diversity of plantlet communities growing under Blechnum sp. differed significantly from the 
communities under Thelypteris sp. and Diplazium sp. (Shannon-Weiner: Blechnum sp. and A: 
t=1.1916, d.f.= 48.315, p=0.24; Blechnum sp. and Diplazium sp.: t=0.93938, d.f.= 38.184, 
p=0.35). Diversity did not differ significantly between Thelypteris sp. and Diplazium sp. 
(Shannon-Weiner t=0.18153, d.f.= 37.023, p=37.02). Thelypteris sp. had an H’ value of 2.22, 
Diplazium sp. had 2.17, and Blechnum sp. had 1.90 (Fig. 6). The H’ values varied by 
approximately 0.3; the largest difference was 0.32 between Thelypteris sp. and Blechnum sp. 
Thelypteris sp. and Diplazium sp. differed significantly from their controls (Shannon-Weiner: 
Thelypteris sp. and Thelypteris control: t=-2.4493, d.f.= 31.248, p=0.02 ; Diplazium sp. and 
Diplazium control: t=-2.5259, d.f.=-2.5259, p=0.02). Thelypteris sp. had an H’ value 0.54 less 
than its control and Diplazium sp. was 0.64 less than its control group (Fig. 6). Blechnum sp. did 
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not differ significantly from its control (Shannon-Weiner t=0.62406. d.f.= 61.26, p=0.53). In 
contrast to Thelypteris sp. and Diplazium sp., the plantlet communities under Blechnum sp. were 
slightly more diverse than those under its control: Blechnum sp. had an H’ value of 1.90 while 
Blechnum control had a value of 1.74, although this difference was not significant. Blechnum sp. 
and its control had lower H’ values than Thelypteris sp., Diplazium sp., and their controls.  

 
Figure 6: Diversity (H’) of plantlets growing under three different species of understory tropical 
ferns from the Pacific premontane wet forest in Costa Rica: Thelypteris sp., Diplazium sp., and 
Blechnum sp.. The area measured was a circle centered at the base of the fern extending to the 
ends of the fronds. Each species is represented by 5 individuals. Only ferns that did not overlap 
with other ferns, appeared healthy, had at least three fronds and a radius of at least 18cm were 
considered. The controls were each comprised of 5 non-Pteridophyta plants of the same size and 
approximate abiotic factors (such as light availability, slope, drainage, etc.) of their analogous 
ferns. Bars with the same letter over them did not differ significantly. 
 
Total number of morphospecies did not differ significantly between species (Chi2 test: 
Thelypteris sp. and Diplazium sp.: chi2=0.043 , d.f.=1, p=0.83; Thelypteris sp. and Blechnum sp.: 
chi2=0.182, d.f.=1, p=0.67; Diplazium sp. and Blechnum sp.: chi2=0.048, d.f.=1, p=0.83). 
Additionally, no species differed significantly from its control in the total of morphospecies 
found (Chi2 test: Thelypteris sp. and Thelypteris control: chi2=1.58, d.f.=1, p=0.21; Diplazium sp. 
and Diplazium control: chi2=3.67, d.f.=1, p=.06; Blechnum sp. and Blechnum control: 
chi2=0.053, d.f.=1, p=0.82). Thelypteris sp. had 12 morphospecies while its control had 19; 
Diplazium sp. had 11 morphospecies and its control had 22; Blechnum sp. had 10 morphospecies 
and its control had 9 morphospecies (Fig. 7). Fern morphospecies counts only varied by 2. The 
largest differences were between ferns and their controls where Diplazium sp. varied from its 
control by 11 morphospecies. Blechnum sp. was the only fern that had more morphospecies that 
its control.  
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Figure 7: Total number of morphospecies growing under three different species of understory 
tropical ferns from the Pacific premontane wet forest in Costa Rica: Thelypteris sp., Diplazium 
sp., and Blechnum sp.. The area measured was a circle centered at the base of the fern extending 
to the ends of the fronds. Each species is represented by 5 individuals. Only ferns that did not 
overlap with other ferns, appeared healthy, had at least three fronds and a radius of at least 18cm 
were considered. The controls were each comprised of 5 non-Pteridophyta plants of the same 
size and approximate abiotic factors (such as light availability, slope, drainage, etc.) of their 
analogous ferns. Bars with the same letter over them did not differ significantly. 
 
Table 1: Number of overlapping morphospecies found growing under more than one fern species 
or control group. Each fern species and control group is represented by 5 individuals. Only ferns 
that did not overlap with other ferns, appeared healthy, had at least three fronds and a radius of at 
least 18cm were considered. The controls were each comprised of 5 non-Pteridophyta plants of 
the same size and approximate abiotic factors (such as light availability, slope, drainage, etc.) of 
their analogous ferns. 

  Thelypteris 
Control 

Diplazium 
Control 

Blechnum 
Control 

Thelypteris 
sp. 

Diplazium 
sp. 

Blechnum 
sp. 

Thelypteris 
sp. 0 0 1 -  0 0 

Diplazium 
sp. 14 0 0 0 -  0 

Blechnum 
sp.  0 0 4 0 0 -  

Few morphospecies were found under more than one set of plants. Diplazium sp. and Thelypteris 
control had the most overlap with 14 of the same morphospecies found in common (Table 1). 
Blechnum sp. had four morphospecies in common with its control and Thelypteris sp. had one 
morphospecies in common with Blechnum sp. control (Table 1). There were no other 
overlapping species between any of the groups. 
 
DISCUSSION 
None of the soil samples from under any of the fern species caused a significant change in the 
percent seed germination or time to germination which indicates that there are no allelopathic 
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chemicals in the soil or that they leach out quickly. The lack of allelopathic chemicals in the soil 
means that the chemicals do not accumulate in the soil: they require constant replenishing from 
the ferns to be effective. This constant effort means that producing allelopathic chemicals is a 
substantial energy investment for the ferns as they have to always be producing these chemicals.  
 The leachate experiment showed that these allelopathic chemicals were in the fronds. 
These compounds could have come from the leaves or the spores which were developing on 
many fronds. As ferns are not always producing spores and not all fronds are sporophylls (Hill 
2001), it is most likely that the compounds are produced in the fronds to sustain a consistent 
level of allelopathic chemical output. This implicates fronds as the main source of allelopathic 
compounds for all three species which is in line with other studies on fern allelopathy that point 
to fronds as the general source of the chemicals (Star 1980). 

In this experiment, the allelopathic compounds from the fronds of all three fern species 
caused delayed development in the seeds. The leachates delayed the development of roots by 
slightly more than a day (Fig. 4); though statistically significant, the biological significance of 
this delay is a little more elusive. Any additional time spent as a seed increases chance for seed 
predation, fungal colonization, and other dangers that prevent germination (Bruna 1999). 
However, the addition of one day as a seed is not likely to decrease the chances of germination 
by any discernable amount. It is possible that this delay is more pronounced in other species that 
are potential competitors of these ferns. The seeds used in this experiment were commercially 
available tomato seeds genetically modified to maximize germination (Coolbear et al. 1984). 
Therefore the effects of the allelopathic chemicals on these seedlings are a conservative 
demonstration of the allelopathic potential of these ferns. For the unmodified plants out in the 
forest, the allelopathic chemicals may have a more pronounced effect.  
 Leaf development showed a similar story to root development with the leachates delaying 
leaf development compared to the control. Some of this delay in leaf development is certainly 
due to the delayed root development which caused leachate watered seedlings to start growing 
after the control seedlings. When taking the delayed start into consideration, the difference 
between control and leachate seedling leaf development is much smaller particularly for 
Thelypteris sp. and Blechnum sp., whose leachates resulted in leaf development only about a day 
behind the control. The difference for Diplazium sp. was more pronounced than for Thelypteris 
sp. or Blechnum sp.: seedlings watered with leachate from Diplazium sp. developed leaves two 
full days behind the control despite starting to germinate only about day behind the control (Fig. 
4). This difference between Diplazium sp. and the other ferns demonstrates that the three fern 
species do not all employ the same allelopathic chemicals. The chemicals are not identical or at 
least not in the same concentration so they affect the seeds to different degrees.  
 Analysis of the plantlet communities also indicates that the fern species are producing 
different allelopathic chemicals. Thelypteris sp. and Diplazium sp. both had significantly fewer 
plantlets growing under their fronds than their controls while the difference for Blechnum sp., 
though it followed the same trend, was non-significant (Fig. 5). That rift between Thelypteris sp. 
and Diplazium sp. showing stronger evidence of allelopathy than Blechnum sp. was continued in 
the diversity and richness analyses which showed little difference between Blechnum sp. and its 
control despite significant differences between Thelypteris sp. and Diplazium sp. and their 
controls (Fig. 6, 7). These findings are in line with other studies that have found unique 
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allelopathic chemicals for different species of plants (Bhakat & Maiti, Foy & Inderjit 2001, 
Hierro & Callaway 2003). The great diversity of allelopathic chemicals underlines the need for 
more a complete census of allelopathic plants because each one is likely to be unique. 

The diversity of allelopathic chemicals also suggests a possible mechanism for 
maintaining biodiversity in neotropical cloud forests. Each species of fern puts out different 
allelopathic chemicals creating a unique soil environment in its immediate surroundings. These 
microhabitats make it very difficult for any one species to expand into a monoculture as different 
species will be better adapted to certain soil conditions (Passioura 2002). Evidence to further 
support allelopathy as a way to maintain biodiversity comes from the analysis of plantlet 
communities which showed limited overlap of morphospecies growing under different fern 
species (Table 1). The scarcity of overlapping morphospecies indicates that there are few species 
out in the forest that can grow under more than one fern species. Additionally, control areas were 
more diverse than their respective fern species (Fig. 6). This difference shows that there are 
many species that cannot grow under even one fern species. Therefore, by establishing their 
microhabitats, ferns are limiting what other species can grow near them. This delineation limits 
the area that a given species can colonize which allows multiple species to establish themselves 
in an area that would otherwise have been colonized by a single more competitive species.  

There was some unexpected results from morphospecies overlap that, while they do not 
affect the aforementioned trends and conclusions, warrant some exploration. There were only 19 
morphospecies found in more than one group of plants (Table 1). This amount sounds like quite 
a lot of overlap but 14 of those morphospecies were shared between just two groups; Diplazium 
sp. and Thelypteris control. Data for Thelypteris sp. was gathered from the same area as 
Thelypteris control and the same was true of Diplazium sp. and its control so why Diplazium sp. 
and Thelypteris control have such a large amount of overlap is a bit of a mystery. One would 
expect there to be more overlap between each species and its own control than between a fern 
species and a different control. It is possible the abiotic conditions were most similar between the 
sites for Diplazium sp. and Thelypteris control despite the fact that Thelypteris control data was 
gathered from an area physically closest in location and appearance to the area Thelypteris sp. 
data was collected and Diplazium sp. was physically closest to Diplazium control. It is also 
possible that this overlap is due to chance factors that affected seed dispersal.  

Overall, all three species of ferns showed evidence of allelopathy. These findings are 
congruent with other studies that have found widespread allelopathic properties in the 
Pteridophyta division (Moral and Cates 1971, Olofsdotter 1981). In fact, the mean germination 
rates were nearly identical to those found by Heckendorn and Saeman (2003) in their study of 
allelopathy in tree ferns. They also lend further evidence in favor of allelopathic chemicals 
coming primarily from leaves as opposed to roots or the decomposition of senesced leaves as 
these two other methods would have caused inhibition in the seeds grown in the soil. This 
contribution is important as there is much debate between botanists as to the primary source of 
allelopathic chemicals (Orr et al. 2005). However, it is noteworthy that all three plants tested 
here were ferns, the source of allelopathic chemicals may vary by taxa. 
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Resumen 
 
Los bosques nubosos tropicales están en riesgo ante el cambio climático alterando los regímenes de precipitación y 
temperatura allá,  desmontando comunidades y estresando organismos que dependen de frecuente niebla. Bosques 
nubosos tropicales son altos en biodiversidad de briófitas y alfombras de musgos juegan un papel importante en 
estabilidad temporal de humedad, y por lo tanto biodiversidad y función de los ecosistemas. Colectando esteras de 
musgos a lo largo de un transecto altitudinal en Monteverde, Costa Rica, un regresión simple demuestra que hay un 
relación fuerte (F=503.232, p<.0001, R2=.534) entre elevación y espesor de la estera de musgo.  Tres especies de 
alta, media, y bajas elevaciones fueron escogidos para medir capacidad de retención de agua, deshidratación, y tasas 
de rehidratación. La especie de la elevación más alta deshidrató más rápido (F=128.109, df=2, p<.0001) con una 
pendiente logarítmica de -1.0405, y la especie de la elevación más baja tuvo la tarifa de rehidratación más rápida (F= 
240.66, df=2, p=.008) con una pendiente logarítmica de 1.022 . En vista de que la especie de elevación baja retiene 
agua por más tiempo y rehidrata más rápido, entre mayor altitud se mueva, es posible que compitan mejor que otras 
especies que son menos adaptadas a la sequedad en un planeta más cálido. 
 
Abstract 
 
Tropical cloud forests are at risk as global warming alters precipitation and temperature regimes there, 
disassembling communities and stressing organisms that depend on frequent mist. Tropical cloud forests are high in 
bryophyte diversity and moss mats play an important role in temporal stability of moisture, and hence biodiversity 
and ecosystem function. By collecting depths of various moss mats along an elevational transect in Monteverde, 
Costa Rica, a simple linear regression demonstrates a strong relationship (F=503.232, p<.0001, R2=.534) between 
elevation and thickness of moss mat. Three species from high, medium, and low elevations were chosen to measure 
water holding capacity, desiccation rates, and rehydration rates. The species from the highest elevation dehydrated 
quickest (F=128.109, df=2, p<.0001) with a mean logarithmic slope of -1.0405, and the lowland elevation species 
had the fastest rehydration rate (F= 240.66, df=2, p=.008) with a mean logarithmic slope of 1.022. Considering 
lower elevation species retain water for longer and rehydrate faster, as they move upslope they may outcompete 
species that are less dry adapted in a warming climate.  
 
Introduction 
 
Earth’s temperatures are expected to rise 1-4 °C by the end of the century, altering rainfall 
patterns, biodiversity, and ecosystem function (Corlett 2014). These climactic changes are likely 
to have greater impact in the tropics where species have narrower abiotic limits (Freeman and 
Freeman 2014). A meta-analysis of climate impact on various taxonomic groups show that 
species are moving upslope at an average rate of 11.1m/decade (Chen et al. 2011). This upslope 
movement has been documented in birds, insects, trees, and mammals (Freeman and Freeman 
2014, Moret et al. 2016, Beckage et al. 2008, Erb et al. 2011). Not only does warming push 
species toward higher elevations, it contributes significantly to community disassembly. Not all 
species can move to higher elevations or at the same rate, so novel communities form, some 
species are lost, and connectance may weaken (Sheldon, et al. 2011). 
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Tropical montane ecosystems are especially vulnerable because the warming climate is 
lowering mist frequency and altering rainfall patterns. During the dry season in Monteverde, 
Costa Rica, the number of dry days are increasing in frequency and duration (Pounds et al. 
1999). The idea that species shift upslope has been studied in Monteverde on anole lizards and 
birds (Pounds et al. 1999). Organisms like moss that depend on the constant mist found in the 
cloud forests are likely to change as well. Mosses may buffer dry days by holding moisture and 
could act as foundation species for epiphytes and other associated organisms (Perpetua-Lowry 
2016), like tardigrades and other small invertebrates (Jonsson et al. 2015). 

In Monteverde Could Forests, moss area and diversity increases on trunks and branches 
with elevation (Heitler-Klevans 2016, Hagen-Botbol 2016, Nichols 2013). Likewise, vascular 
epiphytes associated with mosses also increase. In this study I examine moss depths along an 
elevational gradient. Thicker mats are important because they provide a substrate with greater 
surface area for microfaunal inhabitation and the root colonization of vascular epiphytes. They 
may also store more water and further increase temporal stability of substrate moisture. Previous 
studies show that there is no difference in the rehydration and dehydration rates between a high 
elevation liverwort and a low elevation moss were used in this study (Nichols 2013). To explore 
these properties within the moss communities, the three most common moss species from three 
elevations were tested at three depths for wetting and drying times, to determine if moss depth 
and elevation impacted how rapidly water is gained and lost. 

 
Materials and Methods 
 
Study Site  
 
Data were collected along the sendero principal trail behind the Estación Biológica in 
Monteverde, Costa Rica in the wet season from October 25th to November 9th, 2016. From 1530 
to 1780m the trail spans Lower Montane Moist Forest to Lower Montane Wet Forest Life Zones 
(Nadkarni 2000). 
 
Field Determination of Moss Mat Depths with Elevation 
 
Starting at 1530m, with every 10m increase in elevation, any tree within 20m of the trail that had 
typical moss cover for its altitude was measured. Some exceptions were made. Trees that had 
atypical moss cover within a given elevational band were excluded to standardize sampling. 
Trees situated in light gaps were also excluded. Four elevational bands (1570, 1660, 1730, and 
1770m) were excluded because the terrain around the trail was too steep or because there was no 
suitable tree within 20m of the trail.  A one by one m2 quadrat was tied to the tree at breast height 
(Figure 1). Using a World Precision Instruments digital caliper, moss mat thickness was 
measured in millimeters. Whichever species of moss that was present at the center of each five 
by five cm2 square was measured and collected for a morphospecies reference sheet.  
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Moss Water Retention 
 
Three species of moss were collected from different elevations to determine water holding 
capacity, dehydration rates and rehydration rates. Each species represented the most common 
found at at each low (1530m), medium (1640m), and high elevation (1780m). These three 
species, despite having different distributions and abundances with change in elevation, have the 
same bottle brush morphology (Figure 2). Each species was divided into three sized spheres (1, 
2, and 4cm) to resemble varying thicknesses of moss found throughout the cloud forest. Four 
replicates of each size moss sphere were created using standardized sizes of mosquito netting and 
string. The mosquito net was cut into four by four cm2 squares and all strings used for tying the 
spheres were 5cm long. Four replicates of the three sizes were created for the three species (36 
samples), and were soaked in water for 20 minutes and hung until they stopped dripping. Each 
sample was weighed and then placed in a Weston food dehydrator on low temperature (35°C, 
with fan) and weighed after 10, 40, 100, 220, and 400 minutes to determine desiccation rates. 
After drying, the samples were placed in an airtight terrarium connected to a Crane Ultrasonic 

Figure 1: Lower Montane Wet Forest around 1650m (right). One sampled tree from the Lower 
Montane Moist Forest (top left) and another from the Lower Montane Wet forest (bottom left). These 
trees are representative of the typical moss coverage within their elevational bands. The tree from the 
Lower Montane Wet Forest (bottom left) had 100% cover so it was measured four times every five 
by five cm2, resulting in 100 depth measurements.  
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Cool Mist Humidifier (resembling natural misting) and weighed after 30, 90, 150, 360, 480, and 
1200 minutes to determine rehydration rates (Figure 2). 
 

 

Results  
 
Field Study: Moss Mat Depth and Elevation 
 
Moss mat depth significantly increased with elevation (Figure 2). 441 depths were recorded from 
22 trees spanning 1530-1780m elevation and 17 morphospecies were recorded. A significant 
trend was found after running a simple linear regression (F=503.232, p<.0001), with an R2 value 
of 0.534. The average moss mat depth at the lowest elevation (1530m) was 4.23mm while the 
highest elevation moss mat (1780m) had an average depth of 40.26mm. With each 10m increase 
in elevation, average moss mat depth increases.  
 
 

Figure 2: The three species of moss chosen for the lab trials all had the same bottlebrush morphology. This is the 
low elevation species from the genus Leucoloma spp. (right). Moss samples were rehydrated in an airtight 
terrarium connected to a Crane Ultrasonic Cool Mist humidifier (left). The humidifier was turned on low and 
samples were misted for 20 hours and weighed after 30, 90, 150, 360, 480, and 1200 minutes. 
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Lab Trials: Water Capacity, Dehydration and Rehydration Rates 
 
The dehydrating rates between species were significantly different except between the low 
elevation species and the medium elevation species in the 1cm and 2cm moss spheres. When 
considering the 4cm spheres, the high elevation species dehydrated much faster than the other 
species (2-Way Anova, F=128.109, df=2, p<.0001). Post hoc analysis demonstrates that within 
these larger spheres, there was also significant difference between the medium elevation and 
lowland species (Fisher LSD at p<.0001). The dehydrating rates of the 1cm and 2cm spheres 
once again only differed between the high elevation species and both the lowland species 
(F=505.0432, df=2, p=.013) and medium elevation species (Fisher LSD, p=0.02). 
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Figure 3: The effect of elevation on the depth of Could Forest moss mats. Trees within 20m of 
sendero principal trail in Monteverde, Costa Rica were sampled every 10m increase in elevation. 
Depths were measured by placing a one by one meter quadrat on trees at breast height and taken 
at the center of each five by five cm2. The depths were strongly positively correlation with 
elevation (F=503.22, p<.0001, R2=.53409). 
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Significant differences between mean slopes of rehydration were found within the 2cm 

and 4cm moss sphere trials. In the 4cm spheres, the low elevation species rehydrated more 
quickly than the middle elevation and high elevation species (2 Way Anova, F=240.66, df=2, 
p<.0001) with an average logarithmic slope of 1.022. Within the 2cm trial, the averages of the 
logarithmic slopes of rehydration also differed significantly between the low elevation species 
and the middle elevation species (F=37.63, df=2, p<.0001), and between the high elevation 
species and the middle elevation species (Fisher LSD, p<.0001). None of the species differed in 
mean logarithmic slopes within the 1cm moss sphere trial. 
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Figure 4: Desiccation rates were explored in four replicates of each size moss sphere (1, 2, and 4cm) between three 
species from distinct elevational bands (1530, 1640, 1750m). Moss spheres were dehydrated in a Weston food 
dehydrator for six hours and 40 minutes and were weighed after 10, 40, 100, 220, and 400 minutes to determine 
dehydration rates. For each moss sphere (36 in total), a logarithmic function was calculated to represent rate of 
dehydration. The mean slopes for these logarithmic functions for each dehydration trial are graphed. Error bars 
represent +/- standard error for each slope average.  
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Discussion 
 
Moss mats become significantly deeper with increased elevation. Other studies in Monteverde, 
Costa Rica show that moss cover per tree increases with elevation (Heitler-Klevans 2016), as 
well as species richness, abundance and diversity (Nichols 2013, Hagen-Botbol 2016). My field 
experiment provides further insight on changes of moss with elevation. Together, they can help 
predict future changes in the physical and structural compositions of the understory moss 
community. 

Previous studies show that there is not necessarily a significant difference between mean 
rates of dehydration and rehydration between a higher and lower bryophyte species (Nichols 
2013). However, in his study Nichols was comparing a lower elevation moss species and a 
higher elevation liverwort. To investigate the water holding capacity within the moss 
community, these species might not be the best choices for comparison considering that they are 
in different taxonomic groups. 

Within three species of moss, my data demonstrates that desiccation and rehydration rates 
do change not only between the varying sizes of moss spheres, they also differ between the three 
common species found at low, medium, and high elevations. The larger spheres of moss dried 
out and rehydrated much quicker than the small and medium spheres. These larger spheres are 
not solid, but rather filled with spaces, and therefore have greater surface area. With more 
surface area, there is more space for absorption of water and also water loss. This suggests that 
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Figure 4: Rehydration rates were explored in four replicates of each size moss sphere (1, 2, and 4cm) between 
three species from distinct elevational bands (1530, 1640, 1750m). Moss spheres were rehydrated for 20 hours 
using a Crane ultrasonic cool mist humidifier and were weighed after 30, 90, 150, 360, 480, and 1200 minutes. 
For each moss sphere (36 in total), a logarithmic function was calculated to represent rate of rehydration. The 
mean slopes for these logarithmic functions for each rehydration trial are graphed. Error bars represent +/- 
standard error for each slope average.  
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larger moss mats found at higher elevations are still susceptible to drought, despite their ability to 
hold lots of water. When moisture or precipitation returns after drought, they can bounce back 
and rehydrate quickly. 

Between species, dehydration occurs the fastest in the higher elevation mosses while the 
lowest elevation species rehydrate the fastest. When it is not raining on the mountaintop 
ecosystem where the high elevation species are found, it is almost always covered in a blanket of 
mist. Because atmospheric water is readily available at these elevations, the species found here 
might not require the same adaptations for prolonged dryness that the lowland elevation species 
has. On the other hand, the lowland species dried out significantly slower than the highland 
species, showing that the lowland species of moss appears better adapted for a drier climate. In 
the event of prolonged dryness, the lowland species of moss will be able to retain water for a 
longer period of time and absorb water more and replenish itself more quickly when rain or mist 
returns. With high water retention, it could be the most successful species in this increasingly dry 
ecosystem.  

The dehydration and rehydration rates for the middle elevation species between the size 
trials were the most uniform. This species loses water slower than the low and high elevation 
species while also rehydrating the slowest. The low and high elevation species’ rehydration 
slopes significantly increased as moss spheres grew larger, but the slopes of the middle elevation 
species did not. This species had a more restricted range than the other two species and so maybe 
the rehydration rates show little difference between the size trials because it is adapted for a 
narrower elevational band therefore only persisting in uniform sized moss mats. 

When dried out, increased temperatures and dry days negatively impact moss survival 
(Hearnshaw and Proctor 1995). Although moss’ have incredible tolerance to desiccation and can 
persist for over a year without any precipitation, many of the organisms that live within this moss 
like tardigrades and nematodes cannot do the same (Jonsson et al. 2015). With drying events 
becoming increasingly common in the Monteverde cloud forest, these understory mosses and the 
microfaunal communities they contain will become particularly vulnerable (Hearnshaw and 
Proctor 1995).  

Not only do animals depend on the moist substrate provided by moss, many vascular 
epiphytes also rely on moss mats. The pollen, nectar, seeds, and fruit produced by all the tropical 
epiphytes that grow on moss account for much of the connectivity and complexity in tropical 
ecosystems and are facilitated by the presence of moss (Foster 2001).  These moss communities 
are a good indicator for climate change (Nadkarni and Solano 2001) because if they dry up and 
disappear following years of rising temperatures and dryness, it is likely that their absence will 
have cascading effects that span taxonomic groups and trophic levels in the tropics. Protecting 
these moss communities protects biodiversity, connectivity, and functionality (Foster, 2001). 
Longer term studies modeled after those described here will help protect moss communities in 
this ever-changing cloud forest ecosystem. 
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ABSTRACT 
Epiphytes are plants lacking contact with the ground, found mostly on tree branches. To 
understand how epiphytic communities are organized and what assembly rules are at 
play, recently fallen branches were collected and analyzed in Monteverde Cloud Forest, 
Costa Rica. It is important to understand the community assemblage of these neotropical 
vascular epiphytes to predict how they will be affected by climate change, which will be 
expressed here as more consecutive dry days. Length and diameter of each branch were 
measured, the percent bryophyte cover was recorded, and all vascular epiphyte species 
were inventoried. Bryophytes appear to act as a foundation species for Cloud Forest 
vascular epiphytes, as suggested by a positive relationship between bryophyte cover and 
vascular epiphyte richness. Community structure was also analyzed for species 
abundance distribution (SAD) and was found to best align with Fisher’s log-series and 
Hubbell’s Neutral Theory, two models that are based on species equivalency and random 
assemblage from a regional species pool. Two common species were analyzed and no 
association between them was found. Therefore, Cloud Forest vascular epiphyte 
communities rely on bryophytes but are otherwise randomly assembled. As tropical 
Cloud Forests experience more consecutive dry days, mosses may buffer water shortages 
or epiphyte communities are likely to follow mosses uphill seeking historic mist levels.    
 
RESUMEN  
Las epífitas son plantas que no tienen contacto con la tierra, usualmente ellas están en las 
ramas de árboles. Para entender como se organizan las comunidades de las epífitas y 
cuales reglas de formación están involucradas, ramas recientemente caídas fueron 
recolectadas y analizadas en el bosque nuboso de Monteverde, Costa Rica. Es importante 
entender el ensamblaje de la comunidad de las epífitas vasculares para predecir como van 
a ser afectados por el cambio de la clima, que se va a expresar aquí como más días secos 
consecutivos. Longitud y diámetro de cada rama fueron medidos, el porcentaje de 
cobertura de briófitas fue registrado, y todas las epífitas vasculares fueron inventariadas 
Las briófitas parecen actuar como una especie fundamental para epífitas vasculares de los 
bosques nubosos, como sugiere por la relacion positiva entre la corbatura de briófitas y la 
riqueza de epífitas vasculares. La estructura de la comunidad fue analizada por la 
distribución de abundancia de especies y fue mejor alineado con la serie logarítmica de 
Fisher y la teoría neutral de Hubbell, dos modelos que se basan en equivalencia de 
especies y ensemblaje al azar de un grupo de especies regionales. Dos especies comunes 
fueron analizadas y ninguna asociación entre ellas fue encontrada. Por esto, las 
comunidades de epífitas vasculares del bosque nuboso dependen de briófitas pero por 
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otra parte son reunidas al azar. Como los bosques tropicales nubusos experimenten más 
días secos consecutivos, los musgos pueden proteger a la escasez de agua o comunidades 
de epífitas probablamente se moveran hacia arriba para seguir los musgos para encontrar 
niveles históricos de la niebla. 	
 
INTRODUCTION 
 
The changes due to anthropogenic behavior have begun to affect almost every aspect of 
the biological world, mostly through a change of climate (Vitousek et al. 1997). Knowing 
the degree of biologically-mediated community organization is important for 
understanding how communities will change with human impact.  These communities are 
drawn from a regional species pool set by geography and shared abiotic tolerances 
(Mittelbach & Schemske 2015). Beyond geography and abiotic conditions, local species 
may be a non-random subset of the pool, dictated by species interactions, like 
competition, predation and mutualism (Diamond 1975).  In some cases, foundation 
species create locally favorable conditions for a subset of this regional species pool 
(Ellison et al 2005). On the other hand, many species may be randomly assembled from 
the regional pool, as suggested by the Unified Neutral Theory of Communities (Hubbell 
2005). More biologically-organized communities are more likely to change dramatically 
with land transformation, extinction, species introductions, and climate change as 
changes in one species are more likely to create changes in others (Bellard et al 2012). 
Therefore, understanding the type of community organization is important to predict 
future ecological changes.   
 Epiphytes are plants with no ground contact, usually growing on other plants 
(Rundel & Gibson 1996z). Tree branches in tropical Cloud Forests can support well-
developed epiphyte communities (Ingram & Nadkarni 1993). They appear to be non-
randomly assembled, at least in part.  For example, vascular epiphyte communities on 
Cloud Forest tree trunks are more diverse and of higher abundance with greater 
bryophyte cover (Heitler-Klevan 2016). Therefore, bryophytes may be acting as 
foundation species for vascular epiphytes. This could be related to nutrient (Clark et al. 
1998) and water-holding capacity of bryophytes (Zotz and Vollrath 2003) that provide 
suitable habitat for vascular epiphyte establishment and growth.   

Studies show climate change can create drier conditions that reduce bryophyte 
abundance (van Herk et al 2002). Bryophytes and vascular epiphytes found in tropical 
montane Cloud Forests are sensitive to desiccation, since many species are only found in 
particularly moist, misty and shady habitats (Gignac 2001). As sea level temperatures 
rise, the cloud base, where clouds are formed, is rising, meaning less mist and more 
consecutive dry days in tropical montane Cloud Forests (Pounds et al. 1999).  Mist 
sensitive species are then forced to move to higher elevations to find historic mist 
frequencies, leaving mountain top species to go extinct, at least locally (Pounds et al. 
1999).  

The consequences of global warming to Cloud Forest epiphyte communities may 
be greater if these communities are organized by biological interaction. If epiphytes rely 
on bryophytes as a foundation species, then a reduction in bryophytes would lead to a 
reduction in vascular epiphytes, regardless of the specific effect of climate change on 
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epiphytes. In addition, changes in vascular epiphytes could cascade to other species if the 
community is highly connected, with strong interactions.   

In this study I examine the community structure of epiphytes on fallen branches 
as a way of studying the assembly rules associated with branch epiphyte communities 
and the likely impact of climate change on their composition.  It has already been shown 
that there is higher epiphyte diversity with an increase in bryophyte cover (Heitler-
Klevans 2016) but no studies have looked at branches as a way of analyzing the 
interactions between vascular epiphytes and bryophytes. These branches are anticipated 
to come from zone four of the tree, which is just below the emergent canopy of zone five. 
Branches are more exposed to abiotic conditions such as wind and sun than are tree 
trunks, so it is possible that this results in a difference in community assembly (Silva and 
Pôrto 2012). Therefore, these bryophytes may be even more of an important foundation 
species for vascular epiphytes, than the bryophytes found on the more-protected tree 
trunks.  
	
METHODS 

	
Study Site 
This study took place on trails located behind the Estación 
Biologica in Monteverde, Puntarenas, Costa Rica. The 
elevation was kept between 1550-1650m to avoid altitude 
affecting community composition. These trails are in a 
Neotropical Premontane Wet Forest. All branches were 
found within 10m of the trail. 
 
	
 
Branch Selection  
Branches were selected based on length and diameter. Only 
branches with a length between 30 cm and 100 cm and a 
diameter of 10-30cm were collected (Figure 1). 

 Once branches were found measurements of 
length and the diameter in the middle of the branch 
were recorded. Then, the area of bryophyte cover 
was estimated and recorded. In order to gauge 
bryophyte cover, preliminary measurements were 
taken using a 12x12 transparent grid, but once I was 
familiar with the procedure, visual estimations were 
conducted. The bryophyte cover on all branch area 
was considered. Bryophyte cover was any 
combination of moss, liverworts, and hornworts.  

An inventory of vascular species 
composition on each branch was recorded and 
labeled according to branch number. Every time a 
new vascular epiphyte species was encountered, a 
sample was taken back to the lab to create a living 

Figure 1: An example of a fallen branch with full 
bryophyte cover (100%) and high species richness 
(n=5). Found on the trails behind the Monteverde 
Biological Station in a premontane wet forest in 
Costa Rica. 

Figure	2:	Living	reference	branch.	Every	new	species	of	
vascular	epiphyte	(n=42)	that	was	encountered	was	
secured	to	a	mossy	branch	and	assigned	a	letter	in	order	
to	create	a	living	reference	of	species	for	identification	
purposes.	All	species	of	vascular	epiphytes	were	found	
on	fallen	branches	collected	in	an	neotropical	
premontane	wet	forest	to	study	the	community	
structure	of	these	epiphytes. 
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reference for identification purposes (Figure 2). When a species that had already been 
added to the living reference was encountered, pictures were taken and labeled according 
to branch number in the field, to be later matched to the correct species letter. 

 
RESULTS 
 
During the study 64 fallen branches were found, measured, and inventoried. On these 64 
branches, 42 species of vascular epiphytes were found (Table 1). These vascular 
epiphytes belonged to 7 families, the two most common being orchids (Orchidaceae) and 
ferns (Polypodiceae). Of 42 species, only two were found more than ten times during the 
study. These two species were Pecluma camptophyllaria (Polypodiceae) and 
Elaphoglossum sp. 4 (Dryopteridaceae).  A Chi-square analysis was done to see if there 
was a relationship between them, and it was found that they both occur randomly and 
there is no relationship present (p= 0.743) (Table 2).  

 

Abundance	 Genus	 Species	 Family	
2	 Pleurothallis		 sanchoi	 Orchidaceae	

18	 Pecluma	 camptophyllaria	 Polypodiceae	
2	 Masdevallia		 striatella	 Orchidaceae	
3	 Disterigma	 humboldtii	 Ericaceae		
6	 Maxillaria	 bracteata	 Orchidaceae	
1	 Peperomia	 tetraphyla	 Piperaceae	
1	 Peperomia	 m.s.	#1	 Piperaceae	
3	 Tillandsia	 excelsa	 Bromeliaceae	
4	 Guzmania	 nicaraguensis	 Bromeliaceae	
3	 Alansmia	 sp.	 Polypodiceae	
2	 Elaphoglossum	 m.s.	#1	(thick	leaf)	 Dryopteridaceae	
6	 Scaphyglottis	 sp.	 Orchidaceae	
4	 Elaphoglossum	 paleaceum	 Dryopteridaceae	
2	 Encyclia		 sp.	 Orchidaceae	
8	 Elaphoglossum	 peltatum	 Dryopteridaceae	
1	 Pleurothallis		 aristata	 Orchidaceae	
2	 Clusea	 sp.	 Clusiaceae	
1	 Restrepia	 muscifera	 Orchidaceae	
3	 Stelis		 segoviensis	 Orchidaceae	
1	 Neomirandea	 sp.	 Asteraceae	
3	 Cryptocentrum	 calcaratum	 Orchidaceae	
4	 Cavendishia	 capitulata	 Ericaceae		
1	 Niphidium	 sp.	 Polypodiceae	
1	 Dichaea	 muricata	 Orchidaceae	
7	 Tillandsia	 insignis	 Bromeliaceae	

Table 1: A list of all 42 vascular epiphyte species found  on the 64 branches found during this 
study in a neotropical premontane wet forest. These fallen branches were collected in order 
to study the organization of these communities  (For pictures of each species, see Appendix 1).  
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13	 Elaphoglossum	 m.s.	#4	(wavy)	 Dryopteridaceae	
2	 Epidendrum	 sancti-ramoni	 Orchidaceae	
1	 Epidendrum	 sp.	 Orchidaceae	
1	 Elaphoglossum	 m.s.	#6	 Dryopteridaceae	
1	 Elaphoglossum	 m.s.	#7	 Dryopteridaceae	

1	 Elaphoglossum	
m.s.	#5	(thick	
round)	 Dryopteridaceae	

7	 Werauhia		 sp.	 Bromeliaceae	
2	 Peperomia		 m.s.	#4	 Piperaceae	
1	 Platystele	 microtatantha		 Orchidaceae	
1	 Trichosalpinx	 memor	 Orchidaceae	
1	 Pleurothallis		 sp.	 Orchidaceae	
1	 Epidendrum	 sp.	 Orchidaceae	
1	 Peperomia	 sp.	 Piperaceae	
3	 Peperomia	 sp.	 Piperaceae	
1	 Platystele	 sp.	 Orchidaceae	
1	 Masdevallia		 chasei		 Orchidaceae	
1	 Lepanthes	 sp.	 Orchidaceae	

 
 

	 	

Elaphoglossum	
sp.		 	

	 	
Yes	 No	

Pecluma	
camptophyllaria	 Yes	 3	 10	

	 No	 15	 36	
 
 The average branch diameter was 17.68cm +/- 0.82, the average branch length 
was 57.76cm +/- 2.34 and the average branch area was 3,896.21 +/- 259.78 (mean +/- 
standard error, Figure 3). 
          There was a significant correlation found between branch area (cm2) and epiphyte 
species richness (Species Richness= 1.09216 + 0.00027 * Branch Area (cm2), 
R2=0.15056, F=10.98941, df=1, p=0.00153, n=64, Figure 3). The trend shows that the 
bigger branches have higher species richness. The R2 suggests that about 15% of changes 
in vascular epiphyte species richness is caused by branch area.   
 

Table 2: A Chi-square analysis of the relationship between the two most 
common vascular epiphyte species found in this study. These two ferns were 
found on branches collected in a neotropical premontane wet forests. The high 
p-value (p=0.743) shows that there is no relationship between these two 
species, meaning that it is not biologically important to one species if the other 
is present.  
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Figure 3: Branch surface area (cm2), calculated using measurements of length and diameter taken in 
the field, compared to the species richness of each branch. 64 fallen branches were measured in the 
neotropical premontane wet forest in order to study the biological organization of these communities. 
The average branch area was 3,896.21 +/- 259.78. 

	 There is also a significant correlation between the epiphyte species richness and 
the percent bryophyte cover (Species Richness = 1.19809 + 0.02009 * Bryophyte 
Coverage, R2= 0.19913, F= 15.41557, df= 1, p=0.00022, n=64, Figure 4). This trend 
shows that an increase in bryophyte cover results in an increase of epiphyte species 
richness. Bryophyte cover appears to explain 20% of the change in vascular epiphyte 
richness on Cloud Forest tree branches.   
	
	

	
Figure 4: The relationship between the number of vascular epiphyte species on each branch (species 
richness) and the percent of the branch that was covered in bryophytes. This data comes from 64 
fallen branches that were found in a neotropical premontane wet forest in Monteverde, Costa Rica. 
42 species of vascular epiphytes were found on these fallen branches, which were collected to study 
community structure of cloud forest epiphytes. 
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	 To test how randomly assembled these epiphyte communities are, the Species 
Abundance Distribution (SAD) relationship was compared to several theoretical models 
(Figure 5). The two models that best fit the data were the Fisher’s log-series (dAICc= 
0.0) and the Neutral distribution (dAICc= 0.1) (Table 3).  These two models are both 
aligned with the idea of completely random assemblage. Fisher’s log-series says that in 
any given community there will only be a few common species, which take up a large 
portion of those that are found, and that the rest of the species will be found less often, 
and therefore are rare. Hubbell’s Neutral Theory, the other relevant model, is the idea that 
each community has a pre-set number of species that it can support, and therefore the 
relative species abundances will be altered due to the abundances of the other species in 
the community.  
	

	
Figure 5:  Species Abundance Distribution (SADs) package run on statistics program R to test the fit 
of different species abundance theories in comparison to the data gathered in this study. The Species: 
Abundance ranking of the 64 branches and 42 species found was used. 

	

Model	 dAICc	 df	 Weight	
Fit.ls	 0	 1	 0.453	
Fit.mzsm	 0.1	 1	 0.43	
Fit.ln	 3.8	 2	 0.068	
Fit.power	 4.4	 1	 0.049	
Fit.bs	 24.8	 0	 <0.001	
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Table 3: Five models of biological organization that were compared to the data found in this 
study in a SADs analysis. This data was collected from 64 fallen tree branches in a neotropical 
premontane wet forest. 42 species of vascular epiphytes were found. The best two fits were Fit.ls 
(Fisher’s log-series) and Fit.mzsm (Hubbell’s Neutral Theory).  

 29 

 29 



DISCUSSION 
 
These	results	show	that	Cloud	Forest	epiphyte	communities	are	not	entirely	
random.	As	far	as	assembly	rules	go,	bryophytes	act	as	foundation	species	that	allow	
higher	species	richness	of	vascular	epiphytes.	Bryophytes	store	nitrogen	(Clark	et	al.	
1998),	collect	and	create	soil	(Ingram	&	Nadkarni	1993)	and	store	water	(Gradstein	
et	al	2001;	Pypker	et	al.	2006).		
	 In	addition	to	water	and	nutrient	storage,	there	are	other	aspects	of	
bryophytes	that	make	them	an	ideal	substrate	for	vascular	epiphytes	to	grow.	
Studies	have	also	shown	that	there	is	a	mutually	symbiotic	relationship	between	
some	species	of	orchids	and	Mycorrhizal	fungi	(Suárez	2006).	It	is	possible	that	
bryophytes	harbor	these	fungi,	making	them	more	accessible	to	epiphytic	orchids	
(Kauserud	et	al.	2008).		It	is	also	possible	that	bryophytes	are	a	good	substrate	for	
the	seeds	of	vascular	epiphytes	to	establish,	due	to	the	ease	of	rooting	in	a	soft	and	
moist	area,	rather	than	straight	on	to	the	bark	of	these	tree	branches.		

Results	showed	an	increase	in	vascular	epiphyte	richness	with	an	increase	in	
branch	area,	which	was	expected.	With	a	larger	surface	area,	there	is	more	available	
substrate	for	a	larger	array	of	epiphytes	to	grow.	This	is	a	common	biological	
principle;	with	more	area	comes	more	species.		
	 Through	this	study	we	see	that	beyond	bryophytes	being	a	good	substrate	for	
the	growth	of	vascular	epiphytes,	the	communities	tend	to	be	randomly	assembled.		
We	know	this	because	almost	every	species	was	very	rare	(found	less	than	ten	times	
out	of	64),	which	means	the	chances	of	them	interacting	with	the	same	species	over	
and	over	again	are	also	rare.	The	data	also	fit	the	two	SADs	models	that	
demonstrated	random	assembly,	rather	than	assembly	rules.	We	also	saw	that	the	
two	most	common	species	did	have	not	have	a	relationship,	showing	that	they	too	
assemble	randomly.		
	 An	advantage	to	a	largely	random	assembly	is	that	species	may	interact	
weakly.	When	a	community	has	many	strong	connections,	something	like	climate	
change,	which	may	cause	a	higher	rate	of	species	extinction	than	is	normal,	may	
have	a	huge	impact	on	the	community	as	a	whole	(May	1973).	

As	the	climate	warms,	the	abundance	of	bryophytes	goes	down	(van	Herk	
2002).	This	is	because	bryophytes,	due	to	their	primitive	water-system,	are	
especially	sensitive	to	changes	in	local	hydrology,	and	thus	have	been	shown	to	be	a	
good	indicator	of	climate	change	(Pypker	et	al	2006,	Gradstein	et	al	2001,	Gignac		
2001).		In	Monteverde,	one	of	the	biggest	changes	that	will	be	seen	due	to	climate	
change	is	a	reduction	in	air	moisture,	due	to	the	rising	cloud	base	(Pounds	et	al	
1999).	Therefore,	we	can	expect	vascular	epiphytes	are	likely	to	suffer	as	well,	since	
bryophytes	act	as	a	foundation	species	for	them.	As	bryophytes	move	up	hill,	
vascular	epiphytes	are	likely	to	follow	them,	seeking	historic	mist	and	bryophyte	
levels.	A	similarly	random	community	assembly	can	be	expected,	and	the	loss	of	one	
species	will	not	drastically	alter	the	species	composition	on	cloud	forest	branches	
because	the	species	are	so	rare	and	functionally	similar,	but	the	species	richness	of	
vascular	epiphytes	may	decrease.	
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Masdevallia striatella                        Disterigma	humboldtii	
	
 

  
Maxillaria bracteata             Peperomia tetraphylla 

  
Tillandsia excelsa                Guzmania nicaraguensis 
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Alansmia sp.               Scaphyglottis sp.  

