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Function and cost of horns in the cloud 
forest Dung Beetle Sulcophanaeus velutinus 
 
Haley Evans  
  
Department of Environmental Studies, University of Colorado at Boulder 
 
  
ABSTRACT 
Alternative male morphologies are common in many taxa and are particularly exaggerated in 
dung beetles. In this taxa larger males possess disproportionally large horns for their body size 
(“majors”) whereas smaller males possess proportionally smaller horns (“minors”). Females dig 
tunnels for reproduction and majors engage in male combats over access to females using their 
horns as weapons. Horn size increases the probability of mating success. The potential 
morphological advantage of not possessing horns has been little studied. In the genus 
Onthophagus reduced horns increase mobility of minors in tunnels, which allows them to sneak 
mates from majors. Horn size did not reduce mobility in tunnels in Euoniticellus, the only other 
genus in which this hypothesis has been tested.  This study tested the mobility hypothesis in 
Sulcophanaeus velutinus, a large highland Neotropical species that exhibits extreme variation in 
horn morphology.  Males were timed as they traveled across narrow tunnels with dimensions 
similar to those made by females, and across a much wider tunnel. Larger males moved more 
quickly than smaller males in wider tunnels but not in narrow tunnels, and this variation was 
explained by body size, not horn length. Speed was not related to prothorax width in narrow 
tunnels but it was in broad tunnels, and the two regression slopes varied significantly (ANCOVA 
F=5.76, df= 1, 51, P=0.02). Large males can quickly enlarge narrow natural tunnels and increase 
mobility. Additionally, prothorax is wider in females than in males (T-test t=2.15, df=52.15, 
P=0.036), so tunnel size was not a major limiting factor for mobility anyways. I also documented 
for the first time in this species that horns function as weapons in combat between large males 
outside and inside tunnels. The results of this study indicate that the advantage of possessing 
short horns may not be related to mobility in tunnels in at least some dung beetle genera.  
 
RESUMEN 
Las morfologías alternativas en machos son comunes en muchos taxones animales y son 
particularmente exagerados en escarabajos caqueros. En este taxón, los machos más grandes 
(“mayores”) poseen cuernos desproporcionadamente grandes en relación a su tamaño corporal, 
mientras que los machos más pequeños poseen cuernos proporcionalmente pequeños 
(“menores”). Las hembras cavan túneles para reproducirse y para poder acceder a ellas, los 
mayores participan en combates con otros machos usando sus cuernos como armas. El tamaño 
del cuerno incrementa la probabilidad del éxito de apareamiento. La posible ventaja de no tener 
cuernos ha sido poco estudiada. En el género Onthophagus los cuernos pequeños incrementan la 
movilidad de los menores en los túneles, lo que les permite escabullirse para acceder a la hembra 
sin ser detectados por los mayores. En Euoniticellus, el otro género donde esta hipótesis ha sido 
estudiada, el tamaño del cuerno no redujo la movilidad de los escarabajos dentro de sus túneles. 
Este estudio prueba la hipótesis de la movilidad en el escarabajo caquero Sulcophanaeus 
velutinus, una especie neotropical de tierras altas que presenta una gran variación morfológica en 
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sus cuernos. Se midió el tiempo que tardaban los machos en viajar a través de túneles estrechos 
con dimensiones similares a los hechos por las hembras, y a través de un túnel mucho más 
ancho. Los machos grandes se movían más rápido que los pequeños en los túneles anchos pero 
no en los túneles estrechos, sin embargo esta variación fue explicada por el tamaño del cuerpo y 
no por el largo del cuerno. La velocidad y el ancho del protórax no estuvieron relacionados en 
túneles estrechos pero sí en túneles anchos, y las dos pendientes de regresión variaron 
significativamente (ANCOVA F=5.76, gl=1.51, p=0.02). Los machos grandes pueden agrandar 
rápidamente los túneles estrechos y así incrementar su movilidad. Adicionalmente, el protórax es 
más ancho en las hembras que en los machos (t=2.15, gl=52.15, p=0.036), por lo que el tamaño 
del túnel no fué el principal factor limitante de la movilidad. Por primera vez en esta especie, yo 
documenté el uso de los cuernos como armas en los combates entre machos grandes, fuera y 
dentro de los túneles. Los resultados de este estudio muestran que la ventaja de tener cuernos 
cortos puede no estar relacionada con la movilidad dentro de los túneles, al menos en algunos 
géneros de escarabajos caqueros. 
 
INTRODUCTION 
In species with marked sexual dimorphism males often carry the exaggerated trait as a result of 
intra-sexual selection (Darwin 1871; Clutton-Brock 2009; Emlen et al. 2005; Bateman, 1948; 
Arnold & Duvall, 1994). Exaggerated traits used for male fighting are commonly referred to as 
weapons (Emlen 2008). Examples include antlers, horns, and tusks in mammals, extended jaws 
in fish, and chelipeds in crustaceans (Emlen 2008). Many species with intra-sexually selected 
exaggerated traits exhibit alternative male phenotypes and reproductive tactics related to body 
size, in which large males with exaggerated weaponry engage in combat to obtain access to 
females, whereas smaller males with reduced weaponry engage in non-aggressive sneaking 
behaviors to access females (Madwell & Mozcek 2006).  