  
Elaphoglossum paleaceum                  Encyclia sp.  

  
Elaphoglossum peltatum       Pleurothallis aristata 
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Clusea sp.                             Restrepia muscifera  

  
Stelis segoviensis               Neomirandea sp. 

  
Cryptocentrum sp.               Cavendishia capitulata 
 

  
Niphidium                              Dichaea muricata 

  
Tillandsia insignis                         Epidendrum santci-ramoni 
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Werauhia sp.                                    Platystele microtatantha 

   
Masdevallia chasei                            Lepanthes sp.  
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Behavioral adjustments in web design by attachment distance in Leucauge spiders 
 
Emma Barnes, Department of Geographic and Environmental Systems, University of 
Maryland Baltimore County 
 
Abstract 
The ability to adapt successfully to environmental conditions is vital for many species. 
Orb spiders face many design decisions when making their webs, which are often 
affected by the surrounding environment. This study focuses on the webs of Leucauge sp. 
orb spiders and how the length between attachment points affects the overall structure of 
the web. The study site, a stand of sugarcane, provided a variety of web types that 
differed mostly by two-dimensional distance. By measuring different aspects of the webs, 
the behaviors and flexibility of orb spiders became clearer. I measured the length of 
attachment lines, total area, area of inner loop and hub, and number of loops on each side 
of the web. I calculated capture area, free zone area, area of outer loop, symmetry, and 
consistency. The data obtained show that attachment distance has a strong influence on 
other design aspects of the orb web, such as free zone area, capture area, and number of 
loops present. Capture area, number of loops, and free zone area all showed correlation 
with attachment. These data suggest that the spider makes a number of behavioral 
adjustments according to the space available.  
 
La habilidad de adaptarse exitosamente a las condiciones ambientales es vital para 
muchas especies. Las arañas con telas orbiculares enfrentan muchas decisiones cuando 
diseñan sus telas, que usualmente se ven afectadas por el ambiente circundante. Este 
estudio se enfoca en las telarañas de las arañas orbiculares Leucauge sp. y cómo la 
distancia entre puntos de adhesión afecta en total la estructura de la tela. El sitio de 
estudio, una plantación de caña de azúcar, facilitó una variedad de los tipos de telas que 
difieren en su mayoría por dos distancias dimensionales. A través de la medición de 
diferentes aspectos de la tela, el comportamiento y la flexibiliad de las arañas orbiculares 
se aclaró. Medí la distancia de las líneas de adhesión, área total, área de la curva interna y 
el eje central, y número de curvas a cada lado de la tela. Calculé el área de captura, área 
de zona libre, área de captura, y número de curvas presentes. Área de captura, número de 
curvas, y área de zona libre mostraron una correlación con la adhesión. Estos datos 
sugieren que la araña realiza ajustes en el comportamiento de acuerdo al espacio 
disponible. 
 
Introduction 

Many animals exhibit adaptive flexibility in response to environmental variation. 
They are flexible in their choices of habitat, in light of variable environmental conditions 
or specific needs for reproduction or other life history traits (Blamires et al. 2007). Orb 
spiders are an excellent model organism in which to study adaptive flexibility and spatial 
cognition because the orb web clearly reflects changes in these factors. (Hesselberg 
2015). The orb web serves multiple functions, including providing a home for the spider, 
transmitting mechanical signals, and trapping prey (Heiling and Herberstein 2000). 
Accordingly, changes in web designs and site selection have a strong impact on prey 
capture success (Heiling and Herberstein 2000). Many studies have demonstrated that 
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spiders can adapt to environmental variation and other types of variable conditions 
through modifications in their web construction (Barrantes and Eberhard 2012). Part of 
this is the concept of behavioral plasticity, or the ability of an organism to change their 
behaviors to better suit their current conditions (Harmer and Herberstein 2009). 
Behavioral plasticity can be either developmental, in which new neural pathways are 
created, or activational, which entails changing existing neural pathways, typically more 
biologically expensive (Hesselberg 2014). Of particular interest to the study of behavioral 
plasticity is the spider’s ability to respond to spatial constraints, helped along by their 
apparent ability to recognize spatial cues. For instance, Leucauge mariana is able to use 
the presence of temporary silk supports already present to determine attachment sites,	
Eberhard 1988). When placed in highly restricted spaces, the ladder-web building spider 
Telaprocera maudae built more elongated webs and returned to more circular web 
construction when no spatial limitation was present (Harmer and Herberstein 2009). The 
spiders primarily changed how they used their limited supply of silk to build webs, 
demonstrating highly plastic web-building behavior.  

Orb spiders should build their webs as large as possible for maximum prey 
capture success, so open habitats with rigid, low complexity vegetation allows for 
construction of large, stable webs. Behavioral plasticity, or geometric plasticity, is 
evident in the structure of orb webs, because spiders alter web construction based on their 
environment. In open habitats, Argiope keyserlingi webs had higher prey capture areas 
and spiral distances (Blamires et al. 2007). This plasticity, including architectural 
plasticity (non-geometric features), allows the orb spider to forage effectively and adapt 
to the environment. The spider’s decisions about web construction are important because 
they determine how much area there is where prey can be captured, and the spider has to 
spend expensive resources (its small supply of sticky silk for prey capture) in this area 
(Eberhard 2014). Barrantes and Eberhard did a laboratory study on the effects of spatial 
constraints on orb spider webs and compared these data to limited field data. Five spider 
species showed changes in at least twelve different web traits in response to spatial 
constraints such as supports nearby or the housing container (Barrantes and Eberhard 
2012). While it is known that these factors change with space available, it is still 
unknown why or how the spiders adjust to these different conditions.  

A common trait of orb webs is asymmetry, which is actually an environmental 
adaptation rather than simple error. The upper web region is usually smaller and has less 
silk than the lower region, creating asymmetry. As the spider develops, asymmetry 
becomes more pronounced, with juveniles making more symmetrical webs and adults 
making more asymmetrical webs (Herberstein and Heiling 1999). The hub is usually 
placed upwards in most webs rather than precisely in the center to maximize the size of 
the lower region (Hesselberg 2015). The function of this asymmetry may be increased 
prey capture success, because of the typical method spiders use for prey capture. Spiders 
sit head down in the web and face the source of vibration in the web, and will change 
position if the prey is not caught directly below the hub. Gravity also makes it easier for 
spiders to travel to the lower regions of the web than to the upper regions. Because of 
this, the lower regions may have better prey capture efficiency, and the spider would 
increase the size of this region and decrease the size of the less productive upper region 
(Herberstein and Heiling 1999). Studies have shown that orb spiders use more silk in the 
lower region and make the capture area larger. A. diadematus spider webs had capture 
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threads spaced more evenly in the lower region, while mesh height (the distance between 
capture threads) increased with distance from the hub in the upper region. Increasing the 
distance between capture threads in the less successful upper region is likely a way of 
conserving resources (silk and energy) without compromising capture area. Symmetry is 
affected by spatial constraints, because more asymmetrical webs require more space.  

The purpose of this study is to determine the effect of attachment distance on 
other attributes of the spider web. Attachment distance would likely have an impact on 
the factors discussed above, such as asymmetry, behavioral plasticity, and habitat 
selection.  The amount of variation between webs with different attachment distances 
would indicate the extent to which behavioral plasticity affects the spider’s behavior, and 
how well the spider is able to adapt to different conditions. Attachment distance will 
likely have significant correlation with important features of spider web design. The 
study site provides a variety of regular, different sized web sites. This allows for the 
study of the effect of attachment length on web design without the interference of non-
two-dimensional factors, which other studies have not been able to do.  

Methods: 
 The study site was a sugarcane stand in a farm in Cañitas, Monteverde, Costa 
Rica. I found webs of Leucauge sp. spiders built in the sugar cane. First, I measured the 
length of the longest distance between sugarcane posts the spider used for attachment 
points in centimeters. To see the webs more clearly, I powdered them with cornstarch 
using a sock duster. I took pictures of each web from above, including a stick of known 
length (10 cm) to provide scale (Fig. 1). I took pictures of thirty spider webs. Using the 
program ImageJ, I measured different parts of each web that according to Barrantes and 
Eberhard (2012) can be affected by the space available for the spider to build her web in. 
Specifically, I measured the length of attachment lines, total area, area of inner loop and 
hub, and number of loops on each side of the web. I used these data to calculate capture 
area, free zone area, area of outer loop, symmetry, and consistency. Total area is the 
entire area of the web, while capture area is the part of the web that is covered in sticky 
silk for capturing prey. The hub is the epicenter of the web, and the free zone area is the 
area outside the hub that is not covered in silk. I calculated area of the outer loop by 
subtracting the area of the inner loop and the hub from the total area. Free zone area is the 
area of the inner loop minus the area of the hub, and capture area is the area of the inner 
loop subtracted from the area of the outer loop. I calculated symmetry by dividing the 
length of the long side of the web by the short side of the web, and consistency by 
averaging the lengths of loops. All variables were log transformed before correlation 
analysis. I tested for correlations between capture area and consistency and symmetry 
because of the possibility of symmetry affecting other aspects of the web, and the 
possible importance of consistency in web building.  
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Fig. 1: Image used to measure Leucauge sp. spider webs. Web has been powdered with 
cornstarch for better visibility. Stick in the lower half of image is used for scale (10cm).  
 
Results 
 Range of attachment distances was 6.5cm to 32cm. Range of capture area was 
7.66cm2 to 147.35cm2. Range of total area was 9 cm2 to 175.5 cm2. Attachment distance 
showed strong correlation with capture area (r=0.45, p = 0.014; Fig. 2a). As attachment 
distance increases, free zone area also tended to increase, although the correlation is not 
especially strong (r=0.33, p = 0.076, Fig. 2b). Interestingly, consistency has no 
correlation at all with attachment distance (r=0.041, p = 0.83, Fig. 2c) or capture area 
(r=0.044, p=0.82). The number of loops increases with attachment distance (r=0.45, p = 
0.012). Symmetry also increased with capture area (r= -0.024, p=0.82, Fig. 3). All other 
variables had no significant correlation with attachment distance.  
 
 

 
Fig. 2a 
 

0.8	
0.9	
1	

1.1	
1.2	
1.3	
1.4	
1.5	
1.6	
1.7	
1.8	
1.9	
2	

2.1	
2.2	
2.3	

0.7	 0.8	 0.9	 1	 1.1	 1.2	 1.3	 1.4	 1.5	 1.6	

Ca
pt
ur
e	
	A
re
a	

Attachment	Distance	

 41 

 41 



	  
Fig 2b 
 

 
Fig 2c 
 
 

 
Fig. 2d: Relationships between attachment distance and other web traits in orb webs of 
Leucauge sp. studied in the field. Webs were selected without preference in size or other 
characteristics in a stand of sugar cane. Each web was powdered with cornstarch and 
photographed individually.  
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Fig. 3: Relationship between symmetry and capture area in webs built by Leucauge sp. 
spiders. Webs were selected without preference in size or other characteristics in a stand 
of sugar cane. Each web was powdered with cornstarch and photographed individually.  
 
 
Discussion 

These data indicate that orb spiders are highly plastic in their web-building 
behavior, and can adapt to a variety of conditions. They also suggest that spiders are able 
to respond some sort of spatial cues in their environment, and adjust their web-building 
behaviors, as found in other species (Eberhard 2014). In one study where researchers 
placed spiders in different sized containers, they concluded that design changes spiders 
made in very small containers were ‘continuations’ of adjustments that spiders make in 
nature (Barrantes and Eberhard 2012). It appears that these behaviors are so flexible that 
they can function effectively even in artificial conditions. These data also demonstrate the 
importance of habitat selection for orb spiders, despite their behavioral plasticity. 
Choosing an area with suitable attachment points and a large amount of space allows the 
spider to make a larger capture area, and therefore forage more effectively.  

The lack of correlation between attachment distance and consistency means that 
webs of any size all have the same level of consistency. There are multiple possible 
reasons for this trend, possibly that there is some sort of genetic control or an optimal 
level of web consistency for capturing prey, so spiders would have no reason to deviate 
from this value. The relationship between capture area and free zone area could be due to 
simple architectural requirements–possibly larger capture area necessitates a larger free 
zone area to support it.  
 While it might be tempting to ascribe these trends to specific, individual decisions 
made by the spider, it is likely that many of the differences are due to simple geometry. 
One architectural decision might lead to a cascade of effects on other architectural 
elements. However, the spider probably undertakes certain design elements 
independently. Some theories also suggest the existence of a higher level of analysis that 
exerts control over all the decisions that go into the building of a web, creating an overall 
design plan that is affected by environmental cues (Barrantes and Eberhard 2012). These 
data support the existence of this overall design plan, because of the trends in variation 
between different web traits. The spiders have a regular and reliable approach to web 
building in the presence of changing variables.  
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Artificial Light on Foraging Behavior in the Leaf Cutter Ant Atta 
cephalotes  

Alex Bush, Southern Methodist University 

CIEE Tropical Ecology & Conservation Fall 2016 

ABSTRACT 

Leaf-cutter ants such as Atta cephalotes are some of the most important insects in the tropics, 
accounting for a large portion of biomass harvested through herbivory to feed a symbiotic 
fungus. Leaf-cutters are the third most destructive agricultural pest in the world, but there is 
little consensus on what cues trigger their foraging behavior at night. Ants have been shown 
to forage better in daylight, and yet they are frequently observed foraging at night. This study 
therefore seeks to examine whether or not ants respond to artificial light by exposing them to 
one during nighttime foraging. Foraging intensity and efficiency were examined.  The metrics 
studied to determine foraging behavior were ant speed, number of ants, and head-on 
collisions. These collisions have been observed to transfer trail information and clear traffic 
jams. These metrics were taken in the dark and then the ants were exposed to a fluorescent 
lamp for 15 minutes before the data were taken again.  All data were collected in Tropical 
premontane wet forest in Monteverde, Costa Rica at an elevation of about 1400m.  All three 
patterns changed significantly, with number of ants increasing, ant speed decreasing, and 
head encounters increasing. The presence of the moon was not significant in behavior 
change, but was trending towards higher ant speeds on moonlit versus all nights recorded. 
These findings suggest that ants can use visual cues to orient themselves, but also become 
disoriented by them. A. cephalotes may thus be better at foraging by day. 

RESUMEN 

Las hormigas cortadoras de hojas o zompopas como Atta cephalotes son unos de los insectos 
más importantes en los trópicos contando por una larga porción de la biomasa removida por 
herbivoría para alimentar su hongo simbiótico. Las zompopas son la tercera plaga más 
destructiva para la agricultura en el mundo, pero hay muy poco consenso en que señales 
disparan el comportamiento de forrajeo durante la noche. Se ha demostrado que las hormigas 
forrajean mejor durante el día, pero aún así se han observado forrajeando frecuentemete 
durante la noche. Este estudio busca examinar si las hormigas responden o no a luz artificial 
al exponerlas a una durante el forrajeo nocturno. La intensidad y eficiencia de forrajeo fueron 
analizados. Los factores analziados para determinar el comportamiento fueron la velocidad de 
las hormigas, el número de las mismas y las colisiones de cabezas. Estas colisiones se han 
observado para transferir la información de los senderos y limpiar las presas. Estos factores 
fueron tomados en la oscuridad y luego las hormigas se expusieron a una lámpara 
fluorescente por 15 minutos antes de que se tomaran datos de nuevo. Todos los datos se 
colectaron en el bosque húmedo premontano en Monteverde, Costa Rica a una elevación 
aproximada a los 1400 m. Todos los tres patrones cambian significativamente, con el número 
de hormigas aumentando, la velocidad de las hormigas disminuyendo y los encuentros de 
cabezas aumentando. La presencia de la luna no fue significativa en el cambio del 
comportamiento, pero tienen una tendencia hacia una mayor velocidad de las hormigas en 
noches de luna versus todas las otras noches. Estos descubrimientos sugieren que las 
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hormigas pueden usar señales visuales para orientarse, pero también pueden desorientarse por 
las mismas. A. cephalotes por lo tanto puede ser mejor forrajeando de día. 

 

The most destructive herbivore in the world is growing in prevalence and importance in its 
impact on human agriculture, so it is important to understand its foraging behavior 
(Hölldobler & Wilson 1990).  Atta cephalotes is a species of the Leaf-Cutter Ant (LCA) 
which grows fungus within its colony by cutting and harvesting leaf fragments and other 
biomass from trees and other flora (Hölldobler & Wilson 1990). A. cephalotes is the Tropics’ 
most important herbivore, consuming up to 12-17 percent of all leaf biomass (Hölldobler & 
Wilson 1990).  For this reason, and others described below, it has been defined as a keystone 
species (Leal et al 2014). These changes can alter forest recruitment and transform the 
landscape within forest fragments (Leal et al. 2014). Ant colonies themselves are very 
obvious: they can reach up to 600 m2 and several million ants (Hölldobler & Wilson 1990).  
These ants are increasing in prevalence with greater human disturbance and greater amounts 
of forest fragments (Zavaleta et al. 2009).  Their adaptation to gaps and disturbances suits 
them well for human-caused change.  Their impact on agriculture is enormous, being the 
third most destructive agricultural pest in the world (Attygale & Morgan 1984), so 
understanding what triggers their foraging and how it happens is critical to ecological and 
agricultural success. 

 Foraging in Atta cephalotes occurs through chemical and visual memory along a trail 
leading to a source plant (Attygale & Morgan 1984).  To retrieve their fungus’ food, ants lay 
down a chemical trail extending into the forest (Attygale & Morgan 1984). This trail is their 
primary communication method, with pheromones which inform ants that a source of food 
has been found and relay the quality of the food (Attygale & Morgan 1984). Ants will 
similarly collide head-on with each other to communicate information about the trail and 
recruit new foragers through chemical communication in the antennae (Jaffe & Howse 1979), 
and though this may lead to a decrease in travel speed through temporary stops, it may 
improve overall speed by sending information to other ants about trail hazards, thus reducing 
congestion (Burd & Aranwela 2003). Despite this information regarding how foraging works, 
factors influencing foraging behavior in LCAs have been relatively difficult to study, 
especially regarding visual cues, which is the predominant method of orientation in these ants 
(Vilela et al. 1987).  

Factors triggering foraging remain difficult to determine, since in lowlands the ants 
are nocturnal in the dry season and diurnal in the wet season, and vice-versa in wet highlands 
(Orr 1992).  Moonlight has been proposed as a cue for nocturnal foraging (Orr 1992), and 
ants become most active after dusk (Lewis et al. 1974).  Lack of visual cues may hinder 
foraging at night, since studies of A. cephalotes’ subfamily (Myrmicinae) suggest that 
foraging site memory mapping is mostly visual (Hölldobler & Wilson 1990).  To understand 
this problem, I exposed these ants to light to determine whether or not lighting cues affected 
foraging patterns. Given that A. cephalotes is a nocturnal flier when its queens mate and that 
this species has relatively large eyes compared to other members of Atta (Moser et al. 2004) 
and that A. cephalotes has been known to use primarily visual cues in orientation toward the 
nest since chemical trails only indicate the presence of the trail rather than the direction of its 
travel (Vilela et al.1987), I sought to determine whether these ants would be able to see the 
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light and its impact on foraging. Artificial light in the aforementioned paper (Moser et al. 
2004) has already been shown to disturb A. cephalotes behavior in nuptial mating flights., yet 
no study has yet been conducted on workers and foraging behavior as far as I know. I also 
studied what effect if any the moon had on foraging behavior, if any.  I wanted to see how 
efficient these ants would be before and after they were exposed to light. Since ant speed is 
associated with foraging efficiency (Burd 1996), I would be able to determine how efficient 
ants were when foraging by their speed.  To study moonlight’s effect. I compared nights with 
strong moonlight to those without.  Since head-on encounters can be used to break up 
congestion and clear confusion in jammed or heavily trafficked patches of trail (Burd & 
Aranwela 2003), I decided to these encounters as a metric of information transfer to 
determine whether or not the light confused them.   

METHODS  

Study site: 

The study site was a private patch (Trostle farm) of secondary forest 300 m east of Bajo del 
Tigre forest preserve, Bosque Eterno de los Niños, Monteverde, Costa Rica. Data was 
collected from November 2nd to November 11th, 2016.The Holdridge Life Zone was Tropical 
premontane wet forest, at approximately 1400 m elevation.  I studied a nest of Atta 
cephalotes located adjacent to a human-made trail. Three trails extended from the nest: two 
crossed the trail and one ran adjacent to the trail, a couple of meters away. All research sites 
on the trails were roughly equidistant from the nest and level, since walking speed has been 
shown to vary with a gradient (Lewis et al. 2008).  Each site where I conducted my research 
along one of the trails was ~3 meters to the nest entrance, to allow the incoming ants to adjust 
to the light and transmit chemical information of its presence to other ants within the nest and 
produce a more noticeable change in traffic. Because outbound ants can take up to 6 hours to 
return to the nest and thus be too far from to receive information quickly, I lowered the 
necessary light exposure time by being closer to the nest (Lewis et al. 1974). 
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Figure 1: Study Site and methods used to observe Atta cephalotes. Top left photo: Trail 2 in 
the daytime, illustrating a relatively low rate of traffic. Top right photo: Lamp placement with 
regard to distance to trail so as not to interrupt traffic flow, but also to provide enough 
illumination to influence behavior. Bottom-left photograph: Ruler used to time ants, physical 
obstacles used to count ants, and red light so as not to disturb their movement in the dark. 
Bottom right: increased traffic and congestion along the trail, as illustrated by the high 
number of leaf fragments in proximity to the light, along with an example of confusion in that 
one of the ants has veered off the trail toward the light. Circled ants veered off toward the 
light while those in the marked area with arrows were on the trail itself.   Data were collected 
at roughly 1400 m elevation in a patch of secondary Tropical premontane wet forest in 
Monteverde, Costa Rica.  Ant speed, number and head-on collision frequency were all 
measured to determine how artificial light affected nocturnal foraging behavior.  

Materials and Methods used: 

I collected data over ten nights from half an hour after dusk, taking note of whether or 
not there was moonlight or rain since I could not collected data if it was raining (ant speed 
increases in rain) (Lewis et al. 1974). I selected two trails to study each night.  Upon arrival, I 
used a red headlamp to measure out 12 inches (30.48 cm) adjacent to one of the trails (Figure 
1). I used an Energizer-brand white fluorescent lamp with four D-cell batteries to illuminate 
the trail (Figure 2).  I positioned myself approximately 40-50 cm away from the trail to avoid 
disturbing the ants with my breathing or movements. I first recorded each experiment’s data 
in the dark. Then, when I turned on the lamp, I used a luxometer app on my phone to ensure 
that each trail was receiving roughly the same amount of light. The lamp was always placed 
halfway along the ruler, roughly 5 cm away from the trail so as to limit location variation 
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between nights, since ants have excellent visual memory and so if the light’s position varies, 
then the ants could become even more disoriented or affected and change their behavior more 
dramatically (Vilela et al. 1987).  I gave the ants 15 minutes to adjust to the light so that they 
could transmit information regarding changes in trail topography to other ants in the colony 
and lay down any scents that may communicate the light’s presence (Attygale & Morgan 
1984).  This also gave them time to return to the trail from the nest and respond to the light’s 
presence in terms of foraging behavior. After conducting all 3 experiments at each trail with 
and without light I switched to a different trail and did the same experiments again.  

 

Figure2: The model of light used to illuminate nocturnally-foraging ant Atta cephalotes. Data 
were collected in Monteverde, Costa Rica Tropical premontane wet forest.  Data were 
collected over 10 days at around 1400 m elevation.  Ants were exposed to the lamp for 15 
minutes to examine foraging behavior. Ants were clearly disturbed by the light, indicating 
that they can see it and are affected by it. 

Experiment 1: Light effect on number of ants 

Burd (1996) correlated number of ants on a trail with amount of biomass removed and 
therefore foraging quantity. To study the effect of light on foraging intensity I counted the 
number of ants crossing a given point in 5 minutes as a metric of the amount of foraging 
occurring along a trail. I counted both laden and unladen ants, in case carrying leaf material 
altered behavior in any way. Since ants use mixed traffic flow with outbound and inbound 
ants in the same lane, and these are not necessarily equal in every circumstance (Burd & 
Aranwela 2003), I used only inbound traffic to prevent any discrepancy with regard to 
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number of ants. I picked the same point each night, usually a root or a rock which the ants 
crossed and made them easier to see.  

Experiment 2: Impact of Light on Travelling Speed 

I used a ruler and a stopwatch to determine how quickly laden and unladen ants 
traveled from one end of the ruler to the other.  For the first 6 nights I measured 5 laden and 5 
unladen ants. The remaining 4 nights I timed 3 ants of each type due to time constraints. 
When taking these data, I ignored the larger caste of soldier ants as they often veered off trail 
to clear debris and investigate the light (pers. obvs.). However, since ant speed has been 
found not to vary with ant size (Lewis et al. 1974), I haphazardly selected ants as they passed 
me, rather than focusing on any one size or speed of ants. I haphazardly selected leaf 
fragment size. 

Experiment 3: Number of Head-on Encounters 

Finally I measured head-on counts within the trail.  Within a square of 5 cm x 5 cm 
over 5 minutes, I counted how many times ants placed their heads and antennae together.  I 
only counted head-on collisions if they lasted long enough for both ants to stop moving and 
for neither one to veer off without completely connecting antennae together. These data were 
collected for 6 nights.   

 

 

RESULTS 

Experiment 1: Number of Ants 

Ant number passing a given point varied significantly between unlit and lit trails (numDF=1, 
denDF=19, F=4.52, and p=0.0468). The number of unladen ants on lit trails was higher than 
the number of ants on unlit trails (Fig. 3). The mean number of unladen ants on unlit trails 
(mean=166.4 +/- 15.2 S.E.) was about 16.6 percent fewer ants than on lit trails (mean=199.2 
+/- 18.99 SE).   
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Figure 3: Number of unladen leaf-cutting ants foraging on a trail in response to artificial light. 
A nest of Atta cephalotes was exposed to light during the night in Monteverde, Costa Rica at 
approximately 1400 m elevation in Tropical premontane wet forest. Ten nights of data were 
collected in total. Unladen ant number increased significantly (ANOVA, p=0.047) after ants 
were exposed to the light for 15 minutes.  

For laden ants, the pattern was the same as in unladen ants: a significant increase in 
number of ants on the trail when light was applied (numDF=1, denDF=19, F=7.73, p=0.012). 
The average number of ants on a trail was 12 ants more on lit (mean number of ants=50.9 +/-
7.81 SE) than on unlit trails (mean=38.6 +/- 6.17 SE). Figure 4 illustrates this trend.  

 

Figure 4: Number of laden leaf-cutter ants foraging on a trail in response to artificial light. A 
nest of Atta cephalotes was exposed to light during the night in Monteverde, Costa Rica at 
approximately 1400 m elevation in Tropical premontane wet forest. Ten nights of data were 
collected in total.  When ants were studied in the dark, a red light was used so as not to 
disturb them. When taking this measurement, I used a timer set to 5 minutes and counted only 
how many ants traveled toward the nest in that time, since the two routes are not evenly 
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trafficked all the time.  Laden ant number increased significantly (numDF=1, denDF=19, 
F=7.73, p=0.012) when ants were exposed to the light for 15 minutes. This waiting period 
was given so that the ants had time to adjust to the light’s presence.  

 

Experiment 2: Ant Speed 

For both laden and unladen ants, speed decreased significantly when ants were 
exposed to the light (Unladen: numDF=1 ,denDF=147 ,F=8.20 ,p=0.0048 , Laden: numDF=1, 
denDF=147, F=16.60 , p=0.0001) Unladen ants on average traveled around 8 seconds slower 
on lit trails (mean=42.81 +/-2.54 SE ) than on unlit trails (mean=34.87 +/-1.90 SE; Fig.5). 
This trend held true for laden ants as well, which travelled 10 seconds slower on lit trails 
(mean=47.83 +/-2.88 SE) than unlit ones (mean=37.52 +/-1.65 SE; Fig. 6).  

 

Figure 5: Speed of unladen leaf-cutter ants returning to the nest on a trail in response to 
artificial light over all nights. A nest of Atta cephalotes was exposed to light during the night 
in Monteverde, Costa Rica at approximately 1400 m elevation in Tropical premontane wet 
forest to study foraging efficiency under artificial light. To see how efficient ants were when 
exposed to light, ant speed was measured over a fixed distance of one foot over ten nights, 
with two trails studied per night. Laden and unladen ants were tested haphazardly for speed.  
When ants were studied in the dark, a red light was used so as not to disturb them.  Unladen 
ant speed increased significantly (numDF=1 ,denDF=147 ,F=8.20 ,p=0.0048) when ants were 
exposed to the light for 15 minutes. This waiting period was given so that the ants had time to 
adjust to the light’s presence. 
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Figure 6: Speed of laden leaf-cutter ants returning to the nest on a trail in response to artificial 
light over all nights. A nest of Atta cephalotes was exposed to light during the night in 
Monteverde, Costa Rica at approximately 1400 m elevation in Tropical premontane wet 
forest to study foraging efficiency under artificial light. To see how efficient ants were when 
exposed to light, ant speed was measured over a fixed distance of one foot over ten nights, 
with two trails studied per night. I illuminated multiple trails.  When ants were studied in the 
dark, a red light was used so as not to disturb them.  Laden ant speed increased significantly 
(numDF=1, denDF=147, F=16.60, p=0.0001) when ants were exposed to the light for 15 
minutes. This waiting period was given so that the ants had time to adjust to the light’s 
presence. 

Moonlight and Ant Speed 

The effect of moonlight on ant behavior was not significant for any variable studied (p 
≥0.098 in all cases). However, with regard to ant speed there were two sets of data trending 
toward significance. Ant speed was trending toward faster on moonlit nights for both unladen 
(numDF=1, denDF=8, F=3.50, p=0.098) and laden (numDF=1, denDF=8, F=2.61, p=0.15) 
ants than on all nights studied.  The fact that this was not significant is probably due to 
insufficient sample size; only 10 nights of data were collected of which 6 were moonlit and 4 
were cloudy.  

Moonlit trails followed the same trends as on all nights, with both laden (p=0.003) 
and unladen (p=0.03) speed decreasing significantly when ants were exposed to the light 
(Fig. 7 and Fig. 8). Unladen ants traveled 10 seconds slower on lit trails (mean=42.89 +/-2.16 
SE) than on unlit trails (mean=32.35 +/-2.14 SE). Laden ants also slowed with light presence, 
where they travelled 10 seconds slower on lit trails (mean= 46.68+/-2.43 SE) than unlit ones 
(mean=36.17 +/-1.82 SE).  
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Figure 7: Speed of unladen leaf-cutter ants returning to the nest on a trail in response to 
artificial light on a moonlit night. A nest of Atta cephalotes was exposed to light during the 
night in Monteverde, Costa Rica at approximately 1400 m elevation in Tropical premontane 
wet forest. To see how efficient ants were when exposed to light, ant speed was measured 
over a fixed distance of one foot over ten nights, with two trails studied per night. Ants were 
selected haphazardly. These measurements were taken twice: once on the trail when unlit and 
once when the trail was lit. When ants were studied in the dark, a red light was used so as not 
to disturb them.  Unladen ant speed did increase significantly in the post-hoc comparison of 
lit versus unlit trails on moonlit nights (p=0.03) when ants were exposed to the light for 15 
minutes. This waiting period was given so that the ants had time to adjust to the light’s 
presence. The moonlight had no effect on the relationship between artificially lit and unlit ant 
speed.   

 

 

Figure 8: Speed of laden leaf-cutter ants returning to the nest on a trail in response to artificial 
light on a moonlit night. A nest of Atta cephalotes was exposed to light during the night in 
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Monteverde, Costa Rica at approximately 1400 m elevation in Tropical premontane wet 
forest. Since moonlight has been proposed as a cue for ant foraging (Lewis et al. 1974), this 
idea was tested by comparing nights with and without moonlight.  To see how efficient ants 
were when exposed to light, ant speed was measured over a fixed distance of one foot over 
ten nights. Laden and unladen ants were tested haphazardly for speed. When ants were 
studied in the dark, a red light was used so as not to disturb them.  Laden ant speed increased 
significantly in the post-hoc comparison of lit versus unlit trails on moonlit nights (p=0.003) 
when ants were exposed to the light for 15 minutes. This waiting period was given so that the 
ants had time to adjust to the light’s presence. The moonlight had no effect on the 
relationship between artificially lit and unlit ant speed.   

Experiment 3: Head-on collisions 

Head-on collisions were far more frequent on lit trails than on unlit ones (numDF=1, 
denDF=11, F=14.84, p=0.0027).  The average number of encounters in unlit trails 
(mean=50.5 +/-8.2 SE) was less than half of that on lit trails (mean=104.17 +/-17.34 SE). Fig. 
9 illustrates these trends.   

 

Figure 9: Number of head-on encounters in Atta cephalotes with and without light exposure. 
The study site was Tropical premontane wet forest at approximately 1400 m elevation in 
Monteverde, Costa Rica. Ten nights of data were taken each night, roughly 45 minutes after 
sunset. Two trails were studied per night, with each one exposed to light after being studied 
in the dark.  Over a small area of about 5 cm, head-on collisions were counted between ants 
over the span of 5 minutes on a given trail, first using a red light to avoid disturbing them and 
then exposing the ants to a fluorescent light for 15 minutes as an adjustment period and 
repeating the procedure. Collision frequency increased significantly (p=0.027) on lit trails as 
compared with unlit ones.  

Additional Observations 

While not quantified, I noticed an obvious increase in traffic and congestion when the 
light was turned on. Ants were often disoriented, changing direction several times before 
choosing a direction to go.  Ants were also much more likely to turn around and go in the 
opposite direction with the light on than without it when tried to measure ant speed.  
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Oftentimes ants would wander toward the light, then proceed to circumnavigate it before 
finally ending up going in either direction once they returned to the trail. 

DISCUSSION 

These results clearly show that leaf-cutter ants can detect and are affected by the light placed 
close to the trail. When the light was turned on, the ants became more numerous, suggesting 
that the light had a catalytic effect on foraging behavior. Ant speed decreased substantially 
with additional light and moonlight trended toward allowing ants to move more quickly in the 
darkness.  Head-on collision frequency increased, and at the same time so did ant congestion 
and confusion in close proximity to the light.  

 The increased abundance of ants on the trail when exposed to the light may be related 
to predation pressure.  Ants may take advantage of the increased light to forage more 
frequently in a time when they are not predated by parasitic flies.  Diurnal parasitic flies such 
as Phorid flies may pose a major risk to Leaf-Cutters such as A. cephalotes (Orr 1992). 
Moreover, Phoridae is found in the habitat studied in Monteverde, Costa Rica (Nadkarni & 
Wheelwright 2000).  Velela et al. (1987) suggest that A. cephalotes are better suited to 
foraging during the day, since they use visual cues to orient themselves and thus can take 
advantage of any light in the night to navigate more easily.  The introduction of a light may 
have been information that was carried to nest-bound ants by ants leaving the nest via 
chemical information on the trails and thus may have triggered an increased foraging and 
movement response to make the most of the benefit that the light may bring. Perhaps longer 
observation under light exposure would result in a decline in number of ants on the trail. 
Another explanation that a reduction in traffic would create such a bottleneck that ants reduce 
head-on collisions by desynchronizing traffic flow to and from the nest (Dussutour et al. 
2005).  Increasing traffic flow in one direction has been shown to reduce head-on encounters 
and lower travel time, and this may explain the increase in ants returning to the nest in order 
to keep traffic moving.  In fact, ants returning from a food source are given right of way in 
Atta columbica, which may explain the increase in traffic toward the nest observed 
(Dussutour et al. 2005).  Another way of measuring this would be to compare ant size before 
and after light exposure, since in the day foraging is mostly conducted by smaller ants less 
vulnerable to parasitism (Orr 1992).  Given that daytime is strongly correlated with 
photosynthesis, increased sugar and amino acid concentrations in leaves, and aromatic 
compounds (Lewis et al. 1974), A. cephalotes may be convinced that it is evening, so may 
speed up foraging to harvest as quickly as possible to get energy-rich plant material.  

 The fact that the ants slowed down in close proximity to the light compared with 
darkness suggests that the ants may have been disoriented.  According to Valela et al. (1987) 
Atta cephalotes’ orientation ability is reduced in dark conditions, and they become more 
dependent on their sense of smell to find the trail. Light may thus provide an incentive for 
them to increase foraging, since they can find their way more easily. However, movement in 
A. cephalotes has already shown to be highly disrupted by artificial lighting in queens’ 
nuptial flights (Moser et al. 2004), so it is entirely conceivable that thanks to large eyes, 
foragers may become highly disoriented by the introduced light. Likewise, since their eyes 
are adapted for low-light conditions at night they may find it difficult to navigate given too 
much light in a small space. Another observation from previous research is that without 
visual cues, ants cannot orient themselves on the trail properly and determine which way is 
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nest-bound (Vilela et al. 1987). This supports my observation that ants often ended up going 
out to the light, becoming confused and then turning around only to go the direction from 
which they came.  Orr (1992) says that lunar phase may trigger foraging by providing 
ambient light and this is plausible since the data were trending toward faster ant movement 
on nights with moonlight and no light.  If ants use the moon or other celestial objects for 
navigation, and if the light placed near the trail became the “moon” as a navigational 
reference point, ants may begin to circle it to keep it at a constant angle of travel, thus ending 
up at the lamp.  If moonlight does provide a benefit to ants foraging at night, then it is 
understandable that they were faster without introduced light and could use the moon for 
navigation and avoiding obstacles. Regardless, introduced light confused them on moonlit 
nights, following the general pattern.  One consideration to take into account is that increased 
traffic of ants observed may have been too rapid for ants already foraging to adjust so 
congestion and confusion arose. Given the relatively low volume of traffic prior to turning on 
the light, perhaps the increased number of ants on the trail was too rapid for regulatory 
mechanisms to adapt and speed up ant flow. Thus a longer light exposure may have allowed 
chemical maintenance techniques of traffic like communication via head-to-head contact or 
pheromone composition to kick in and the ants could have sped up.  

 Head-on collisions’ increase in frequency may have been necessary in clogged traffic 
conditions to help ants orient themselves and make their way back to the nest.  This behavior 
drops foraging speed 16-21 percent (Burd & Aranwela 2003) so it is likely that any 
information that is conveyed should be important to foraging efficiency if it averts a greater 
loss in leaf litter with than without it.  Any information which can be used to clear up traffic 
would be needed on a trail disturbed by an obstacle: congestion and disorientation were 
visible consequences of the light’s presence, and since this behavior can be used to break up 
such blockage (Burd & Aranwela 2003), this is a rational explanation for increased contact.  
Dussutour et al. (2004) demonstrated that collisions and “pushing” behavior as was seen in 
the congested parts of the trail maintain traffic flow and could possibly increase food return 
time in congested or bottlenecked conditions similar to those created here.  Therefore 
increased collision frequency may a method of regulating traffic flow and maximizing return 
time for inbound ants.  Since these ants are adapted to light-gaps where these distant objects 
could be used for navigation, they may have a way of detecting distant objects for better 
foraging (Hölldobler & Wilson 1990).  When these objects are not visible, head-on 
encounters may be an adaptation for navigation.  

 In the broader ecological sense of light pollution, it is difficult to determine what the 
consequences of greater ambient light will be on Atta cephalotes’ foraging and herbivory.  If 
the hypothesis that ant-foraging increases because of easier orientation due to ambient light is 
true, then as the skies become brighter then herbivory may become more destructive at night 
than prior to introduction of light.  If the moon really does provide a source of navigation, 
then brighter clouds reflecting urban pollution may block the moon and make foraging less 
efficient. On the other hand increased light pollution from streetlights in towns may provide 
unmoving beacons which ants can use to forage with greater navigational ease and become 
more efficient in their transport of plant matter. Still another option is that ambient light may 
signal a dawn to the ants, so they will forage less at night, reacting to the possibility of 
increased parasitism by their predator.  It is likewise conceivable that their predator may 
adapt to the light become more effective at nocturnally foraging A. cephalotes However, one 
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thing is certain: with Leaf Cutters serving an irreplaceable function as a keystone species, any 
change in behavior will undoubtedly have serious ecological consequences.  
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Abstract 
 
Many species of bird dispersed plants rely on dark colored fruit contrasting with green foliage to attract frugivorous 
birds, but some species also ripen their fruit asynchronously, resulting in bunches of fruit that have a sharp contrast 
between ripe and unripe fruit, the effect of which on attracting frugivorous birds has not been well studied.  Here I 
test the effect of the contrasting fruit colors on frugivore attraction in the neotropical fig tree Ficus pertusa 
(Moraceae) in a field study using artificial fruit in three treatments with different proportions of ripe and unripe fruit 
on six individual trees, the treatments consisting of an R treatment with ten ripe fruit, a 2R treatment with twenty 
ripe fruit, and a U/R treatment with ten ripe and ten unripe fruit, and each tree was observed for 90 minutes in the 
morning when frugivorous birds are most active.  There was no significant difference between fruit removed from 
the R and U/R treatments, while the 2R treatment had approximately twice as many fruit removed as the R and U/R 
treatments.  In addition, the U/R treatment had unripe fruit removed, approximately one third as many as ripe fruit.  
There was no significant difference in bird visits between the different treatments.  These results suggest that 
contrary to the idea that increased contrast in color between fruits would increase frugivory, instead frugivorous 
birds are attracted to areas that have the most fruit available, which would suggest that the plants have another 
reason, possibly physiological limitations, that cause them to ripen asynchronously. 
 
Resumen 
 
Varias especies de aves dispersan plantas confiando en frutos oscuros contrastando con el follaje verde para atraer a 
las aves, pero algunas especies además maduran sus frutos asincrónicamente, resultando en grupos de frutos que 
tienen un contraste profundo entre frutos verdes y maduros, efecto que no ha sido bien estudiado en la atracción de 
aves frugívoras. Aquí pruebo el efecto de la coloración contrastante entre frutos en la atracción de frugívoros en el 
higueron neotropical Ficus pertusa (Moraceae) en un estudio de campo utilizando frutos artificiales en tres 
tratamientos con diferentes proporciones de frutos verdes y maduros en seis árboles individuales, los tratamientos 
consisten en R con diez frutos maduros, 2R con 20 frutos maduros, y U/R con diez frutos maduros y diez frutos 
verdes, y cada árbol fue observado por 90 minutos en las mañanas cuando las aves frugívoras son más áctivas. No 
hay diferencia significativa entre los frutos removidos en los tratamientos R y U/R. Además, el tratamiento U/R tuvo 
frutos verdes removidos, aproximadamente un tercio de los frutos maduros removidos. No hay diferencias 
significativas en la visitación de las aves entre los diferentes tratamientos. Estos resultados sugieren lo contrario a la 
idea que el aumento en el contraste en el color entre frutos aumenta la frugivoría, en lugar las aves frugívoras son 
atraídas a áreas que tienen más frutos disponibles, lo cual puede sugerir que las plantas tienen otra razón, 
posiblemente limitaciones fisiólogicas, que causan la maduración asincrónica. 
 
Introduction 
 
Plant species that rely on frugivorous birds for dispersal usually fit into a particular syndrome: 
they tend to have small fruit that are light colors when formed, and ripen to colors that contrast 
well with the green foliage that forms their backdrop (Willson et al. 1990).  In addition, some 
species of plants preripen or sequentially ripen their fruit, which has been hypothesized to be a 
way to attract frugivorous birds and reduce the number of rotting fruit, a hypothesis called the 
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preripening fruit flag hypothesis (Stiles 1982).  Preripened fruits are usually green or another 
light color, and they are usually smaller, harder, and not as sweet as ripened fruit.  The effects of 
contrasting colors between different colors of ripe fruit or ripe fruit and a colorful accessory near 
the fruit have been shown by several studies to increase the number of fruit eaten by frugivorous 
birds (Willson & Melampy 1983, Wheelwright & Janson 1985, Facelli 1993, Wenny 2003), but 
very few studies have looked at the effect of contrasting colors of ripe and unripe fruit on 
attracting avian frugivores, and those that have got mixed results, with some saying that the 
contrasting ripe and unripe fruit colors attracting more birds (Fuentes 1995), and others saying 
that the contrasting colors do not have an effect (Amsberry & Steffen 2008, Camargo et al. 
2015). 
 In the fruiting figs (genus Ficus), a large number of fig species are bird dispersed, with at 
least 29 species in the lowland rain forests of Malaysia alone (Lambert 1992).  Since Ficus 
species always have some individuals fruiting at any given time, these plants provide a stable 
source of food for many frugivorous (Bronstein & Hoffmann 1987).  In addition to the mature 
red fruit contrasting well with the green foliage of the plant, in some species there is also a 
contrast between fruit, as they ripen some of their fruit before the majority are ready to ripen in a 
pattern that falls under Stiles’s preripening fruit flag hypothesis.  Studies have been done looking 
at the importance of a contrast of color between the fruit of Ficus trees and the green foliage 
(Lomáscolo et al. 2010), but none have been done on the contrast between ripe and unripe fruits 
in Ficus. 
 One species of Ficus that displays this asynchronous ripening within a specific tree is 
Ficus pertusa, a free-standing species with small fruit that can often be found along the sides of 
roads or on the edges of forest fragments (Figure 1).  F. pertusa forms an important part of the 
diet of frugivorous birds (Bronstein & Hoffmann 1987), but it is not known whether the 
asynchronous ripening of their fruit has an effect on attracting frugivorous birds. 
 Here, I test whether the contrast between ripe and unripe fruit in F. pertusa increases 
attraction of frugivorous birds using clay models, a method that is commonly used for testing 
avian food choice (Sng & Corlett). 
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Figure 1: Leaves and ripe and unripe fruit of Ficus pertusa in Monteverde, Puntarenas Province, 
Costa Rica.  Many individuals of F. pertusa exhibit asynchronous ripening of fruit, which 
increases the contrast of fruit color, possibly attracting more frugivorous birds. 
 
MATERIALS AND METHODS 
 
Study System 
The experiment was conducted in Monteverde and Santa Elena, Puntarenas Province, Costa 
Rica, between 1400 and 1500 m asl, in the premontane wet forest.  The study organism, the fig 
tree Ficus pertusa, is fairly common along roadsides and at the edges of forest fragments in the 
area, with some individuals in fruit at any given time.  While looking for individuals to use for 
the experiment I found twelve F. pertusa trees, half of which had fruit.  Four of the six 
individuals included in the experiment displayed pre-ripening during the experiment.  All six 
trees included in the experiment had natural fruit throughout the duration of the experiment. 
 
Experiment 
I used a method similar to that of Amsberry and Steffen (2008), though whereas their study was 
done with real fruit, mine was done with model fruit.  I made the model fruit out of modeling 
clay, using colors that closely matched the colors of the natural fruit of F. pertusa.  I attached the 
model fruit to the trees using wire wrapped around the branches, being careful to leave as little as 
possible so to avoid the potential of injury to the frugivorous birds, with three treatments of figs 
attached to separate branches on the tree, a 2R treatment of 20 ripe figs, an R treatment of 10 ripe 
figs, and a U/R treatment of 10 ripe figs and 10 unripe figs (Figure 2).  The R and 2R treatments 
served as controls to compare the possible effect of fruit abundance to the possible effect of the 
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contrast between ripe and unripe fruit in the U/R treatment.  The branches were all low on the 
tree for ease of reaching and observing, and they were at least 50 cm apart to prevent a bird from 
taking a fruit from one branch while perching on another.  After three days I returned to the trees 
and rotated which treatment was on which branch to avoid association of a certain number of 
fruits with a specific branch.  Each time I rotated the treatment locations I also recorded how 
many figs were not attached to the tree and could not be found searching the ground under the 
tree as well as any figs that showed beak marks. 
 
I also recorded how many green figs were removed from the U/R treatments and compared that 
to the number of red figs removed from the same treatment.   
 

 
Figure 2: Model figs attached to an individual of F. pertusa in Monteverde, Costa Rica.  Each 
tree had an R treatment of 10 ripe model fruit, a 2R treatment of 20 ripe model fruit, and a U/R 
treatment of 10 ripe and 10 unripe model fruit, all attached to separate branches. 
 
Observations of Birds Eating Clay Figs 
I also observed each tree in the morning, starting between 6:00 a.m. and 6:30 a.m., to record 
birds landing on the branches the figs were attached to and taking the figs.  I observed each 
branch for 30 min, for a total of 90 min per tree, and I recorded how many birds landed on each 
branch. 
 
RESULTS  
 
Experiment 
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The treatment had a significant impact on the number of figs removed (Generalized Linear 
Mixed Model with poisson distribution and replicated nested within tree as random effects to 
account for repeated measures: a = -4.22, p < 0.0001).  There was no significant difference in the 
removal of figs from the R and U/R treatments (p = 0.98), while there were approximately twice 
as many figs removed from the 2R treatment as from the R treatment (p = 0.0001) or the U/R 
treatment (p < 0.0001) (Figure 3). 
 

 
Figure 3: Mean number of figs removed from each treatment in Monteverde, Costa Rica.  Each 
mean is calculated from 18 treatments across six trees.  The 2R treatment had 20 ripe figs, the R 
treatment had 10 ripe figs, and the U/R treatment had 10 ripe figs and 10 unripe figs.  All 
individuals were in forest fragments, and most of them on the roadside.  Standard error bars 
represent ± 1 standard error. 
 
Within the U/R treatment there was a significant difference between the number of red figs 
removed and the number of green figs removed, with the former having approximately three 
times as many figs removed as the latter (Wilcoxon paired test, Z = 128, p = 0.002) (Figure 4).   
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Figure 4: Mean number of figs of each color removed from U/R treatments.  Means are 
calculated from 18 treatments across six trees.  All individuals were in forest fragments, and 
most of them on the roadside.  Standard error bars represent ± 1 standard error. 
 
Observations of Birds Eating Clay Figs 
There was not a statistically significant between the number of birds that visited the 2R treatment 
(8), the R treatment (7), and the U/R treatment (5) (X2 = 0.7, df = 2, p = 0.3). 
 
Discussion  
 
 The treatment with the highest removal rate of figs was the 2R treatment, which suggests 
that the birds were attracted to the highest concentration of figs.  The lack of a significant 
difference between the U/R treatment and the R treatment, which had the same number of model 
ripe figs, indicates that the birds were not attracted to the contrast of red and green fruit, as 
suggested by the preripening fruit flag hypothesis.  Comparisons of the 2R and U/R treatments, 
which had the same number of model fruit but with different proportions of ripe figs, shows that 
birds prefer greater numbers of ripe fruit.  Comparisons of the 2R and R treatments, which had 
different numbers of ripe figs, also suggest that birds prefer greater numbers of ripe fruit. 
 These results contrast with the preripening flag theory, but are consistent with the optimal 
foraging theory proposed by Stephens and Krebs (1986), which suggests that animals will choose 
to forage at locations that provide them with the most reward for the least effort used, which 
when applied to this particular case would suggest that the 2R treatment would be visited the 
most and have the most fruit removed.  A possible alternate reason for the observed preripening 
could be that there are physiological restraints on the plants, for instance lack of nutrients from 
the soil, that prevent the plants from ripening all of their fruit at the same time.  Additionally, 
staggered ripening of fruits might encourage birds to eat fewer fruit in a single visit, thus leaving 
the birds hungrier and possibly increasing dispersal range as the birds forage for more fruit 
(Fuentes 1995).   
 My results show that in addition to ripe fruits being removed, sometimes unripe fruits are 
removed as well, though at a significantly lower frequency than ripe fruits.  This has not been 
looked at in other studies of this style, but a study done on American Samoa suggests that unripe 
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fruit might be a food source for frugivorous bats during times of lower fruit production (Nelson 
et al. 2000).  This could help explain the unripe fruits being taken, as they could be serving as 
food for migratory birds that get out-competed for ripe fruit by native birds. 
 Of the 20 bird visits observed, most of them were done by the blue-gray tanager 
(Thraupis episcopus) and the yellow-crowned euphonia (Euphonia luteicapilla), which is similar 
to the results of Bronstein and Hoffmann (1987) who looked at frugivory rate in F. pertusa by 
different species of frugivorous birds, and I recorded the migratory Baltimore oriole (Icterus 
glabula) taking figs on numerous occasions. 
   These data about preferential removal from the branches with the most fruit support the 
findings of Amsberry and Steffen (2008), who also found that higher concentrations of ripe fruit 
have more fruit removed on average, though in a different species of plant, Ardisia 
nigropunctata, and only in secondary forests, while this study focused on plants along the sides 
of roads and the edges of forest fragments.  In addition, they did not look at the difference in 
removal rates between ripe and unripe fruit in their R/U treatments, instead focusing only on the 
removal of ripe fruits.  Willson and Melampy (1983), in a similar study conducted with wild 
black cherry (Prunus serotine), found that more fruits were removed from bunches with both 
ripe and unripe fruits, but only along the edges of forest fragments and in gaps as opposed to 
within areas of primary or secondary forest. 
 Overall, these results show that while mixed bunches of fruit do not attract more 
frugivorous birds than bunches with the same number of ripe fruit and no unripe fruit, fruit color 
and abundancy do have significant impacts on the number of fruit removed, as the bunches that 
had the most fruit removed were the bunches with the greatest number of red figs. 
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ABSTRACT 
 
Modern human-caused climate change is affecting many taxa and triggering range 
changes in many species. Due to narrow abiotic tolerances, tropical species may be 
especially sensitive, causing many to move up mountains.  Using a bat call detector, call 
diversity and abundance of six insectivorous bat species was measured from 1300 to 
1800 meters altitude at the edge of tropical Cloud Forest. Results show that Molossus 
sinaloae and Dicliduris albus preferred lower elevations. Myotis pilosatibialis, Myotis 
nigricans and Eptisicus brasiliensis showed higher elevational preferences. However, no 
species showed a particularly narrow range, suggesting common insectivorous bat 
species may not be as vulnerable to anthropogenic climate change as many Cloud Forest 
birds, amphibians and reptiles.  
 
RESUMEN 
 
Las causas humanas modernas del cambio climático están afectando varios taxones y 
desencadenando cambios en los rango de distribución de varias especies.  Debido a las 
estrechas tolerancias abióticas, las especies tropicales pueden ser especialmente sensibles, 
causando que se muevan montaña arriba.  Usando un detector de llamados de 
murciélagos, la diversidad y abundancia de llamados de seis especies de murciélagos 
insectivoros se midió de los 1300 a los 1800 metros de altitud en el borde de un Bosque 
Nuboso tropical.  Los resultados muestran que Molossus sinaloae y Dicliduris albus 
prefieren elevaciones bajas. Myotis pilosatibialis, Myotis nigricans y Eptisicus 
Brasiliensis muestran preferencias por mayores elevaciones.  Sin embargo, ninguna 
especie muestra un rango restringido, sugiriendo que las especies de murciélagos 
insectivoros comunes pueden no ser tan vulnerables al cambio climático antropogénico 
como muchas especies de aves, anfibios y reptiles del bosque nuboso.	
 
 
INTRODUCTION 
 
RECENT ANTHROPOGENIC CLIMATE CHANGE HAS PUT STRESS ON MANY TAXA (Pounds et al. 
1999). Ability to adapt and relocate to more suitable microclimates will ultimately 
determine which species survive. Tropical highland species are especially vulnerable to 
climate change, as they are sensitive to slight changes in both temperature and moisture 
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(Brodie et al. 2012). Studies have shown that even a slight rise in land and sea surface 
temperatures will cause the tropical montane cloudbank to form at a higher altitude 
(Pounds et al. 1999; Nadkarni & Solano 2002). This is causing range changes across 
many Cloud Forest taxa, as well as extinctions (Pounds et al. 1999).  

A species’ altitudinal range is one measure of its ecological niche breadth 
(Lieberman et al 1996). Climatic effects on species are most pronounced in those with 
narrow elevational limits, restricted by either temperature or diet (Brodie et al. 2012; 
LaVal 2004). Species, such as frugivorous bats, that rely on specific plants for food may 
be affected if that plant is unable to cope with climatic changes. However abundance of 
these bats may be more dependent upon air temperature than food availability (Mello et 
al 2008). Studies have also shown range shifts in invertebrate communities in response to 
changing climate (Barry et al. 1995). Insectivorous bats that rely on stable invertebrate 
communities will need to relocate if changing temperatures and mist frequencies hinder 
insects’ abilities to survive. Increasing connectivity of landscapes along an elevational 
gradient is crucial for promoting species dispersal and persistence (Townsend & Masters 
2015). This recognizes that some species will want to move uphill and preserving 
elevational gradients allows for a greater chance of dispersal success and is thus crucial 
for the conservation of many species.  
 As some taxa move upslope, available habitat diminishes, increasing competition 
and potentially resulting in mountaintop extinctions (Corlett 2014). Additionally, 
population extinctions are not uncommon in mountaintop species even without the added 
pressure of increased competition brought with immigrant species (Parmesan 2006). In 
Neotropical Cloud Forest, increasing uphill colonization is present in various types of 
avian species, such as Lesser greenlets (Hylophilus decurtatus) and Keel-billed toucans 
(Ramphastos sulfuratus; Pounds 1999).  From the well-known case of the extinct Golden 
Toad (Incilius periglenes), many amphibians have suffered greatly from changing 
climate. Species across different taxa may differ greatly in physiology, adaptability, life 
cycle, and habitat requirements (Mooney 1991). Thus, taxa need to be evaluated carefully 
in their differential ability to relocate or adapt to changing climate. 

Data are less abundant for bat communities, which tend to have wider 
distributions and broader ecological niches (LaVal 2004). Nevertheless, studies have 
supported population fluctuations in response to local climate change around Cloud 
Forests of Monteverde, Costa Rica (LaVal 2004). Individuals belonging to a species with 
a widespread geographic range that are at the edge of this range are likely to experience 
environmental conditions different than those in the center of their range (Boyles et al 
2016). For example, insectivorous bats with high altitudinal preferences could be 
restricted due to unique life history traits or differences in energy requirements than 
individuals at lower altitudes. Consequently, these organisms may be more sensitive to 
changes.  
 The purpose of this research was to examine diversity and abundance of Cloud 
Forest insectivorous bat species with elevation in Monteverde, Costa Rica. Six bat 
species were recorded in this study: Molossus sinaloae, Eptesicus brasiliensis, Myotis 
pilosatibialis, Myotis nigricans, Diclidurus albus, and Lasiurus blossevillii. The goal of 
this study was to examine elevational ranges and preferences of each species. The scope 
of these bats’ ranges could ultimately determine how they will respond to current changes 
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in temperature and mist frequency. Narrower elevational limits may lead to more drastic 
responses to climatic fluctuations.  
 
METHODS   
 
Study Sites 
 
The study took place in October and November 2016 in Monteverde, Costa Rica. Data 
were collected from five 
elevational zones along a 400-
meter gradient starting at 1325 
meters and going up to 1725 
meters. As seen in Figure 1, study 
sites were uniformly near forest 
edge in Lower Montane Moist 
Forest (1300 – 1450 m), Lower 
Montane Wet Forest (1450 – 1600 
m), and Lower Montane Rain 
Forest (1650 – 1750 m). Edge 
habitat was selected because this is 
where most bat foraging activity 
occurs (R. LaVal personal 
communication).  
  
Identifying and quantifying bat calls 
 
To record bat activity I used an Echo Meter Touch bat detector supported by an Apple 
iPad Mini interface. Hour long recordings were conducted for two nights in each of the 
five elevational zones. I recorded within the first one to two hours after sundown. Due to 
the sensitivity of the microphone, data cannot be collected when it is raining. To reduce 
amount of non-bat noise on recordings, I propped the microphone up away from 
vegetation. Moon phase and moonrise allowed all data to be taken with no potential 
interference from moonlight. Recordings were later analyzed using Kaleidoscope and 
Analook software. The equipment used in this study was also used in a bat survey report, 
commissioned by the Friends of the River Crane Environment (FORCE) and Richmond 
Council Parks Department, along the Duke of Northumberland River (DNR) in west 
London, England (Fure 2015). The survey was examining bat activity along a 1500 m 
stretch of the DNR, and was essential to determine extant bat species, how they were 
using the area and if they were to be affected by habitat transformation. For my data 
collected in Monteverde, calls were identified by comparison to previously identified 
recordings based on frequency (kHz) and pattern. Bat expert Dr. Richard LaVal also 
aided in the identification of bat species. 
 
Study organisms and their historical elevational ranges 
 

	
Figure	1.	Study	site	at	1725	m.	As	pictured,	edge	habitat	was	
uniform	across	all	elevational	zones.	
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My elevation records were compared to those from LaVal and Rodríguez-H. (2002). Here 
I will discuss the historical ranges of these species in Costa Rica. LaVal and Rodríguez-
H. classify species as rare, uncommon, common, or abundant based on their extensive 
field experience, as well as their use of the Anabat bat detector.  

M. sinaloae has been collected at a few locations in the Caribbean lowlands, 
abundantly in the Central Valley. It has also been found in Monteverde at 1300m.  

E. brasiliensis has been found commonly in Costa Rican highlands up to 2800m, 
and also in La Selva (100 m) and Parque Nacional Braulio Carrillo (270 m).  

M. pilosatibialis is classified as common to abundant in premontane and lower 
montane forests and in disturbed areas between 1400 m and 1800 m.  

M. nigricans is found in different abundances across a diversity of habitats from 
sea level to over 3100 m.  

Though rare, D. albus has been collected in a variety of habitats in the lowlands 
of both coasts and the Central Valley, up to 1500 m.  

Rare in Costa Rica, L. blossevillii has been found on both sides of the country 
from low to high elevations, and in disturbed to forested habitats.  
 
RESULTS 
 
Species Distribution 
 
As shown in Figure 2, D. albus was recorded as low as 1325 m and up to 1525 m, with 
the majority of calls recorded at 1525 m. E. brasiliensis was found from 1325 – 1725 m, 
however the median did not differ from the other quartiles, indicating outliers. L. 
blossevillii and M. pilosatibialis had the same distribution with minimums at 1525 m, 
medians at 1625 m, and maximums at 1725 m. The minimum and median distribution of 
M. sinaloae was 1325 m, where 70.4% of the calls were recorded. Its maximum 
distribution was 1525 m. M. nigricans had a median distribution of 1725 m, with 88.5% 
of calls recorded in that zone.  
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Figure 2. Elevational distribution of bat species. Data were collected using an Echo Touch Meter. Hour 
long recordings were taken for two nights in each of five elevational zones differing by 100 m from 1325-
1725 m. Study sites were uniformly near forest edge in Lower Montane Moist Forest (1300 – 1450 m), 
Lower Montane Wet Forest (1450 – 1600 m), and Lower Montane Rain Forest (1650 – 1750 m). Species 
recorded in each elevational zone was noted. Median values are shown in bold bound by the interquartile 
range (IQR). Minimum and maximum elevations are shown as whiskers. Outliers are noted as open circles. 
Species names are abbreviated as follows: Diclidurus albus (DicAlb), Eptesicus brasiliensis (EptBra), 
Lasiurus blossevillii (LasBlov), Molossus sinaloae (MolSin), Myotis nigricans (MyoNig), and Myotis 
pilosatibialis (MyoPil). 

Call Abundance 
 
Elevational abundance was determined based on the call abundance of each species. 
Species elevational preferences were determined (1 Way ANOVA, F = 392.797, df = 5, p 
<0.0001). When compared using the Fisher LSD test, all pairs of species showed 
significant differences in elevational preferences (p < 0.05), except L. blossevillii and M. 
Pilosatibialis (see Figure 3). M. sinaloae calls were more abundant at lower elevations, 
with 70.4% of calls recorded at 1325 m, and no calls higher than 1525 m. D. albus calls 
were less frequent than other species, but had the highest abundance at 1525 m. E. 
brasiliensis was most abundant at 1625 m by a large margin, with only 5% of calls 
recorded at other elevations. Calls of M. nigricans became more frequent with altitude, 
the most frequent being at 1725 m. L. blossevillii was recorded most frequently in the 
Lower Montane Wet Forest at 1525 m. M. pilosatibialis, the third most commonly 
recorded species behind E. brasiliensis and M. sinaloae respectively, was present starting 
at 1525 m. Its highest call occurrence was at 1625 m.  
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Figure 3. Call abundance of each species by elevation Data were collected using an Echo Touch Meter. 
Hour long recordings were taken for two nights  (ten hours total) in each of five elevational zones differing 
by 100 m from 1325-1725 m. Study sites were uniformly near forest edge in Lower Montane Moist Forest 
(1300 – 1450 m), Lower Montane Wet Forest (1450 – 1600 m), and Lower Montane Rain Forest (1650 – 
1750 m). Recordings were analyzed using Analook software, and each recording with an identifiable bat 
call was counted as one call. Thus, this may not be the abundance of individuals but rather call abundance. 
All but one pair of species showed a statistically significant difference in their elevational preferences (1 
Way ANOVA, F=392.797, df=5, p<0.0001). L. blossevillii and M. pilosatibialis was the only pair of 
species that did not have statistically different elevational preferences. 

Comparison to historical ranges 
 
All species were recorded in ranges within their historical ranges, with the exception of 
M. sinaloae that was recorded in the 1500 m elevational zone. Prior to 2002, the highest 
altitude at which M. sinaloae had been recorded was in Monteverde at 1300 m.  
 

Species Historical Recorded 

 M. sinaloae  0 - 1300  1300 - 1550 

 D. albus 0 - 1500  1300 - 1550 

 E. brasiliensis 100 - 2800  1300 - 1650 
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E.	brasiliensis	
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L.	blossevillii	

M.	pilosatibialis	

Table	1.	This	table	shows	the	historical	ranges	of	each	species	in	Costa	Rica	prior	to	2002.	
Experimental	ranges	were	compared	to	those	from	LaVal	and	Rodríguez-H.	(2002),	who	collected	
data	using	mist	nets	and	an	Anabat	bat	detector.	Ranges	are	noted	in	meters.	
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 M. nigricans 0 - 3100 1500 - 1750 

 L. blossevilli 0 - 3500 1501 - 1750 

 M. pilosatibialis 0 - 1800  1502 - 1750 
 
 
DISCUSSION 
  
M. sinaloae was recorded in the lower three elevational zones from 1325 – 1525 m, and 
was recorded most abundantly at 1325 m. However, about 30% of calls from this species 
were recorded about the 1300 m elevational zone. Eighteen calls were recorded as high as 
1525 m. This is notable because prior to 2002, the highest M. sinaloae had been recorded 
was in Monteverde at only 1300 m. This suggests that there has been a slight uphill 
expansion in the range of this species, which may be attributed to changing 
environmental conditions.  

Just as it is rare across Costa Rica, D. albus was the most rare bat species 
recorded, relative to the others. Like M. sinaloae, it was also recorded in the lower three 
zones, but showed a higher elevational preference in comparison, with a mean of 1478.85 
m. Historically D. albus has been recorded up to 1500 m (LaVal & Rodríguez-H. 2002), 
paralleling the results of this study. E. brasiliensis was recorded in every zone except 
1425 m, however it showed a preference for 1625 m, with 94% of all recorded calls 
coming from that zone. Historically E. brasiliensis has been found commonly in the 
highlands up to 2800 m (LaVal & Rodríguez-H. 2002), outside of this research’s sample 
zones. Thus, it is not surprising that E. brasiliensis was our most commonly recorded 
species. M. nigricans was recorded from 1525 – 1725 m, but showed a preference 
towards higher altitudes within that range, with a mean of 1709.62 m. LaVal and 
Rodríguez-H. (2002) had recorded this species across all habitat types and elevations (0 – 
3100 m). In this study, L. blossevillii was recorded from 1525 – 1725 m, but has been 
recorded in a diversity of habitats across Costa Rica. M. pilosatibialis was also absent 
from the lower two elevational zones, 93.5% of recordings came from 1525 – 1625 m, 
and 62% came from 1625 m, showing preference for mid to upper altitudes within the 
study sites. Historically, this species is common to abundant within 1400 – 1800 m.  
 M. sinaloe and D. albus were recorded only in the lower three zones, where as E. 
brasiliensis, M. nigricans, L. blossevilli and M. pilosatibialis all showed altitudinal 
preferences for higher than 1525 m. If uphill colonization patterns shown in avian and 
anuran populations are paralleled in bat populations, we will see an elevational shift in 
species’ range in the coming years.  

Small poleward or elevational shifts in ranges of species are sometimes hard to 
attribute to climate (Thomas & Lennon 1999). As described, bats tend to have broader 
distributions and thus may not experience movement or extinctions as rapidly as other 
taxa, still, local populations at the extension of their range may be stressed and relocate. 
Those species with higher elevational preferences – E. brasiliensis, M. nigricans, L. 
blossevilli and M. pilosatibialis – might feel the effects of climatic changes before others 
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(Boyles et al 2016). Insectivorous bat species are not separate from the larger ecosystem 
they are a part of. The invertebrate community that makes up their diet may also be 
affected by changing environmental conditions (Barry et al. 1995). Bats will feed 
wherever they find insects, thus changes in invertebrate communities will changes 
population shifts in bat communities. Conversely, changes in bat communities will 
impact the species on which bats feed.  

Because none of the recorded species showed a particularly narrow range, these 
species may not be immediately vulnerable to anthropogenic climate change Although, as 
seen in M. sinaloae, some species may be showing similar patterns of uphill colonization 
as seen in other taxa such as avian species. Land transformation and environmental 
variation may still cause changes in population structure of bat communities, and thus 
should continue to be studied in the future. More extensive studies following similar 
methodology should continue to be implemented as climate continues to change. 
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ABSTRACT 
 
Insects demonstrate a range of social behaviors and therefore make excellent model organisms for the study of 
sociality in general. This study aims to quantify aggression levels in Crawfordapis luctuosa, a solitary ground 
nesting bee, to better understand why it has not evolved sociality. The experiment consisted of circle tube trials in 
which the aggression levels of a pair of bees was measured. Bees that were provisioning offspring were over 22 
percent more aggressive when paired with bees that were not. Additionally, only non-provisioning bees increased 
their aggression as they became larger. This provides support for the assertion that the non-provisioning bees are 
cleptoparasitic and that the provisioning bees need to defend their nest from them. The necessity for nest defense 
against intraspecific cleptoparasitism may have inhibited C. luctuosa from developing social behavior.  
 
RESUMEN 
 
Los insectos muestran un rango de comportamientos sociales y por lo tanto son un modelo excelente para el estudio 
de la socialidad en general.  Este estudio busca cuantificar los niveles de agresión en Crawfordapis luctuosa, una 
abeja solitaria que anida en el suelo, para entender porque no ha evolucionado la socialidad.  El experimento 
consistió en pruebas de tubos circulares en los cuales los niveles de agresión de abejas pareadas fue medido.  Las 
abejas provisionadoras de sus crías fueron un 22 por ciento más agresivas cuando fueron pareadas con abejas que no 
lo son.  Adicionalmente, solo las abejas no-provisionadoras aumentan su agresividad al volverse más grandes.  Esto 
provee apoyo a la idea de que las abejas no-proveedoras son cleptoparásitas y que las abejas provisionadoras 
necesitan defender su nido de estas.  La necesidad por la defensa del nido en contra del cleptoparasitismo 
intraespecífico puede haber inhibido a C. luctuosa de desarrollar un comportamiento social. 
 
INTRODUCTION 
 
Insects have evolved sociality multiple times (Kocher and Paxon 2014). Insects demonstrate a 
range of sociality from solitary to subsocial, parasocial, quasisocial, semisocial and eusocial that 
differ in their degree of cooperative brood care, reproductive castes and generation overlap 
(Wilson 1971). Eusociality, or ‘true sociality,’ is defined by cooperative offspring care, 
reproductive division of labor and overlapping generations (Rubenstein and Kealy 2012). There 
are two routes to true eusociality, through parasociality and subsociality (Wilson 1971). The 
subsocial route starts with parental care, then the cooperation of daughters to raise offspring with 
the mother. The parasocial route begins with aggregation, leading to nesting cooperation and 
then the cooperative raising of offspring. For sociality to evolve, there has to be cooperation, 
often in the form of a dominance hierarchy (Winston and Michener 1977). The dominance 
hierarchy can lead to reproductive suppression and therefore eusociality. Aggression can lead to 
this dominance hierarchy where aggression ceases because there is a predetermined winner in 
any altercation (Fletcher and Ross 1985). However, it may be that not all aggression leads to the 
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development of a dominance hierarchy. Intraspecific competition, either exploitative or agonistic 
interactions, may be an obstacle in terms of the evolution of social behaviors. Some behaviors, 
such as cleptoparasitism, may involve aggression and actually inhibit social development. It is 
largely unclear what specific mechanisms or factors have contributed to or prevented solitary, 
aggregating species from developing eusociality or any other degree of social behavior.   
 

Crawfordapis luctuosa is an aggregating ground-nesting bee that is considered solitary, 
but appears to be on the verge of sociality evolutionarily speaking (Wuellner and Jang 1996). 
The aggregating nature of this species makes it an especially useful one to study, because 
aggregations may have been the initial step towards social insect communities. C. luctuosa 
burrows into the ground to nest, lay eggs and rears larvae (Roubik and Michener 1984). Once the 
bees become adults they leave the nest to mate and find or burrow their own nests. Finding a new 
nest requires less energy than digging one, so the bees often take over nests abandoned by bees 
that are finished provisioning their offspring (Jang et al. 1996). These bees may have been 
unable to fully develop eusociality because of their competition for nests (Otis 1982). 
Additionally, bees that do not currently have offspring or non-provisioning bees have been 
observed entering the nests of other provisioning bees and it is suspected that they are 
cleptoparasitic, stealing food from the offspring or even taking control of the nest (Wuellner and 
Jang 1996, Otis et al 1982, Roubik and Michener 1984). Most of the reasons proposed for the 
lack of sociality in C. luctuosa are qualitative observations and have not been quantified. 
Measuring the aggression of these bees may help provide insight into why they have not become 
a social species. 

Cooperation between the bees may not have developed due to the necessity of nest 
defense (Otis et al 1982). Provisioning bees have invested energy and resources into building or 
finding a nest, laying eggs and providing food for their offspring. These provisioning bees are 
expected to defend their nest from intruders, especially non-provisioning bees that may be 
looking to take food or the nest. The non-provisioning bees, not having invested energy in the 
nest, have less to lose and will likely not attack as aggressively as the provisioning bees. 
Additionally, larger bees may have an advantage when attacking or defending a nest and 
therefore will likely display more aggressive behavior. In this experiment the aggression and size 
of the bees is quantified. The focus is the difference in aggression when bees of different 
reproductive status encounter each other. This experiment may provide indirect evidence for nest 
defense due to cleptoparasitism as an inhibitor of social evolution. 

 
METHODS 
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This project follows the methods of 
Graham (2016) with some improvements 
and alterations. Generally, the experiment 
used plastic tubing to simulate the nests 
of the bees (Pablan et al 2000, Breed et al 
1978, Kukuk and Decelles 1986). Two 
bees were put into the tubing and their 
interactions recorded and quantified. The 
tubes are formed and sealed into a circle 
to encourage repeated interactions by the 
bees. The study site is a clay road 
surrounded Monteverde, Costa Rica 
Cloud Forest at 1750m where the bees 
aggregate (Figure 1). The site is a Lower 
Montane Rain Forest. The experiment was 
carried out between October 18th and 
November 14, 2016.  

  
Bee identification 
Bees were identified as either Provisioning (P) or Non-Provisioning (NP). Provisioning bees are 
those that are visiting flowers and returning to their nests with pollen and nectar to provision 
their larvae (Jang et al 1996). Non-provisioning bees are looking for either a mate or nest, before 
beginning to provision (Otis et al 1982).  
 The bees can be identified as P or NP in multiple ways. First, P bees can often be found 
with pollen in or around their leg pouches (Jang et al 1996). NP bees are not found with pollen. 
Additionally, there are behavioral differences between the bees: NP bees exhibit a ‘floating 
behavior’ while searching for a nest to enter. P bees have their own nests and do not ‘float,’ 
instead returning rapidly to the nest. 
 
Circle Tube Experiments  
Bees were captured using a butterfly net, 
sexed, weighed, individually marked with 
paint pens and their provisioning status 
determined. After this information is 
gathered, the bees were put into the plastic 
tubing for 10 minute trials to simulate their 
encounters in a nest. Two tubes were taped 
together with the bees inside, each tube was 
1 m long, forming a circular tube 2 m in 
circumference. Although their nests are 1.5 
cm in width, 2 cm tubing was used for the 
circle tube experiment for better observation 
but also to allow bees to change direction 
and form their characteristic C-shape 
aggressive posture (see below). The bees 

Figure 2: Experimental setup with bees in the circle 
tubes. The scale and glass vials used for holding and 
weighing the bees are also pictured. 

Figure 1: The study site. This is the lower part of the 
Crawfordapis luctuosa aggregation found on the clay 
road on Cerro Amigos in Monteverde. 
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exhibited 3 types of actions: withdrawing, passing, and aggression. Withdrawing was either a 
change of direction by one of the bees to avoid the other bee, or fleeing from an aggressive 
encounter. Passing was when two bees passed by each other in the tubes without aggressive 
action. Within the aggression category, bees attempted to bite each other or formed a C-position 
to bite and sting simultaneously (mandible and stingers facing the other bee in a C shape; 
Mueller 1992, Wcislo 1997, Breed et al. 1978 this is not in your literature cited section). Number 
of non-aggressive and aggressive encounters in a trial lasting xx minutes was used to calculate 
percent of aggressive actions out of the total interactions between the bees.  

There were three different trial types for this experiment with 20 trials for each: P bees 
paired with P bees (p-p), NP bees paired with NP bees (n-n) and P bees paired with NP bees (n-
p). 
 
RESULTS 
 
The aggression in individual bees and the total proportion of aggression for each trial was found 
to be not normally distributed (Shapiro-Wilk normality test, Individual W = 0.92312, p-value = 
3.669e-06, Trial totals W = 0.94056, p-value = 0.005737), so all the following statistical test are 
non-parametric. 
 

The proportion of aggression was found to be significantly different between the three 
trial types (Kruskal-Wallis rank sun test, chi-squared = 16.283, df = 2, p-value = 0.0002912) 
(Figure 3). In the post-hoc analysis, the n-p pairing (Mean=0.64593254 +/- SE 0.03261646) was 
found to be significantly higher than both the other pairings (n-n, mean=0.39776515 +/- SE 
0.05054082, p-p, 0.35910714 +/- SE 0.06116992; Nemenyi test, n-p n-n, p=0.00287, n-p p-p, 
p=0.00077; Figure 3). The other two trial types, p-p and n-n, were not significantly different 
from one another (Nemenyi test, n-n p-p, p=0.93194, Figure 3).  
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Figure 3: Relative aggression for combinations of provisioning (p) and non-provisioning (n) solitary ground nesting 
bees C. luctuosa in circle tube experiments. The n-p trial is marked with an asterisk to mark its significant difference 
from the other two trial types (p < 0.05). The error bars are one standard error. 

Within the n-p trials, the provisioning bees were significantly more aggressive by 22.61% 
than their non-provisioning counterparts (np, mean= 0.585 +/- SE 0.056376, p mean= 0.811131 
+/- SE 0.047201; Wilcoxon rank sum test, W = 100.5, p-value = 0.006458; Figure 4). 
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Figure 4: A comparison of the aggression of the provisioning (p) and non-provisioning (np) solitary ground nesting 
bee C. luctuosa within the n-p circle tube trials. The provisioning bees are significantly more aggressive than the 
non-provisioning bees. The error bars are one standard error.  

There was no statistical relationship between bee size difference and aggression within p-p trials 
(Spearman rank correlation, S = 10110, p-value = 0.7517; Figure 5). 
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Figure 5: The relationship between bee size and aggression in the solitary ground nesting bee C. luctuosa for the p-p 
circle tube trials. No relationship was found between the two variables for the provisioning bees in the p-p trials.  

There was no relationship between bee size difference and aggression in the n-n trials (Spearman 
rank correlation S = 10064, p-value = 0.732; Figure 6). 
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Figure 6: The relationship between bee size and aggression in the solitary ground nesting bee C. luctuosa for the n-n 
circle tube trials. There is no relationship between the size of the non-provisioning bees and their level of 
aggression.  

Within the n-p trials, the provisioning and non-provisioning bees differed in their relationships 
between bee size difference and aggression (SM non-parametric ANCOVA, h =0.0388474 p-
value=1e-04; Figure 7). The provisioning bees had no relationship (Spearman rank correlation 
Provisioning: S = 1221.1, p-value = 0.7314) and the non-provisioning bees had a positive 
relationship between size and aggression (Spearman rank correlation Non-provisioning: S = 
670.24, p-value = 0.02611). Across all sizes, however, the provisioning bees were more 
aggressive, even though their aggression was unaltered by size (Figure 7).  
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Figure 7: Relationships between bee size and aggression in the solitary ground nesting bee C. luctuosa for 
provisioning and non-provisioning bees within the n-p circle tube trials. The relationships between the two variables 
were significantly different between the provisioning bees and the non-provisioning bees. The provisioning bees had 
no relationship while non-provisioning bees’ aggression increased more with their size. 

DISCUSSION 
 
Circle tube trials with non-provisioning and provisioning C. luctuosa (n-p) showed levels of 
aggression were higher than in n-n and p-p trials (Figure 3). Additionally, within the n-p trials, 
the provisioning bees were more aggressive than non-provisioning bees (Figure 4). This 
indicates that provisioning bees will be more aggressive defending their nest, especially against 
non-provisioning bees that are potentially cleptoparasites. Larger non-provisioning bees were 
more aggressive while provisioning bees had high aggression regardless of size.   
 Provisioning C. luctuosa have made a substantial investment in their nests and offspring 
(Roubik and Michener 1984). Therefore, provisioning bees should defend their nests against 
non-provisioning bees regardless of their size. Non-provisioning bees are not nearly as 
aggressive, possibly reflecting their lack of investment. However, larger non-provisioning bees 
may be more likely to successfully invade the nests as they are more likely to win aggressive 
encounters with other non-provisioning bees. It seems the provisioning bees have no choice but 
to be aggressive while the non-provisioning bees have the option to flee and find an easier nest to 
invade, depending on their size. Indeed, the non-provisioning bees have been observed to enter 
several different nests while exhibiting their floating behavior (Jang et al 1996, Roubik and 
Michener 1984, Otis et al 1982), perhaps assessing rivals. 
  The heightened aggression in provisioning C. luctuosa bees supports the idea that 
intraspecific cleptoparasitim is operating in nest aggregations, as hypothesized in past studies 
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(Jang et al 1995, Otis et al 1982). The necessity for nest defense against cleptoparasitism could 
be a contributing factor to lack of cooperation. On the other hand, if P and larger NP bees are 
predictably more aggressive, evolution could lead to cooperation and eventual subjugation based 
on reproductive status and size.  Once such dominance is established, sociality could arise. C. 
luctuosa continue to display aggressive behavior towards each other, however, they have not 
developed dominance/submission based relationships. This may be because the winner is not 
always clear, as with a small provisioning bee and large non-provisioning bee.  Also, the 
provisioning female has to leave and come back, leaving the nest unguarded – which may open 
the door to cleptoparasitism. Perhaps an issue with the parasocial route to sociality is 
cleptoparasitism in the nesting aggregations. If nest defense is in fact an inhibitor of the 
development of sociality, it could be examined in other species of presocial or solitary insects 
that have not become eusocial. 
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Abstract 
 
 Ripple bugs (Hemiptera: Veliidae) in streams of Monteverde have been examined in previous studies 
which produced conflicting results as to whether obligate or facultative niche partitioning was present between the 
adults and juveniles.  This study aimed to determine what form of niche partitioning was present and whether the 
partitioned niches were different surface substrates the streams contained, or the different water velocities.  Surveys 
of small quadrats were taken throughout the stream, counting the number of adults and juveniles present as well as 
noting the substrate type and measuring the water velocity.  An experiment was performed in which adults were 
removed from a habitat, juveniles added, and then adults reintroduced, to test the response of juveniles to both the 
absence and presence of the adults.  It was found that water velocity was the best predictor for adult and juvenile 
distributions.  The water velocity of juvenile only habitats was 16s/f, and adult only habitats were 2.44s/f.  Juveniles 
would regularly occupy primary habitat in the absence of adults, but when adults were reintroduced, the average 
number of juveniles in primary habitat dropped by 4.67.  This indicates that niche partitioning between adult and 
juvenile ripple bugs is facultative.  The conflicting results in early studies may have been because of low stream 
levels, which restricted the number of available habitats.  This could make it appear that obligate niche partitioning 
was present. 
 
Resumen 
 
 Los patinadores (Hemiptera: Vellidae) en las quebradas de Monteverde se han examinado en estudios 
previos los cuales producen resultados conflictivos de si la partición del nicho es obligada o facultativa presente 
entre los adultos y juveniles. Este estudio busca determinar que tipo de partición de nicho esta presente y si la 
partición  es diferente en los diferentes sustratos de la quebrada, o las diferentes velocidades del agua.  Mediciones 
en cuadrantes pequeños se tomaron a lo largo de la quebrada, contando el número de adultos y juveniles presentes 
así como notando el tipo de sustrato y midiendo la velocidad del agua.  Se llevó a cabo un experimento en el cual los 
adultos se removieron de su hábitat, se añadieron juveniles, y luego se reintrodugeron los adultos, para probar la 
respuesta de los juveniles tanto a la presencia como a la ausencia de los adultos.  Se encontró que la velocidad del 
agua es el factor que más influye en la distribución de adultos y juveniles.  La velocidad del agua en los hábitats con 
solo juveniles fue de 16 s/f, y los hábitats con solo adultos fue de 2.44s/f. Los juveniles ocupan regularmente los 
hábitats primarios en la ausencia de adultos, pero cuando los adultos son reintroducidos, el número promedio de 
juveniles en el hábitat primario baja 4.67.  Esto indica que la partición de nicho entre adultos y juveniles en los 
patinadores es facultativa.  Estos resultados conflictivos con estudios previos se puede deber  a niveles bajos de la 
quebrada, lo cual restringe el número de hábitats disponibles.  Esto puede hacer parecer que una partición de nicho 
obligatoria está presente. 
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Introduction 
 
Niche partitioning is an important factor in the structure of any type of community.  Two species 
cannot coexist if they share a limiting resource and exploit it in the same way; one will inevitably 
drive the other to extinction. (MacArthur, 1968)  By specializing on another resource, or by 
using the same resource at a 
different time or in a different 
way, an inferior competitor can 
occupy a separate niche and avoid 
potential competition.  Niche 
partitioning can occur between 
members of different species, 
called interspecific niche 
partitioning, or between different 
groups of the same species, called 
intraspecific niche partitioning 
(Richard and Garnett, 1983).  
When partitioning occurs between 
members of the same species, it is 
normally between either males and 
females (Freeman, 2014), adults and 
juveniles (Simon and Middendorf, 
1976), or both (Wan et al. 2013).   
 There are many different reasons why intraspecific niche partitioning may occur.  
Sometimes the two groups use completely different resources, like caterpillars and butterflies 
(Werner and Gilliam, 1984) and the adults and juveniles of sparid fishes (Stoner and Livingston, 
1984).  Adults and juveniles may be so distinct in prey use that they can be considered distinct 
ecological species (Polis, 1984).  Other times, there may be a temporal difference in resource 
use.  Adult iguanid lizards are active in the early morning, and juveniles are active around noon 
(Simon and Middendorf, 1976).  This allows the territories of the adults and juveniles to overlap, 
and increases the feeding efficiency of all population members.  In examples such as these, the 
niche partitioning has evolved, and always occurs, even if both groups are not present.  This is 
referred to as obligate niche partitioning.  In other cases, one group will actively prevent another 
group, normally the smaller/weaker one, from accessing an optimal resource.  In the absence of 
the dominant group, the subordinate group will move in and use the optimal resource, only to be 
chased off when the dominant group returns.  When one group takes advantage of both resources 
in the absence of the other group’s presence, the niche partitioning is facultative.  Male Black-
and-white Snub Nosed Monkeys forage in the center of fir tree crowns where there is more food, 
and females and juveniles are forced to forage on the outer layer.  When males were removed, 
the females and juveniles moved to the center and exploited the best habitat (Wan et al. 2013).   
 Niche partitioning is present between the adults and juveniles of tropical ripple bugs of 
the family Veliidae, however the method of partitioning has had little investigation, and results 
have been conflicting.  Veliidae are small insects that live in tropical streams.  They walk on the 
surface of the water and forage on dead insects that float downstream.  This makes areas with 
swift moving water or calm water adjacent to swift moving water primary habitat, as more dead 
bugs will pass by (Polhemus, 1976).  The type of surface substrate may also affect how 

 

 

 

 

Figure 1: Substrate Types.  Starting top left, going clockwise: turbulent, fast 
smooth, slow smooth, leaf litter. 
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preferable a habitat is.  Of the four surface substrates shown in Figure 1, Farley (2016) found that 
turbulent and fast smooth waters were preferable habitats, and slow smooth and leaf litter 
habitats were less preferable.  If water levels in streams decrease, this will lead to a decrease in 
viable habitats for both adults and juveniles, both because of a reduction in stream width and a 
lessening of water velocity.  Viable habitats may also decrease if there is too much water in a 
stream because the water will be too rapid for ripple bugs to exist in, and they could be swept 
away. Wilson et al. (1978) found an extremely distinct separation of ripple bugs, in regards to 
both sex and age, in streams of Costa Rica.  Adults occupied swift moving water or calm water 
directly adjacent to swift moving water.  When adults were removed from these primary habitats, 
the juveniles would readily occupy them, and then be actively chased out when adults were 
reintroduced.  In contrast, Farley (2016) found that the distribution of juveniles ripple bugs 
between a preferred habitat and a worse habitat was not affected by the presence or absence of 
adults.  This led here to believe obligate niche partitioning best explained her observation of 
adult/juvenile interactions. 
 This study will determine the pattern of separation for adult and juvenile Veliidae in the 
streams of Monteverde, Costa Rica.  Visual observation of quadrats in the stream will be taken, 
recording the number of adults and juveniles, the water velocity, and the substrate type.  An 
experiment will also be performed.  Juveniles will be placed into good foraging habitats, and 
allowed to stay for a short time, before adults will be introduced.  This will show differences in 
how juveniles occupy good and bad habitats in the presence and absence of adults.  If Veliidae 
do separate because of obligate niche partitioning, as Farley (2016) found, adults and juveniles 
should be found in distinctly different types of water surface substrates and velocity levels, and 
should very rarely occur together.  If it is facultative, juveniles should be found in the same areas 
as adults when there are no adults present, and adult should actively chase juveniles out of the 
best habitats.  Whether niche partitioning is obligate or facultative may have an impact on how 
well juveniles are able to survive times of drought or excessive rains. 
 
 
Materials and Methods 
 
 Experiments and sampling were conducted in the Quebrada Maquina at the Estacion 
Biologica de Monteverde, Puntarenas Province, Costa Rica, an area classified as lower montane 
wet forest.  This study was conducted from October – November, 2016 during the rainy season.   
 
Natural distribution of juveniles and adults by water velocity 
 

Sampling was done along roughly a 50m stretch of stream.  Whenever ripple bugs were 
spotted, their numbers within a 9cm x 9cm quadrat were visually counted, making note of the 
number of adults and juveniles, the water velocity, and substrate type.  Adults and juveniles 
could be easily told apart by size; juveniles were considerably smaller than adults.  Velocity was 
recorded by dropping a ping pong ball into the stream in the same spot as the quadrat, and timing 
how long it took for it to travel 30cm.  Therefore, velocity is measured in seconds/30cm, so 
higher numbers mean slower velocity.  There were four possible substrate types: turbulent, fast 
smooth, slow smooth and leaf litter as shown in Figure 1.  These categories were borrowed from 
Farley (2016), who modified the stream characterizations presented by Wilson et al. (1987).  
Turbulent water was characterized by rapidly flowing water with a rough surface.  It was 

 90 

 90 



normally found in shallow water with rocks or flowing through a narrow bottleneck.  Fast 
smooth water had a similar velocity to turbulent, but had a calmer surface.  It was often found 
adjacent to turbulent water, but not always.  Slow smooth water had a calm surface, similar to 
fast smooth, but with a slower velocity. Leaf litter had a smooth surface and was normally still.  
It was always found on the edges of the stream, often covered in leaves, sticks and other debris.  
Eighty-one different data points were collected, twenty from three of the substrates and twenty-
one from the other. 

 
Experimental distribution of juveniles with and without adults 
 
 An experiment was done to determine if niche partitioning between adults and juveniles 
was obligate or facultative.  Areas where a group of adults and a group of juveniles were 
adjacent to each other, yet occupying distinctly different substrates, were sought out.  Adults 
occupied the fast moving primary habitat, whereas the juveniles occupied the secondary habitat, 
the slower moving section, in these areas.  The number of both the adults and juveniles were 
counted in each area, then harvested with an aquarium net and placed into separate buckets for 
holding.  After harvesting, each habitat was devoid of all ripple bugs.  The juveniles were 
replaced into the primary habitat and allowed to stay there undisturbed for 10 minutes.  After 10 
minutes, the number of juveniles present in each habitat was recorded and the adults were placed 
into the primary habitat.  After another 10 
minutes, the number of juveniles in each 
habitat was again recorded, to determine 
how the presence of the adults affected 
juvenile habitat choice.   
 
Results 
 
Natural distribution of juveniles and 
adults by water velocity 
 
 The distribution of adult and 
juvenile ripple bugs was not random 
(Chi-squared test, X2=12.74, df=2, 
p=.0017).  Only 13 quadrats contained 
both adults and juveniles, 39 contained 
only adults and 29 contained only 
juveniles.   Water velocity was found to 
be highly predictive of where adult and 
juveniles would be found (Kruskal-Wallis 
rank sum test, X2 = 35.32, df=2, p=2.14e-
08).  Specifically, quadrats with only 
adults or with juveniles and adults had 
higher water velocities compared to 
quadrats that only had juveniles (Fig 2).  
Juveniles were normally found in much 
slower moving waters than adults.  As 

Figure 2: Water velocity in quadrats containing either only adults, both 
adults and juveniles, or only juveniles in Quebrada Maquina at the 
Estaction Biologica de Monteverde, Puntarenas Province, Costa Rica, 
an area classified as lower montane wet forest. Quadrats were taken in 
the wet season, between October and November. The solid black line 
shows the median water velocity.  75% of the total is contained within 
the box, and 95% within the error bars.  Dots show outliers.  Letters 
show post hoc test significance difference at p<0.05. 
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velocity decreased, the number of juveniles increased (Spearman’s rank correlation S=34914, 
p=2.08e-09 rho=0.61, Fig 3).  The numbers measuring velocity increases as velocity decreases, 
so the correlation is positive.  There was a nearly equal negative correlation between velocity and 
adults, as seen in Figure 4 (Spearman’s rank correlation S=141420, p=4.08e-09, rho=-0.60).  It 
was also found that substrate type was highly predictive of where adults and juveniles could be 
found (Pearson’s Chi-squared test, X-squared =59.37, df=6, p=6.05e-11).  Fast smooth and 
turbulent substrates had 14 and 18 adults respectively.  5 fast smooths had both adults and 
juveniles and 1 had only juveniles.  2 turbulent had both adults and juveniles and none had only 
juveniles.  Slow smooth substrates had 6 only adults, 6 both adults and juveniles, and 8 just 
juveniles.  Only 1 leaf litter had only adults, none had both, and 20 had only juveniles. Substrates 
differ significantly from one another in velocity (Kruskal-Wallis chi-squared = 56.86, df=3, 
p=2.75e-12).  Substrates that were fast smooth or turbulent had significantly higher velocities 
than those that were slow smooth or leaf litter (2.04 (Mann-Whitney U test p=0.22).   
 
Experimental distribution of juveniles with and without adults 
 
 The number of juveniles in the primary habitat was higher before the adults were 
reintroduced than after. (Generalized Linear Mixed Model with Poisson distribution and replicate 
as random effect to account for lack of independence of observations within the same replicate: 
z=-2.59 p=.048 Fig. 6).  The secondary habitat had fewer juveniles before the adults were 
reintroduced to the primary habitat than after as seen in Figure 6.  Adults were never found in 
secondary habitats.  The adults were never observed moving from the primary to the secondary 
habitat.  Antagonistic interactions were observed between the adults and juveniles on multiple 
occasions after the reintroduction of the adults.  One or more adults would continuously dart at 
or ram into a juvenile until it retreated to the secondary habitat.   
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Figure 3: Water velocity in quadrats where juvenile Veliidae were found in Quebrada Maquina at 
the Estacion Biologica de Monteverde, Puntarenas Province, Costa Rica, an area classified as lower 
montane wet forest.  Sampling was done in the rainy season, during October and November. 
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Figure 5: Water velocity of four different substrate types in Quebrada Maquina at the Estacion 
Biologica de Monteverde, Puntarenas Province, Costa Rica, an area classified as lower montane wet 
forest.  Measurements were taken in the rainy season, between October and November.  The bold 
black line shows median water velocity.  75% of total values are contained within the box, and 95% 
are within the error bars.  Dots are outliers.  Letters show post hoc test significant difference at 
p<0.05 
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Figure 4:  Water velocity in quadrats where adult Veliidae were found in Quebrada Maquina at the 
Estacion Biologica de Monteverde, Puntarenas Province, Costa Rica, an area classified as lower montane 
wet forest.  Sampling was done in the rainy season during October and November.   
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Discussion 
 
   Since the distribution of the adult and juvenile ripple bugs was found to be nonrandom 
in regard to velocity and substrate type, intraspecific niche partitioning is certainly present.  
Adults were virtually always found in areas with the fastest velocities while juveniles were 
normally found in areas of slower velocities.  Adults and juveniles were usually separate, but a 
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Figure 6: Juveniles in the primary and secondary habitats before and after experiments.  
Experiments were conducted in Quebrada Maquina at the Estacion Biologica de Monteverde, 
Puntarenas Province, Costa Rica, an area classified as lower montane wet forest.  Experiments 
were performed during the rainy season, in November.  Letters show post hoc test significant 
differences at p<0.05 
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Figure 7:  Adults in the primary and secondary habitats before and after experiments.  
Experiments were conducted in Quebrada Maquina at the Estacion Biologica de Monteverde, 
Puntarenas Province, Costa Rica, an area classified as lower montane wet forest.  Experiments 
were performed during the rainy season, in November. 
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few quadrats contained both.  Quadrats that did contain both adults and juveniles virtually 
always contained either many juveniles and only one or two adults or vice versa.  If there were a 
few juveniles with many adults, they were normally still somewhat separated from the adults.   
The majority of adults were found in turbulent or fast smooth substrates, and most juveniles were 
found in leaf litter substrates.  Both substrate type and velocity function as predictors of ripple 
bug distribution, but water velocity was also predictive of substrate type.  Turbulent and fast 
smooth substrates had the fastest moving water, leaf litter had the slowest moving or completely 
still water, and slow smooth water was an intermediate.  Because of the significance in these 
velocity differences, water velocity alone is the best predictor of ripple bug distribution.  This 
goes against Farley’s (2016) findings that substrate type was the best predictor of distribution.  
She found that adults were evenly distributed in the stream with regard to water velocity, making 
it a poor predictor of where they could be found.  Biologically, water velocity likely provides the 
best environment for catching dead insects.  Faster moving water means a greater amount of 
insects will pass by a certain point in any given amount of time, which is preferable for adult and 
juvenile ripple bugs.  Therefore, faster moving waters are primary habitat, but the ripple bugs are 
physiologically constrained to certain speeds (P’olhemus, 1976).  Neither adults nor juveniles 
were ever seen on extremely turbulent or extremely fast moving parts of the stream, likely 
because they would be swept away.  This makes areas of the stream with fast moving water, but 
not too fast or turbulent, ideal.   

Some substrates may have a greater amount of dead insects than others, but this is 
probably more due to that substrate’s water velocity than anything else, making substrate type a 
poor indicator of the amount of food an area receives.  Turbulent and fast smooth substrates are 
characterized in part by their fast moving water.  I believe what makes them better than slow 
smooth or leaf litter substrates, is the fact that they have faster velocities.  So using substrates to 
predict distribution could be inefficient, and using velocity is more direct.  Substrates are also not 
discrete, and the line between turbulent and fast smooth, or fast smooth and slow smooth, is very 
blurred.  It seems more likely that the adults are after the faster moving water than the type of 
substrate.  A few areas of turbulent water were observed that had practically motionless 
velocities, and no ripple bugs were ever observed in those areas.   

When both adult and juvenile ripple bugs were observed in the same quadrat, the water 
velocity was normally nearly the same as the water velocity of quadrats containing only adults.  
This shows that juveniles are capable of handling the same level of velocity and turbulence as 
adults, and indicates that there may not be an evolutionary instinct for them to stick to slow 
moving leaf litter habitat, which would be expected if the niche separation was obligate.  The 
experimental portion of this study showed that when adult ripple bugs were removed from 
primary habitat and juveniles introduced, around half of the juveniles stayed in the best habitat.  
If the niche partitioning were obligate, the juveniles would all be expected to immediately move 
to the fringes of the habitat, regardless of whether or not the adults were present.  When adults 
were reintroduced, fewer juveniles were observed in the primary habitat, and many more were 
seen in the secondary habitat.  Adults were also observed actively harassing juveniles in the 
primary habitat and forcing them back into the secondary habitat on multiple occasions 
throughout the experiment.  This behavior is characteristic of facultative niche partitioning.  
These findings support Wilson et al. (1978) who found that adult Veliidae prevented juveniles 
from using optimal habitat via interference competition.  Interference competition is the method 
by which this facultative niche partitioning occurs.  In her experiment, Farley (2016) observed all 
juveniles retreating into the secondary habitat before the adults were reintroduced, which was 
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indicative of obligate partitioning.  Her results conflict with this experiment and Wilson et al. 
(1978).    Because Farley performed her study in the dry season, the low levels of water in the 
stream may have had an impact on her results.  Less water in the stream means fewer primary 
habitats for adults to occupy.  There may not have been any extra primary habitat that the 
juveniles could occupy without being chased out by adults, making it appear that partitioning 
was obligate.  Her experimental trials were all conducted in the same area of stream, which could 
have impacted her results.  Farley’s results were likely incorrect and niche partitioning between 
adult and juvenile ripple bugs is facultative. 

The number of habitats in any stream is not stagnant, and changes with the amount of 
rainfall.  If there is too little rainfall, then the stream shrinks, and there is too little water to 
support the normal number of habitats.  If there is too much rainfall, then many parts of the 
stream become too rapid and turbulent for any ripple bugs to exist on.  This restricts the total 
number of useable habitats.  These changes may occur between wet and dry seasons every year, 
or between years if there was a particularly wet or dry year.  If there is too much or too little 
rainfall in a given amount of time, the total amount of useable habitats will decline.  Facultative 
partitioning means that juveniles will occupy the optimal, swift moving waters whenever adults 
are not present.  This could be beneficial to both adults and juveniles in times of too much or too 
little rain, as it puts less of a restriction on where they may exist.  If there is a greater amount of 
primary habitat, juveniles can move into it.  If there is a reduction in primary habitat, the adults 
can move into the secondary habitats to save themselves from starvation or overcrowding.  This 
has the potential to stabilize populations in times of severe drought or deluge. 
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Abstract 
The “dear-enemy”�effect is a behavior found in territorial vertebrates in which individuals react 
less aggressively towards familiar intruders that live in adjacent territories compared to strangers 
that may be looking for a territory to take over. While this behavior has been shown in numerous 
species, the exact behavioral changes in response to a stranger or neighbor still require research. 
Factors that have been examined in regards to territorial threats with birds include differences in 
song pitch and frequency, how close they come towards the intruder, number of calls in a period 
of time, and volume of the song (Briefer et al 2008) (Weary et al 1987). In this study, I tested 
whether the Orange-billed Nightingale Thrush (Catharus aurantiirostris) recognizes strangers 
and neighbors when exposed to simulated vocal territorial intrusions using playbacks. 
Specifically, I evaluated whether  these birds modulate their behavior in response to neighbors 
and strangers, and whether it alters structural aspects of its vocal response. I recorded individuals 
in the field and played the calls of one adjacent neighbor and a distant neighbor (stranger) to 
each individual in the field. I found three significantly different variables; time to respond, song 
frequency at highest decibel, and No Responses. The thrushes took longer to respond to the 
intrusions than neighbors than strangers (Table 1). The neighbors also had higher frequency at 
highest decibel than neighbors and more non responses (Table 1). All of this follows the trend of 
lower aggression towards neighbors and supports the idea that this species exhibits dear-enemy 
effect for these specific variables. !
Resumen 
El efecto “querido-enemigo” es un comportamiento que ha sido encontrado en vertebrados 
territoriales en los cuales individuos reaccionan de forma menos agresiva hacia intrusos 
familiares que viven en territorios adjacentes comparados con extraños que podrían estar 
buscando tomar un nuevo territorio. Mientras este comportamiento ha sido mostrado en 
numerosas especies, los cambios exactos de comportamiento en respuesta a un extraño o vecino 
todavía requiere investigación. Factores que han sido inspeccionados en cuanto a amenazas 
territoriales con aves que incluye diferencias en en el tono del canto y la frecuencia, que tanto se 
acerca al intruso, número de llamados en un período de tiempo, y volumen del canto (Briefer et 
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al 2008)(Weary et al 1987). En este estudio, probé si Catharus aurantiirostris reconoce extraños 
y vecinos cuando fueron expuestos a grabaciones con llamados que simularon instrusos 
territoriales. Específicamente, evalué si estas aves regulan su comportamiento en respuesta a 
vecinos y extraños, y cómo altera aspectos estructurales en su respuesta vocal. Grabé individuos 
en el campo y presenté los cantos ante un vecino adjacente y un vecino distante (extraño) para 
cada individio en el campo.  Encontré tres variables significamente diferentes: tiempo de 
respuesta, frecuencia del canto a decibeles altos, y no-respuesta. El zorzal tomó mayor tiempo 
para responder a intrusos que vecinos o extraños (Cuadro 1). Los vecinos tambien tuvieron 
mayores frecuencias a decibeles altos que vecinos y más no-respuesta(Cuadro 1). Todo esto 
sigue la tendencia de menor agresión hacia vecinos y sostiene la idea que esta especie exhibe el 
efecto “querido-enemigo” para estas variables. !
Introduction 
Territoriality is a common facet of behavior in many vertebrates. A territory helps individuals 
stake a claim to resources and mates by defending a defined area of habitat, which necessitates 
protection and preservation from other individuals who would attempt to invade the territory 
(Courvoisier et al 2014). Defensive responses to invaders have been found to vary based both 
upon the nature of the threat, as well as the territorial species physical condition, like breeding or 
nesting (Courvoisier et al 2014). Aggressive defense can also be costly for individuals because 
physical altercation requires a lot of energy, and can result in injury that could cost the bird even 
more severely (Low 2006). For this reason, many bird species use vocalization to mediate 
territorial disputes with potential invaders (de Kort et al 2009). 
 To effectively survey a habitat vocally, territorial birds need to be able to recognize each 
other. This is to maximize their efficiency of energy use when staking the territory (Temeles 
1994). The presence of individual voices among individuals with a population is prevalent 
among territorial birds (Osiejuk 2014). Song birds in particular are highly efficient at recognizing 
each other, and are known to settle many of their disputes vocally, with few physical altercations 
(Budka & Osiejuk 2014). By focusing defensive efforts on specific groups, territorial birds 
maximize their effectiveness and conserve energy in defending their territory verbally (Temeles 
1994). 
 The “dear-enemy” effect is a behavior found in territorial organisms in which they will 
exhibit lower aggressiveness in territorial defense towards individuals with stable adjacent 
territories (i.e. “neighbors”) as long as they stay within their territory, as opposed to unfamiliar 
invaders (i.e.“strangers”) towards whom they will respond much more aggressively (Hardouin et 
al 2006). Specifically, vocal birds will not react as aggressively towards the call of an individual 
with an adjacent territory because the bird recognizes that it is unlikely a threat, while exhibiting 
aggression towards unknown individuals who are more likely to be invading their territory. The 
dear-enemy effect has been reported in many different species of birds across most territorial 
families (Courvoisier et al 2014). In addition, Neighbor Stranger recognition has been found in 
mammals and other taxa, demonstrating the prevalence of this behavior in vertebrates (Randall et 
al 2009). 
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 The genus Catharus is common, and found throughout the neotropics (Stiles & Skutch 
1989). Very little research has been performed on this genus, which makes it an interesting test 
subject. This genus has several examples of territorial birds that stake their territory vocally and 
is known to exhibit high intraspecific competition in other areas, including a species of veery 
(Catharus fuscescens) which was found to exhibit the dear-enemy effect in regards to stranger-
neighbor discrimination (Weary & Date 1989). 
! Catharus aurantiirostris is a species of Nightingale-Thrush found in mid elevation 
montane wet and cloud forests in the neotropics (Stiles & Skutch 1989). This species has been 
shown to be territorial and responds aggressively to invasion, but the dear-enemy relationship 
has yet to be tested for this species. Birds of the same family, and even the same genus have 
shown differential behavior towards strangers and neighbors (Weary & Date 1987), which means 
there is strong chance that this species will have it too, and if it does not,  opens up new 
questions about what makes this species unique. Dear-effect has been found to be present and 
absent in different species, and this study could help to clarify why (Weary et al 1987). Finally 
and most importantly, while there is abundant research on this mechanism, their results differ in 
how their behavior specifically changes in response to strangers and neighbors (Budka & 
Osiejuk 2014). By understanding exactly how this territorial bird is responding to strangers and 
neighbors, we can a better sense of what the bird is responding to, which will be helpful in 
surveying birds and understanding behavior (Budka & Osiejuk 2014). After assessing the 
different variables that have been tested, I decided to focus on song structure, as well as 
behavior, to test the prevalence of the dear-enemy effect because these changes have been well 
studied in stranger-neighbor relationships and hotly contested (de Kort et al 2009) (Budka & 
Osiejuk 2014). Specifically, territorial birds are said to sing at lower frequencies in response to 
territorial threat (Geberzahn & Aubin 2016) as well as behave more aggressively, confronting the 
invader more quickly (Briefer et al 2008).  
 I used artificial stranger and neighbor invaders in C. aurantiirostris territories to record 
their responses and evaluate differences in behavior between the two categories. !!
Materials and Methods !
Study Site 
This study was conducted in premontane moist forest in Monteverde, Costa Rica, from 10/23/16 
until 11/12/16.. More specifically, samples were collected from three study sites: The 
Monteverde Ecological Sanctuary, The Monteverde Butterfly Gardens (Mariposario,) and the 
Bajo del Tigre section of the Children’s Eternal Rainforest (Figure 1). All three sites were 
relatively close to one another, and sat at an elevation of about 1300 meters (Nadkarni & 
Wheelwright 2000). The area was primarily thick secondary forest along or near forest edge. !
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Figure 1: Hybrid map of the three study sites, the Ecological Sanctuary, The Mariposario, and Bajo del Tigre, in 
Monteverde Costa Rica, where all territories of Catharus aurantiirostris were found and studied. All three sites 
are marked with stars. All sit at roughly 1300 meters in elevation, in premontane wet forest and are 
geographically close to each other. !

Species!
Catharus aurantiirostris is an abundant species of nightingale-thrush from the family Turdidae 
found throughout the neotropics (Figure 2)(Stiles & Skutch 1989). The species has a wide native 
distribution, and is found from Southern Mexico down to Columbia and Venezuela. Very little 
published literature exists on them, but based on observations, this researcher found them to be 
highly social, and active in the early hours of the morning, from 5am until 8:30am. The species 
maintains territory year-round, and are especially aggressive towards migrant Catharus (Stiles & 
Skutch 1989). It is probable that they are more aggressive during their breeding season.  
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Figure 2: Orange billed nightingale-thrush !!!!!!!!!!!!!!!!!
Figure 3: Trail map of the three study sites, BEN, Monteverde Ecological Sanctuary, and the Mariposario, with all 
individual territories. Each bird is assigned a number and a purple dot. Number 6 was stricken from the experiment 
entirely. !
Territory Mapping 
Territories were found along trails in the three sites. A generic call of C. aurantiirostris  from 
Monteverde, Costa Rica, and downloaded from xeno-canto.org, was played every 150 meters of 
trail using an mp3 player and portable speaker at at a consistent volume (~15 db) slightly louder 
than a typical bird call to ensure it reached the edge of the territory. This distance was chosen 
based on preliminary observations of territory separation before the experiment began. When an 
individual responded, the track was stopped and recording commenced immediately. The 
individual was recorded for about one minute, using a handheld RØDE NTG2 long range 
microphone connected to an iPhone, and the TASCAM mobile application for uncompressed 
sound storage. After recording, the point on the trail where the bird responded was flagged, 
assigned a number, and mapped using local trail maps (Figure 3). !
Playback Editing 
After all individuals were recorded and mapped, each file was edited using the free software 
Audacity v2.1.2 Background noises, static, wind, and other birdcalls were removed of 
significantly reduced to improve clarity. Each file was also amplified or reduced to the same 
volume, shortened or lengthened to exactly one minute to ensure uniformity. Then, each file was 
downloaded onto the an mp3 player to be played with the a speaker. !
Stranger/Neighbor Assignment and Playback 
Each individual was assigned a stranger and neighbor to be played to them. Neighbors were 
simply adjacent territories (Figure 3, Table 2). Strangers were individuals that resided 3 or more 
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territories away from the subject individual. The individuals from the Butterfly Gardens (10, 11, 
12) had no responses to either strangers or neighbors, and were therefore used as stranger 
invaders for other birds only. In addition, one individual (6) was stricken and unused for the 
entirety of the experiment because of low recording quality. 
 Playback was staggered, so no individual was subjected to an induced call two days in a 
row, and each had at least one day between hearing neighbors and strangers. In addition, the 
staggered schedule was constructed so that roughly half of the individuals heard a neighbor first, 
while the other heard a stranger first, to avoid potential bias.  
 The actual process was very similar to the process of finding them. Each individual was 
played its specified stranger or neighbor for a period of 7 minutes, with 15 second gaps after 
every minute. A digital stopwatch was started at the instant the track began. When an individual 
responded, the playback and stopwatch were stopped immediately, and recording began. 
Recording lasted about one minute, occasionally longer if background noise or long periods of 
time between calls were a factor. After recording, the track number and response time were 
recorded. If there was no response, the individual was recorded as N.R. One individual (14) 
responded visually, meaning it approached the speaker and was seen approaching it, but not 
vocally, and was marked N.A.R (No Auditory Response). All other individuals that did not 
respond were N.R, meaning they neither responded visually nor vocally. !!!
Analysis 
Vocal responses for all 15 individuals were analyzed in Audacity. Each response was edited to 
remove background noise and improve call clarity. Volumes and frequencies were left 
unchanged. Spectrogram analysis through Audacity was used to find the minimum and 
maximum frequencies and their ranges for each bird call, (Figure 4) as well as the frequency at 
the highest volume decibel (FHD) and the number of calls in the first 30 seconds of each 
recording (Keyser 2016) (de Kort et al 2009) (Budka & Osiejuk 2014). Frequencies are 
measured in Hertz, volume in decibels, and time in seconds. All spectrogram analysis focused on 
the fundamental frequency of the call, and ignored harmonics (Figure 5). 

Figure 4: Visual of a spectrogram analysis of the Neighbor response of bird number 7 from Bajo del Tigre reserve. 
The pink and purple lines represent each call in the song, with the length denoting the frequency range of each note 
in Hertz. !!
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 !!!!!!!!!!!!!
Figure 5: A breakdown of a bird call. The pink background noise and purple harmonic, a repetition of the 
fundamental frequency at a higher frequency, were not considered in analysis, with all focus directed towards the 
fundamental frequency. The highest light blue spike (~4000Hz) represents the Frequency at highest decibel. !!
Results !
Behavioral Variables 
Individuals tended to respond 22% more often to strangers than to neighbors (Table 1).  
Response time was found to be 67% higher for neighbors than it was for strangers, meaning that 
individuals took more time to respond to neighbors (Table 1, Figure 6). The number of calls in 
the first 30 seconds of recording was similar for responses to neighbors and strangers (Table 1, 
Table 3).  !
Structural Variables 
FHD was found to be 22% higher for Neighbors than for strangers (Table 1, Figure 7). These 
data exclude one outlier (19) who demonstrated a very different response to both stranger and 
neighbor prompts than the rest, where the trend of lower frequency of strangers was reversed. 
This individual was excluded because it is the only individual in significantly disturbed habitat 
outside of forest edge. The front of the habitat was all cleared banana plantation, while the other 
end was open to sound pollution from roads and constant traffic clearly audible from the 
territory. This individual may have therefore been more of an urbanized individual unlike the 
others, which may have raised and manipulated the frequency of the song, so it was struck from 
results for FHD (Cardoso & Atwell 2011). The maximum and minimum frequencies, and 
frequency range of the vocal response did not differ between responses to neighbors and 
strangers (Table 1, Table 3).   !!

Harmonic

    Fundamental Frequency

        Background Noise
                                   FHD
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Figure 6: Time of stranger (mean=169.9. se=35) and neighbor (mean=89.3, se=23) induced responses for individual 
thrushes. Center line indicates median, box indicates 25th and 75th percentiles, , whiskers show the 5th and 95th 
percentile. !
Figure 7: The Frequency (in Hertz) of highest volume in decibels for stranger (mean=5725, se=481.0)  and neighbor 
(mean= 4592, se=263.7) induced responses for each individual excluding one outlier, number 19, which was 
removed. Center line indicates median, box indicates 25th and 75th percentiles, whiskers show the 5th and 95th 
percentile. !!
Discussion 
Response time was the variable with the clearest difference between Strangers and Neighbor 
trials.  Birds took significantly longer to respond to neighbors (Figure 6). This followed expected 
results because if a species did exhibit stranger-neighbor recognition, the individual would be 
expected to expend less energy towards a neighbor, as frequent insistent bird song has been 
found to raise metabolic rate and cost the bird additional energy (Ward & Slater 2003). 
Therefore, the individual would take more time to investigate, or possibly not even respond. 
However, response time may be more complicated than that. Often times, birds will respond 
differently depending on the aggression of the bird, and will be cautious before confronting it (de 
Kort et al 2009). A lesser individual may decide that their opponent is too strong or aggressive to 
confront, and will therefore take more time assessing the situation, or even abandon the territory, 
in order to preserve individual fitness (de Kort et al 2009). However, this would have biased the 
results in favor of neighbors having shorter times, which it did not. Nonetheless, my results were 
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congruent with other studies in a longer response time for neighbors, including studies conducted 
within the Turdidae family (Weary et al 1987).  If the species does follow dear-enemy model, 
then this result would be an example of the bird recognizing the difference between a stranger 
and neighbor, deciding the neighbor is less of a threat, and confronting the invader less 
aggressively (Weary et al 1987). 
 As mentioned above, the fundamental frequency had a consistently higher FHD for 
Neighbors.  One bird was stricken from the record because it was in a more urbanized and 
disturbed area, and urbanized birds tend to exhibit higher frequency in their songs compared to 
forest individuals (Cardoso & Atwell 2011). The individuality of a bird call is the basis of this 
effect, and the specificity of a call is what allows for discrimination in the first place (Briefer et 
al 2008). Birds are able to differentiate one another because of the song’s structure, which 
contains shared groups of notes that act as markers for the neighboring community (Briefer et al 
2008). This means that an individual voice is a key component in understanding how neighbors 
and strangers discriminate. But bird song is layered and varied, and an individual voice will 
change from environmental or biotic stresses (Cardoso & Atwell 2011).  This change in the 
frequency of calls in response to a neighbor or stranger falls in line with the Acoustic Adaptation 
Hypothesis, which suggests that songbirds will modify they acoustics in response to their 
environment (Morton 1975). Studies have found that some species will modify the wavelength of 
their calls, projecting lower frequency songs that travel more efficiently in thick growth 
(Bloomfield et al 2010). Bird calls also tend to correlate with body size, with lower frequencies 
being characteristic of larger birds (Linhart et al 2012). Further studies show that birds will in 
fact alter the acoustic structure of their calls in response to a threat, lowering the frequency and 
increasing the sound density of their calls in order to more effectively convey their competitive 
potential to rivals (Geberzahn & Aubin 2016). This means that by lowering their frequency, they 
are trying to appear more threatening, and therefore, more aggressive. This suggests that the 
thrushes may change their song in response to specific intruders. But why FHD? This variable 
has been known to be an important characteristic of bird song, and is considered an individual 
trait, meaning that any impact on FHD would indicative of an important structural change 
(Sandoval et al 2016). Therefore, these data support the prevalence of the dear enemy 
mechanism in C. aurantiirostris, and also explains the outlier, whose less dense habitat would 
correlate with a higher frequency call. 
 FHD is another behavioral variable that is highly suggestive of strangers receiving more 
aggressive responses than neighbors, supporting the idea of a dear-enemy complex. This implies 
a clear difference in aggression, with individuals not even bothering to chase off neighbors. Dear 
enemy species tend to expend less energy and react less aggressively to individuals with adjacent 
territories to improve fitness of the individual. Singing alone requires extra energetic output to 
sustain, and territorial defense requires a balance with energetic conservation (Low 2006). 
Couple this with the energy needed to meet and confront the individual, rather than simply 
roosting, demonstrates that responding to threat is a major energy expenditure, and non responses  
to neighbors demonstrate how individuals are prioritizing energy needs. A study with a larger 
sample size would confirm this trend, but I feel comfortable in the biological merit of these 
findings. 

 106 

 106 



 These variables showed no signifiant trends, statistical or biological. In other words, the 
bird showed no change in response to strangers and neighbors for these variables. The number of 
calls in the first 30 seconds of recording was expected to be higher for strangers, which it was 
(19%) but the difference was minimal and thus, non significant. This is consistent with some 
other studies evaluating this variable (Keyser 2016). As mentioned above, the changes in calls 
were more subtle than calling louder and more rapidly, with the changes in the actual frequency 
and structure being more subtle. The range of frequency also was expected to follow the trend of 
the FHD, with lower frequencies for the neighbors, but again, non significant.The mean 
frequency range for neighbors was in fact 1% lower than strangers, but this was not a big enough 
difference to be considered significant. This result was also found among some studies of dear-
enemy effect for other bird species (Osiejuk 2014) (Budka & Osiejuk 2014). 
 These data together are suggestive, although the conclusion they paint is hazy at best, 
with contrasting variables producing a blurry and unfocused end result. There are three variables 
that went through the battery of statistical tests and analyses and came through with significant 
results. All three of these variables fall in line with the dear enemy hypothesis, showing that a 
bird will selectively moderate their responses to territorial intrusions based on whether the 
invader is a stranger or a neighbor. This ecological cost-benefit analyses is a product of selective 
selection of resource needs, and ecological expenditures (Courvoisier et al 2014). However, the 
fact that the frequency range (max-min) was not lower for Neighbors seems illogical based on 
the way birds lower the frequency of their calls in response to threat (Linhart et al 2012). 
However, it backed up by multiple studies. It is possible that there are subtleties in the the call 
that go beyond a simple general frequency level. It is also possible that the recording quality was 
not high enough to perform an accurate spectrogram analysis. Unfortunately, there is only one 
published study on stranger-neighbor discrimination for this genus, and it focused entirely on 
behavior, with no song structure analysis, so there is no precedent of Catharus (Weary et al 
1987). Therefore, based on this study, there is evidence suggesting that the dear-enemy effect is 
present in this species, which may be helpful in gaining further insight into the behavior of this 
abundant and understudied species. !
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Tables !
Table 1: General Summary of results for all statistical tests on relation between strangers and neighbors. Mx and Mn 
indicate maximum and minimum frequencies of each call. FreqRange shows range of differences. FreqHidb 
indicates the FHD. Time shows time for an individual to respond. Calls30sec shows the number of calls in the first 
30 seconds of recording. N indicates Neighbor and S indicates Stranger. All frequencies are in Hertz, all times are in 
seconds. NR shows a non response. Number shows number of individuals. 

Table 2:  Stranger and neighbor assignments for each individual bird. Neighbors are adjacent territories while 
strangers reside 3 or more territories away from the individual. The top row indicates bird identity. 
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!!
Table 3: Results of all statistical analyses of each variable. Mx and Mn indicate maximum and minimum frequencies 
of each call. Dif shows range of differences. FreqHidb indicates the FHD. Time shows time for an individual to 
respond. Calls30s shows the number of calls in the first 30 seconds of recording. N.Rs shows No Responses. NA 
indicates Not Applicable. A paired T-Test was used for the first 5 variables and an association test for N.Rs. !

!!!!!!!!!
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Abstract 
Dominance, aggression, and niche partitioning are extremely common within bird communities. Birds are a highly 
diverse set of species including the highly diverse group of birds studied, the frugivores. Frugivorous niche 
partitioning in a tropical environment is not highly studied and will be looked into for this project. The studied tree 
Spondias purpurea grows a fleshy fruit that frugivorous birds often use as a food supply. Due to high abundance at 
this tree this study observed interspecific aggression behavior, niche partitioning and avoidance between frugivorous 
birds on the tree Spondias purpurea. Frugivorous birds were recorded feeding on S. purpurea trees in the mornings 
of 20 separate days in observation periods of 45 minutes. Foraging location (periphery or middle of tree crown), 
aggressive behavior, fruit preference and time of arrival and departure were noted. It was found that there was a 
correlation between size and aggressive behavior in interspecific aggression. Also various migratory species showed 
less strong avoidance and aggression patterns between each other than with resident species. It was also found that if 
there were no other bird species present the middle feeding area was preferred whereas if the birds foraged alone the 
richer foraging area was generally foraged in by the larger species. 

Resumen 
La dominancia, agresión, y partición de nicho son extremadamente comunes en las comuidades de aves.  Las aves 
son un set altamente diverso de especies incluyendo el altamente estudiado grupo de aves, las frugívoras.  La 
partición de nicho en frugivoría en los ambientes tropicales no ha sido altamente estudiado pero será visto en este 
estudio.  El árbol estudiado Spondias purpurea produce un fruto carnoso que las aves frugívoras utilizan 
comúnmente como una fuente de alimento.  Debido a la alta abundancia en este árbol  este estudio observa las 
agresiones interespecíficas, la partición de nicho, y el comportamiento de evasión entre aves frugívoras en el árbol 
Spondias purpurea.  Las aves frugívoras alimentándose en S. purpurea se observaron durante 20 días separados por 
períodos de 45 minutos.  La ubicación del forrajeo (periferia o en el medio de la corona del árbol), comportamiento 
agresivo, preferencia por frutos y tiempo de llegada y salida fueron anotados.  Se encontró que hay una correlación 
entre tamaño y comportamiento agresivo en agregaciones intraespecíficas.  Además varias especies migratorias 
muestran menor evasión y patrones de agresión entre ellos mismos que con especies residentes.  Se encontró además 
que si no hay otra especie de ave presente el área en el medio fue preferida mientras que si las aves forrajean 
solitariamente el área de forrajeo más rica fue normalmente utilizada por las especies más grandes. 

 

Introduction 

Organisms express aggressive behavior for a variety of reasons, such as, mate selection, food 
preference or niche distribution. Competition over food can come in a variety of ways and differs 
based upon which species are present in the system (Hinde 1970). Niche partitioning allows for 
organisms to expand the species carrying capacity of environments and use resources to the 
fullest (Macarthur 1958). This also allows for the specialization of even the smallest niches to 
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limit competition but allow species to thrive in close proximity (Macarthur 1958). Facultative 
niche partitioning is when organisms split up environment based upon other species being 
present whereas obligate is a partitioning that is always present even if there is no current 
competition. Birds have been shown to partition off their environments into local niches in 
environments the size of one coniferous tree (Macarthur 1958). In a study by Robert MacArthur 
five separate species of warblers were found to partition of a local tree environment showing that 
birds can coexist in small environments. 

Birds are a highly diverse group of animals and account for around 10,000 species found 
in the world. Frugivorous birds are avian species primarily focused on fruit as their diet where 
omnivorous birds eat a variety of fruits, insects and animals. Frugivorous birds tend to be very 
common in Costa Rican forests and make up around 50 percent of the forest bird captures 
(Levey, 1988) In October through January there is a large increase in frugivorous birds in Costa 
Rica due to temporal and altitudinal migrants (Levey, 1988).  Fruiting trees are also very 
commonly found throughout Costa Rica and in the tropics due to highly favorable conditions. 
One tree now commonly found throughout Mesoamerica is Spondias purpurea which has been 
cultivated to be a domestic fruit due to the animals it attracts as well as the edible nature of the 
fruit produced by the tree (Miller & Schaal 2005) Spondias Purpurea commonly known as the 
Jocote tree contains large drupaceous fruits containing large seeds surrounded by a fleshy 
material that attracts various frugivores. The Fruits vary widely in size from 3-5.5 cm, are green 
or yellow, and vary in texture (chalky, juicy) as well as taste (sweet, sour) (Miller & Schaal 
2005). 

There are around 900 species of birds in Costa Rica and 450 in Monteverde alone (Stiles 
& Skutch 1989) .Frugivorous birds have been shown to exhibit various aggression patterns based 
on size, age, sex, niche and physiology that can lead to partitioning (French & Smith 2005). 
These aggression patterns can in turn lead to partitioning off of environments into different 
niches between avian species (MacArthur 1958). In close proximity these aggression hierarchies 
can be amplified allowing for strong aspects of interspecific aggression. Interspecific aggression 
can be shown explicitly as birds making aggressive motions towards each other or it can be less 
explicit and shown just through avoidance between various species. Bird body size has been 
shown to play a role in how long birds spend feeding. (Wheelright 1991). Along with body size 
being an important factor in amount of time birds spend feeding in trees it also is a large factor in 
dominance hierarchies and determining roles in interspecific competition (Leyequién & de Boer 
2007). Although aggression and niche partitioning are highly studied there are few studies on 
frugivorous bird partitioning in the tropics. With prior knowledge that birds do tend to have 
avoidance and aggression based upon size and other factors, interspecific aggression will be 
examined in this study. Due to the tree Spondias purpurea attracting many different species it 
will be used and observations of niche partitioning and avoidance within that tree will be 
examined throughout the study 

 

Methods 
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Study Site 

The site used for this study was the Sapo Dorado hotel found in the Puntarenas region in the 
town of Cerro Plano, Santa Elena, Costa Rica. The study site is an open pre-montane wet forest 
with scattered trees throughout the hotel area. The hotel no longer has residents in it and is 
foreclosed therefore allowing the birds and communities formed to be less influenced by human 
presence. 

Observations 

Observations were carried out over the course of twenty days within the months of October and 
November between the hours of 6 to 9 in the morning on days with little or no rain only as 
intensive rainfalls deter birds from feeding. Various trees were scouted out before beginning the 
project and trees containing both ripe and unripe fruit concurrently were marked in order to 
determine which trees to observe. Trees were observed over 45 minute increments throughout 
the morning and up to 3 trees were observed a day. During the observations I recorded the 
species of bird eating fruits on the tree, fruit preference, time of arrival, time of departure, and 
any other special notes observed (chasing away of bird species, noticeably observed aggression, 
and important interaction of outside organisms such as squirrels or opossums. Time of arrival 
and departure allowed posterior calculation of time spent foraging for each individual and also 
the determination of what species were simultaneously present in the tree. The fruit preference 
was split up into two categories, either green fruit or yellow and/or open fruit. The green fruit 
represented an unripe fruit whereas the yellow and/or open fruit represented a ripe fruit as it 
allowed easier access to juices and these fruits had sweeter taste than green fruits. Observations 
on location of feeding were also observed as either being in the middle or feeding upon the edge. 
Edge was classified as the area around the tree halfway out from the middle and out to the edge. 
Whereas the middle was the center out to halfway from the edge. After observations were 
completed all trees in Sapo Dorado were observed in order to determine if they were ready for 
observations, not ripe enough or too ripe.  

Results 

 

Eighteen separate species were recorded during the study (Brown jay (BJ), Baltimore oriole 
(BO), Common chlorospringus (CC), Grey-headed Chacalaca (GHC), Great Kiskadee (GK), 
Golden-olive woodpecker (GOW), Melodious blackbird (MB), Mountain Thrush (MT), Orange-
bellied trogon (OBT), Orchard oriole (OO), Rose-breasted grosbeak (RBG), Rufous-collared 
sparrow (RCS), Tennessee warbler (TW), White-eared ground sparrow (WEGS), White-naped 
brush finch (WNBF), Wilson’s warbler (WW), Yellow-breasted chat (YBC), and Yellow warbler 
(YW)) 
Preferred foraging location Alone vs. not alone 
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Collaboration of all foraging data:: Not all species used the space in the tree crown equally (X2 = 
134.05, df = 7, p-value = 2.2e-16, Figure 1). Specifically, BO, MB, OO, and RBG were observed 
proportionally more often in the center than in the periphery (at least 6 times more often) 
whereas RCS and WEGS were observed at least 3 times more often in the periphery than the 
center. The rest of the species used the two areas of the crown roughly equally.  

Comparison of alone when not alone for two species: When comparing Figures 1 and 2, RBG 
use the center more often either alone or with other birds present (X2= 0.05, df = 1, p-value = 
0.81) whereas RCS tends to use the peryphery more often when other birds are present (X2 = 
6.74, df = 1, p-value = 0.001).  This trend is shown for the two species with the most trials RCS 
and RBG but also repeats for other various trials. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: This total amount of times bird species fed either on the center or periphery of 
Spondias purpurea over the course of 20 mornings in a pre-montane wet forest in Costa Rica. 
Data were recorded per species present over each 45 minute observation period. (BO = 
Baltimore oriole, MB = Melodious blackbird, OO = Orchard oriole, RBG = Rose-breasted 
grosbeak, RCS = Rufous-collared sparrow, TW = Tennessee warbler, WEGS = White-eared 
ground sparrow, WNBF = White-naped brush finch). 
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Figure 2: This total amount of times bird species fed either on the center or periphery of 
Spondias purpurea over the course of 20 mornings in a pre-montane wet forest in Costa Rica 
when no other birds were present. Data were recorded per species present over each 45 minute 
observation period. (BO = Baltimore oriole, MB = Melodious blackbird, OO = Orchard oriole, 
RBG = Rose-breasted grosbeak, RCS = Rufous-collared sparrow, TW = Tennessee warbler, 
WEGS = White-eared ground sparrow, WNBF = White-naped brush finch). 

 

Bird Fruit Preference 

Figure 3 represents that there was a difference in bird fruit preference when visiting Spondias 
purpurea trees. The preference values were shown to be statistically significantly different by 
using a Chi squared test (X-squared = 132.813, df = 7, p-value < 0.001) Certain birds such as the 
TW had a very strong preference towards ripe fruit (0 unripe, 42 ripe) as well as RCS and 
WEGS, whereas other birds such as BO, MB, OO, and RBG had a strong preference toward 
unripe fruit. WNBF did not have a strong preference 
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Figure 3: This total amount of times bird species fed either on ripe or unripe fruit on the tree 
Spondias purpurea over the course of 20 mornings in a pre-montane wet forest in Costa Rica. 
Data were recorded per species present over each 45 minute observation period. (BO = 
Baltimore oriole, MB = Melodious blackbird, OO = Orchard oriole, RBG = Rose-breasted 
grosbeak, RCS = Rufous-collared sparrow, TW = Tennessee warbler, WEGS = White-eared 
ground sparrow, WNBF = White-naped brush finch). 

 

Species Foraging Pairs 

Table 1 quantifies the amount of times birds fed alongside each other in various environments 
throughout various species. There was found to be a statistically significant difference between 
values found for times the birds foraged in the middle with RBG (X-squared = 59.483, df = 4, p-
value = 3.726e-12). Certain birds such as the Tennessee warbler fed near the Rose-breasted 
grosbeak in the middle 23 times and away from it 57 leading to only a slight preference to feed 
away from the grosbeak. In comparison to others such as the Melodious blackbird which foraged 
In the middle with the Rose-breasted grosbeak 0 times and the two foragged seperately in the 
middle 72 times showing strong preferance to not be together. There was found to be no 
statistically significant difference found between the bird species faraging on the edge with the 
Rufous-collared sparrow (X-squared = 2.1562, df = 2, p-value = 0.3402). All three bird species 
that fed with rufous-collared sparrows had relatively similar ratios of feeding on the edge with 
rufous-collared sparrows and on the edge away from them (6/100, 2/77, and 8/99). 

 

Table 1: Foraging spent in close proximity to either RBG or RCS over the course of all 
observation times. Categories are split up into looking at if species feed together with RBG in the 
middle or only feed in the middle without RBG present, and if species feed on the edge with 
RCS or prefer feeding on the edge without RCS present. This was done over the course of 20 
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days in a pre-montane wet forest with edge classified as the outer half of the crown of Spondias 
purpurea and middle the inner half off the crown. (RBG = Rose-breasted grosbeak, RCS = 
Rufous-collared sparrow, TW = Tennessee warbler, MB = Melodious blackbird, BO = Baltimore 
oriole, BJ = Brown jay, WEGS = White-eared ground sparrow, WNBF = White-naped brush 
finch) 

Times foraged in middle with RBG Times foraged on edge with RCS 
species Together separate species Together separate 

RCS 1 68 WEGS 6 100 
TW 23 57 WNBF 2 77 
MB 0 72 TW 8 99 
BO 18 59    
BJ 0 69    

 

Time spent foraging by bird species 

Figure 4 quantifies data for time spent foraging per species. The data were tested using n 
Kruskal-Wallis rank sum test to determine if there was statistical significance. The data was 
found to be significant (X-squared = 123.93, df = 7, p-value < 2.2e-16). In comparing specific 
significance between species Statistical significance is shown by the letter pair in figure 4. 

 

 

Figure 4: all values of feeding time in seconds for the eight most common bird species including 
all outliers. The data were collected over the course of 20 days in a premontane wet forest in 
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Costa Rica in 45 minute increments. The letters represent pairs not significantly different. 75 % 
of observations are within boxes and 95 % are within the whiskers. (BO = Baltimore oriole, MB 
= Melodious blackbird, OO = Orchard oriole, RBG = Rose-breasted grosbeak, RCS = Rufous-
collared sparrow, TW = Tennessee warbler, WEGS = White-eared ground sparrow, WNBF = 
White-naped brush finch). 

Comparison of Size and time spent in tree 

Figure 5 shows a statistically significant trend in the upward direction for size based upon time 
spent foraging in the tree (R squared = 0.3423). There is high variability in time spent foraging 
leading to a high amount of standard error, but overall there is an upward trending correlation. 

 

Figure 5: time spent foraging in seconds vs weight in grams is shown. The error bars represent 
standard error on the graph. This was taken at a pre-montane wet forest in Cerro Plano, Costa 
Rica. Data for weights was extracted from Stiles & Skutch. 

Other Observations 

It was noticed throughout the study that various different species showed direct aggression 
towards others. RBG showed aggressive behavior of pushing away RCS, WEGS, and BO within 
the study for at least one instance. WEGS pushed away RCS at least once throughout the study. 
MB was shown to act aggressively and push out RBG, RCS, BO, OO throughout the study. 
Whenever BJ visited the tree it scared away all other birds’ present for a short time. In general if 
explicit aggression was to be observed it was from a larger bird towards a smaller bird. 

 

Discussion 

Interspecific aggression was shown in this study through birds by foraging area and presence of 
other species when birds were foraging. The results help to quantify the effect that aggression 
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had upon the frugivorous bird guild found studied. Species such as Rose-breasted grosbeak and 
Baltimore orioles had higher preference of using the middle feeding area in comparison to 
species such as Rufous-collared sparrows and White-eared ground sparrows when other birds are 
present. While species such as the Tennessee warblers had no high correlation of feeding in the 
middle or on the edge with other birds present. This trend appears to shift slightly for species 
such as the Rufous-collared sparrow when there are no other birds present. When no other birds 
are present the Rufous-collared sparrow still prefers the edge but tends to spend more time 
feeding in the middle in comparison to when other birds are present. This trend helps to show 
that the Rufous-collared sparrow would prefer to be able to roam the tree but as it is a very small 
species of bird it easily can be displaced and is on the blunt side of aggressive behavior 
generally. Size is a main factor in aggression hierarchies displacing smaller species from 
obtaining the most nutritious food (French & Smith 2005). The results show that many of the 
smaller species of birds were displaced by larger ones other than the warblers which tended to 
not be noticed or affected by other various larger species. This trend was puzzling as various 
sources show aggression between warblers but I found none with them remaining unnoticed. 

 As well as being clear trends in preference of location of foraging in Spondias purpurea 
trees there was also a preference of fruit type foraged upon by species. Rose-breasted grosbeaks, 
Baltimore orioles and Orchard orioles preferred to eat unripe fruits whereas Tennessee warblers, 
Rufous-collared sparrows, White-eared ground sparrows, and White-naped brush finches 
preferred to eat ripe fruits. The preference of unripe fruits for these four species may be due in 
part because of them being migrant species. In previous environments Rose-breasted grosbeaks 
are used to foraging upon various fruiting plants from North America some of which tend to be 
less sweet in comparison to the fruits of Spondias purpurea found as the bird migrates for the 
winter. The Rose-breasted grosbeak preference to the less ripe more sour fruits hints at the food 
preference prior to migration. Also the birds prevalent that ate the more ripe fruits tended to be 
species which are found in Costa Rica year round. The exception to this would be the Tennessee 
warbler and beak size could be the main factor? Fruit preference did not appear to play a large 
role in avoidance and aggression as both ripe and unripe fruits were found scattered around the 
entirety of the tree. There were observations made of all species native and non-native with the 
exception of the warbler eating various types of fruit. There was no clear trend of less 
competitive or aggressive species getting a worse fruit choice as both types of fruit (ripe, and 
unripe) were spread throughout the entirety of the tree. There was a difference in abundance of 
fruit in middle vs. periphery though which could be a factor in the partitioning. 

 The avoidance could be due to size as it is shown that hierarchies are formed based upon 
size (French & Smith 2005). Baltimore orioles are similar sized to Rose-breasted grosbeak 
leading to the possible negation of avoidance whereas the Tennessee warbler may be too small to 
be a threat to the Rose-breasted grosbeak. Another possible explanation is that the two birds that 
clearly showed aggressive behavior of chasing away the migrant Rose-breasted grosbeak were 
all resident birds (MB, BJ). Due to the birds being less familiar with each other this could lead to 
possible aggression as well (Gauthier 2000). It has been shown that birds recognize similar 
species and can even accomplish facial recognition, this could be a possible explanation for less 
aggression toward the familiar migrant birds and higher aggression between less familiar resident 
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species. When the Rufous collared sparrow was compared to other species (Tennessee warbler, 
White-eared ground sparrow, and White-naped brush finch) no species showed strong avoidance 
preference. This could be due to the fact the Rufous-crowned sparrow is very small and is very 
low on the dominance hierarchy causing it to have no real preference towards foraging partners. 

 The results also showed differences in feeding time for the eight main species prevalent 
throughout the study. For this comparison it was shown in general that the larger bird species had 
higher times spent foraging in comparison to the smaller species. This makes sense as larger 
birds both need more food and are more dominant thus they can have more time in a tree in 
comparison to smaller species (Wheelright 1991). The size appeared not to be the only factor in 
how long the birds stayed within the target trees though as there was not a correlation of largest 
bird staying in the tree on average the longest. The bird species shown to stay in the tree the 
longest was the Rose-breasted grosbeak, this could be due to both its size and cryptic coloration 
which has also been shown to be a factor in time spent foraging (Wheelright 1991). The smaller 
birds in general spent less time foraging than the larger birds leading to a presumption that size 
plays a role in this tree. This trend was not overly significant though leading to possible play of 
other factors. Overall the larger the bird was it tended to show a higher time spent in the tree 
foraging and also there could be some play of coloration as the size trend was not an exact 
correlation to time spent in the tree. Interspecific aggression was shown to be at play and in the 
form of various factors throughout this study. Avoidance, aggression and niche partitioning are 
important factors in bird foraging location preference as well as aggression behaviors and have 
lasting effects on all species in an environment. Birds were shown to partition their environments 
similar to the way shown in previous studies (MacArthur 1958). Frugivorous birds also tended to 
show more of a facultative niche partitioning in their environment in comparison to obligate 
partitioning. 
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Fungal contaminants and hitchhikers: The 
Leaf Cleaning Hypothesis in Cloud Forest 
leaf cutter ants  
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ABSTRACT 
 A well-documented behavior in leaf cutter ants is “hitchhiking,” where small ants of the minim 
caste ride on leaf fragments being transported back to the nest by larger workers. There are several possible 
explanations for this behavior, one of which is that hitchhiking ants remove foreign fungal contaminants 
from the leaves during their ride to prevent competition with their mutualistic fungus inside the colony. 
This hypothesis has been supported in lowland tropical areas, but there is a lack of comprehensive data on 
hitchhiking in high elevation ecosystems. Here, I tested the Leaf Cleaning Hypothesis (LCH) by measuring 
the relationship between microbial contaminant level and hitchhiker prevalence in several Atta cephalotes 
colonies in Monteverde, Costa Rica. I found that leaves with hitchhikers grew almost three times as many 
fungal colonies when incubated in agar substrate in comparison with leaves without these ants. I also found 
that hitchhikers were almost five times more prevalent on Corn Flakes treated with bread mold than on 
flakes treated with an inert control. Taken together, these results strongly suggest that hitchhiking minims 
target leaves contaminated with fungal material in order to clean them. The results of this study indicate 
that the LCH is at least partially responsible for the hitchhiking behavior exhibited by A. cephalotes in 
Monteverde, Costa Rica.  
 
RESUMEN 

Un comportamiento bien documentado en las hormigas zompopas es el de “hitchhiking”, donde 
las hormigas más pequeñas de la casta mínima se montan en los fragmentos de las hojas para ser 
transportadas de vuelta al nido por los más grandes forrajeadoras.  Hay varias posibles explicaciones para 
este comportamiento, uno de los cuales es que estas hormigas remueven contaminantes fúngicos extraños 
de las hojas durante el viaje para prevenir la competencia con su hongo muatualista dentro de la colonia.  
Esta hipótesis ha sido apoyada en las zonas bajas de áreas tropicales, pero existe una carencia de datos que 
ayuden a comprender este comportamiento en las zonas altas.  Aquí, probé la Hipótesis de Limpieza de 
Hoja (HLH) midiendo la relación entre los niveles de contaminantes microbianos y la prevalencia de 
hormigas mínimas en varias colonias de Atta cephalotes  en Monteverde, Costa Rica.  Encontré que las 
hojas con “hitchhikers” crecen al menos tres veces más colonias de hongos al incubarlas en sustratos de 
agar en comparación con hojas sin estas hormigas.  Encontré también que los “hitchhikers” fueron casi 
cinco veces más prevalentes en hojuelas de maíz tratadas con moho de pan que aquellas hojuelas con un 
control inerte.  Todo junto, estos resultados sugieren fuertemente que las mínimas se concentran en hojas 
con contaminantes fungícos para limpiarlas.  Los resultados en este estudio indicant que la HLH es al 
menos parcialmente responsible por el comportamiento de hitchhiking exhibido por A. cephalotes en 
Monteverde, Costa Rica. 
 
INTRODUCTION 
 Leaf cutter ants display some of the most complex social structures of any 
arthropod. Colonies contain several castes of morphologically distinct ants that have 
correspondingly unique roles (Fernández-Marín et al., 2015). Most daily activity of the 
larger-bodied castes is related to the maintenance of the fungus crop that these ants use as 
a food source, including the well documented leaf-cutting, trail-clearing and trash-
dumping behaviors (Weber, 1972). Workers harvest fragments of leaves from nearby 
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flora to act as a substrate for their fungus, which typically in the family Lepiotaceae 
(Hölldobler & Wilson, 2009). However, less is known about the role of the “minim” or 
“minima” caste, specifically with regards to their “hitchhiking” behavior (Wetterer, 
1995). 

The minim caste contains the smallest-bodied ants (Fernández-Marín et al., 2015). 
Their small size is important to the unique hitchhiking behavior exhibited by members of 
this caste (Yackulic & Lewis, 2007). Hitchhiking is the term used to describe minims 
found riding on cut leaves being carried to the nest by larger workers. The presence of a 
hitchhiker on a leaf can reduce foraging efficiency of the worker by 5.9 percent, and so 
this behavior must have a valuable colony function to be evolutionarily advantageous 
(Yackulic & Lewis, 2007). There are several hypotheses for the purpose of hitchhikers, 
and the evolution of the minim caste in general, the most popular of which is that they 
offer a defense against parasitoid flies of the phoridae family that land on leaf fragments 
and attack the leaf carrier (Ferner & Moss, 1990). However, significant hitchhiking 
activity has also been observed in locations (Vieira-Nieto et al., 2006) and at times of day 
(Linksvayer et al., 2002; Yackulic & Lewis, 2007) that lack phorid fly activity, which 
suggests that hitchhikers have an alternative role besides fly defense. It has been found 
that hitchhikers can act as leaf cleaners by using their mouths to remove trichomes from 
leaves, potentially increasing the leaves’ palatability as a fungal substrate (Sousa-Souto, 
2014). Another popular hypothesis is that minims clean the leaf fragments of foreign 
fungal contaminants to prevent competition with the ants’ specific mutualistic fungus 
once the leaves are brought into the colony (Linksvayer et al., 2002; Vieira-Nieto et al., 
2006; Griffiths & Hughes, 2010).  

Two key studies in support of this Leaf Cleaning Hypothesis (LCH) have 
measured the relationship between amount of fungal contamination and hitchhiker 
prevalence on leaves of ants in the genus Atta. While these studies did not rule out other 
hypotheses as an explanation for hitchhiking behavior, they did observe that minims tend 
to preferentially target and spend more time on leaves with high microbial loads, and thus 
concluded that hitchhiking may have multiple purposes depending on the species and 
environmental conditions. (Griffiths & Hughes, 2010; Vieira-Nieto et al., 2006). These 
studies were conducted in relatively low warm and/or dry tropical areas with high 
prevalence of phorid flies (Ferner & Moss, 1990, Vieira-Nieto et al., 2006).  Phorid flies 
also attack Atta in higher tropical cloud forest, but their rate of attach seems to be much 
lower (Zisook, 2006). Thus, hitchhiking activity in cloud forest may be more related to 
the LCH than fly defense, but very few studies have tested the LCH hypothesis at high 
elevations. A recent study of A. cephalotes colonies in the Monteverde area showed 
support for the LCH based on hitchhiker position on the leaf and prevalence at certain 
distances from the nest (Magallanes, 2011). Magallanes (2011) observed more 
hitchhikers near the trees being harvested than near the nest, suggesting that minims 
remove any spores from a leaf during their ride, and then climb down once the surface 
has been sufficiently cleaned. However, the study by Magallanes (2011) provides only 
indirect support to the LCH hypothesis because she did not actually measure the 
microbial contaminant load of leaves and how this affects hitchhiker prevalence. Here, I 
perform two field experiments to directly assess this relationship, with the goal of 
evaluating the generality of the LCH in the Monteverde area for A. cephalotes. First, I 
measure the fungal contamination of natural leaves being transported to the nest with and 
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without hitchhikers. Then, I test hitchhiking prevalence on Corn Flakes treated with bread 
mold, and compare with Corn Flakes treated with an inert control. 
 
MATERIALS AND METHODS 
Study Site 
 Study was performed across several trails originating from three distinct colonies 
of A. cephalotes in a horse pasture at Caballeriza El Rodeo in Santa Elena, Costa Rica, 
which is found in tropical premontane wet forest. Colony locations ranged from forest 
edge to cleared pasture. Data were collected in the mornings between October 19th, 2016 
and November 14th, 2016. 
 
Part 1: Fungal contamination on leaves being transported by leaf cutter ants with and 
without hitchhikers  
 All Eppendorf tubes, forceps, hole punchers, petri dishes and pipette tips were 
boiled in tap water for one hour to sterilize before use. Data were collected from two 
different ant trails originating from two nearby nests. At each trail, two sites were chosen, 
one that was at most 5 m from the nest entrance, and one that was at most 5 m from the 
tree being harvested by that trail. At each site, three leaf fragments were collected that 
had at least one hitchhiking minim, and three that did not have a hitchhiker. Thus, a total 
of twelve leaf fragments were collected from each trail. Leaves were collected using 
forceps and stored in 1.5 mL Eppendorf tubes.  

Leaf fragments were cut using hole punchers into disks of equal size, then 
returned to their Eppendorf tubes along with 1 mL of distilled water. Separate hole 
punchers were used for leaves that did and did not have hitchhikers. Tubes were shaken 
for one minute to wash any fungal spores on leaf surfaces into the water (see procedure 
developed by Griffiths and Hughes, 2010). Petri dishes full of 1.5% bacteriological agar 
No. 1 were prepared by adding 1.5 g of agar powder for each 100 mL of distilled water, 
bringing the mixture to a boil while stirring constantly, and then allowing it to cool for 
one minute before pouring enough to cover the bottom of each petri dish. Petri dishes 
were closed after agar was added, and the gel was allowed to set, a process that took 
around fifteen minutes. Once the gel reached a firm consistency, 40 mL of liquid from 
each tube was pipetted onto the gel, and an effort was made to pipette the sample across 
the maximum area of gel. Each plate was divided in half to contain two samples. Plates 
were sealed with Parafilm after both samples were added, and stored upside down to 
incubate at room temperature for around one week. After sufficient colonies had 
developed on the gel, a dissecting microscope and camera were used to take a picture of 
the most densely colonized area of gel from each sample. No effort was made to 
distinguish between colonies of fungus and bacteria due to constraints on time and 
resources. Each picture was taken at the same magnification, and thus contained the exact 
same surface area of gel. Fungal growth was measured by counting the number of 
colonies seen in each picture. 
 
Part 2: Hitchhiking prevalence on Corn Flakes treated with fungus 
 Preservative-free bread was allowed to grow mold for around two weeks, and this 
fungus was scraped off and spread onto Corn Flakes cereal pieces using a sterile tool, 
making sure to thoroughly cover both sides of the flake (see procedure developed by 
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Vieira-Nieto et al., 2006). Other flakes were coated with corn starch, which had a similar 
powdery consistency to fungal spores, to serve as a control. Sites were selected along 
relatively straight portions of several different popular ant trails. Ten flakes of one group 
(control or fungus treatment) were distributed in two rows of five along each side of the 
trail, with approximately three centimeters between each flake (Figure 1). The surface 
area of each flake was approximately 2 cm2, and they were kept in clean, sealed bags 
until placed on the trail. The flakes were monitored as A. cephalotes collected them, and 
the number of hitchhiking minims on each flake was recorded as the flake passed a point 
6.5 m from its original location. This distance was set by preliminarily determining how 
far an ant can transport a cornflake in ten minutes. After all ten flakes were recorded, or 
30 minutes had passed, a ten-minute break was taken, after which ten flakes of the other 
treatment (starch or fungus) were distributed and monitored in the same way. The order 
in which treatments were presented to a trail was alternated to avoid bias, and the 
procedure was repeated 13 times with each treatment across four different ant trails. 

 
 
Figure 1. Diagram of how Corn Flakes were distributed along each ant trail. Four different trails from three 
different A. cephalotes colonies in a pasture in Santa Elena, Costa Rica were selected. 
 
RESULTS 
Part 1: Fungal contamination on leaves being transported by leaf cutter ants with and 
without hitchhikers 
 Colonies that developed on the gel were generally clusters of white/gray dots, 
each the size of a pencil point. Although no tests were performed to determine whether 
each colony was composed of fungus or bacteria, the statistical significance and 
directionality of the data suggest that there were sufficient fungal colonies to see a 
difference between leaves with hitchhikers and leaves without. Petri dishes prepared from 
leaves that had a hitchhiker grew significantly more mold colonies than did those 
prepared from leaves without hitchhikers (Two-way ANOVA, F = 5.408, p=0.031, df = 
1). Hitchhiker leaves at all sites grew 12.5 ± 2.3 (mean ± standard error) colonies on 
average, almost three times more colonies than non-hitchhiker leaves, which grew 4.25 ± 
1.5 colonies on average. The majority of this difference was found in leaves collected 
near the tree (Figure 2).  

There was no significant difference between colonies grown from leaves collected 
near the tree (7.42 ± 2.68) and leaves collected near the nest (9.33 ± 2.92) (Two-way 
ANOVA, F = 0.292, p = 0.595, df = 1), and no significant interaction between hitchhiker 
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presence and location (Two-way ANOVA, F = 2.053, p = 0.167, df = 1). Within the set 
of hitchhiker leaves, almost twice as many colonies were grown from leaves collected 
near the tree than colonies grown from leaves collected near the nest. This difference was 
in the predicted direction, but not statistically significant (Figure 2). It should be noted 
that there was a high level of variability in the data, especially in plates from hitchhiker 
leaves where the standard error was over 4.2 at both locations. 
 

 
Figure 2. Comparison of fungal colonies that grew on agar plates after being treated with a fungal spore 
cocktail. Leaf fragments being carried by A. cephalotes were collected from four different ant trails in three 
colonies in Santa Elena, Costa Rica. Leaves were collected that both had and did not have hitchhikers, and 
were collected either 5 m from the tree or 5 m from the nest. Each leaf was vortexted with distilled water to 
create a cocktail containing any fungal spores that may have been on the leaf surface, and this was spread 
in a petri dish full of agar. Amount of fungal growth was assessed by photographing an area of each plate 
using a dissecting microscope after a one week incubation period, and then counting the number of 
colonies. Bar represented means. Error bars represent one standard error. Groups marked with * tended to 
significantly different (Two-way ANOVA followed by post-hoc test, p≤0.06). 
 
Part 2: Hitchhiking prevalence on Corn Flakes treated with fungus 

The proportion of flakes with hitchhikers on them was significantly higher for the 
flakes treated with mold (Paired t-test, t = 12.639, p=2.707e-08, df = 12). Moldy flakes 
had at least one hitchhiker almost five times more often than starchy flakes (Figure 3).  
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Figure 3. Proportion of flakes with at least one hitchhiker for each treatment group. Corn flakes were 
coated on both sides with corn starch or bread mold. Flakes of each group were then sequentially 
distributed in groups of 10 along A. cephalotes trails in a pasture in Santa Elena, Costa Rica. Number of 
flakes that had at least one hitchhiking minim once they had been carried 6.5m from their original position 
was recorded across thirteen trials for each treatment.  
 

When the actual number of hitchhikers per flake is taken into account, the results 
remain consistent with the proportion data. Moldy flakes had over five times more 
hitchhikers on average than starchy flakes; a statistically significant difference. 
(Generalized Linear Mixed Model with Poisson distribution allowing zero-inflation. Trail 
included as random effect to account for repeated measures: z = -6.99, p = 2.7e-12, 
Figure 4). 
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Figure 4. Mean number of hitchhikers per flake on flakes of each treatment. Corn flakes were coated on 
both sides with corn starch or bread mold. Flakes of each group were then sequentially distributed in 
groups of 10 along A. cephalotes trails in a pasture in Santa Elena, Costa Rica. Number of hitchhiking 
minims on each flake was recorded once it had been carried 6.5m from its original position. Data were 
recorded across thirteen trials for each treatment. 
 
 When only flakes with at least one hitchhiker are compared, the difference 
between starchy and moldy flakes is no longer significant (Generalized Linear Mixed 
Model with Poisson distribution. Trail included as random effect to account for repeated 
measures, z = -0.565, p>0.05). Starchy flakes with at least one hitchhiker had 1.18 ± 0.13 
hitchhikers on average, and moldy flakes with at least one hitchhiker had 1.35 ± 0.08 
hitchhikers on average. This difference is in the same direction as the proportion and 
count per leaf data, but not statistically significant. This is partially due to the fact that the 
sample size is greatly reduced in this test, particularly in starchy flakes where only 17 
flakes had at least one hitchhiker.  
 
DISCUSSION 
 This study investigated the relationship between fungal contaminant load on 
leaves being harvested by A. cephalotes workers and the prevalence of hitchhikers found 
on those leaves. I found that the leaves on which hitchhikers were riding had levels of 
fungal contaminants that were almost three times higher than leaves without hitchhikers. 
This suggests that the minims are targeting those leaves in order to remove the 
contaminants, which supports the LCH. These results also closely confirm those of 
Griffiths and Hughes (2010), who saw greater fungal colony growth from hitchhiker 
leaves, although the magnitude of the difference they observed was less than in my study. 
This disparity may be due to a difference in location; leaf cutter ant colonies at low 
elevation tend to experience higher phorid fly activity (Ferner & Moss, 1990, Vieira-
Nieto et al., 2006), and so the relative importance of the LCH to hitchhiking function may 
be diminished in these areas.  
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If hitchhikers are indeed cleaning leaves as they are carried towards the nest, I 
would expect the average contamination level of leaves with hitchhikers to decrease as 
they get closer to the nest. While my data do trend in this direction, there is no statistical 
significance to confirm this fact, which may be due to high variability in the data. 
Another possible explanation for the lack of significance is that there may be a relatively 
high baseline level of fungal contamination on all leaves, lowering the relative magnitude 
of the effect of cleaning as the leaves are carried from tree to nest. Griffiths and Hughes 
(2010) did observe such a baseline, particularly in understory leaves, albeit at low 
elevation. Alternatively, fungal spores may be accidentally transferred to leaves by the 
hitchhikers themselves, which could further reduce the size of the cleaning effect 
observed by my study. 
 My data from the second part of my experiment are highly aligned with those of 
Vieira-Nieto et al. (2006), who found that hitchhikers rode Corn Flakes treated with 
bread mold four to six times more frequently than flakes treated with an inert powder. I 
found hitchhikers on moldy flakes almost five times more frequently than on control 
flakes, which strongly supports the LCH. This cleaning behavior likely evolved because 
removing foreign spores from leaves before they are brought into the colony helps to 
prevent contamination of the ants’ fungal garden, on which they rely for food (Weber, 
1972). It should be noted that the contamination level of the flakes in my study is likely 
much higher than levels that would be found naturally on leaves gathered by leaf cutter 
ants, which may overstress the importance of the LCH (Vieira-Nieto et al., 2006). 
However, it is clear that minims do respond to fungal contaminants on leaves by 
preferentially climbing onto those leaves, and thus leaf cleaning likely represents a 
primary function of hitchhiking behavior. 

It is unknown whether minims are able to detect fungal contaminants from the 
trail, or if they are signaled by the workers carrying the contaminated leaves. Saverschek 
and Roces (2011) found evidence of olfactory avoidance of leaves with anti-fungal 
properties from at least 5 mm away in leaf cutter ants, so it is possible that olfaction is 
also used to detect foreign fungal spores. However, Griffiths and Hughes (2010) saw no 
change in proportion of leaves carrying hitchhikers when they applied fungal spores to 
leaves already in transit to the nest. In their experiment, the leaf carriers were not able to 
investigate contamination of the leaves before they were treated with spores, and so may 
not have been able to send the necessary signal to attract minims to clean the leaf. In my 
study, corn flakes were presented to the ants after already being coated with spores, 
giving the workers time to signal cleaners to their leaf, which could explain why I found 
a significantly greater proportion of hitchhikers on moldy flakes.  

The results of my study confirm the LCH as a primary purpose for the hitchhiking 
behavior shown by the minim caste of A. cephalotes in Monteverde, Costa Rica, and 
generally agree with other studies conducted on leaf cutter ant colonies at lower 
elevations (Griffiths & Hughes, 2010; Vieira-Nieto et al., 2006). The fact that the LCH is 
supported on ant trails of all elevations indicates that leaf cleaning is universally 
important to the maintenance of colony fitness, and illustrates an example of the complex 
social organization displayed by leaf cutter ant societies. 
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Abstract 
To navigate their world, butterflies use many stimuli, but few use hearing.  In Morpho peleides, a 
membrane, called Vogel’s organ, is most sensitive at 2-4 kHz, frequencies that common avian predators 
vocalize.  This experiment was designed to test M. peleides responses to disturbances with and without a 
tone within the 2-4 kHz range being played.  The difference between flight times with and without the tone 
was significant, with flight times with a tone being, on average, 9.46 seconds longer.  Also tested in this 
experiment were the differences in flight times between wild and captive Morphos, to see whether or not 
inbreeding or other effects of captivity led to decreased predator responses.  The difference between flight 
times for wild and captive M. peleides was also significant, with average flight times of wild caught 
butterflies being 10.05 seconds longer than that of captive-bred butterflies.  I concluded that the Vogel’s 
organ is an important feature in M. peleides for predator evasion, but with inbreeding and a lack of 
predatory pressure, response to tones decreases. 
 
Resumen 
Para navegar en su mundo, las mariposas usan varios estímulos, pero muy pocas usan el oído.  En Morpho 
peleides, una membrana, llamada el órgano de Vogel,  es más sensible a frecuencias de 2-4 KHz que es el 
rango normal de las vocalizaciones de las aves depredadoras.  Este experimento fue diseñado para provar 
las respuestas de M. peleides a disturbios con y sin un tono sonado en el rango de 2-4 KHz.  La diferencia 
entre los tiempos de vuelo con y sin el tono fue significativa, con el tiempo de vuelo con tono siendo en 
promedio, 9.46 veces más largo.  También se provó en este experimento las diferencias en el tiempo de 
vuelo entre Morpho’s silvestres y captivas, para determinar si el efecto de endogamia o otros efectpos por 
el cautiverio disminuyen las respuestas hacia depredadores.  La diferencia entre los tiempos de vuelo para 
las mariposas silvestres y en cautiverio de M. peleides también fue significativa, con un promedio de vuelo 
para las mariposas silvestres de 10.05 segundos más largo que las mariposas en cautiverio.  Concluyo que 
el órgano de Vogel es una característica importante para la evasion de depredadores, pero con la endogamia 
y la ausencia de presión por depredadores, las respuestas a los tonos disminuyen. 
 

DESPITE BEING MUTE, the butterfly species Morpho peleides can respond to 
predator calls and flight sounds such as the low frequencies produced by the flapping 
wings of a descending bird (Lucas 2009).  M. peleides, also known as the Common 
Morpho or the Emperor Morpho, is a large species of butterfly with iridescent blue wings 
and an erratic flight pattern that both aid predator evasion (Young 1971).  The Morpho, 
like most other butterfly species, is mute, and therefore does not communicate with other 
members of its species through sound, but still has a tympanum-like organ on its fore 
wings that causes neurological responses to sound.  This hearing structure is a 
membranous, tympanum-like organ referred to as Vogel’s organ (Lane et al. 2008).  The 
Vogel’s organ is located at the base of the forewing and has similar morphological 
characteristics to the tympanal ears of other insects, which is why many have studied its 
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ability to detect sound (Lane et al. 2008).  Like a tympanal ear, the Vogel’s organ 
responds to certain frequencies with vibrations.  The range of frequencies that this 
membrane is most sensitive to vary by butterfly species, but in M. peleides, has been 
found to be responsive to frequencies within the range of 1-20 kHz and is most sensitive 
between 2 and 4 kHz (Lucas et al. 2009).    

In a recent study, it was found that both the calls and flight sounds of common M. 
peleides avian predators, such as the rufous-tailed jacamar (Galbula ruficauda), could be 
detected by the Vogel’s organs of these butterflies (Mikhail 2014).  Responses to sounds 
within the audible frequencies should be similar to typical predator responses such as 
elongated flight time with more erratic flight patterns.  Therefore, when a tone within the 
audible range of M. peleides is played after butterflies are disturbed, their flight times 
should represent a longer predator evasion flight rather than a quick flight to find a new 
perch.   

In butterfly gardens, M. peleides have been shown to experience inbreeding 
depression as generations pass.  Captive Morphos often have smaller wings than wild 
Morphos, for example (Pahnke 2009).  Captive Morphos also tend to have more damaged 
wings than wild Morphos due to frequent collisions with the edges of their enclosure and 
a lack of predation on injured and easy to catch individuals.  It is also possible that their 
constant interaction with humans due to being in a tourist attraction causes them to be 
used to a lot of sounds and movement that they might not experience in the wild.  Also 
possible is that the captive Morphos have lost some of their innate fear of predators, as 
they never interact with them.  In a past study, captive M. peleides have also been shown 
to react to tones with increased flight time (Nelson 2016), but does their reaction time 
differ from those of wild butterflies?  In this experiment, I seek to determine whether 
captivity and inbreeding lead to decreased predator response, whether this may be due to 
physiological differences or naïveté to predators.   
 
Methods 
 
STUDY SITE 
Flight experiments on the Morpho peleides took place in the “beach greenhouse” of the 
Monteverde Butterfly Garden.  The garden housed the insects in an indoor greenhouse 
meant to replicate the warm environment that Morphos thrive in.  The greenhouse 

contained many of the species of plants that 
Morphos oviposit upon in more natural settings 
(Fig. 1).  Rotting fruit was provided for the 
butterflies to feed.  The greenhouses differed 
greatly from the natural habitat of M. peleides in 
that the area was full of other Morphos and 
butterflies of different species.  In the wild, 
Morphos are a very territorial species and the 
males will chase off other males of the same 
species that enter their territory (Young 1971).  It 
would be very unusual to find a natural 
environment that contained as many Morphos in a 
small area as an enclosed butterfly garden.  The 
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wild M. peleides that were captured for this study and released into the butterfly garden 
were found in premontane wet habitats along forest edges and were exclusively captured 
using a net. 
!
FIGURE 1:  Experimentation took place at the Monteverde Butterfly Garden.  
Experimentation consisted of disturbing wild-caught and garden-raised butterflies to 
flight and playing a tone to determine if they would react differently.  The garden that 
housed the Morpho peleides was warm and filled with plants that the butterflies use in the 
wild.  There were around 40 M. peleides at any given time.  Many butterfly species other 
than the Morphos were also present in the garden and interactions between different 
butterflies were much more common than in the wild. 
 
STUDY ORGANISMS 
M. peleides are large, neotropical, diurnal butterflies.  They have iridescent blue wings 
and fly in a bouncy, erratic manner, which causes their blue wings to flash brightly in the 
sun.  The coloration and iridescence of Morphos is thought to help them to avoid avian 
predators and attract mates (Young 1971).  M. peleides are frugivorous butterflies, 
meaning they feed on rotting, liquefied fruits.   
 The Vogel’s organ on M. peleides is located on base of the forewing (Fig. 2).  The 
membrane vibrates differently at low and high frequencies and has been found to be most 
sensitive at 2-4 kHz (Lucas et al. 2009).  This frequency is similar to that which is 
produced by the vocalizations and flight of avian predators such as the rufous-tailed 
jacamar (Galbula ruficauda:  Mikhail 2014). 
 

FIGURE 2:  The Vogel’s organ on M. peleides, shown 
here inside a yellow circle.  In Morphos this organ 
vibrates at frequencies within the range of 1-20 kHz and 
is most sensitive between 2 and 4 kHz (Lucas et al. 
2009).  In this experiment, response to tones audible to 
M. peleides was tested. 
 

This experiment studied both captive and wild 
Morphos.  The butterflies were of varying wing 
conditions, and were ranked as very tattered, somewhat 

tattered, good condition, and perfect condition (Fig. 3).  These categories were not used 
when analyzing data, but are relevant for the discussion.  Wild M. peleides were kept in a 
small enclosure and fed a 20 percent sugar solution before being released into the 
butterfly garden so they would have spent the same of time in the same environment as 
the captive butterflies and once released into the greenhouse, all butterflies were allowed 
to feed freely on the rotting fruit that the gardens provide.  When released into the 
greenhouse, wild Morphos were marked very clearly with a paint pen so that they would 
be easy to find for their trials.  I am unaware of any effect that paint marking would have 
on the flight of the butterflies but marks were always made in the same location on the 
hind wing so they would not interfere with the Vogel’s organ.  Size and condition varied 
among all butterflies but, in general, wild caught butterflies were both larger and in better 
condition than captive-bred butterflies. 
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FIGURE 3:  Morpho peleides with wings varying in condition from very tattered, 
somewhat tattered, good condition, to perfect condition.  Levels of damage were recorded 
by sight and not measured and all butterflies were observed before being disturbed into 
flight. 
 
TESTING PREDATOR EVASION RESPONSE 
This experiment consisted of two types of testing, while playing no tone and while 
playing a 3014.4 Hz tone (played on an iPhone 5c from the Tone Gen. app at 87 decibels) 
applied to M. peleides of two different origins: wild and garden.  The testing was done at 
9 a.m. during clear days from October through November, as colder temperatures would 
make the butterflies less active (Nelsen 2016).  To test predator evasion, Morphos were 
disturbed, one at a time, by tapping on the surface that they were resting on until they 
began flying.  Once flight began, a timer was started and was only stopped once a full 
landing and return to a resting position without any wing flapping occurred.  If the trial 
was one where a tone was being played, the tone was started and stopped at the same 
time as the timer so it would play for the duration of the flight.  Butterflies were followed 
at a distance of about two meters for all tests so that the sound of the tone would remain 
at a constant volume to them and so that my own interference could be held relatively 
consistent.  An effort was made to not repeat trials with any one butterfly more than the 
others by taking note of any distinguishing wing features, natural or painted on, or 
damages.  On average, every butterfly was tested two to three times.  Flights where other 
butterflies disturbed the test subject were not counted. 
 
Results 
 
PRESENCE OF SOUND 
Presence of a 3014.4 Hz tone was found to impact flight time significantly for all 
butterflies (Two Way ANOVA, F=5.80, p=0.018, df=1).  The mean flight time with no 
tone played for all Morphos was 13.69 and the mean flight time with a tone played was 
23.15 (Fig. 4).  Standard error for no tone played was 1.92 and with a 3014.4 kHz tone 
was 3.56. 
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FIGURE 4:  Flight times with and without sound in avian predator frequency by Morpho 
peleides in an enclosed butterfly garden.  Disturbances were taps on the resting substrate 
occupied by M. peleides in a large butterfly enclosure.  Flight times were recorded from 
takeoff to a full landing.  Tones were played for the whole time flight was recorded.  
Error bars represent standard error, which was 1.92(+/-) without a tone and 3.56(+/-) with 
a 3014.4 kHz tone. 
 
FLIGHT TIMES OF WILD-CAUGHT VERSUS CAPTIVE-BRED MORPHOS 
Butterfly origin was found to have a significant impact on flight time (Two Way 
ANOVA, F=6.55, p=0.012, df=1).  The mean flight time for wild butterflies was 23.45 
seconds, while that of garden butterflies was 13.40 seconds (Fig. 5).  Standard error for 
garden butterflies was 3.04 and was 2.64 for wild butterflies. 

 
FIGURE 5:  Response to disturbance by wild and garden Morpho peleides in an enclosed 
butterfly garden.  Disturbances were taps on the surface the M. peleides were resting on 
and flight times were recorded from takeoff to a full landing.  Wild M. peleides were 
captured from premontane wet habitats close to forest edges and captive M. peleides were 
born in captivity and lived at the butterfly garden for the entirety of their adult lives.  
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Error bars represent standard error for garden butterflies (+/-3.04) and wild butterflies  
(+/-2.64). 
 
COMPARISON BETWEEN SOUND AND ORIGIN 
When comparing the interaction between butterfly origin and whether or not a tone was 
played during flight, a statistically significant difference was not found between mean 
flight times (Two Way ANOVA, F=0.029, p=0.59, df=1).  When a post hoc test was 
performed it was found that this was due to the means for wild Morpho butterflies 
response with no tone (19.77) and garden Morpho butterflies response with a tone (19.18) 
being very close (Fit Least Squares).  All other comparisons were individually 
statistically different (Fig. 6).  For garden Morphos that were exposed to a tone, standard 
error was 5.71 and without a tone was 1.37.  For wild Morphos exposed to a tone, 
standard error was 4.23 and without a tone was 3.05. 

 
FIGURE 6:  Response to disturbance by wild and garden Morpho peleides in an enclosed 
butterfly garden with and without a 3014 kHz tone played during flight.  Garden 
Morphos had lived in captivity for the entirety of their lives, while wild Morphos were 
captured from premontane wet forest habitats.  Disturbances were taps on the surface the 
M. peleides were resting on and flight times were recorded from takeoff to a full landing.  
The tone generator was started immediately after takeoff and was stopped at the same 
time as the timer.  For garden Morphos that were exposed to a tone, standard error was 
5.71(+/-) and without a tone was 1.37(+/-).  For wild Morphos exposed to a tone, 
standard error was 4.23(+/-) and without a tone was 3.05(+/-). 
 
DESCRIPTIVE OBSERVATIONS 
M. peleides that were born in the garden were typically more tattered than those captured 
from natural environments (Fig. 3).  This could either be due to them being older than the 
wild caught butterflies because they do not experience predatory pressure, or because 
they bump into walls and other butterflies more often in captivity.  The captive Morphos 
were also far harder, on average, to disturb from their perches.  They often required much 
more violent tapping on their perching surface than did the wild butterflies.  Captive 
Morphos could usually be captured easier than the wild Morphos, because they would 
often not move when I would go to capture them with my hands.  The sample size of 
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wild-caught M. peleides was 10 butterflies, while the sample size of garden M. peleides 
was around 15 butterflies on the days that captive Morphos were tested.  When I released 
the wild Morphos into the garden for testing, there were closer to 50 garden-raised 
butterflies, as there were recently many new emergences.  The garden butterflies that I 
tested looked old and tattered when compared to both the wild-caught butterflies and the 
newly emerged butterflies.  All captive-raised Morphos appeared, on average, smaller 
than the wild-caught individuals.  Sexes of both samples were mixed. 
 
Discussion  
 
PRESENCE OF SOUND 
Mean flight times with sounds in avian predator range were several seconds longer than 
without sound.  This supports the findings of Lucas (2008) who concluded that M. 
peleides hearing is sensitive to avian predation.  The decision to land quickly when not 
exposed to a sound stimulus might allow M. peleides to save energy because they are 
likely to take off after any type of physical disturbance near them, but their hearing 
allows them know whether it would be better to fly and land quickly or fly farther to 
escape.  With a longer flight time, a butterfly would have more time to confuse its 
pursuer with its bright coloration (Young 1971).  A longer flight time would also make 
the Morpho less cost-effective for the predator to continue pursuing.  The mean flight 
time for all Morphos, regardless of origin, was greater with a tone than without, which 
implies that response to audible predator signals is not measurably impacted by 
inbreeding.  The study also discussed how removal from predation has led to a loss in 
hearing in other types of insects, such as moths, so this could also be occurring in 
Morpho butterflies, but would need to be specifically tested to prove.  The constant 
presence of humans around the captive-raised M. peleides might have also acclimated 
them to disturbance. 
 
FLIGHT TIMES OF WILD-CAUGHT VERSUS CAPTIVE-BRED MORPHOS 
The effect of butterfly origin on predator evasion, was measured by flight times after a 
disturbance.  Wild butterflies were shown to have statistically different reaction times 
than butterflies that were born in the gardens with the wild Morphos displaying a longer 
flight time after disturbance, regardless of whether or not a tone was played.  This could 
have had to do with either the smaller wings on garden Morphos that results from 
inbreeding (Pahnke 2009), or past interactions of wild butterflies with predators that have 
made them more cautious in their avoidance.  Past studies have shown that Lepidoptera 
can be conditioned to have stimulus aversions as caterpillars that they maintain into 
adulthood; therefore, it is possible that wild butterflies have a learned aversion to 
disturbances that they would experience during interactions with predators, whether they 
were caterpillars at the time or in their adult stage (Blackiston 2008).  The captive 
butterflies, that have spent their whole lives without predation pressure, may have lost 
some of their aversion to the types of disturbances I was applying.  When testing for 
flight time, I noticed that it often took a more severe disturbance to make garden-raised 
individuals fly.  This is likely due to them being used to frequent bumping of their 
perches by human visitors.  Since butterflies have been shown to retain memories of 
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aversions to stimuli by Blackiston (2008), it is also possible that they can unlearn innate 
aversions over time. 
 Captive butterflies are often mass-bred from stock that is chosen for aesthetically 
pleasing traits and not necessarily traits that lead to better predator evasion, Morphos that 
end up in butterfly gardens may not have the best traits for escaping predation (Boppré 
and Vane-Wright 2012).  Hybridization between sub-species also occurs within these 
large breeding programs because distinction is rarely made between finer taxa. 
 
COMPARISON BETWEEN SOUND AND ORIGIN 
Sound and origin factors combined did not have a statistically significant impact on 
butterfly responses.  Despite this, I believe the results of this part of the experiment to 
still be biologically significant.  In the post hoc test, it was shown that all comparisons 
between were significant except the one between wild Morphos with no sound stimulus 
and garden Morphos with a sound stimulus.  This shows us that wild M. peleides 
responded to disturbance with or without tones with flight times that are significantly 
longer, on average, to those of captive butterflies that are presented with the same type of 
sound treatment.  The wild Morphos likely respond more extremely to disturbance 
stimuli (sound and tapping) because of multiple factors.  They were generally in better 
condition than the captive butterflies, and may experience more conditioning for aversion 
to predators in the wild. A test done by Nelsen (2009) found significant evidence to 
suggest that wing health affected flight time negatively, so it could be that a butterfly’s 
condition is the most important factor for predator evasion.  It is also possible that 
inbreeding fails to select for traits that lead to a greater predator evasion response.  This 
indicates that any behavioral tests done on M. peleides would be more accurate if done on 
wild specimens because behaviors can differ between wild and captive-raised specimens 
for a variety of reasons. 
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ABSTRACT 
A number of frugivorous species consume fermenting fruit containing as much as 4.5% alcohol. This 
study determines how predator escape behavior of the Morpho peleides butterfly exposed to different 
concentrations of ethanol. In a flight cage at the Monteverde Biological Station, Morpho butterflies fed 5 
minutes on 0%, 0.5%, 1%, 2% or 3% ethanol solution and subsequent flight times in the presence of no-
sound or a 3 kHz sound stimulus were recorded. A significant decrease in flight time for the no-sound and 
sound tests was found as ethanol levels increased. Mean flight times and standard error for no-sound tests 
were 8.41±1.70, 4.52±0.84, 2.46±0.45, 1.94±0.30, and 2.57±0.98 and mean flight times for sound tests 
were 7.00±1.42, 3,62±0.66, 3.80±1.04, 3.86±1.05, and 1.99±0.82, as ethanol concentrations increased 
from 0% to 3%.  This suggests intoxication levels lower predator response avoidance in Morpho 
butterflies. There was no difference between flight times at a given ethanol level with and without sound 
stimulus (ANOVA on RANKS, F=1.54, df =4, p=0.20). Overall, the study shows that intoxication 
decreases flight time and possibly fitness in Morpho butterflies, but many other factors also influences 
flight patterns and predator avoidance behavior in this species. 

RESUMEN 
Un número de especies frugívoras consume frutos fermentados que contienen hasta 4.5% alcohol.  Este 
estudio determina como el comportamiento de escape de la mariposa Morpho peleides expuestas a 
diferentes grados de concentración de etanol.  En una jaula de vuelo en la Estación Biológica de 
Monteverde, mariposas Morpho se alimentaron durante 5 minutos con soluciones de etanol de 
coneentración 0%, 0.5%, 1%, 2%, y 3%, y el tiempo siguiente de vuelo con la presencia de un estímulo 
de 3KHz se analizaron.  Una disminución significativa en el tiempo de vuelo para las pruebas con y sin 
sonido se encontró al aumentar los niveles de etanol.  El tiempo promedio de vuelo y error estándar para 
las pruebas sin sonido fue de 8.41±1.70, 4.52±0.84, 2.46±0.45, 1.94±0.30, y 2.57±0.98 al aumentar las 
concentraciones de etanol de 0% a 3%.  Esto sugiere que los niveles de intoxicación disminuyen las 
respuestas de evación en las mariposas Morpho.  No hay diferencia entre los tiempos de vuelo a los 
diferentes niveles de etanol con o sin el estímulo (ANOVA en Rangos, F=1.54, df =4, p=0.20). En 
general, el estudio muestra que la intoxicación disminuye el tiempo de vuelo y posiblemente el éxito 
reproductivo en las mariposas Morpho, pero otros factores pueden influenciar los patrones de vuelo y el 
comportamiento de evación de depredadores en esta especie. 

 

INTRODUCTION 

Diet quality can impact animal activity, including predator avoidance (Orbach, 2010). For 
example, many species feed on fermenting fruit, particularly in the tropics. These fruits have 
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ethanol concentrations ranging from as little as 0.6%, to as high as 4.5% (Dudley, 2004). Thus, 
when consumed, these rotting fruits can intoxicate the forager and negatively affect performance. 
This includes disorientation, decreased mobility, and reduced reaction times (Orbach, 2010).  To 
avoid these adverse effects, many species have evolved high alcohol tolerances. For 
Phyllostomid bats, despite ethanol intoxication from feeding on fermenting fruit, flight patterns, 
behavior, and precision of echolocation is relatively unaffected (Orbach, 2010). This is also the 
case for Pentail shrews (Ptilocercus lowi-Weins et. al, 2008). However, anecdotal accounts 
suggest many tropical butterflies, including Morpho butterflies (Morphinae), have no such 
tolerance (Young, 1979). 

The Morpho butterfly, Morpho peleides, nearly exclusively consumes fermenting fruit on 
the forest floor (Young, 1979).  When Morphos have not been feeding, they are fast and nimble 
fliers that are notoriously difficult to catch (DeVries, 1987). In addition, Morphos have a Vogel’s 
organ which acts similar to a tympanum membrane, and allows these butterflies to hear when 
predators are approaching (Yack & Dawson, 2008). This organ has been found to be most 
sensitive at frequencies between 2 and 4 kHz, the frequency of most predatory bird calls. After 
feeding, Morphos have been observed to remain inactive for long periods of up to 30 minutes 
(Farkas, 2012). When disturbed after intoxication, it has been noted that these butterflies remain 
motionless, and will even allow an aerial net to be set above it (Young, 1979). Flight patterns are 
also affected by inebriation. It has been shown that this species has displayed uncontrolled, 
spiraled flight after feeding, when an attempt at flight is made (Gomez, 1977). Thus, Morpho’s 
inebriated behaviors are thought to significantly increase the risk and susceptibility of predation 
(Young 1979).  

Despite there being evidence that Morpho flight changes with ethanol ingestion, this 
change is not necessarily predictable (Gomez, 1977), A previous study found that flight times 
remained steady and were not in fact dependent on intoxication levels (Farkas, 2012). However 
reared, enclosed butterflies were used rather than wild individuals and a significant difference in 
flight behaviors was observed between the two populations. As alcohol concentration increased 
in Morpho food sources, flight distance has also been proven to decrease (Reichert, 2011), but 
again, only reared butterflies were used and overall flight time was not determined. Other studies 
have also tested Morpho response to tones between 2-4 kHz. (Chase, 2012 and Nelsen, 2016). It 
was observed that Morphos exhibit significant flight time differences when threatened by this 
stimuli, though results contradicted one another in whether flight time increased (Nelsen, 2016) 
or decreased (Chase, 2012).  

This study will look at how intoxication levels affect the anti-predatory response of wild 
Morpho peleides. Wild Morpho butterflies will be fed varying concentrations of ethanol to 
determine how flight times are affected. Flight times will also be tested with and without a 3 kHz 
tone to determine how different predatory stimuli influence behavior. The more inebriated 
butterflies should have decreased flight times and an overall lower response to sound stimuli. 
Flight times will then be compared to determine how intoxication levels and predatory tones 
affect fitness in the wild.   
 

MATERIALS AND METHODS 
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Study and Collection Sites 
Data was collected over 20 days at the Biological Station open greenhouse in Monteverde, Costa 
Rica (Figure 1A). The greenhouse was a (7m x 3.7m) roofed structure shell that contained 
sparse, <0.5m vegetation. The walls were open to the environment, but lined with plastic mesh 
that allowed abiotic factors to influence the inside environment without letting the butterflies 
escape. Despite being enclosed by the plastic mesh, three cylindrical mesh holding cages (2.5ft x 
1ft) were also hung approximately one meter off the ground. These holding cages were used to 
contain the butterflies that were not being tested, so as they did not interfere with those 
individuals being tested. After testing each day, and for days when testing did not occur, a plate 
of one rotting banana and two or three rotting guava fruit (Psidium guava) was placed at the 
bottom of the holding cages to allow the butterflies to feed. The rotting fruit contained 
approximately 2.36% ethanol (Omura and Honda, 2003). The fruit was always removed at least 
5 hours before testing so that butterflies would not become intoxicated and interfere with testing 
results. Once the butterflies were done testing, they were placed back in the holding cage on top 
of the fruit so they could feed more if desired. The open greenhouse also contained a table and 
wooden chairs for the butterflies to land during flight testing. 

Wild Morphos were caught in a variety of locations. Primarily, they were captured at 
Sapo Dorado Hotel in Santa Elena, Costa Rica. The butterflies were also caught in gardens and 
regeneration pastures in Monteverde. All locations were between 1500-1600 meters in the 
Premontane moist forest Life Zone on the Pacific Coast of Costa Rica. Once caught, the 
butterflies were brought to the open greenhouse in small glassine envelopes. Using paint pens, 
each individual was marked with a different color on the side of the wing, close to the abdomen, 
to ensure each subject could be identified in the future. The butterflies were then placed in mesh 
holding cages. 
A       B 

  
Figure 1. Greenhouse with mesh holding cages used to test flight response after ingestion of ethanol by 
Morpho butterflies. The butterflies were fed varying concentrations of ethanol (0.5, 1, 2 , or 3%)  or a 
20% sucrose control solution. After feeding, flight time after agitation of the butterflies was recorded 
under no-sound and 3 kHz sound stimulus. The flight cage was located at the Monteverde Biological 
Station in Premontane Moist Forest.  It contained minimal, short (<1m) vegetation and walls were 
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covered in plastic mesh to allow the influence of abiotic factors. A table and wooden chairs were also 
placed inside to conduct testing and to be used as landing platforms for the Morpho peleides butterflies 
during testing. Three cylindrical, mesh cages were also hung to hold subjects during non-testing times 
(A). Before testing, the butterflies were fed in petri dishes containing 25 mL of sugar or ethanol solution. 
A 3x3cm sponge was saturated in the solution to allow for easier consumption of the liquid.  

 
Feeding Procedure 

Twenty Morphos were collected for testing. A total of 5 trials were conducted for each 
butterfly for both sound and no-sound conditions, for a total of 10 trials per individual. For each 
trial, butterflies were first fed one of 4 ethanol solutions at different concentrations (0.5, 1, 2, or 
3% ethanol) or a 20% sucrose control solution. The ethanol and control solutions were remade 
each day of testing and contained one of the 4 ethanol percentages preciously mentioned (0% for 
the control), 20% sucrose, and water to make a 25mL solution. Each butterfly was tested under 
all concentrations of ethanol and the control, but only one solution was used per trial, and only 
one trial was run per day. This resulted in a total of 5 testing days for each butterfly. The order 
that solutions were tested was varied between individuals so that butterflies were not given 
solutions in the same order. 

To begin each trial, a butterfly was placed on a saturated sponge (3cm x 3cm) in a petri 
dish containing 25mL of one of the solutions (Figure 1B) and allowed to feed for 5 minutes. 
Feeding time was determined from when the proboscis made contact with the sponge to when it 
was recoiled (Reichert, 2011). To initiate feeding, if the individual did not begin to feed 
automatically, a small drop of the solution was touched to the proboscis until it uncoiled and the 
butterfly fed. Testing was only continued if the butterfly fed for the full 5 minutes to ensure that 
each individual ingested approximately the same amount.  

 
Flight Test Procedure 

After feeding, flight time was recorded for two conditions, no sound and sound. For the 
no- sound test, the butterfly was placed on a chair in the center of the greenhouse. Once settled, 
the butterfly was agitated by shaking the chair or lightly tapping the back of the wings until the 
butterfly flew away. The time from takeoff to when the butterfly landed again was recorded. For 
the sound test, this procedure was repeated except a 3 kHz tone (Nelsen, 2016) was played at 
84dB starting when the butterfly was agitated into flight. 

 Between tests the subject was given time (2-3 minutes) to settle. The sound and no- 
sound tests also were given in different orders to subjects. Half of all tests were run with no-
sound first and half were run with sound first. In addition, overall flight patterns and butterfly 
behavior was observed for each of the trials. After tests were run the subject was placed back in 
the mesh holding cage. 

 
Statistical Testing 

The mean flight time was calculated for both sound and no-sound trials. However, 
statistical tests used ranks of time between trials per individual butterfly. Because each butterfly 
had on trial of four ethanol concentrations and a control, these trials were ranked for each 
butterfly from 1-5. This method eliminated the influence of a particularly strong or weak flier, as 
there was considerable variation between Morpho individuals. This was also done for the 
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comparison of sound and no-sound trials with the differences between the two tests. The times 
for each individual were noted for every trial and those times were then ranked on a 1 to 5 scale 
for shortest to longest flight times. The ANOVA on RANKS statistical test was then performed 
to determine statistical differences. 

 
RESULTS 

Impairment after feeding (No Sound) 

A significant difference was found between ranked flight times of butterflies at varying levels of 
intoxication (ANOVA on RANKS, F=18.25, df =4, p<0.0001) for the no-sound test. The mean 
rank times and standard errors for 0 to 3 percent ethanol were as follows, 1.70±0.15, 2.05±0.23, 
3.60±0.28, 3.7±0.23, and 3.95±0.29. The longest flight time was ranked as 1, with the shortest 
being ranked as 5. Generally, as intoxication levels increased, the mean flight time of the 
Morphos decreased (Figure 2). The mean flight times for the control (0% ethanol) and 0.5% 
ethanol were 8.41 ±1.70s and 4.52 ±0.84s, respectively. These trials statistically differed from 
other trials at higher ethanol concentrations (Fisher LSD, p<0.05). The flight times of the 1%, 
2%, and 3% ethanol concentrations were statistically the same (Fisher LSD, p<0.05) but 
statistically different from control and 0.5%, and averaged around 2 seconds.  

 
Figure 2. Mean flight time with no sound stimulus of twenty Morpho peleides after feeding on various 
alcohol concentrations in the open greenhouse of the Monteverde Biological Station in Premontane Moist 
Forest. A statistical decrease in ranked flight time was observed as intoxication levels increased (ANOVA 
on RANKS, F=18.25, df =4, p<0.0001). Error bars represent standard error and different letters show 
statistical difference between ethanol concentrations.  

Impairment after feeding (With sound) 

Intoxication levels also had a significant impact on ranked flight time when the 3 kHz tone was 
played (ANOVA on RANKS, F=9.44, df =4, p<0.0001). The mean ranked times and standard 
errors were 1.85±0.20, 2.75±0.23, 3.10±0.34, 3.10±0.09, and 4.20±0.25 for 0 to 3%, 
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respectively. These trials followed a similar trend to tests without sound, as overall flight time 
decreased at higher levels of intoxication (Figure 3). A mean flight time of 7 ±1.42 seconds was 
observed during the control test and ranked time was shown to be statistically greater than all 
other trials (Fisher LSD, p<0.05). At 0.5%, 1%, and 2% mean flight times shortened to ~3s. The 
mean flight time at 3% ethanol was even shorter at 1.99 ±0.82s, but was only significantly 
different from the ranked flight time of the 0.5% ethanol trial (Fisher LSD, p<0.05).  

 
Figure 3. Mean flight time with 3 kHz sound stimulus of twenty Morpho peleides after feeding on various 
alcohol concentrations in the open greenhouse of the Monteverde Biological Station in Premontane Moist 
Forest. A statistical decrease in ranked flight time was observed as intoxication levels increased (ANOVA 
on RANKS, F=9.44, df =4, p<0.0001). Error bars represent standard error and different letters show 
statistical difference between ethanol concentrations. 

Comparison of Sound vs. No-Sound Trials 

There appeared to be no statistical difference in the ranked mean difference of flight 
times between the trials with and without sound (ANOVA on RANKS, F=1.54, df =4, p=0.20). It 
was found that the mean difference was positive for the 0%, 0.5%, and 3% ethanol solutions, 
meaning that flight times during no-sound trials were on average, greater than flight times during 
sound trials (Figure 4). For trials with 1% and 2% ethanol concentrations, the flight times were, 
on average, longer for the sound trials and thus negative. 
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Figure 4. Mean difference of flight times of twenty Morpho peleides between trials of no-sound and trials 
where a 3 kHz tone was played after feeding on various alcohol concentrations in the open greenhouse of 
the Monteverde Biological Station in Premontane Moist Forest. Data did not show a significant difference 
in ranked mean difference of flight times as intoxication levels increased (ANOVA on RANKS, 
F=1.54, df =4, p=0.20). Positive mean difference of flight time values represent longer flight times 
during no sound trials and negative values represent longer flight times during sound trials. Error bars 
represent standard error.  

Additional observations  

During these trials some general behavioral and flight patterns were observed. In trials with 
lower ethanol concentrations, such as 0% and 0.5%, butterflies tended to fly greater distances 
and higher off the ground. The butterflies also were more likely to settle on ceiling boards of the 
greenhouse or higher on the walls during these trials. For trials with ethanol concentrations of 1-
3%, butterflies would most commonly land on greenhouse walls within 1m of the ground or on 
low growing vegetation.  
 At lower ethanol levels the butterflies were also observed to hold their wings closed so as 
to keep their cryptic coloration. At higher concentrations though, Morphos tended to rest with 
dorsal wing surface exposed, which showed the iridescent blue side of their wings. The more 
intoxicated butterflies were less resistant to being caught as well and often remained unreactive 
and motionless when agitated. They were observed to have slower, lazier flight patterns 
compared to less intoxicated butterflies, which had quick, evasive movements when agitated into 
flight.  
 A difference was noted in behavior between the no-sound and sound trials as well. 
During sound trials, butterflies appeared to fly in a more sporadic flight pattern, than when no 
sound stimulus was present at the same levels of intoxication. It was also easier to agitate the 
butterflies into flight when the tone was played. 

DISCUSSION  
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 At increased intoxication levels it was found that flight times during no-sound trials 
significantly decreased. A noticeable decrease in flight time was also noted between the 0.5% 
and 1% ethanol concentrations, indicating butterflies were sufficiently intoxicated by the 1% 
concentration. These findings show that flight capabilities and overall fitness of wild Morpho 
butterflies is negatively affected through increased ingestion of ethanol. Farkas (2012) suggested 
that wild Morphos may actively partake in a tradeoff between feeding and fitness, meaning these 
butterflies abstain from becoming too intoxicated, but these results suggest that this is not the 
case. From other observed behaviors, such as unresponsiveness to agitation and by laying open 
their wings, wild Morphos that drank high alcohol solutions increased their susceptibility to 
predation which may lower their fitness levels in the wild. 
 A significant decrease in flight times with increased ethanol consumption during sound 
tests also indicates intoxication decreases effective predator avoidance. However, sound test 
results had a less defined downward trend compared to no-sound tests. At the same intoxication 
level as the no sound trials, butterflies did not act as impaired by the ethanol. Instead they 
exhibited a behavior that can be more described as “tipsy,” as the butterflies flew in a more 
erratic pattern, compared to the lazier, gliding flight of the butterflies in tests with no sound. This 
implies increased predatory stimuli may result in more sporadic flight behavior that is not as 
dependent on intoxication levels. However, sound tests overall were still significantly different at 
varying ethanol concentrations and thus this behavior cannot be statistically verified.  
 The flight times between the no-sound and sound tests proved to be similar. This result 
contradicts previous findings that Morphos react to predatory sound stimuli with decreased flight 
time (Chase, 2012). However, it has also been shown that flight time significantly increases due 
to sound stimuli (Nelsen, 2016). Nelson also showed that Morphos react differently based on 
habitat type and environment. It was found that factors influencing Morpho response include 
habitat environment, vegetation type, and presence of other butterflies. It is important to also 
note there may not have been significant differences in responses since wild butterflies were too 
distracted by trying to escape the greenhouse. Overall, these findings suggest there are too many 
factors influencing flight time, so that no notable differences were found and no definite 
conclusions can be made on the effects of Morpho response to predatory tones. It is important to 
note however, that ethanol consumption still had a strong effect on behavior. Ethanol depresses 
the nervous system of the consumer (Young, 1979), and thus the butterflies physically could not 
respond to the predatory threat. 

This study has shown that greater intoxication levels decrease predator avoidance 
response in wild Morpho butterflies and suggests fitness is lowered after feeding in the natural 
environment. This finding provides evidence that Morphos have not developed a tolerance to 
ethanol. Young (1979) studied evolution of eyespots and found the cryptic coloration defense 
that this species utilizes reduces predation and increases fitness by deflecting attacks away from 
the body. However it was observed in this study that, when intoxicated, Morphos typically lay 
their wings flat and the eyespots and coloration is not shown, making this defense essentially 
useless to the butterfly. Overall, Morphos are not well adapted to deal with the consequences of 
their fermenting fruit diets which may also impact other behaviors, such as mating, courting, 
reproduction, and territory defense. Because of this, it would be advantageous for Morphos to 
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engage in selective feeding at locations where there are few predators and feeding for shorter 
periods of time in the wild as to avoid becoming highly intoxicated.  
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ABSTRACT 
 
Predator detection and avoidance are extremely important for survival, but can also alter foraging behavior.  With 
pollinators and dispersers, this can also impact the fitness of plants.  Frugivorous and nectarivorous bats are 
important mutualisms in the Tropics.  There is little known about how these bats identify and avoid predators and 
how this changes their foraging.  This study examines the use of echolocation, sight, and olfaction by frugivorous 
and nectarivorous bats to detect predators while foraging.  Nectar and fruit stations with and without predator cues 
were offered to bats in an indoor flight cage. Visitation and consumption were recorded.  Nectarivorous bats equally 
avoided feeders with any predatory cue (Control= 23.1 ± 3.36 visits, neutral odor= 9.6 ± 1.43 visits, neutral object= 
17.3 ± 2.84 visits, snake odor= 9.1 ± 2.02 visits, Snake object= 7.5 ± 1.37 visits).  Fruit bats appeared to rely more 
heavily on olfaction for predator avoidance (Control= 23.2 ± 3.23 visits, neutral odor= 13.9 ± 2.70 visits, neutral 
object= 20.3 ± 4.58, snake odor= 7.6 ± 2.25, snake object= 13 ± 2.55).  The senses used by these bats to detect 
predators correlate with the senses that similar bats use to find food.   Therefore, a change in foraging behavior may 
not be required to detect predators, and bats may be able to forage and detect predators simultaneously without much 
sacrifice to efficiency.  Predator avoidance, however, requires a change in foraging behavior and likely impacts 
quality of pollinator and seed disperser services. 
 
RESUMEN 
 
La detección y evasión de los depredadores es extremadamente importante para la sobrevivencia, pero puede 
también alterar el comportamiento de forrajeo.  Con polinizadores y dispersores, esto también puede afectar el éxito 
reproductivo de las plantas.  Murciélagos nectarívoros y frugívoros son importantes mutualistas en los trópicos.  Se 
sabe muy poco a cerca de como estos murciélagos identifican y evitan a los depredadores y como cambia su 
forrajeo.  Este estudio examina el uso de la ecolocalización, vista y olfato por murciélagos nectarívoros y frugívoros 
para detectar depredadores mientras forrajean.  Estaciones de néctar y frutas sin y con señales de depredadores se 
ofrecieron a los murciélagos en una jaula de vuelo interior.  La visitación y el consumo se tomaron en cuenta.  Los 
murciélagos nectarívoros evitan igualitariamente comederos con alguna señal de depredador (Control= 23.1 ± 3.36 
visitas, olor neutral= 9.6 ± 1.43 visitas, objeto neutral= 17.3 ± 2.84 visitas, olor de culebra= 9.1 ± 2.02 visitas, 
culebra= 7.5 ± 1.37 visitas). Los murciélagos frugívoros parecen confiar más en el olfato para evitar depredadores 
(Control= 23.2 ± 3.23 visitas, olor neutral= 13.9 ± 2.70 visitas, objeto neutral= 20.3 ± 4.58, olor a culebra= 7.6 ± 
2.25, culebra= 13 ± 2.55). Los sentidos usados por estos murciélagos para detectar depredadores se correlacionan 
con los sentidos utilizados por los mismos para localizer comida.  Así, un cambio en el comportamiento de forrajeo 
puede no ser requerido para detectar los depredadores, y los murciélagos pueden ser capaces de forrajear y detectar 
depredadores simultaneamente sin sacrificar la eficiencia.  La evación de depredadores, sin embargo, requiere un 
cambio en el comportamiento de forrajeo y puede impactar la cálidad de los servicios de polinización y dispersión 
de semillas. 
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INTRODUCTION 
 

Predator-prey interactions are important for survival, alter behavior, and have widespread 
effects on ecosystem function (Dukas 2005; Rosenzweig and MacArthur 1963).  Therefore, 
predator detection and avoidance are crucial to survival and rely on dependable sensory cues.  A 
number of sensory cues are used to identify predators and these vary between taxa.  It has been 
shown that mammals, in particular, adjust their foraging behavior when exposed to visual, 
auditory, and olfactory predatory cues (Herman and Valone 2000).  It is especially important to 
understand how animals identify and avoid predators while foraging, because predator avoidance 
can create important trade-offs of behavior.  Once a predator is detected, behavioral changes may 
include reduced foraging activity, avoidance of certain locations, and increased defensive 
behavior (Kolter et al. 1991).  Reduced and altered foraging behaviors can have a widespread 
effect on ecosystems if they interfere with mutualisms that impact pollination or dispersal of 
plant species.  For example, bumblebees adjust foraging behavior in the presence of wasps, 
reducing their foraging efficiency and decreasing pollination, thus reducing the fitness of flowers 
(Dukas 2005).  Therefore, predator avoidance can cause behavioral changes that affect not only 
the animals themselves, but also can impact the fitness of the plants that they pollinate and 
disperse.  It is important to understand which cues are used to avoid predators to understand how 
this impacts foraging behavior and, thus, the quality of pollinator and seed disperser service.  

There is surprisingly little research done on predator avoidance by bats, considering that 
they make up 20% of mammal species and are important pollinators and dispersers in the tropics 
(Powers 2014; Medellin and Gaona 1999; Baker 1961).  Predators of frugivorous and 
nectarivorous bats in Central America primarily include snakes and owls, and it has been shown 
that bats will alter their foraging behavior to avoid these predators, which may impact ecosystem 
function (Diaz 2005, Heuer 2004).  Bats use a variety of sensory cues while foraging, and it is 
likely that they use these same cues to identify and avoid predators.  For insectivorous bats, 
visual and auditory cues have been shown to be more important than olfactory cues in the 
recognition of predators (Boyles and Storm 2007).  However, frugivorous and nectarivorous bats 
rely more heavily on odor than insectivorous bats while foraging.  It is known that frugivorous 
bats primarily use echolocation, vision, and olfaction when foraging and some can distinguish 
between fruits based on odor alone (Luft et. al. 2003; Kalko and Condon 1998).  Likewise, 
nectarivorous bats depend on flower odor, echolocation, and shape to find nectar (Von Helversen 
et al. 2000; Gonzalez-Terrazas et al. 2016).  Therefore, it is likely that olfaction, echolocation, 
and vision are all important in the identification of predators by frugivorous and nectarivorous 
bats.   

A recent study used a variety of treatments on hummingbird feeders and found that 
nectarivorous bats altered their foraging behavior to avoid echolocation and/or visual predatory 
cues, but did not change behavior to avoid olfactory predator cues (Powers 2014). However, it 
was noted that persistent rain and wind might have impeded olfaction.  Additionally, olfaction is 
an important factor for foraging nectarivorous bats (Von Helversen et al. 2000; Gonzalez-
Terrazes et at. 2016).  Bat-pollinated flowers, like those of the cactus Pachycereus pringlei, have 
very strong odors that have been shown to attract bats over long distances (Gonzalez-Terrazes et 
at. 2016).  If olfaction were not important, these flowers would likely have no odor. 

My experiment will further explore the Powers (2014) investigation by performing a 
similar experiment in a more controlled environment to eliminate factors that may interfere with 
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olfaction.  I will assess the relative importance of olfaction, echolocation, and vision on predator 
avoidance and foraging behavior of pollinating and seed dispersing bats.  
 
MATERIALS AND METHODS 
 
Study Site 
 
This experiment was conducted at the Bat Jungle in Monteverde, Costa Rica.  The Bat Jungle is 
a 17-meter long flight cage with a one-way mirror and strategically placed vines, trees and leaves 
to simulate a jungle environment (See figure 1).  Bats are allowed to fly and forage freely 
throughout the exhibit.  Bats’ natural sleep schedule is offset by 12 hours.  Lighting simulates a 
moonlit night environment for 12 hours during the day in which the bats actively forage, and a 
daytime environment for 12 hours during the night in which the bats sleep.  Food is presented to 
bats using two nectar feeders that hang about 3 m apart with six feeding holes each.  Nectar 
feeders are filled with the Bat Jungle’s established nectar formula (Ratio: 1 L Dos Pinos mixed 
fruit nectar, 4 tbs. powdered milk, 2 tsp. wheat germ, 2 tsp. Nestlé Nestum baby formula).  
Additionally, similarly sized pieces of banana, papaya, apple, pineapple and watermelon are 
placed in 8 different bowls of 12 cm diameter and 5 cm depth for frugivorous bat feeding.  
Bowls are placed in holders shaped like banana bunches that range from about 1.25 m to 1.75 m 
off the ground and were about 50 cm to 3 m apart (See figure 3).  The exhibit houses 50-60 bats 
of 7 different species.  There are 5 species of fruit bats (Artibeus toltecus, Artibeus lituratus, 
Artibeus jamaicensis, Carollia brevicauda, and Platyrrhinus vittatus) and 2 species of nectar bats 
(Anoura geoffroyi, and Hylonycteris underwoodi).  90% of bats were captured in Monteverde – a 
tropical premontane moist/wet forest at around 1500 m elevation in Costa Rica – and introduced 
to the exhibit as juveniles, and 10% were bred in The Bat Jungle. 
 

 
Figure 1. Indoor flight cage at the Bat Jungle in Monteverde, Costa Rica.  Flight cage is 17 m in length, has a one-way 
mirror for observation, and contains strategically placed vines, trees and leaves to simulate a jungle environment. Bats’ 
natural sleep schedule is offset by 12 hours due to specialized lighting. There are 50-60 frugivorous and nectarivorous 
bats of 7 different species, which are allowed to fly and forage freely throughout the exhibit.   

Part 1 – Olfaction vs. Echolocation/Vision 
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For 10 days, five nectar feeders (hummingbird feeders) or five fruit feeders containing different 
treatments were set up at 9:00 am when bat feeding was scheduled. Nectar feeders were 500ml 
soda bottles screwed into a base with four feeding holes.  Two adjacent feeding holes were 
covered with tape in order to ensure that bats had to drink from the side of the feeders with the 
treatments.  Each feeder was filled with 60 mL of the Bat Jungle’s established nectar formula 
(see above).  Established nectar feeders were removed and these new nectar feeders 
(hummingbird feedrs) were hung at about 1.25 m off the ground, and were each 2-2.5 m apart 
from each other.  5 of the 8 established Bat Jungle fruit feeders were used (see above).  These 
were filled with about 1 cup of similarly sized pieces of banana, papaya, apple, pineapple and 
watermelon.  Fruit feeders ranged from about 1.25 m to 1.75 m off the ground and were about 50 
cm to 3 m apart.   

Treatments included a control (no object or odor), a clay snake, a snake odor (mesh bag 
with leaf litter from a snake cage), a neutral object (clay leaf), and a neutral odor (mesh bag with 
leaf litter from outside of the study site) (See figures 2 and 3).  Treatments were attached directly 
to the top of the nectar feeders and hung down within 10 cm of feeding holes.  Treatments were 
attached within 10 cm of fruit feeders.  

Each day, visitations were counted at each feeder for 10 minutes, and once all feeders 
were observed the process was repeated, for a total of 2 rounds of data collection at each feeder.  
Observations alternated between nectar feeders and fruit feeders every other day.  To avoid bias 
based on location, the treatments were rotated to a new feeder location each day.  Visitations 
were counted when a bat paused to drink nectar or take a piece of fruit.  At nectar feeders, bats 
would pause above one of the two available feeding holes and insert their nose.  At fruit feeders, 
bats would dive face first into the bowl of fruit and take a piece with their mouth.  The amount of 
nectar consumed by end of each nectar observation day was measured using a graduated cylinder 
and recorded.  Fruit consumption was not recorded because bats would typically eat all of the 
fruit by the end of the observation period, regardless of treatment.  Only frequency of visits to 
fruit feeders was recorded.   
 
Part 2 – Echolocation vs. Vision 
 
 After 10 days, the procedure was changed to more specifically test vision and 
echolocation.  For six days, three feeders containing different treatments were set up at 9:00 am.  
These treatments included a control (no object or odor), a clay snake, and a control object (clay 
leaf).  Nectar amount, nectar formula, and feeder placement was kept consistent with Part 1 of 
the experiment.  Feeders were left in the exhibit for 45 minutes with the lights on to simulate a 
moonlit night environment, and were rotated to a new location every 15 minutes.  After 45 
minutes, nectar consumption was measured using a graduated cylinder.  Feeders were refilled 
with nectar to reach 60 mL and placed back in the exhibit.  Then, feeders were left in the exhibit 
for 45 minutes with the lights off to ensure complete darkness, and were rotated to a new 
location every 15 minutes.  After 45 minutes, nectar consumption was measured using a 
graduated cylinder.  Every other day, order of light conditions were switched to avoid any sort of 
bias. 
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Figure 2.  Feeders used to test nectarivorous bat foraging behavior in the presence of predator models or controls.  Each 
feeder is a 500ml soda bottle screwed into a base with four feeding holes. Two adjacent feeding holes are covered with 
tape. Feeders were hung at a height of 1.25 m off the ground, and were each 2-2.5 m apart from each other.  Feeders 
include a control, a neutral odor (mesh bag with leaf litter from outside of the study site), a neutral object (clay leaf), a 
snake odor (mesh bag with leaf litter from a snake cage), and a clay snake.   

 
Figure 3.  Feeders used to test frugivorous bat foraging behavior in the presence of predator models and controls.  Bowls 
of 12 cm diameter and 5 cm depth are filled with 1 cup similarly sized pieces of banana, papaya, apple, pineapple and 
watermelon.  Bowls are placed in holders shaped like banana bunches that range from about 1.25 m to 1.75 m off the 
ground and were about 50 cm to 3 m apart.  Feeders include a control, a neutral odor (mesh bag with leaf litter from 
outside of the study site), a neutral object (clay leaf), a snake odor (mesh bag with leaf litter from a snake cage), and a clay 
snake. 
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RESULTS 
 
Part 1 – Olfaction v. Echolocation/Vision: Nectar Feeder Visitation 
 
Nectar feeders differed in their average number of visits statistically (One-Way ANOVA, 
F=8.34, df=4, p<0.0001).  The control feeder, neutral odor feeder, and neutral object feeder all 
experienced the highest mean number of visits, at 23.1 ± 3.36 SE, 19.6 ± 1.43, and 17.3 ± 2.84 
respectively.  These three treatments did not differ from each other statistically (Fisher LSD at 
p>0.05).  The snake odor feeder had a mean number of visits of 9.1 ± 2.02, which was 
statistically lower than the control, neutral object, and neutral odor (Fisher LSD at p<0.05).  The 
snake object feeder had a mean number of visits of 7.5 ± 1.37, which was also statistically lower 
than the control, neutral object, and neutral odor (Fisher LSD at p<0.05).  Snake odor and snake 
object feeders did not differ from each other statistically in mean number of visits (Fisher LSD at 
p=.63; See figure 4). 
 

 
Figure 4. Visits by nectarivorous bats at five nectar feeders with and without predator cues.  Feeders were hung 1.25 m 
off the ground and 2-2.5 m apart in a flight cage.  Each treatment represents the average of 10 different observation 
periods of 10 minutes.  Visits were counted when a bat paused to drink nectar from a feeder.  Error bars represent 
standard errors. 

 
Part 1 – Olfaction v. Echolocation/Vision: Nectar Feeder Consumption 
 
Overall, nectar feeders did not differ in their average nectar consumption statistically (One-Way 
ANOVA, F=1.89, df=4, p=0.152; Figure 5).  However, the control feeder was seen to have a 
statistically higher mean nectar consumption (16.8 ± 3.59 mL) than the snake object feeder (6.6 
± 2.62 mL; Fisher LSD at p<0.05).  There was also a trend for the control to have a higher mean 
nectar consumption than the snake odor feeder, which had a mean consumption of 8.4 ± 2.50 
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mL.  Additionally there was a trend for the neutral object feeder to have higher mean nectar 
consumption, at 14.4 ± 3.22 mL, than the snake object feeder.  Neutral odor had a mean nectar 
consumption of 14.2 ± 3.71 mL, and did not differ statistically from any other feeder. All other 
combinations of feeders did not differ statistically. 

 
Figure 5.  Nectar consumption by frugivorous bats at five nectar feeders with and without predator cues. Feeders were 
hung 1.25 m off the ground and 2-2.5 m apart in a flight cage.  Each treatment represents the average consumption of 
nectar, measured with a graduated cylinder, between five different foraging periods of 100 minutes each.  

 
Part 1 – Olfaction v. Echolocation/Vision: Fruit Feeder Visitation 
 
Fruit feeders differed in their average number of visits statistically (One-Way ANOVA, F=3.82, 
df=4, p=0.0093; Figure 6).  The control feeder had the highest mean number of visits, at 23.2 ± 
3.23, followed by neutral object feeder, with a mean number of visits of 20.3 ± 4.58.  Control 
and neutral object feeders did not differ statistically from each other (Fisher LSD at p>0.05).  
Control did, however, have a statistically higher mean number of visits than neutral odor, snake 
odor and snake object feeders, which were 13.9 ± 2.70, 7.6 ± 2.25, and 13 ± 2.55, respectively 
(Fisher LSD at p<0.05).  There was also a statistically significant difference between the neutral 
object and snake odor feeders.  The neutral object had a statistically higher mean number of 
visits (20.3 ± 4.58) than the snake odor (7.6 ± 2.25; Fisher LSD at p<0.05).  All other 
combinations of feeders did not differ statistically. 
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Figure 6. Visits by frugivorous bats at five fruit feeders with and without predator cues.  Feeders were hung 1.25 m to 
1.75 m off the ground and were 50 cm to about 3 m apart in a flight cage.  Each treatment represents the average of 10 
different observation periods of 10 minutes.  Visits were counted when a bat paused to take a piece of fruit from a feeder. 
Error bars represent standard errors.  

Part 2 – Echolocation v. Vision: Nectar Feeder Consumption 
 
During periods with moonlight-simulated lighting, nectar feeders differed in their average nectar 
consumption statistically (One-Way ANOVA, F=7.66, df=2, p=0.0051).  The two feeders that 
had the highest mean nectar consumption were the control and neutral object, which had mean 
nectar consumptions of 15.33 ± 0.715 mL, and 13.67 ± 1.05 mL, respectively.  These feeders did 
not differ from each other statistically (Fisher LSD at p>0.05).  However, they both had 
statistically higher mean nectar consumption than the snake object feeder, which had a mean 
consumption of 9.83 ± 1.22 mL (Fisher LSD at p<0.05; see figure 6). 
 Overall, during periods of complete darkness, nectar feeders did not differ in their 
average nectar consumption statistically (One-Way ANOVA, F=1.59, df=2, p=0.235).  There 
was a slight trend for the control to have a higher mean nectar consumption (13.17 ± 1.22 mL) 
than the snake object feeder (10.16 ± 1.30 mL; Fisher LSD at p=0.101).  Neutral object feeder 
had a mean consumption of 12.33 ± 1.15 mL and did not differ statistically from either of the 
other feeders (Fisher LSD at p>0.05; see figure 7). 
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Figure 6.  Nectar consumption by frugivorous bats at three nectar feeders with and without predator cues light and dark 
environments.  Feeders were hung 1.25 m off the ground and 2-2.5 m apart in a flight cage with lighting to simulate a 
moonlit night environment.  Each bar represents the average consumption of nectar, measured with a graduated cylinder, 
after six different foraging periods of 45 minutes each. 

DISCUSSION 
 
Both nectar feeder visitation and consumption suggest nectarivorous bats avoid feeders with 
snake odor and snake objects (Figures 3 & 5).  This indicates that nectarivorous bats use 
olfaction and vision and/or echolocation to identify predators.  The fact that the snake odor 
feeder had a lower number of visits than both control and neutral odor feeders suggests that 
nectar bats rely on olfaction to detect predators.  Additionally, the fact that the snake object 
feeder had a lower number of visits than both control and neutral object shows that they also use 
vision, echolocation, or both to detect predators.  These assumptions build on the Powers (2014) 
study, which found that nectarivorous bats use vision and/or echolocation, but not olfaction in 
the detection and avoidance of predators.  However, their study was impeded by wind and rain, 
and mine sought to eliminate these factors that may impede olfaction by conducting the 
experiment in a more controlled indoor environment.  This indicates that in a controlled 
environment, nectarivorous bats may be able to more effectively use olfaction to identify 
predators. 

The use of vision and echolocation cannot be distinguished based on this first test alone, 
but the second part of the experiment provides more insight.  Results showed that consumption at 
the snake object feeder was only significantly less than the control and neutral object feeders in 
conditions with moonlight-simulated lighting, as opposed to complete darkness, which showed 
no statistically significant results (Figures 6 & 7).  The fact that bats avoided the clay snake more 
in conditions with sufficient lighting for sight indicates that vision is important in the 

0	

2	

4	

6	

8	

10	

12	

14	

16	

18	

Control	 Neutral	object	 Snake	

A
ve
ra
ge
	n
ec
ta
r	
co
n
su
m
p
ti
on
	

(m
L)
	

Feeder	treatments	

Lights	on	
Lights	off	

										A	
							A	

					B	

				A1	
				A1	

								A1	

 158 

 158 



identification and avoidance of predators by nectarivorous bats, and possibly a more important 
factor than echolocation.  However, there was still a trend for the snake object feeder to have 
lower mean nectar consumption in completely dark conditions, indicating that bats were still able 
to detect predator shape without the ability of sight.  This suggests that echolocation may also 
play a role in predator detection by nectarivorous bats.  

Fruit feeder visitation show that frugivorous bats visit feeders with snake odor and snake 
object treatments statistically less than the control (Figure 4).  However, they did not visit these 
feeders significantly less than each of their corresponding neutral feeders.  This indicates that 
frugivorous bats use both olfaction and vision/ echolocation to avoid threats while foraging, but 
may not be able to distinguish between benign and threatening cues as effectively as 
nectarivorous bats.  Though not statistically significant, both the neutral odor and snake odor 
feeders were visited less than the neutral object and snake object feeders, respectively.  This may 
indicate that frugivorous bats rely more heavily on olfaction than on vision and echolocation 
while foraging.  Because the vision/ echolocation results were not as clear for frugivorous bats as 
they were for nectarivorous bats, and consumption is difficult and less accurate to measure, the 
second part of the experiment to distinguish echolocation and vision was not conducted using 
fruit feeders. 
 The senses used by nectarivorous and frugivorous bats to detect predators seem to 
correspond with the senses they use to forage.  While foraging, nectarivorous bats depend on 
flower odor, shape, and acoustic properties detected by echolocation (Von Helversen et al. 
2000).  They appear to also use olfaction, vision, and echolocation in the detection and avoidance 
of predators.  Frugivorous bats rely heavily on fruit odor, appearance and shape while foraging 
(Luft et. al. 2003; Kalko and Condon 1998), and results showed that they also use olfaction, 
vision, and echolocation for predator detection.  If these bats can use the same main senses for 
both finding food and predator avoidance, they may not have to drastically alter foraging 
behavior to detect predators.  This might allow them to simultaneously forage and recognize 
predators with little sacrifice to efficiency. 

However, though predator detection may not come with a sacrifice to foraging efficiency, 
predator avoidance still requires a change in behavior.  The fact that visitation and consumption 
were lower at feeders with predator cues shows that bats altered their foraging behavior to avoid 
predators.  For nectarivorous bats, this change in behavior can decrease pollination on flowers 
near predators.  For frugivorous bats, predator avoidance behavior can decrease fruit 
consumption, thus reducing seed dispersal.  Therefore, because of their important role in 
ecosystems, predator avoidance by bats can interfere with mutualisms and likely impact plant 
species and ecosystem function.  Despite effective predator identification and avoidance 
strategies, predator-prey interactions still can impact ecosystems on a larger scale. 
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!
ABSTRACT  
!
Veterinary medicine often employs the use of antibiotics in intensive agricultural practices. The use of 
antibiotics can have unintended ecological effects, which have not been fully explored. One such effect 
could be alteration of dung dwelling invertebrate communities. Dung associated communities perform 
important ecosystem services, and alteration could result in more pronounced environmental consequences. 
In this study, dung dwelling communities in dung from cattle recently treated with antibiotics and cattle not 
recently treated with antibiotics were compared by catalogued invertebrate morphospecies. Antibiotic 
sampled communities had significantly higher average abundance, but significantly lower diversity as 
determined by the Shannon diversity index. This change in community structure could be a result of 
changes in niche partitioning, resulting in trophic cascades. Alteration of community structure is of concern 
because invertebrates comprise much of the world’s biodiversity and make up unique functional groups. 
!
RESUMEN 
La medicina veterinaria a menudo emplea el uso de antibióticos en prácticas intensivas agrícolas.  El uso de 
antibióticos puede tener un efecto ecológico involuntario, el cual no ha sido totalmente explorado.  Uno de 
esos efectos puede ser la alteración de las comunidades de invertebrados que usan el estiercol.  Estas 
comunidades juegan un papel importante en servicios del ecosistema, y la alteración puede resultar en 
consecuencias ambientales más pronunciadas.  En este estudio, las comunidades que usan el estiercol de 
ganado tratado recientemente con antibióticos y sin tratar se compararon catalogando morfoespecies de 
invertebrados.  Las comunidades encontradas en el antibioticos tienen una abundancia promedio mayor 
significativa, pero también una diversidad significativamente menor determinada por el índice de 
diversidad de Shannon.  Este cambio en la estructura de la comunidad puede ser el resultado de cambios en 
la partición de nicho, resultando en cascadas troficas.  La alteración de la estructura de las comunidades 
debe ser de preocupación ya que los invertebrados abarcan la mayoría de la biodiversidad del planeta y 
cumplen grupos funcionales únicos 
!
!
INTRODUCTION 
!
As the world’s human population continues to increase at high rates, agriculture becomes 
increasingly important in sustaining this growth. Intensive methods of agriculture are 
frequently used to maximize output in agricultural systems. However, intensive 
agriculture has a wide range of ecological effects. Intensive farming of cattle often 
involves using antibiotics to promote accelerated growth and treat illnesses, many of 
which are commonly transmitted due to densely populated living conditions or diet 
changes (Jensen et al., 2003; Hammer et al., 2016). However, antibiotic use in intensive 
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agriculture can have unintended ecological effects. Costa Rica became a top beef 
producer by 1986, and after the arrival of the Quakers in 1951 agriculture in the 
Monteverde region became largely focused on dairy (Davis 2007). 

Even though antibiotics pass through the metabolic systems of livestock, 
Evidence exists proving that the feces of animals being treated with antibiotics contain 
detectable residue of antibiotics (Berendsen et al., 2015). This practice has been 
previously studied for unintended environmental impacts, such as antibiotic resistance 
and toxicity effects on livestock associated organisms. When spiked with the antibiotics 
oxytetracycline and penicillin, forest soil lost 80% of active bacteria counts (Schmitt and 
Römbke 2008). Growth retardations and inhibiting effects in response to antibiotics have 
been seen in plants as well. indirect effects could alter food webs. Antibiotics are also 
known to inhibit bacterial respiration in soils. An extremely relevant public health issue is 
antibiotic use causing increased bacterial community tolerance, and even resistance.  

The use of antibiotics has also been studied as it applies specifically to dung 
dwelling invertebrate populations (Hammer et al., 2016; Jensen et al., 2003; Evans, 
2012). Communities centered around dung perform important ecosystem services, and 
are especially important in agro-ecosystems where cattle dung is present. Dung dwelling 
populations are largely comprised of arthropods (Valiela, 1969), especially members of 
Coleoptera and Hymenoptera larvae (Piñero and Avila, 2004; Laurence, 1954; Cervenka 
and Moon, 1991). Dung dwelling arthropods provide ecosystem services such as 
decomposition and gas emission (Penttila et al., 2013; Hammer et al., 2016). Ecosystem 
services maintain ecosystem functionality in a way that is important to humans (Beynon 
et al. 2015). Dung beetles are frequently used as bioindicator species of diversity and 
community health (Davis et al. 2004). Anti-parasitide medication, such as ivermectin, 
have been studied and seen to have direct negative effects on invertebrates (Adler et al. 
2016). Little direct toxicity to soil invertebrates has been seen in previous studies 
(Schmitt and Römbke 2008). Antibiotics have also been shown to affect greenhouse gas 
emissions from dung, as well as restructure microbiota communities associated with dung 
beetles (Hammer et al. 2016). To my knowledge, no studies have explored indirect 
effects of antibiotics on community functioning.  

Agricultural antibiotic use in Costa Rica is relatively unstudied, and the amounts 
of antibiotics used in intensive farming are unknown, although a prescription is required 
to obtain antibiotics (de la Cruz et al. 2014). However, antibiotics are used in agriculture 
on a global scale, and in developing regions in the tropics intensive agriculture has been 
or will be considered for the purpose of maximizing resources to satiate burgeoning 
populations. This study will measure diversity of dung dwelling communities to compare 
the effects of antibiotic use in cattle in the Monteverde area of Costa Rica. Through 
analysis of diversity, changes in invertebrate community structure can be explored. Past 
studies have explored community diversity through this type of analysis of dung dwelling 
arthropods as indicators of change between pasture and forest to address intensive 
agriculture mediated habitat transformation (Wright, 2007).  
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MATERIALS AND METHODS 
 
STUDY SITE 
The study site in which experimental transects were placed was a pasture on the Torres 
farm in Cañitas, Puntarenas, Costa Rica (10.326256, -84.837705), during the month of 
November. This area is considered premontane wet forest.  
 
SAMPLING 
Cattle dung was collected in buckets from two farms. The Torres farm in Cañitas, 
Puntarenas, Costa Rica supplied samples from cows not recently treated with antibiotics 
of any kind. Another farm in Cañitas supplied dung from cows that had been recently 
treated with the antibiotic tetracycline of varying dosage for mastitis.  
 Sixty six plates with seventeen uniform holes in each for drainage were placed in 
six transects. The nearest forest edge was thirty meters away from the closest transect. 
The transects were separated by one meter, and each transect consisted of fifteen plates. 
All plates were placed a meter apart. Thirty samples were set out in the field, fifteen of 
each treatment group, on October 31st. The remaining samples were placed in the field on 
November 5th. Each sample of dung weighed 0.5 kg upon placement in the field, 
measured using a hand scale. Dung samples and plates were, effectively, randomly paired 
by an unbiased assistant to vary the order and area in which both treatment groups were 
placed. Samples were either left in the pasture for three days, six days, or nine days. 
Eleven total samples for each treatment group were recorded at each time period.  
 After samples were removed from the field, they were placed in Ziploc bags and 
re-weighed. Samples were then dissected using tweezers and two sieves. Water was 
poured over samples to separate insects from dung, and to float insects to the top. Water 
was also poured into bags prior to placement in sieves to disable flying insects. Dung 
samples were dissected for ten minutes each. Dissected organisms were placed in vials 
containing 90% ethyl alcohol. Vials were taken to the Monteverde Biological Station for 
identification to morphospecies. Morphospecies were photographed, and counts for each 
sample were recorded.  
 
 
RESULTS 
 
OBSERVATIONS 
2572 individuals from 62 morphospecies were collected in total. On average samples lost 
0.073-0.173 kg in antibiotic treatments and -0.027-0.12 kg in non-antibiotic treatments, 
with the greatest loss of mass being on day nine and the least on day three. Secondary 
weights were also recorded and found to be significantly different (F=4.11674, df=5, 
p=0.00279). Mass appeared to decrease as time in the field increased, and non-antibiotic 
samples always weighed less than antibiotic samples (Figure 3). However, Tukey post-
hoc testing reveals that during no time period were antibiotic samples and non-antibiotic 
samples significantly different. Changes in weather were variable over all collection 
days. Some days were sunny and dry, while other days were rainy or directly following 
heavy rain. There were also noticeable differences in color and texture between antibiotic 
and non-antibiotic dung samples. Non-antibiotic samples were lighter, with more yellow 
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tones. Antibiotic samples held their form more firmly than non-antibiotic samples, which 
crumbled more easily, and seemed slightly drier.  
 

 
Figure 1. Average secondary masses of dung samples upon collection for dissection. 
Error bars represent SEM.  
 
ABUNDANCE 
On average there were 48 individuals in antibiotic dung samples and 30 in non-antibiotic 
dung samples with ranges going form 12-123 and 2-72, respectively. More consistent 
variation between antibiotics and non-antibiotic samples was present when comparing 
average abundance (Figure 2). There were significant differences between different time 
periods (F=9.1284, df=2, p=0.0003458), different treatment groups (F=13.3725, df=1, 
p=0.0005396), and between treatment groups in specific time periods (F=5.5410, df=2, 
p=0.0061908).  

Post-hoc testing (Tukey) revealed that differences in abundance were significant 
between samples left in the field for nine days and three days (p=0.0004486), and nine 
days and six days (p=0.0056931), but no significant difference existed between samples 
in the field for three days and six days (p=0.6960847). Abundance appears to decrease 
over time. A significant difference did exist between treatment groups with post-hoc 
testing (p=0.0005396). Notably, significant differences in abundance also exist between 
treatment groups after three days exposure in the field (p=0.0001506). Significant 
differences also existed between antibiotic treatment samples in the field for three days 
and nine days (p=0.0000674). 29 morphospecies had higher abundances in antibiotic 
samples.  
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Figure 2. Average abundance of morphospecies in dung community after three, six, and 
nine days left out in field plot, comparing sample communities living in dung collected 
from cows recently treated with antibiotics and cows not recently treated with antibiotics. 
Antibiotic samples have significantly higher abundance on Day 3 than non-antibiotic 
samples based on a one-sample ANOVA and post-hoc Tukey test. Error bars represent 
SEM.   
 
SPECIES RICHNESS 
On average there were 8 species in antibiotic dung samples and in non-antibiotic dung 
samples, ranging from 5-12 and 2-16, respectively. There was some variation in average 
species richness between antibiotics and non-antibiotic samples, however, standard errors 
for non-antibiotic samples were large, especially for samples left out for three and six day 
periods (Figure 1). For species richness, on average there was no significant difference 
between different time periods (F=0.7085, df=2, p=0.4964), different treatment groups 
(F=2.1231, df=1, p=0.1503), or between treatment groups in specific time periods 
(F=0.6908, df=2, p=0.5051). Over all samples, 32 morphospecies were shared between 
antibiotic and non-antibiotic samples. 17 morphospecies were unique to non-antibiotic 
samples, and 13 were unique to antibiotic samples.  
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Figure 3. Average species richness of community members after three, six, and nine days 
left out in field plot, comparing sample communities living in dung collected from cows 
recently treated with antibiotics and cows not recently treated with antibiotics. Error bars 
represent standard error of the mean (SEM).  
 
DIVERSITY INDICES 
Non-antibiotic treatment samples have significantly higher diversity than antibiotic 
treatment samples after three days in the field (p=8.943E-17), and six days in the field 
(p=0.013742), but not after nine days in the field (p=0.52567) (Table 1). The Morisita 
index shows similar overlap in species between treatment groups over all three time 
periods (Table 2).  
 
 
Table 1. Shannon index (H) values for both treatment groups over all three time periods. 
Over every time period, non-antibiotic samples have higher values on the Shannon index.  

 Day 3 Day 6 Day 9 
Antibiotic 1.465 2.435 2.615 

Non-antibiotic 2.234 2.61 2.673 
 
Table 2. Morisita index values of turnover between antibiotic and non-antibiotic 
treatment groups over three time periods 

Day 3 Day 6 Day 9 
0.83274486 0.83232534 0.78837613 
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DISCUSSION 
 
Significant differences in abundance and diversity between antibiotic sample 
communities and non-antibiotic communities suggests that the influence of antibiotic use 
in cattle affects dung dwelling community composition. Antibiotic sample communities 
have significantly higher average abundance, especially within the first three days of 
ambient exposure, but are significantly less diverse as determined by Shannon indices. So 
what does it mean that abundance is significantly higher in antibiotic communities, and 
biodiversity is higher in non-antibiotic communities? The answer could lie in niche 
partitioning and community structure.  
 Niche partitioning in dung beetles has already been studied, and is relatively well 
understood (Inward et al. 2011). Dung beetle species can be classified by niche-forming 
behavior, and likely this applies to other dung dwelling species, in terms of both 
intraspecies and interspecies relationships. Dung dwelling communities may be shaped 
by strong competition due to a large number of species sharing a single, concentrated 
resource in animal dung.  

Even though it was not part of this research, it’s known that antibiotics 
significantly alter beetle microbiota (Hammer et al. 2016), and this could affect some 
species more strongly. So it may make sense that antibiotic sample communities have 
lower diversity, but higher abundance. If certain species don’t function as well with an 
altered microbiotic environment, they could be outcompeted and have their ecological 
niches filled by higher numbers of other species. Some studies suggest that some 
invertebrate species depend on bacterial symbionts for digestion and metabolism, while 
other invertebrate species actually perform better without naturally occurring bacterial 
associates (Byrne et al. 2013). In dung dwelling species, especially beetles, digestive 
bacterial symbionts may also be extremely important in carrying out dung beetle 
ecosystem services, including nitrogen and carbon cycling (Hammer et al. 2016). This 
interaction between loss of microbiotic symbionts and macroorganisms may have further 
cascading effects as well. With the loss of a species that alters abiotic conditions, species 
dependent on these alterations could suffer. For example, dung beetles are known to 
significantly alter microbial composition of soil, and could cause cascading effects to 
other community members (Slade et al. 2015). If the morphospecies which are 
significantly lost or gained with antibiotic treatment are identified further than 
morphospecies, this study could also provide evidence for potential indicator species in 
dung-dwelling communities.  
 It’s also possible that mass differences were large enough to affect the data, 
although no significant differences between antibiotic and non-antibiotic samples existed 
during the same time period. Antibiotic samples were always larger, although not 
significantly larger, than non-antibiotic samples, which could be a trend due to greater 
removal of non-antibiotic dung by dung beetles. This would be an interesting direction 
for future studies. However, in this study, variable loss of mass could play a role in 
sampling. It’s possible that less individuals were collected for non-antibiotic samples than 
is representative of the community because less dung was present upon collection. This 
could contribute to higher abundances present in antibiotic sample communities. Also, 
the diets of cattle in both treatment groups were not identical. The antibiotic treatment 
group of cattle were fed corn in addition to grass, while the non-antibiotic treatment cattle 

 167 

 167 



were fed mainly grass. This could also have an effect on the hospitability of the dung to 
dung-dwelling communities.  
 This study addresses the uses of antibiotics in intensive agricultural and finds 
significant support for cascading changes in invertebrate communities associated with 
cattle dung. This suggests that indirect effects of antibiotics could be measurable, and of 
vital necessity to understand in order to maximize the environmental and ecological 
sustainability of agricultural practices in a growing world. 
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ABSTRACT 

Tropical land transformation is a significant source for atmospheric carbon enrichment. Although 
largely attributed to forest burning, tropical land transformation potentially impacts soil organic 
carbon retention. This study focused on five different landscapes to represent different intensities 
of land alteration: primary forest, secondary forest, crops with compost, crops with inorganic 
fertilization and pasture. The soil organic carbon percentages, bulk densities and carbon storage 
(tons/hectare) were found to vary between landscapes (p<000.1). Primary forest was found to 
have the highest illustrated trends using means and standard errors, and grazing land had the 
lowest. Forest landscapes were found to have the lowest bulk densities, and farming practice 
using compost fertilization was found to have the highest. Both the farm using compost and 
forest landscapes were found to have the highest carbon per hectare. As with other tropical 
forests, primary Cloud Forests have the highest soil organic carbon amounts. Agriculture that 
used more sustainable practices also have higher organic carbon storage abilities than land used 
for conventional farming and grazing. 

RESUMEN 

Cambios en el uso de suelos tropicales es una fuente importante en el enriquecimiento de 
carbono en la atmósfera. A pesar de ser atribuido a la quema de bosques, cambios en el uso de 
suelos tropicales impacta potencialmente la retención de carbono orgánico en el suelo. Este 
estudio se enfoca en cinco diferentes paisajes que representan diferentes intensidades en suelos 
alterados: bosque primario, bosque secundario, plantaciones con compostaje, plantaciones con 
fertilización inorgánica y pastizales. Los porcentajes de carbono en suelo, densidad del suelo y 
carbono almacenado (toneladas/hectárea) variaron entre paisajes (p<000.1). Bosque primario 
demostró la tendencia más alta utilizando promedios y errores estándar, y pastizales fue el 
menor. Paisajes de bosque mostró la densidad de suelo más baja, y las prácticas agrícolas que 
utilizan compostaje tuvo la mayor densidad. Tanto como la finca agrícola con compostaje como 
los paisajes con bosque mostraron la cantidad más alta de carbono por hectárea. Como otros 
bosques tropicales, el bosque nuboso primario posee la más alta cantidad de carbono en suelo. 
Agricultura que utiliza prácticas más sostenibles también poseen mayor habilidad de almacenar 
carbono que suelos con prácticas agrícolas convencionales y pastizales. 

INTRODUCTION   

Today, more than 75% of the Earth’s ice-free land shows significant evidence of human land-
use, impacting primary production, biogeochemical cycles, climate and biodiversity (Verburg et 
al. 2013).  Land transformation is largely from forest to agriculture, where cropland encompasses 
an area the size of South America, and grazing lands an additional area the size of Africa 
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(Laurence et al. 2014). Transformation of forest to agriculture releases carbon into the 
atmosphere (Costa and Foley 2000). A major concern of this input is related to the tropics, which 
has the capacity to be a net ‘sink’ for carbon dioxide, but has become a net source due to increase 
in deforestation (Corlett 2015). This is largely attributed to burning of vegetation but is also a 
result of organic and inorganic carbon released from soil deterioration (Woodwell et al. 1983). 
The soil carbon pool is roughly 4.4 times the size of the biotic carbon pool, and some soils have 
lost as much as 20 to 80 tons C/ha, which is mostly emitted into the atmosphere. (Lal 2004). This 
process is enhanced by global warming, where rising temperatures increase emissions and create 
a positive feedback loop of carbon input (Jones et al 2005).  

 Carbon sequestration is a topic of interest among the Intergovernmental Panel on Climate 
Change (IPCC), which has mostly focused on methods of increasing above-ground biomass. 
Recently, they have begun looking into agricultural management strategies to increase soil 
carbon storage as a form of increasing carbon sequestration.  New studies are being conducted to 
determine if it would be possible to reverse the effects of soil deterioration, as well as studies on 
which practices and land-uses have the highest carbon storage abilities and which have potential 
to be returned to a carbon ‘sink’ rather than a carbon source. Gebhart et al. (1994) found that 
returning cropland to natural prairie in temperate regions can sequester about 45% of the 38.1 
million tons of carbon released annually into the atmosphere. This type of land reconditioning is 
also being looked into as a potential solution within tropical regions (Ogle et al. 2005). The first 
step in reversing this process is identifying the landscapes with depleted carbon storage abilities 
so that changes in use and management can be implemented.  

 Land alteration greatly impact the abilities of landscapes to retain soil organic carbon 
(SOC), particularly in the Tropics where deforestation is occurring most rapidly. Over half of the 
tropical or subtropical forest that persists today has been substantially altered (Laurence et al. 
2014). The decrease in vegetation results in lower humification rates due to reduced organic 
plant matter, increased erosion due to reduced rooting systems and higher soil temperatures due 
to decreased canopy coverage, which increases oxidation rates (Weil and Brady 1996). Long-
term cultivation in tropical moist climates have been shown to cause loss of SOC, with cultivated 
soils having only 58% of the amount naturally found under native vegetation (Ogle et al. 2005). 
In turn, loss of SOC degrades soil quality, reduces productivity, and adversely impacts water 
quality (Lal 2004). A more rapid decrease in SOC in these areas is not only from increased 
erosion and persistent removal of organic materials, but grazing pressures and higher rate of 
decompositions in cropland and grazing land-uses (Abegaz et al. 2015).  

 Monteverde, Costa Rica’s Cloud Forest has been cleared for agricultural crops and 
grazing since the mid-1950s (Tanner et al. 2014).  It contains Premontane-Montane Moist-Rain 
Life Zones between 1250-1800 meters, having soils with volcanic input on steep terrain 
(Nadkarni and Wheelwright 2014). According to Schembre’s (2009) complete soil profile of the 
Santa Elena Cloud Reserve, Monteverde soils are composed of mostly utisols and inceptisols. 
Inceptisols are known to contain 22 % of global carbon storage within the first 100 cm (Weil and 
Brady 1996). As with the rest of the Tropics, Monteverde has a rapidly growing population 
(Nadkarni and Wheelwright 2014). Crop management has shifted from traditional practices of 
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working organics back into soil to increasing use of inorganic fertilizers to increase production. 
Pastures have been heavily overgrazed. These practices have been seen in many unprotected 
lands of Costa Rica (Evans 2010).  Fortunately, Monteverde is undergoing somewhat of a 
“sustainable revolution” where a large portion of the community is committed to more 
sustainable land use practices (Nadkarni and Wheelwright 2014). Also, a significant portion of 
the landscape has been reforested in recent decades through government intervention, including 
payments to landowners for environmental services (Fagan et al. 2013) Being a location where 
land provides an example of regeneration from clearing to different types of agricultural 
practices and forest rehabilitation makes Monteverde ideal for studying the effects of land 
alteration of the carbon pool within tropical ecosystems. The purpose of my proposed experiment 
is to determine if different land uses impact SOC. Having a better understanding of SOC in soil 
will provide preliminary data for further studies and management decisions to protect 
agricultural output but also to protect soil carbon stores.  

MATERIALS AND METHODS 
 
Study Cites 
This study focused on five different land uses that have undergone different intensities of 
disturbance: primary forest, secondary forest, pasture, crops with compost fertilization, and crops 
using chemical fertilizers. Primary Forest represent least land alteration, though these forests 
have a some human alteration from selective tree removal and fragmentation, followed by 
secondary, regenerating forest (forest from other land uses with occasional remnant trees), 
compost fertilized farm, inorganic fertilized farm, and grazing pasture. Each land use type was 
represented by 0.5-2 hectares, surrounded by other land uses.  Sites were selected with the help 
of locals who had knowledge of landscape history and current-use and practices.  
 
La Finca del Torres 
Pasture, inorganic cropland, and secondary forest were on the land of Nery and Victor Torres, in 
Canitas Monteverde, Costa Rica (Figure 1). The site used to collect soil for pasture analysis was 
obtained from an active but unoccupied pasture covered in grass. Inorganic cropland was a 
coffee monoculture located on a hillside between two large segments of regenerated secondary 

 
Figure 1. Field study sites from the farm of Nery and Victor Torres, located in Canitas, Monteverde Costa Rica, a 
moist tropical forest. Samples for analysis of percent soil organic carbon were obtained from cattle grazing land 
(right), coffee plant monoculture (middle), and regenertaed secondary growth forest (left). Samples were taken from 
each site for analysis on soil organic carbon percentages. 
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forest. A few large fruit trees were incorporated into the crop field. Soil was collected from the 
secondary forest along the left side of the coffee monoculture. 
 
Life Monteverde 
Composted cropland was on Life Monteverde (Figure 2). According to the organization website, 
Café de Monteverde, the farm Life is their local coffee farm project that promotes stainable 
agriculture and conservation practices through educational programs. The samples were obtained 
from an organic vegetable garden that is fertilized with compost from coffee skins and animal 
waste (goat and chicken), molasses, whey, charcoal and leaf litter from the forest floor. The farm 
uses organic practices of fertilization and weed control for their surrounding coffee production 
plots, but the establishment itself is located downhill from other farms that use chemical 
fertilization and pesticides.  
 
Primary Forest 
Primary forest was a segment of forest located on Rancho Bellavista in the Canitas area (Figure 
2), with the help of Jose Luis Villalobos, a local who had permission to access the property.  Jose 
described the forest as primary, stating that it had never been cut. Qualitative observations of 
canopy coverage, ground vegetation and species diversity helped confirm the status of the forest.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Soil Collection and Preparation 
Ten soil samples were obtained from each site. Samples were taken from the interior of each site, 
avoiding soil located along borders. Soil was obtained from the top half, center and bottom half 
of each site, with four samples along the center and three in each half. The samples along the 
center transect were spread apart at equal distances.  The samples within each half were located 
90° both above and below the midway point between the samples along the center transect. 
Samples were spatially determined in proportion to sample site size, where center points, mid- 
points and distances between samples were correlated in accordance to plot size per site (Figure 
3). 

  
Figure 2. Field study cites from primary old-growth forest (right) and Life Monteverde. 
Located in Canitas, Monteverde Costa Rica, a moist tropical forest. Samples were taken 
from each site for analysis on soil organic carbon percentages. 
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Each sample were taken using a depth of 10 cm. In tropical soils, highest concentrations 
of SOC is found between 0-20 cm depths and has the strongest response to land-use differences 
(Abegez et al. 2015). Sample measurements were taken with a 132 cm3 cylindrical tin, at a depth 
of 10 cm. A small shovel was used to dig a hole until the soil at 10cm depth was exposed, then 
the tin was pushed down into the soil until the bottom of the tin was flat with the surface. The tin 
was then twisted and removed.  The soil from the tin was placed within labeled plastic zip-lock 
bags and brought to the biological station within 2 hours of collection. Each replicate was placed 
on a plastic plate, and allowed to air dry completely before being passed through a 2-mm soil 
sieve to remove gravel and root fragments. Soil was then weighed. A mortar and pestle and 0.15 
mm sieve was used to prep soil for chemical analysis of total organic carbon using a colorimetric 
method (below).  
 
Organic Carbon Test (Colorimetric Method) 
 
  To create a standard curve, I dissolved 11.886 g dry sucrose in water to 100 ml in a 
volumetric flask, creating a 50 mg/ml C solution. Using a pipette, I transferred 0,5,10,15,20,25 
ml of the 50 mg/ml C stock solution into labelled 100 ml conical flasks and made up to the mark 
of 100ml with water and mixed. These were the working standards and contain 0, 2.5, 5.0, 7.5, 
10.0, 12.5 mg/ml C. Then, with a pipette, I transferred 2 ml of each working standard into 
labelled 100 ml conical flasks and dried at 105 C on a hot plate until the water was evaporated. 
These then contained 0, 5, 10, 15, 20, 25 mg C. Once each flask with different C mg was 
produced, I completed all steps of the following procedure used to determine absorbance with 
soil samples, with the different amounts of Carbon mg, in replacement of the 0.5 g of soil.  
Absorbance of different solutions synthesized from each soil sample were compared to this 
standard curve using carbon synthesized from the sucrose solution (Baker 1976). 
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 I weighed approximately 0.5 gram soil into a 100 ml conical flask and recorded the 
weight. I then added 2 ml deionized water and mixed. Once mixed, I added 10 ml 5% potassium 
dichromate solution and allowed it to completely wet the soil or dissolve the standards. Slowly, I 
used a micropipette to add 5 ml sulfuric acid to each flash, then gently swirled the mixture. Once 
the solutions were well mixed, they were heated on a hotplate at 150 C for 30 Minutes. Once 
cooled, I would then add 50 ml 0.4% barium chloride, swirl to mix thoroughly and allow to stand 
overnight. The next day, I transferred an aliquot of the supernatant solution into a colorimeter 
cuvette, and with a spectrophotometer measured and recorded each standard and sample 
absorbance at 600 nm.   
 
 Using the standard curve for sucrose, absorbance of each soil sample was converted to 
concentration (K= Calculated Soil Concentration- Mean blank Concentration). The corrected 
concentration was then used to find the percentage of organic carbon (% Organic Carbon = (K x 
0.1) / Weight (g)) (Baker 1976). 
 
Bulk density and organic carbon per hectare (tons) 
Bulk density was determined by dividing the dry weight of the entire sample obtained from the 
132cm3 tin by the volume of the tin (D =W/V). The bulk densities along with carbon percentages 
of the soil samples were then used to determine the amount of carbon storage per hectare of each 
landscape (Carbon Per Hectare (tons) = Th x D x C, where Th is sample thickness (cm), D is 
bulk density and C is % carbon) (Donovan 2012). The bulk density and percent organic carbon 
of the same, individual samples were used for carbon per hectare calculations. 
 
  An Analysis of variance (ANOVA) test was then performed to determine differences 
along both the percentage of organic carbon per sample, bulk density, and total organic carbon 
tons per hectare. An additional Fisher LSD was used to determined differences between 
landscapes for each variable. 
 
Soil Characteristics 
Soil texture was determined by settling rate (Masters 2016). Soil was filled halfway into an 8 oz. 
wide mouth glass jar. Water was added until the soil was a mud consistency, and the level of soil 
was marked on the exterior of the jar. Water was then added until  it filled the rest of the jar, 
closed and then shaken until the soil and water were well mixed, with no soil remaining stuck to 
the bottom of the jar. Once well mixed, the soil was placed on the table to settle for 40 seconds. 
The level of the soil after 40 seconds was marked, then the jar was placed on a flat surface and 
allowed to settle overnight. The next day, the level of settled soil was marked, and each section 
of soil was measured to determined sand, silt and clay percentages using the markings from each 
step. Percentages were calculated by dividing the height of each layer from the total height of 
settled soil. The percentages were then compared to a soil texture triangle, and soil was classified 
by proportions of sand, silt and clay. Soil texture by settling rate was determined for each 
collected sample. Soil color was determined by taking a small amount of moist, but not wet, soil 
from each sample, and comparing it to the Munsell® soil-color chart. This was done under well-
lit conditions for more the most accurate comparisons.  
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RESULTS 
 
Soil Organic Carbon Percent 
SOC changed with land-use (need all of the ANOVA data, F = 111.09, df = 4, p<0.001, Figure 
4). The mean percent SOC decreased with greater intensities of land use, with grazing land 
having the lowest mean value (1.64%). Least altered land uses contain higher percent SOC, with 
primary forest having the highest mean value (2.99%) and secondary having the second highest 
(2.61%). Both compost use farm and inorganic farm were both statistically higher then grazing 
(2.02%, 1.92%), and lower then both secondary and primary forest. Inorganic cropland and 
compost cropland were not statistically different in their % SOC (Fisher LSD p=0.19).  

Bulk density 
Densities were found to be different between landscapes (ANOVA, F= 58.89, df =4, p<0.001, 
Figure 5), and are higher in landscapes with greater land alteration.  Grazing and farm 
landscapes had higher mean densities than forest types. Composted crop soils had the highest 
mean density (1.06g/cm3), followed by inorganic fertilized soils (0.97 g/cm3)and then grazing 
pasture (0.85g/cm3). Secondary forest and primary forest had the lowest mean bulk densities 
(0.75g/cm3 ,0.76g/cm3), and were not found to be statistically distinct from each other in density 
(Fisher LSD p=0.76).   
 
Carbon per Hectare (Tons)  
The amount of soil organic carbon per hectare in tons varied by land use (ANOVA, F= 30.88, df 
= 4, p<0.001, Figure 6). Primary forest had the highest mean value (7.96 tons/hectare), compost 
use farm had the second highest value (7.55 tons/hectare) followed by secondary forest (6.90 
ton/hectare). Compost use farm was determined fount to not be statistically different from both 
primary forest (p=1.8) and secondary forest (p=.31), though primary and secondary forest were 
statistically different (Fisher LSD= 0.009). Inorganic farm was found to be none statistically 
different to secondary forest (Fisher LSD p=2.9). Primary and Secondary forest had the highest 
calculated standard error of all groups (SE=0.28).  The inorganic farm had the second to lowest 
carbon storage (6.58 ton/hectare) with grazing having the lowest (4.89 tons/hectare).  
 
Soil Characteristics 
According to the settling rate and the soil texture triangle test, all landscapes had loamy sand soil 
texture, with inorganic farm having some sandy loam soil textures. The soil color varied by 
landscape (Table 1). 
 

Table 1. Soil Characteristics of Landscapes in Monteverde, Costa Rica 
Location Soil Color Texture 
Primary Forest 

Very Dark Brown/Black 

Loamy Sand 

Secondary Forest 
Grazing Field Very Dark Brown/Black 

Compost Use Farm 
Very Dark Brown              
Reddish Black/Black 

Inorganic Farm  
Dark Red Brown/ Reddish 
Black/Black Loamy Sand/Sandy Loam 
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Figure 4. Mean percentage of soil organic carbon (SOC) found in different  land uses in 
Monteverde, Costa RIca, a moist tropical forest.  Samples were collected from each location, and  
soil organic carbon was determined with chemical analysis for absorbance measurements at 600 
nm with a spectophotometer. Error bars show standard error per mean. Corresponding letters 
show non-statistical differences.
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Figure 5. Difference is mean bulk densities of lanscapes with different types land-use alteration in 
Monteverde,Costa Rica, a moist tropical forest. Ten soil samples were collected from each 
location at a depth of 10 cm. A small, 132 cm3 cylindracal tin was used to collect equal volumes 
for calculations. Error bars show standard error per mean.
Corresponding letters show non-statistical differences.
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Observations 
Samples were visually different in composition during soil preparation. Samples collected from 
pasture had many small root fragments. Inorganic farm had small plant particles from roots and 
ground cover plants. Compost farm contained small biotic organisms that were removed before 
drying, such as worms and small arthropod. Both secondary and primary forest landscapes also 
had small biota removed before drying, and had larger leaf fragments found with the samples.  
 
DISCUSSION 

Soil color characteristics agree with prior studies that suggest that darker soil colors are found in 
tropical montane moist forests (YitLeng et al. 2009). Color varied slightly by site, but in general 
were all darker color options within the Munsell® soil-color charts. The soil textures for the A 
and B horizons (2-30 cm) of soil in a tropical cloud forest are primarily Silty Loam, Loam, 
Sandy Loam, and Sandy Clay Loam (Schembre 2009). Our results of loamy sand and sandy 
loam concur with this, and the soil characteristic similarities help to confirm that collected soil 
was what would be expected in this region. Generally, darker soils are contributed to higher 
amounts of organic material (Weil and Brady 1996), and this organic matter likely contributes to 
the carbon stored within the landscape. The texture classifications are those which contain high 
portions of sand, which have low surface to volume ratios. Water storage is greater within soils 
that have larger surface to volume textures, and therefore having high sand proportions makes 
these tropical soils less efficient at holding water, and more susceptible to erosion due to intense 
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rainfall. These characteristics reinforce the risk associated with land alteration and reduced 
carbon within the landscapes.  

 The SOC results suggest that forest landscapes have the highest carbon stores, followed 
by croplands and pasture. Tanner et al. (2014) similarly found that pastures nearby Santa Elena 
had 20% less total carbon at 0 to 30 cm depth than mature forest soils, and were also lower in 
carbon storage then regenerating secondary forest. The results of this study suggest that pastures 
have approximately 45% less carbon then mature primary forest. Inorganic and compost farm 
were found to be similar in SOC which could be the result of crops providing above ground 
biomass for the landscapes, which aid in similar carbon addition though increased humification 
from falling plant material. Though not statistically significant, the compost use farm had a 
higher percent carbon then the inorganic farm. These results suggest that even land-use for crop 
production rather than grazing animals is better for carbon sequestration purposes, but that forest 
landscapes are the best for carbon storage. 

 This study found that organic carbon is indeed affected by land alterations, but it also 
found that the relative densities of the landscape is a large contributor to the amount of organic 
carbon stored within the landscape, and therefore can affect the efficiency of different landscapes 
to sequester carbon for environmental purposes. Changes in bulk density have been shown to 
have profound influence on the results of the calculations. (Veldkamp 1994). My results suggest that 
having moderate amounts of carbon within the landscape can also be beneficial to total carbons storage if 
the relative bulk density of the landscape is higher. The compost farm was found to have the third highest 
SOC percent behind forest landscapes but had the highest bulk density. These combined characteristics 
determined that it was found to have the second highest total carbon storage (ton/hectare) out of all the 
landscapes. Composting has been shown to effectively store mineral nutrients, and its use on the farm 
likely contributed to the moderate carbon percent seen in the soil (Brady and Weil 1996).  When 
recognizing total organic carbon as a function of not only percent carbon but also landscape 
density, the compost farm was found to be similar in storage abilities to both regenerating 
secondary forest and primary forest. The combined effect of the compost farm having moderate 
percent carbon storage and a calculated high density resulted in the farm having the similar 
amount of carbon tons per hectare as primary forest. Though the compost farm used for this 
study was relatively small, it suggests that the use of compost as fertilizer actually aids in the 
carbon sequestration abilities of landscapes 

  Secondary forest was found to have lower carbon storage then compost farm. This is 
likely contributed to the slow rehabilitation of a landscape that was once cleared for pasture, 
which have been shown to have the lowest carbon storage abilities. Even inorganic farm was 
found to have higher carbon storage then pasture. Though inorganic farm and pasture had higher 
densities then forest landscapes, they also had the lowest percentage of SOC of all landscapes. 
The combined effect of the inorganic farm having a higher density and higher percent organic 
carbon gave it an advantage over pasture. Generally, grazing lands would be expected to have 
higher bulk densities then those seen from this study (Tate et al. 2004).  It is possible that the 
amount of grass root debris that were sieved out within the soil samples from the pasture could 
have resulted in the lower weights of each sample, whereas the soil from the organic farm 
samples were obtained between monoculture rows and had less debris. The variance of the bulk 
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densities helped contribute to the landscapes storage abilities, and by looking at pasture it is seen 
that the combination of low SOC percent and low density can be detrimental to a landscapes 
ability to hold carbon, and are least influential towards carbon sequestration efforts.  

 My study was also unable to take into account stored inorganic carbon (IOC), though in 
terms of restoring natural carbon, organic carbon storage is arguably more important.  When I 
compared this data with other studies done on soils within tropical landscapes, my results 
produced lower carbon percentages (Schembre 2009 and YitLeng et al. 2009) which is likely due 
to the exclusion of IOC, and the use of colorimetric methodology.  Though, even with a less 
accurate methodology, a general trend was seen where forests landscapes and agriculture that use 
more sustainable practices have higher organic carbon storage abilities then land used for 
traditional farming practices and animal grazing. Having a better knowledge of carbon storage 
within landscapes is going to be critical as we move forward as a global community to counter 
the effects of increasing global temperatures and increasing populations. Tropical regions are 
still under development and understanding how altering the landscape within these regions 
influences the addition of carbon dioxide into the atmosphere will help communities understand 
why management plans need to be implemented to reduce human impact. This study is further 
evidence that conservation of tropical forests, and further research into sustainable practices and 
technologies will help reduce our carbon footprint.  
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ABSTRACT 
Living fences are a common characteristic of Costa Rican agricultural landscapes and have been shown to support 
wildlife where habitat has been fragmented and destroyed.  The goals of this study were twofold.  First, determining 
to what extent living fence posts can be beneficial to wildlife, specifically birds, by providing food and habitat 
corridors also to farms by providing pollinators, dispersers, and pest control.  Second, looking into the carbon 
sequestration potential of living fences compared to the carbon emissions from clear cutting land for agriculture, 
primarily pastures.  Bird activity was observed for species and behavior in each of four fence types and locations: 
Living near forest edge, living away from forest edge, dead near forest edge, and dead away from forest edge.  
Living fences on farms drew in more 1700% more bird individuals than dead fences, by providing travel corridors 
and food, while also providing ecosystem services to the farm, mostly pest control.  Based on DBH of each tree 
post, living fences do not have sufficient carbon sequestration to counteract the emissions from pasture 
development.  Living fences only absorb approximately 105,000 kg C, while pasture conversion emits over 30,000 
kg C per hectare of pasture per year, but they do offer some mitigation to this problem.  Ultimately, the 
implementation of living fences on farms could enhance biodiversity, providing ecosystem services to farms and 
closing the gaps between agricultural and the environment, while also helping towards Costa Rica’s carbon neutral 
goal.  
 
RESUMEN 
Cercas vivas son una caracteristica común en el paisaje agrícola de Costa Rica y ha demostrado que sostiene vida 
silvestre donde el hábitat ha sido fragmentado y destruido. El propósito de este estudio fue doble. Primero 
determinar si las cercas vivas son beneficiosas para vida silvestre, específicamente aves, suministrando 
polinizadores, dispersores y controladores de pestes. Segundo, observar el potencial en secuestrar carbono que 
poseen las cercas vivas comparado con las emisiones de carbono de tierra de uso agrícola, principalmente pastizales. 
Actividad en aves fue observada en especies y comportamientos en cada uno de los siguientes tipos de cercas vivas 
y ubicaciones: Vivas cerca del borde del bosque, Vivas lejos del borde del bosque, Muerta cerca del borde del 
bosque y Muerta lejos del borde del bosque. Cercas vivas en haciendas tuvieron 1700% más individuos que cercas 
muertas, proveyendo paso y alimento, además de proveer servicios ecosistémicos para las haciendas, en su mayoría 
control de pestes. Basado en el DAP de cada árbol-poste, las cercas vivas no mostraron suficiente secuestro de 
carbono para contrarestar las emisiones del desarrollo de pastizales. Cercas vivas solo absorbieron 105,000 kg C 
apróx, mientras que que pastizales emiten cerca de 30,000 kg C por ha/pastizal/año, pero no ofrecen mitigación 
alguna ante este problema. Por último, la implementación de cercas vivas en haciendas puede aumentar la 
biodiversidad , proveyendo de servicios ecosistémicos a haciendas y cerrando brechas entre la agricultura y el 
ambiente, además de ayudar a Costa Rica en su meta de carbono-neutralidad. 
  
INTRODUCTION 
Central America is home to very diverse landscape quilts of agricultural and forested patches 
checkered with living fences.  Across Central America, living fence posts are used by local 
farmers as boundaries for livestock, gardens, and property.  Living fences are also an economical 
livestock containment system, made up of trees or quick rooting cuttings, planted closely in a 
row and lined with wire, while also providing extra shade and forage for livestock (Harvey et al, 
2005).  By planting self-sustaining fencing, the farmer also provides other resources on his farm, 
as the living fence posts can likewise be used for timber, firewood, and produce (Harvey et al, 
2005).  Although often overlooked, living fences provide unintentional, but very beneficial, 
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ecosystem services to agriculture.  Some of these services include attraction of pollinators and 
seed dispersers, and improved soil quality due to shade and nitrogen fixation properties of certain 
fence post species (Zahawi, 2005). Having more pollinators attracted to the farm, will increase 
pollination of agricultural crops and provide mixed pollination preventing inbreeding and leading 
to enhanced production rates.  In addition, insect damage has been evidently reduced where 
living fence posts exist and living fence posts could be used as shelter and corridors for birds and 
parasitic insects (Steavenson et al, 1943).  If the parasitic insects and seed or crop predating birds 
reside in living fences, this will provide resources they need, without detracting from the 
agricultural production.  Birds who can use the living fence post habitat, can also help as natural 
pest control on the farm by eating pests before they become a problem (Sekercioglu 2012).   

The ecosystem services and benefits provided to farmers from living fence posts are 
similarly returned to the environment from their existence on farm land.  Farms greatly disrupt 
the natural ecological flow of an area as they clear cut land, cutting out habitats, creating forest 
fragments, and dramatically limiting the amount of biodiversity present in the area (Equivel et al. 
2007).  This clear cutting adds to erosion and soil quality degradation as the few crop species 
present on the farm incessantly draw from the same nutrients present in the soil (Harvey et al. 
2008) Living fence posts add significantly more living matter to the environment in these 
otherwise barren pastures, allowing faster forest restoration after pasture abandonment or 
rotation (Zahawi 2005).  The tree posts allow seeds to disperse into the pastures for better 
secondary growth because the species used for living fences are already tolerant of the dry, open 
landscape of the pastures (Zahawi 2005), thus allowing regeneration of species diversity in these 
barren landscapes (Esquivel et al. 2007).  While pastures are still in use, living fences are 
connections across the disrupted farmland patches, creating corridors and direct travel paths for 
wildlife through the open, divided terrain (Leon & Harvey 2006).  The fences add structural 
complexity and connectivity, which provides habitats and resources for higher animal diversity 
through the fragmented areas (Esquivel et al. 2008).  Connecting the forest fragments that exist 
conserves the biodiversity present by allowing species to interact and move more freely.   

While living fences make up a lot of Costa Rican fence lines, there are still wooden post 
fences as well.  If all fences were converted to living fences, the area, density, and number of 
direct connection between forest habitats would be more than doubled (Leon & Harvey 2006).  
Living fences through farms, reduce distance between tree canopies (Leon & Harvey 2006) and 
contribute to regaining some of the lost carbon sink from pasture establishment.  Living fence 
posts are a great addition as carbon sequesters.  Although minimal, the effects of living fence 
posts can slightly counteract the huge loss of carbon storage from pasture deforestation.  Tropical 
forests store about 40% of the global Carbon and 7-17% of that storage is lost due to 
deforestation (Bello et al 2015) which is driven by agricultural land needs.  The effects of 
agriculture create dramatic edge effects that go deeper into the forest than simply the clear cut 
portions, and lead to loss of above ground biomass within these forest edges (Laurance et al 
1997).  Biomass loss through the forest edges greatly cuts down carbon sinks, and contributes to 
greenhouse gas emission and global warming (Laurance et al 1997).  The maintenance of  living 
fences can be reduce edge effects by replacing some of the lost above ground biomass, and 
absorbing portions of the carbon emissions produced from agricultural processes. 
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Often agriculture is looked at as a monoculture, where the specific crops and products of 
the farm are the only biotics desired on the land.  All agriculture is simply a modification of wild 
species and systems, and still relies on biodiversity to maintain nutrient cycling, soil moisture 
control, and pest regulation (Altieri 1999).  These processes cannot exist without biodiversity, 
and when that biodiversity is lost, we find agroecosystems dependent on constant human 
interaction and artificial applications, as the system becomes unable to sustain itself (Altieri 
1999).  The integration of biodiversity from surrounding ecosystems into the agriculture system 
allow the farm to function more naturally, efficiently, and economically (Altieri 1999).   

While we have seen that living fences do support faunal diversity (Harvey et al 2005), 
and we know that they can store carbon because they are trees, studies have not directly looked 
into ecosystem services that faunal diversity can provide to humans.  Humans in general, 
especially in terms of production, are much more interested in helping the environment when we 
understand the personal benefits as well.  From this point, I intend to look into how living fence 
posts can create a connectivity that is beneficial for both the farm and surrounding wildlife, 
specifically through its attraction to birds.  I will focus on the avian diversity attracted by living 
fence post species, to determine not only their use of living fences, but their benefits to the farm 
based on their ecosystem services.  I will take this a step farther to look into the carbon 
sequestration potential of live fencing, to see how these trees can counteract or at least alleviate 
some of the stress put onto the surrounding ecosystem due to agriculture.  If living fence posts 
are present, then both the farm and wildlife will benefit because of the services provided by the 
posts for the surrounding ecosystem including carbon sequestration, as well as services provided 
to the farm from bird diversity, including pest control, seed dispersal, and pollination.  

MATERIALS AND METHODS  
STUDY SITE – I studied four fence types.  Living fence near forest edge, living fence away from 
forest edge, and dead fence away from forest edge, were at the Socorro Arguedas Trejos farm in 
Canitas, Monteverde, Costa Rica.  The fourth site, dead fence near forest edge was located on the 
farm of Victor Rojas Torres also in Canitas, Monteverde, Costa Rica.  All four fences were 
bordering cattle pastures, and within 1 km of each other.  The area includes mostly cleared 
pasture land surrounded by primarily second growth forest, and it corresponds to the Tropical 
Premontane Wet Forest Holdridge Life Zone..  The four fence lengths were each 50 m long, and 
consisted of two living fences, one near forest edge and one away from forest edge, as well as 
two dead fences, one near forest edge and one away from forest edge.  Site 1: Dead fence near 
forest edge, was a dead wooden fence with one side directly bordering a forest, and the other side 
exposed to cattle pastures.  Site 2: Living fence near forest edge, was a fence made up of 
multiple tree species, with one side partially bordering forest, and the other side bordering cattle 
pasture.  Site 3: Living fence away from forest edge, was a fence made up of multiple tree 
species, with both sides completely exposed bordering adjacent cattle pastures.  Site 4: Dead 
fence away from forest edge, was a dead wood fence with both sides exposed and bordering 
cattle pastures. The closest forest patch to both Site 3 and Site 4 was at least one 50 m wide 
pasture away. 
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The two dead fences consisted only of wooden posts and one wire strand across them.  The 
average distance between each post was 5.44 m.  The two living fences consisted of multiple tree 
species, all of which were recorded.  Three strands of barbed wire ran along both living fence 
sites, and the average distance between the tree posts were 1.56 m.  Along the living fence found 
near forest edge, there were a total of 30 tree posts, consisting of Montanoa nubicola, Croton 
monteverdensis, and Eugenia monteverdensis.  The living fence found away from forest edge 
had 23 tree posts consisting of Cupressus sp. , Eugenia monteverdensis, Montanoa 
monteverdensis, Ficus tuerckheimii, and Croton monteverdensis.   

BIRD OBSERVATION – The data was collected on 16 days between 5:30am and 8am from October 
21st to November 13th.  Observations for each site were gathered on four separate mornings for 
one hour periods.  Each fence was split into three transects, each about 16.5m long, and five 
minutes were spent observing each transect before moving onto the next.  Transects were 
observed for five minute intervals from both sides of the living fences due to visibility issues, 
and one side of the dead fences.  Only birds that made contact with the fence posts or trees were 
identified and recorded for one of three behaviors: perching, foraging, or traveling.  Unidentified 
individuals were recorded for behavior and the overall bird count.  A perch behavior was 
recorded when a bird was stationary and possibly calling.  A forage behavior was recorded when 
a bird was clearly feeding and moving around in a searching pattern.  A travel behavior was 
recorded when a bird was frequently moving in and along the fence without any clear signs of 
forage, or when a bird landed quickly and continued on its flight.  

CARBON SEQUESTRATION – For each length of living fence, every tree species was identified, and 
measured for Diameter at Breast Height (DBH).  Carbon sequestration of each individual tree 
post was calculated using Y(kg) = 21.297 – 6.953 (DBH) + 0.740 (DBH)2  (Brown 1997) to first 
determine Aboveground Biomass (AGB), followed by CO2 = AGB (MW CO2)/(MWC) where the 
molecular weight of Carbon dioxide (MW CO2) is 44 and the molecular weight of Carbon (MWC) is 12 
(Walker et al., 2011) to determine Carbon dioxide storage.  

RESULTS 
BIRD BEHAVIOR - For a given behavior, perch, forage, or travel, the occurrences were different 
across all four sites (perch: chi square = 20.91, df = 3, p = 0.00052. forage: chi square = 14, df= 
3, p = 0.00136. travel: chi square: 18, df = 3, p = 0.000203).  Of the four fences, birds traveled 
the most along the living fence away from forest edge (LiveAway) and the most common 
foraging site was living fence near forest edge (LiveNear) (Figure 1).  Of the three behaviors 
recorded, perching and traveling were the most common in general, and birds frequented the 
living fence sites the most (Figure 1).   
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Figure 1: Bird behavior observations for two fence types, dead and living, each in two locations, near forest edge 
and away from forest edge.  Each fence is represented by four, one hour observation periods, all occurring on 
separate days.  Birds include all species, and counts are based on individual behaviors at each fence.  A perch 
behavior was recorded when a bird was stationary and possibly calling.  A forage behavior was recorded when a 
bird was clearly there to feed and moving around in a searching pattern.  A travel behavior was recorded when a bird 
was frequently moving in and along the fence without any clear signs of forage, or when a bird landed quickly and 
continued on its flight.  

BIRD PRESENCE – Many more species and individuals visited living fences than dead fences per 
day (Two Way ANOVA, F = 58.6744, df = 1, p = 0.00001, F = 46.3427, df = 1, p = 0.00001883 
for species and individuals respectively; Figure 2). Very few species landed on the dead fences, 
and equal number of species and individuals landed on dead fences (Figure 2).  The number of 
species and individuals per day was similar between fence locations (Two Way ANOVA, F = 
0.6279, df = 1, p = 0.4435) or for individuals (Two Way ANOVA, F = 1.6993, df = 1, p = 
0.2168, Figure 3). The interaction between location and fence type was not significant in either 
case and was removed from the final models.   

0

2

4

6

8

10

12

14

16

Perch Forage TravelFr
eq

ue
nc

y 
of

 B
eh

av
io

r (
in

di
vi

du
al

s)

Behavior

DeadNear DeadAway LiveNear LiveAway

 187 

 187 



 
Figure 2: Comparison of bird species and individuals observed on two fence types: dead and live.  Each fence type is 
represented by two locations: near forest edge and away from forest edge, and each of the four sites is represented 
by four, one hour observation periods, all occurring on separate days.  Error bars indicate standard errors. 

 
Figure 3: Comparison of bird species and individuals observed on two fence locations: near forest edge and away 
from forest edge.  Each fence location is represented by two fence types: dead, wooden post fence, and living fence.  
Each of the four sites is represented by four, one hour observation periods, all occurring on separate days.  Bars 
indicate standard errors.  

SPECIES DIVERSITY – Living fence away from forest edge (Live Away) was represented by 28 
birds, with 2.082 species diversity and 91.4% species evenness (Figure 4-A).  Living fence near 
forest edge (Live Near) was represented by 22 birds, with 2.008 species diversity and 94.8% 
species evenness (Figure 4-C).  Dead fence away from forest edge (Dead Away) was represented 
by 3 birds, with 1.099 species diversity and 100% species evenness (Figure 4-B).  Dead fence 
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near forest edge (Dead Near) was not visited by any birds and is therefore unassessed from here 
on.  Live Near and Live Away were not significantly different in terms of diversity (Shannon 
Weiner t-test: t = -0.27879, df = 25.507, p = 0.78265), and had a 66% species overlap based on 
Morisita Index of Similarity.  While Dead Away was just barely not statistically different from 
Live Away (Shannon Weiner t-test for Live Away and Dead Away: t = -2.2672, df = 6.0202, p = 
0.063765), with a 21% species overlap.  Live Near and Dead Away were just barely significantly 
different (Shannon Weiner t-test for Live Near and Dead Away: t = -2.6985, df = 4.2617, p = 
0.050654), with a 0% species overlap.  

 

 
Figure 4: Bird species richness at each of three sites: A – Living fence away from forest edge, B – Dead fence away 
from forest edge, and C – Living fence near forest edge.  Each pie section has a correlating color to species listed 
below, and represents the point count percentage of individuals of each species listed.  Site 1, dead fence near forest 
edge shown because no birds were observed at this site during the study.  Pie A represents 28 individuals, Pie B 
represents 3 individuals, and Pie C represents 22 individuals.    

ECO-SYSTEM SERVICES – Of all bird species observed along all four fence sites, insectivorous and 
therefore pest controlling species occurred the most, followed by frugivorous birds who act as 
seed dispersers, and finally nectarivorous birds who act as pollinators.  
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Table 1: The ecosystem services provided by each of the bird species observed based on diet (Stiles & Skutch 1989). 

Eco-system service Species 
Pest Control - insectivarous x Yellow Warbler 

x Emerald Toucanet  
x Brown Jay 
x Blue winged Warbler 
x Great Kiskadee 
x Hermit Warbler 
x Common Tody-flycatcher 
x Least flycatcher 
x Townsend warbler 
x Paltry Tyrannulet 
x Yellow throated vireo 
x Tennessee Warbler 
x Philadelphia Warbler 
x Dot Winged Antwren 
x Bay Breasted Warbler 
x Melodious Blackbird 

Seed Dispersion - frugivores x Brown Jay 
x Great Kiskadee 
x Bay Breasted Warbler 
x Vireos 
x Paltry Tyrannulet 
x Emerald Toucanet 

Pollination - nectarivorous x Bay Breasted Warblers  
x Tennessee Warblers 

 

CARBON SEQUESTRATION – Along Live Near and Live Away, highest carbon storage abilities 
were found with trees with the largest trunks, and thus greatest DBH. Ficus tuerckheimii, which 
was the largest trunk measured with a 220 cm DBH (Table 2).  The least carbon storage was 
found in the smallest average trunk size, which was Croton monteverdensis at 1357.54 kg 
CO2/tree (Table 2).  Live Away stored the most carbon with 165,129.02 kg CO2 and Live Neaar 
stored 45,127.12 kg CO2.  The total from the combined 100 m of living fence and 73 tree posts 
was 210,301.14 kg CO2, although the average along one 50 m fence is 105,150.57 kg CO2.  The 
standard deviation for each species is as follows: Croton monteverdensis – 910.04, Cupressus sp.  
– 2667.64, Eugenis monteverdensis – 1808.18, Montanoa nubicola – 1639.10, and unassessed 
for Ficus tuerckheimii because there was only one individual of this species.  

Table 2: Average amount of carbon stored per tree based on species and average Diameter at Breast Height (DBH) 
found along two living fences each 50 m long, one near forest edge and one away from forest edge.  The carbon 
storage was calculated for each tree along the two living fence lines based on DBH and the formula: Y(kg) = 21.297 
– 6.953 (DBH) + 0.740 (DBH)2  (Brown 1997) to first determine Aboveground Biomass (AGB), followed by CO2 = 
AGB (MW CO2)/(MWC) where the molecular weight of Carbon dioxide (MW CO2) is 44 and the molecular weight of 
Carbon (MWC) is 12 (Walker et al., 2011) to determine Carbon dioxide storage.  The length of living fence along 
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forest edge had 30 tree posts, consisting of 3 Montanoa nubicola, 16 Croton monteverdensis, and 8 Eugenia 
monteverdensis.  The living fence away from forest edge had 23 tree posts, consisting of 15 Cupressus sp. , 1 
Eugenia monteverdensis, 4 Montanoa nubicola, 1 Ficus tuerkheimii and 1 Croton monteverdensis.  

Species Average DBH (cm) Average Carbon Storage (kg CO2/tree) 
Standard 
deviation 

Croton monteverdensis 24.24 1357.54 910.04 
Cupressus sp 28.65 2366.3 2667.64 
Eugenia monteverdensis 27.3 16616.11 1808.18 
Ficus turkheimii 220 125794.67                            N/A 
Montanoa nubicola 25.39 1129.32 1639.1 

 

DISCUSSION 
BIRDS - Based on these data, birds of all species prefer to use dense, full canopy covered forests 
when available, but clearly use both living and dead fences as an alternative.  Living fence away 
from forest edge (Live Away) and living fence near forest edge (Live Near) had very similar 
diversity and evenness, which contrasts greatly with the very low diversity of the dead fence 
away from forest edge (Dead Away).  The dead fence near forest edge (Dead Near) was never 
used by birds, further suggesting birds prefer to use the forest above than perching on dead wood 
below for any purpose.  Living fence sites are probably preferred due to the forage and safety 
they offer from their forest mimicking characteristics.  The sample sizes were so small that the 
slight variation in evenness and diversity between Live Near and Live Away can suggest a more 
habitual use of Live Near by the common species observed at this site, while suggesting a more 
convenience based, random use of Live Away causing the higher diversity.  Living fence sites 
have been seen to host repetitive species using the same fences as key habitat connections for 
continual habitat movement (Harvey et al. 2005), which is probably the case for Live Near, as an 
important habitat corridor.  While Live Away hosted the most travelling birds, due to its 
convenience in the otherwise barren landscape.  

There was much more species overlap between Live Near and Live Away, primarily because 
of the higher species present on living fences overall, while there was 0-21% species overlap 
with dead fence sites, due to the very limited bird presence at these sites.  Having all of these 
diverse species within living fences draws in great ecosystem services for farms, reducing their 
need for artificial alternatives, while also enhancing local biodiversity and increasing the chance 
that a species is present to complete any of the mentioned ecosystem functions (Tsharntke et al. 
2005).  The data show living fences were more frequented than dead fences, and were more 
commonly used for all three behaviors, perching, foraging, and traveling, but especially traveling 
and foraging.  These trends show that living fence posts are key attractions for avian diversity on 
farms, and will draw in each of the ecosystem services: pollination, seed dispersal, and pest 
control with foraging, and the travel aspect just increases presence and potential for these 
services.  

Dead Near was never used by birds, further suggesting birds prefer forest, and the reduced 
exposure of living fences.  Trends show very few birds, very rarely using Dead Away, showing 
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that birds are always looking for places to land across fragmented habitats, but living fences 
attract a much wider variety of species.  These results show that with more living fences present, 
there would clearly be more birds, both species and individuals, present.  Dead Away supported 
highly variable species compared to the individuals it hosted, and while Live Near was not as 
diverse, it had more species and individuals overall.  Although both Live Away and Dead Away 
had very diverse species using them as corridors, and none of the species were habitually using 
either site, living fence was the preferred choice probably due to food and general safety.  
Harvey’s results showed higher individual abundance and species richness with larger, broader, 
more natural living fences resembling forest trees (2005), which explains the similar results of 
this study in which birds were more likely to choose a living fence over a dead wooden post. 

The results of this study show that the most common ecosystem service offered from the 
species was pest control, as most species were completely or partially insectivorous.  The most 
common bird species at the sites were Brown Jay, Great Kiskadee, and many members of the 
Warbler family.  Brown Jays are omnivore birds common in agricultural landscapes that 
consume insects, while Great Kiskadees feed primarily on insects but they can also eat rodents, 
and most of the Warbler species were also insectivorous (Stiles and Skutch 1989).  Past studies 
have shown significant improvement in crop yields, up to 66%, when birds are present to 
consumer caterpillars and other insectivorous pests (Whelan et al. 2008).  Stopping the use of 
pesticides, will not only be more economic, but will also actually work in terms of pest control, 
because trends have shown when pests and . arthropods are present, more birds are also present 
(Whelan et al. 2008).  Bigger birds, such as Great Kiskadees who can prey on larger pests such 
as rodents and large insects, also substantially reduce herbivory within agriculture, whether it is 
my directly feeding on these pests or forcing them into hiding, where other pest controlling 
organisms such as snakes can prey upon them (Whelan et al. 2008).   

The Brown Jay, Great Kiskadee, Bay Breasted Warbler, Vireos, Paltry Tyrannulet, and 
Emerald Toucanet observed on my fence sites are also partially frugivorous birds (Stiles and 
Skutch 1989), making them great seed dispersers on farms.  Seed dispersal is an important 
ecosystem service, because birds can spread the seeds of economically important plants, 
providing greater agricultural production (Whelan et al 2008).  Some of these species also help 
with agricultural pollination, including Bay Breasted Warblers and Tennessee Warblers, who are 
nectarivarous (Whelan et al. 2008, Stiles and Skutch 1989,).  This shows that although there 
were limited observations in this study, nectarivorous birds who can help with pollination, are 
drawn to farms by living fences, and there is potential for many more pollinating visitors.   

FENCES – Carbon emissions from land use change due to deforestation, are one of the highest 
contributions in all of the global anthropogenic emissions (Harris et al. 2012).  Carbon emissions 
from land use change due to deforestation, are one of the highest contributions in all of the global 
anthropogenic emissions (Harris et al. 2012).  Tropical deforestation was estimated to contribute 
8.1X1014kg C/year over the time period of 2000-2005, which was 7-14% of all global CO2 
emissions due to anthropogenic influence over the time period (Harris et al. 2012).  Land use 
changes for agriculture is a huge driver for forest conversion and carbon emissions, with 6% of 
global emissions in 2004 coming from cattle pasture creation.  When looking at emission from 
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land use change alone due to beef cattle farming, about 31,000-43,000 kg C per hectare per year 
was the reported release rate (Cederberg et al. 2011).  While all forms of agriculture will 
continue to drive forest conversion to pasture, and therefore continue emitting these large 
amounts of carbon, living fence posts are a viable option for carbon sequestration in opposition 
to these emissions.  The living fence sites evaluated in this study had an average carbon 
sequestration 105,150.57 kg of C.  My data show that trees with greater DBH also store the most 
carbon.  So, while this number is unsubstantial in terms of completely reverting the carbon 
emissions due to the pasture construction around these living fences, it a start, and could have 
much more profound effects if heavily used in all agriculture settings.  Especially, if we focus on 
using tree post species with faster growth rates and larger DBH potential.  While the ages and 
therefore growth rate of the trees recorded was not determined, the largest average DBH (aside 
from the one anomaly Ficus tuerckheimii) was for Cupressus sp., so this may be a viable secies 
option.  Living fences currently make up approximately 0.14 ± 0.01 km per hectare on farms in 
Costa Rica (Harvey et al. 2005).  By converting all fences to living fences, we would 
significantly increase this number, and make a much larger dent on carbon sequestration 
available to counteract the emissions from producing the pasture.  

Overall, the presence of living fences on farms attract more bird diversity than dead 
fences, by providing shelter and food across barren pasture landscapes, while also attempting to 
balance out the carbon emissions caused by agriculture.  By maintaining diverse agriculture 
systems in between the forest fragments, more native biodiversity in tropical agriculture can be 
supported, also sustaining valuable ecosystem services on farms (Sekercioglu 2012).  
Implementing more living fences throughout agriculture ecosystems will continue to be a win-
win situation, providing further natural services to enhance farm production without artificial 
interruption, while also supporting and enhancing the surrounding environment.  Here in 
Monteverde, living fences are not very prevalent compare to the amount of fencing across the 
landscapre, making living fences a completely viable opportunity to support more biodiversity, 
and close the gaps between agricultural land and the natural environment, while also working 
towards Costa Rica’s carbon neutral goal.   
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Abstract: 
The climate is changing at an alarming rate, driven by human-mediated release of greenhouse gases, 
including CO2, from activities such as deforestation and fossil fuel combustion. In order to reduce the CO2 
in our atmosphere, we must explore all mitigation strategies. One of these strategies is reforestation, which 
will restore the natural ecosystem service of carbon sequestration. Carbon sequestration is the ability of 
plants and trees to take CO2 out of the atmosphere and stores the carbon in abiotic and biotic components. 
Another consideration of reforestation is species richness, which is a good indicator of ecosystem health 
and functioning. This study seeks to compare a natural and plantation small-scale reforestation project by 
quantifying the differences in carbon sequestration and understory richness. Both plots were previously 
cleared as pasture land, and started the regeneration process approximately 37 years ago. At that time, one 
site was planted with exotic Pinus sp. and the other site was left to regenerate naturally. Study sites were 
located within 300m of each other in Monteverde, Costa Rica, in an area categorized as tropical 
premontane moist forest at 1300m elevation. Findings showed that the exotic site sequestered 
approximately 46% more carbon than the natural site, but the natural site had nine more types of plants in a 
1m2 understory quadrat. The higher carbon sequestration ability of the site with the exotic Pinus sp. is 
likely the result of the fast-growing ability of the genus, while the lower species richness at the site is likely 
the result of the change in environmental and soil conditions that Pinus sp. causes. Farmers who want to 
reforest their property need to decide if species richness or carbon sequestration is a more important goal 
for them because it will influence their decision to reforest with exotic tree species or to let an area 
regenerate naturally.  

Resumen: 

El clima está cambiando a una tasa alarmante, provocado por la liberación de gases de efecto invernadero 
incluyendo CO2,, por actividades como deforestación y quema de combustibles fosiles. Con el fin de 
reducir el CO2 en nuestra atmósfera, tenemos que explorar estrategias de mitigación. Una de estas 
estrategias es la reforestación, que restaura el servicio ecosistémico natural en la secuestración de carbono. 
Secuestro de carbono es la habilidad de las plantas o árboles de tomar CO2 fuera de la atmósfera y 
almacenar el carbono en componentes bióticos y ábioticos. Otra aspecto de la reforestación es la riqueza de 
especies, el cual es un buen indicador de la salud de ecosistemas y su funcionamento. Este estudio busca 
comparar dos proyectos de reforestación y uno de reforestación natural a pequeña escala, cuantificando las 
diferencias en la secuestración de carbono y riqueza del sotobosque. Ambas parcelas fueron pastizales, y 
empezaron el proceso de regeneración aproximadamente 37 años atrás. En ese entonces, un sitio fue 
plantado con el exótico Pinus sp. y el otro sitio fue dejado en regeneración natural. Los sitios de estudio se 
localizaron a 300m uno del otro en Monteverde, Costa Rica, en un área categorizada como bosque tropical 
húmedo premontano a 1300m de elevación. Resultados mostraron que la plantación exótica secuestró 
aproximadamente 46% más carbono que el sitio natural, pero el sitio natural tuvo 9 tipos más de plantas en 
1m2 de parcela de sotobosque. La alta habilidad de secuestrar carbono en el sitio con el exótico Pinus sp. es 
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el resultado del cambio en las condiciones de suelo que Pinus sp provoca. Agricultores que quieran 
reforestar sus propiedades y necesiten decidir si la riqueza de especies o secuestro de carbono es una meta 
mas importante para ellos porque influenciará su decisión de reforestar con especies exóticas de árboles o 
dejar el área regenerar naturalmente. 

Introduction: 

Human influences have altered Earth’s natural systems and biomes (Malhi et al. 2014) 
through activities such as tropical deforestation and fossil fuel combustion (Iverson 
1993). These activities release greenhouse gases, such as CO2, that trap heat and drive 
climate change. Climate change is projected to increase global average temperatures by 
1.4 to 5.8 degrees Celsius by the end of the century (Patz et al. 2005). Climate change is 
also expected to alter biodiversity and negatively affect ecosystem functioning (Hellmann 
et al. 2008). Ecosystem functioning is important to maintain because it provides 
important services such as pollination and water purification (Constanza et al. 1997). A 
good test of ecosystem functioning in a community is to look at species richness. 
Generally, a higher species richness or heterogeneity leads to a higher level of ecosystem 
functioning (Townsend et al. 2008). 

We can mitigate the effects of climate change through carbon sequestration, 
which is the ability of plants to uptake carbon dioxide from the atmosphere through 
photosynthesis and store it in biotic and abiotic components (LaClau 2003). One strategy 
to maximize sequestration potential is to increase the amount of trees that can store 
carbon through reforestation. Reforestation is the conversion of non-forest land back to 
forest, and can occur through natural regeneration or from human planting manipulation, 
called a plantation (Evans 1992). It is important to study both reforestation strategies to 
see if there are differences in carbon sequestration abilities, as well as differences in 
species richness to see if general functioning is affected.  

Monteverde, Costa Rica was transformed into an agricultural community as 
settlers deforested the area to create pastures and farms. (Davis 2007).  As a result, these 
farms fragmented the existing forest. In 1988, money became available for reforestation 
projects, and farmers were approached about reforesting their pastures (Buck et al. 2001). 
It was quickly established that they were not interested in reforestation for the sake of 
conservation goals, but were more willing to participate in projects that directly 
benefitted them. These projects include windbreaks to protect their cattle, which work 
best with quick growing, exotic species. This resulted in over 1,000 windbreaks 
established in Monteverde, creating plantations with many exotic tree species. Other 
farmers decided to establish plantations on their land using exotic species specifically for 
the benefit of having wood to see in the future. This experiment compared an exotic tree 
plantation to a naturally regenerating area of the same age by establishing the difference 
between carbon sequestration and understory richness at both sites.  

Methods: 

Study Site— Data was collected at two different private properties in Monteverde, Costa 
Rica, close to Bajo Del Tigre (Figure 1). This area is categorized as a premontane moist 
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forest according to Holdenridge life zones, and has an elevation of 1300 meters. Both 
properties were originally cleared to use as pastures, but the property owners decided to 
reforest their properties. Both owners started the regeneration processes approximately 37 
years ago. At that time, the ‘exotic site’ was planted with exotic Pinus sp. with the intent 
to have wood to sell in the future. After initial planting, the site received no further 
manipulation. Conversely, the ‘natural site’ was allowed to regenerate naturally with no 
human manipulation. 

!
Figure 1: Locations of the two study sites in Monteverde, Costa Rica. This area is a premontane moist 
forest and is located at 1300m.  

!
Methods— Data collection occurred over 20 days during the months of October and 
November. Seven 10m2 quadrats were created at the exotic site and five at the natural 
site. All trees within the quadrats that had a diameter at base height (DBH) higher than 10 
cm were measured for DBH and height. Data for DBH was collected using a measuring 
tape and data for height was collected using the Leica DISTO D5 laser distance meter. 
DBH data was used to calculate aboveground biomass (AGB) using an equation from 
Brown 1997: 

 

 

AGB was then converted to CO2 using an equation from Walker et al. 2011: 

AGB= 21.297- 6.953(DBH) + .740(DBH2) 

!
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This equation estimates how much CO2 would be released if the biomass was burned. In 
the rest of this experiment, this will be referred to as carbon sequestration.  

 Next, I quantified tree and understory richness. With expert help, I identified the 
trees in one 10m2 at each site. For understory richness, I created a 1m2 subplot at each 
site. I picked a spot that was representative of the site by steering away from gaps and 
areas that showed mono-dominance of a single plant. I identified the plans in the subplot 
using expert help.  

Results: 

Height, Biomass, and Carbon Sequestration— Overall, 380 trees were surveyed with 
243 trees at the exotic site and 137 trees at the natural site. On average, there were 3.5 
trees per m2 at the exotic site and 2.7 trees per m2 at the natural site. Trees at the exotic 
site were taller than trees at the natural site (T-test, p= 0.03, df= 9.8, t= 2.53, Figure 2). 
Specifically, trees at the exotic site were approximately 18% taller than the trees at the 
natural site, having an average height of 9.37 m compared to an average height of 7.68m 
for trees at the natural site. An average 100 meters at the exotic site contained 46.3% 
more biomass than at the natural site (t = 3.05, df = 9.985, p = 0.012, Figure 3). On 
average, the biomass for the exotic plantation was 10,078.32 kg/100m, and the natural 
site was 5,399.10 kg/100m. An average 100 meters at the exotic site sequestered 46.3% 
more carbon than the natural site (t = 3.054, df = 9.985, p = 0.012, Figure 4). The exotic 
site sequestered an average of 36,953.83 kilograms/100m, and the natural site sequestered 
an average of 19,796.69 kilograms/100m. 

 

 

CO2= AGB * MWCO2 / MWC 

Molecular weight of CO2 (MWCO2) = 44 

Molecular weight of C (MWC) = 12 

!
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Figure 2: Average tree height at two 37 years old reforestation sites in Monteverde, Costa Rica. One was 
planted with exotic pines, then received no other manipulations, while the other was left to regenerate 
naturally. Study sites were categorized as tropical premontane moist forests located at 1300m elevation 
(n=380). Bars indicate standard error.  

 
Figure 3: Average biomass of trees in a 10x10 m quadrat at two 37 years old reforestation sites in 
Monteverde, Costa Rica. One was planted with exotic pines, then received no other manipulations, while 
the other was left to regenerate naturally. Study sites were categorized as tropical premontane moist forests 
located at 1300m elevation. (n= 380, t = 3.05, df = 9.985, p = 0.012) Bars indicate standard error.  
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!
Figure 4: Average carbon sequestration of trees in a 10x10 m quadrat at two 37 years old reforestation sites 
in Monteverde, Costa Rica. One was planted with exotic pines, then received no other manipulations, while 
the other was left to regenerate naturally. Study sites were categorized as tropical premontane moist forests 
located at 1300m elevation. (n= 380, t = 3.054, df = 9.985, p = 0.012). Bars indicate standard error.  

Understory Richness— There were more species found at the natural site than the exotic 
site (Chi Square, X2=2.13, DF=1, p= .039, Figure 5). The natural site had 9 more species 
present, making it 64% more diverse present than the exotic site. 

 !
Figure 5- Understory richness of plants in a 1m2 quadrat at two 37 years old reforestation sites in 
Monteverde, Costa Rica. One site was planted with exotic pines, then received no other manipulations, 
while the other was left to regenerate naturally. Study sites were categorized as tropical premontane moist 
forests located at 1300m elevation (N=28, Chi Square, X2=2.13, DF=1, p=.039) 
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Understory Diversity— The natural site had higher diversity of understory plants than 
the exotic site (Shannon index, p=.025, df= 8.00, t= -2.76 , Figure 6). The exotic site had 
a diversity index of 1.61 and the natural site had a diversity index of 2.50. One species 
(Hampea appendiculata) was found at both sites. The most dominant species of plant at 
the natural site was Similax sp., and there was not a dominant species of plant at the 
exotic site.  

!
Figure 6- Understory diversity in a 1x1 m subquadrat at two 37 year old reforestation sites in Monteverde, 
Costa Rica. One site was planted with exotic pines, then received no other manipulations, while the other 
was left to regenerate naturally. Study sites were categorized as tropical premontane moist forests located at 
1300m elevation. Charts are numbered with the abundance of each plant. Stars indicate understory plants 
that were found both sites (n=28, Shannon index, p=.025, df= 8.00, t= -2.76)!
Tree Diversity— The natural site had a higher tree diversity than the exotic site 
(Shannon index, p=.024, df= 48.00, t= -2.34, Figure 7). The exotic site had a diversity 
index of 2.02 and the natural site had a diversity index of 2.63. Only three species 
(Persea americana, Ocotea floribunda, and Citharexylum costaricensis) were found at 
both sites. The most common species found at the exotic site was Eugenia 
monteverdensis, and there was not a most common species at the natural site.  

!
!
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!

!
Figure 7: Tree diversity in a 10x10 m quadrat at two 37 year old reforestation sites in Monteverde, Costa 
Rica. One site was planted with exotic pines, then received no other manipulations, while the other was left 
to regenerate naturally. Study sites were categorized as tropical premontane moist forests located at 1300m 
elevation. Charts are numbered with the abundance of each tree. Stars indicate trees that were found both 
sites (n=50, Shannon index, p=.024, df= 48.00, t= -2.34) 

Discussion: 

Taller trees, and more biomass and carbon sequestration in the exotic plantation can be 
biologically explained by Pinus sp.’s (pines) high growth rate compared to native trees 
(Berthrong et al. 2009). A recent study that compared the growth rate of a pine to other 
exotic and native species showed that pine achieved superior growth and volume in 7 
years, significantly exceeding that of the other six tree species tested (Carpenter et al. 
2003).  

 Pines cause a change in environmental conditions that can drastically affect soil 
composition by producing a high nutrient concentration in the understory (Lugo 1992). 
Also, pines rapidly close their canopies, decreasing light availability. This change favors 
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shade-tolerance species (Fimbel & Fimbel 1996) while suppressing competition from 
weeds and grasses (Carpenter et al. 2003). Although light conditions were not studied in 
this experiment, it can be presumed that the exotic and natural areas had different light 
and growth conditions shown by their 18% difference in average height. These changes 
in environmental and soil conditions caused by the pines are likely the reason that 
understory richness was higher in the natural site.  

 Conditions changed significantly enough to cause a lower diversity of trees at the 
exotic site. However, exotic pines have not created a completely inhospitable 
environment for all native trees. Eugenia monteverdensis, a species endemic to Costa 
Rica, was one of the most abundant trees at the exotic site. This is an interesting finding 
because it shows that exotic pines can coexist with trees that have biological importance 
in the area. In fact, a recent study shows that species richness may actually increase over 
time in an exotic tree plantation (Lugo 1992). After 50 years of regeneration without 
management or manipulation, the species richness of both a pine and mahogany 
plantation approached that of their paired secondary forest. To test if my data supports 
their study, research would need to be repeated in approximately 13 more years, giving 
the site more time to change its community composition. The fact that endemics were 
present and there was not a complete domination of any tree or plant supports the idea 
that a higher species richness than what is currently present may be possible under these 
conditions.  

 An important consideration for this study is that aboveground biomass is not the 
only place that trees can store carbon. Lots of carbon is sequestered in roots and leaf 
litter. Past studies have shown that rapid growth in plantations is at the expense of lower 
root production, but plantations create more leaf litter than paired naturally regenerating 
areas (Lugo 1992). For a more precise depiction of stored carbon, those factors need to be 
studied at these two sites. Also, the general formula that was used in this study is an 
oversimplification of biomass because it doesn’t take into account wood density of trees 
or their height. A more precise calculation of biomass could be calculated with more 
information and time. However, this data is still important because it shows the percent 
difference in carbon sequestration between two sites.  

 In general, many small-scale reforestation projects in Monteverde, Costa Rica 
were not started with biological intent. Instead, many people choose to reforest an area 
because they want a windbreak or wood for the future. When planning a reforestation 
project, it is important to take into account the biological implications of tree species 
being used. If someone values species richness over maximizing carbon sequestration on 
their property, then the natural reforestation project is the right choice. If the person is 
more interested in high short-term carbon sequestration, than an exotic reforestation 
project may be the right choice, with the potential for species richness that is close to the 
natural sites richness later in the regeneration process. Regardless of which strategy is 
chosen, both have the ability to sequester more carbon and promote higher species 
richness than the barren, agricultural alternative.   
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ABSTRACT  

 The permeability of the vast agricultural matrix separating forest fragments and biological 
reserves in Costa Rica is imperative for conserving tropical biodiversity. My study aims to examine the 
how different levels of agricultural intensification affect the overall diversity and composition of 
subfamily Ithomiinae butterflies in three different study sites in the rural, agricultural landscape around 
Cañitas, Puntarenas, Costa Rica. This is the first study of its type examining banana plantations. Because 
Ithomiinae butterflies are forest adapted and dwelling species, dependent on microclimatic conditions, 
they can be used to compare different agricultural matrices to forest structure. I expected highest diversity 
in the forest fragment, and then the dense banana patch, which is more structurally similar to a forest 
fragment than dispersed banana clumps in a sun-grown coffee plantation. I caught 71 total butterflies 
across 7 species. No butterflies were recorded in the dispersed banana patch along a 50 meter transect 
using a camera and butterfly net to catch and record individuals. Although there was no difference found 
in diversity, number of individuals and number of species between the dense banana patch and the forest 
fragment, there was a difference in species composition. The disturbance-adapted species was more 
dominant in the dense banana patch, while the more forest-adapted species was more common in the 
forest. This demonstrates that while there are similarities between the microclimates in the two habitats, 
the agricultural matrix may have important effects on the composition of Ithomiinae species able to 
permeate and disperse between fragments.  

RESUMEN  

La permeabilidad de la vasta matriz agrícola separando fragmentos de bosques y reservas en 
Costa Rica es imperativo para conservar la biodiversidad tropical.  Mi estudio busca examinar como los 
diferentes niveles de intensificación agrícola afecta la diversidad en general y la composición de la 
subfamilia de mariposas Ithomiinae en tres sitios de estudio diferentes en el paisaje rural y agrícola 
alrededor de Cañitas, Puntarenas, Costa Rica.  Este es el primer estudio de este tipo que examina 
plantaciones de banana.  Debido a que las mariposas Ithomiinae están adaptadas al bosque y especies de 
estancia, dependientes de las condiciones microclimáticas, estas se pueden usar para comparar diferentes 
matrices agrícolas a la estructura del bosque.  Esperó una mayor diversidad en el fragmento de bosque, y 
luego el parche denso de banano, el cual se ve estructuralmente más similar a un fragmento de bosque que 
a grupos de banano en plantaciones de café expuestas al sol.  En total atrapé 71 mariposas de 7 especies.  
No se encontró ninguna mariposa en el parche de banano disperse a lo largo del transecto de 50 metros 
utilizando una cámara y una red de mariposas para atrapar y grabar los individuos.  Aunque no hay 
diferencia en la diversidad, número de individuos y número de especies entre el parche denso de banano y 
el fragmento de bosque, hay una diferencia en la composición de especies.  La especies adaptada a las 
perturbaciones fue más dominante en el parche denso de banano, mientras que la especie adapatada al 
bosque fue más común ahí  Esto demuestra que aunque hay similitude entre los microclimas en los dos 
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hábitats, la matriz agrícola puede tener efectos importantes en la composición de especies de Ithomiinae 
capaces de permear y dispersarse entre fragmentos.	

  

INTRODUCTION 

The pattern of deforestation has left the countryside of many tropical countries as a 
patchwork of varying agricultural uses, fallow fields, mature secondary forests, and fragments of 
primary forest; Costa Rica is no exception (Muriel & Kattan 2009, Pimental et al. 1992). The 
capacity for maintaining biodiversity in these detached habitat fragments is strongly influenced 
by the hospitality of the surrounding agricultural matrix to native species(Pimental et al. 1992).. 
The agricultural landscape may not represent an “ocean” as described in Island Biogeography 
Theory, rather characteristics may hinder or facilitate species dispersal between fragmented 
“islands” of forest and reserves (Mendenhall 2014). Many species depend on dispersal through 
the agricultural landscape to fragmented and isolated reserves (Laurence et al. 2001). Different 
land uses and varying degrees of agricultural intensification affect the degree to which a habitat 
is permeable to dispersal by fauna.  In general, higher biodiversity is supported in agricultural 
matrices that are more structurally complex; areas that confer habitat, food resources and 
microclimates more similar to the forest (Muriel & Kattan 2009). Tropical biodiversity in Costa 
Rica is maintained and protected by biological preserves, representing merely 25% of the 
country’s area (Davis 2007). Intensive agriculture in the remaining 75% of the country reduces 
biodiversity in these preserves, necessitating quality land management between the preserves to 
preserve biodiversity (Pimental et al. 1992). For example, shade-grown coffee or agroecological 
systems in high-elevation farms in Colombia support a greater diversity of birds, ants and 
butterflies than sun-grown systems on a gradient of similarity of microclimate (Muriel & Katten 
2009). Bat diversity across the Costa Rican agricultural landscape was studied, demonstrating 
that diversity was higher in connected fragments due to support of some bats within some 
agricultural systems (Mendenhall 2014). This differential support from certain agricultural 
systmes created novel species assemblages within the forest fragments, demonstrating the 
importance of the agricultural matrix to community composition as well as maintenance of 
diversity (Mendenhall 2014).  

Ithomiinae butterflies are a subfamily of Nymphalidae, known as “clear-wings” due to their 
characteristic translucent wings. They are a diverse subfamily, and the greatest diversity of 
Ithomiinae in Costa Rica occurs between 600-1500 meters (DeVries 1987). Because of their 
sensitivity to specific microclimates (Muriel & Kattan 2009), they are generally considered to be 
forest-dwelling species (DeVries 1987). They tend to be associated with humid forest 
microclimates, and are sensitive to anthropogenic habitat disturbances, such as fragmentation, 
landscape use, and pesticides (Prado & Freitas 2009, Muriel & Katten 2009).  Ithomiinae have a 
rapid lifecycle and high sensitivity to anthropogenic disturbance. These characteristics make 
them good indicators of overall degree of ecosystem disturbance and biodiversity degradation 
(Becalloni & Gaston 1994). Ithomiinae butterfly diversity has been shown to proportionally 
represent the diversity of other butterfly families, and additionally have been linked to Müllerian 
co-mimicry rings (Becalloni & Gaston 1994, Prado & Freitas 2009). These co-mimicry rings rely 
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on an “umbrella of protection” provided by the presence of co-mimicking unpalatable species, 
and so the absence of Ithomiinae is not only indicative of their own group, but can cascade a 
collapse in the diversity of these co-mimicry rings (Prado & Freitas 2009). Ithomiinae butterflies 
are not only an important indicator of the suitability of habitats to butterflies, but also are an 
important foundational species which may give them a disproportionate effect on total butterfly 
diversity.  

 It is important to not only study the remaining fragmented habitat available to flora and 
fauna in Costa Rica, but also the agricultural landscape that either separates or connects these 
patchwork islands of forest. Because of their quality as an indicator species for estimating 
butterfly richness across taxa and the neotropics, sensitivity to disturbance and pollution, and 
their preference for dense forest (Beccaloni & Gaston 1994, Prado & Freitas 2009), Ithomiinae 
butterflies represent a good subfamily for studying the suitability of two different scales 
agricultural intensification to interior-forest species. Neither forest patch size nor distance from 
forest affected species richness in different agricultural landscapes, but the structural complexity 
of shade-grown coffee conferred a more hospitable microclimate than that provided by exposed 
sun-grown coffee (Muriel & Katten 2009). Due to the importance of the agricultural matrix 
surrounding fragmented habitats for the maintenance of tropical biodiversity, Ithomiinae 
diversity and composition will be studied in three sites with a different gradient of agricultural 
intensification for two banana plantations and a forest fragment. This is a novel study for the 
location within Central America, as well as agricultural systems tested. 

MATERIALS & METHODS 

STUDY SITES 

 The study was done in Cañitas, in the properties of the Torres and the Bello families 
(coordinates). Sites were in close proximity to forest fragments, located in the Premontane Wet 
Forest Holdridge Life Zone at 1300 meters. They were approximately 3 km apart. Three sites 
were chosen: a forest fragment, a dense banana patch, and dispersed banana patch. The forest 
fragment was 100x200 meters and secondary growth with many mature trees and a dense 
understory (Fig.1a). The dispersed banana patch was a 100x200 meter matrix of dense clumps of 
banana plants loosely dispersed in a large plantation of sun-grown (Fig. 1b). The dense banana 
site was about 30x50 meters of densely clumped bananas underneath a variety of shade trees, and 
uncurbed plant growth (Fig. 1c). Both agricultural landscapes were in proximity to forest 
fragments.  

SAMPLING METHODS 

 A 50 meter straight transect was created on each of the different sites.  On each transect, 
between Oct. 25th-Nov. 14th, on sunny mornings from 7 am to 11 am, any Ithominae seen two 
meters on each side from the transect was captured or photographed, using photographs for later 
identification. Transects were crossed at a steady pace for 90 seconds. In total five 90 minute 
samples were taken at each site, enabling me to sample twice per morning.  
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Figure	1.	Three	different	intensities	of	agricultural	use	in	Cañitas,	Puntarenas,	Costa	Rica.	(Premontane	Wet	Forest,	1300	m)		
(Counterclockwise)	a)	Forest	fragment	with	dense	understory	b)	Sun-grown	coffee	with	dispersed	banana	patches	c)	Dense	
Banana	plantation.	

	

	

RESULTS 

Seventy one individuals from seven species across three genera of Ithominnae butterflies 
were found in the three sites (Fig 4). There were 26 individuals from five species in the dense 
banana patch ,45 individuals representing six species in the forest fragment and no individuals 
recorded in the dispersed banana patch. For both sites with presence of Ithominae, there was no 
significant difference in the number of species and their relative abudance, i.e. diversity as 
mearsued by the Shannon-Wiener Diversity index (T-test for Shannon indices: t=.27, df=54.5, 
p=0.79, Fig. 4).    

Despite being similar in diversity, the two sites differed substantially in the species 
shared and their relative abundance at each site (Morisita Index of Similarity: 0.52). In total, 
there were 19 more individuals, and one more species represented in the forest fragment than in 
the dense banana patch. Pteronymia notilla and Pteronymia fumida both were unique to the 
forest fragment. Ithomia patilla was unique to the dense banana patch. Greta anette was the most 
abundant species in the forest fragment with 26 total recordings and Greta oto was the most 
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abundant species in the dense banana patch with 16 recordings, over twice as many as found in 
the forest fragment. The two most common species in each patch is nearly mirrored: with G. oto 
and G. anette representing 18% and 58% respectively in the forest fragment, and 62% and 16% 
respectively in the dense banana patch. 

	

Figure	2.	Ithomiinae	butterflies	diversity	recorded	in	the	forest	fragment	(left),	and	dense	banana	patch	(right)	in	Cañitas,	
Puntarenas	over	five	sampling	periods	from	Oct.	25th-Nov.	14th	(Shannon-Weiner	H’=1.221,	J’=0.6815,	n=45).	J’	is	equitability.	

	 The number of individuals caught at each site differed  (Fig.6 Kruskal-Wallis = 9.8, df = 
2, p-value = 0.001). Post-hoc tests show that the dense banana patch had fewer species than the 
other two sites (Fig. 3, Mann-Whitney U test, p = .022). There were zero individuals recorded in 
the dispersed study site. There is no difference in number of individuals caught per sample 
between the forest fragment and dense banana patch (Fig. 3, Mann-Whitney U test, p = .834).  
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Figure	3.	Number	of	individuals	caught	per	sample	across	all	three	study	sites.	There	were	a	total	of	45	individuals	sampled	
from	the	forest	site,	and	26	sampled	from	the	dense	site.	These	samples	were	taken	between	Oct.	25th	and	Nov.	12th	in	
fragmented	forest	and	farmland	within	the	Premontane	Wet	Forest	Holdridge	Life	Zone	at	1300	meters	elevation.		

 The number of species recorded per sample was different (Fig. 4, Kruskal-Wallis = 10.0, 
df = 2, p-value = 0.01). Zero species were recorded in the dispersed habitat, which was 
significantly fewer than both the dense banana patch and the forest fragment (Fig. 4 post-hoc, p = 
.021). There was no difference in the number of species recorded each sampling period between 
the dense banana patch and the forest fragment (Fig. 4, post-hoc, p = .828). All six species 
recorded in the forest fragment are represented in the first sampling period, and four of the five 
species recorded in the dense banana patch are also represented in just the first sampling period.  
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Figure	4.	Number	of	species	caught	per	sample	across	the	three	study	sites	from	Oct.	25th	and	Nov.	12th.	These	samples	were	
taken	in	fragmented	forest	and	farmland	within	the	Premontane	Wet	Forest	Holdridge	Life	Zone	at	1300	meters	elevation.		Oct.	
25th	and	Nov.	12th.	There	was	no	difference	between	the	dense	banana	site	and	the	forest	site	(Mann-Whitney	U	test,	p=.828),	
but	both	were	different	from	the	dispersed	banana	site	(Mann-Whitney	U	test,	p=.021). 

DISCUSSION 

The difference in number of individuals and diversity was expected between the forest 
fragment or the dense banana patch and the dispersed banana patch. The lack of difference in 
diversity between the dense banana patch and forest fragment demonstrates that the microclimate 
within the patch makes it permeable to Ithomiinae butterflies.  Community composition differed 
though, despite both butterflies having similar clear-wings and coloration. G. oto, the more 
abundant species in the dense banana patch is associated with disturbance and is frequently 
observed flying across open spaces, while G. anette is “associated with cloud forests” (DeVries 
1987). P. fumida, found only in the forest fragment is considered to be a rare species, with little 
available information (DeVries 1987). The dispersed banana patch, the most agriculturally 
intensive site represented a land use that did not contain the microclimate or conditions necessary 
for Ithomiinae butterflies. This conclusion is supported by the study conducted by Muriel and 
Katten in Columbian coffee plantations, demonstrating that the pattern of use was determined by 
the agricultural landscape (2009). 

Because Ithomiinae are good indicator species for assessing anthropogenic effects on 
butterfly richness, as well as support community (Becalloni & Gaston 1994, Prado & Freitas 
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2009), their absence in the dispersed banana patch may be indicative of general biodiversity 
reduction. While the maintainance of species richness between the dense patch and the forest 
fragment is promising for maintaining biodiversity between fragmented reserves and forest 
fragments across the agricultural matrix. The dense shade of bananas, as well as the unregulated 
growth of shrubs and flowers beneath the bananas appears to have enough structural complexity 
to maintain the necessary microclimate and resources for these butterflies, which supports 
findings from Muriel & Katten in Columbian Coffee plantations (2009). What was different 
from the Muriel & Katten findings was the degree to which the dense banana patch was devoid 
of any Ithomiinae, even those migrating straight across as they observed in sun-grown coffee 
plantations (2009). I witnessed similar Ithomiinae in a sun-grown coffee plantation near the 
forest fragment I studied, but that was not observed in 7.5 hours of observation of the dispersed 
banana patch. Additionally, even though it was not tested, the dense banana patch might contain 
a similar enough microclimate to the forest fragment that may be supportive of other fauna as 
well, supported by observations of insects, Anolis spp., and birds. 
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