Alternative male phenotypes are particularly exaggerated in horned beetles, which has 
made them a focus of studies testing alternative reproductive tactics (Eberhard 1979, 1982; 
Emlen 1996; Madwell & Mozcek 2006; Pomfret & Knell 2006). Horned beetles possess horns 
that are used as weapons in combat with other males to access females (Eberhard 1977; Eberhard 
1979, 1987). Studies in several genera have documented how males use their horns in combat 
(Eberhard 1977, 1979, 1987; Emlen 1997). The studies observed two main tactics in battle: 
Pushing and prying the opponent or clamping and lifting him. When pushing or prying the male 
lowers his head, inserts his horn underneath his opponent’s body. The male then thrusts upwards 
with his head, pushing his opponent back (Eberhard 1977, 1979, 1987; Emlen 1997). Clamping 
occurs when the male grabs the anterior end of his opponent with his horns (head horn 
underneath body and thoracic horn above) and lifts him off the ground (Eberhard 1977,1979, 
1987; Emlen 1997). The opponent who is lifted retreats afterward, accepting defeat (Eberhard 
1978,1979, 1987; Emlen 1997). Males of larger body mass and longer front legs usually win 
these fights, and have the advantage of strength and grip (Eberhard 1978, 1987). In general, 
physical strength, body mass, and horn length play a significant role in the probability of success 
in combat between male horned beetles (Otronen 1988; McCullough and Simmons 2016). 
However, alternative male phenotypes are common in horned beetles and often correspond to the 
expression of alternative aggressive fighter and non-aggressive sneaker morphs among 
competing males (Madwell & Mozcek 2006 and references therein). Large males (majors) 
develop large horns as weapons used in male combats, whereas small males (minors) develop 
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small horns and use alternative reproductive tactics, particularly sneaking, to reach females 
(Emlen 1994; Moczek & Emlen 2000; Madwell & Mozcek 2006).  

 
Alternative morphological and behavioral phenotypes are particularly exaggerated in dung 

beetles and are related to tunneling behavior (Emlen & Phillips 2006). Female dig tunnels 
beneath the dung and pull the dung underground into brood chambers where they mate, make 
brood balls and lay eggs (Eberhard 1980, Emlen & Phillips 2006). Males travel down the tunnels 
or dig additional tunnels to copulate with the female (Eberhard 1980, Emlen 1997).  Large males 
(majors) develop horns as weapons to fight other males over ownership of the breeding tunnels, 
likely because females are polyandrous and show no preference for body size or horn size 
(McCullouugh & Simmons 2016, McCullouugh et al. 2017). Presumably for this reason smaller 
males (minors) remain hornless or show reduced horns and dig intercepting side tunnels to sneak 
matings inside the tunnels guarded by majors (Emlen, 1997; Moczek & Emlen, 2000, 
McCullouugh et al. 2017). The existence of intermediate phenotypes is rare (Emlen, 1997; 
Moczek & Emlen, 2000, Madwell & Mozcek 2006).  

 
Although it has been widely documented that horn size increases the probability of mating 

success in dung beetles, the advantage of not possessing horns has been less studied (Madwell & 
Mozcek 2006). Most of our knowledge on the evolutionary ecology of dung beetles comes from 
studies in the genus Onthophagus. In this genus the expression of male horns, is largely 
determined by differences in quantity and quality of the food provisioned to the larvae by 
females. Larvae that develop in high quality brood balls develop into long-horned majors 
whereas low quality brood balls produce hornless minors (Emlen 1994; Hunt and Simmons 
1997; Moczek and Emlen 1999). It has been hypothesized that the production of majors 
increases the length and mortality at the larval stage, so minors would not pay this cost (Hunt & 
Simmons 1997, Madwell & Mozcek 2006). This hypothesis, however, is not well supported 
(Madwell & Mozcek 2006). Alternatively, large horns can be costly in terms of the production of 
other structures due to tradeoffs in the growth structures during larval development such as eyes, 
antennae, wings and genitalia (Madwell & Mozcek 2006, Yamane et al. 2010). These 
hypotheses, however, cannot explain the absence of intermediate phenotypes observed in many 
species.  An alternative hypothesis proposes that the lack of horns is a direct morphological 
adaptation to the social environment that exists inside tunnel systems (Emlen 1997, Moczek & 
Emlen 2000, Madwell & Mozcek 2006). In Onthophagus, minor males rely on mobility to pass 
majors and reach females in complex tunnel systems (Emlen 1997, Moczek & Emlen 2000). 
Larger horns reduce agility and mobility within tunnels (Moczek & Emlen 2000; Madwell & 
Mozcek 2006), which indicates that possessing long horns would be a disadvantage for sneaking 
behavior (Madwell & Mozcek 2006). Hence, selection should disfavor long horns in minors that 
rely on sneaking but it should favor long horns in majors that engage in combat over access to 
tunnels creating a situation in which intermediate horn lengths are not advantageous for any 
tactic (Madwell & Mozcek 2006). This hypothesis was not supported in the genus Euoniticellus, 
in which mobility is not related to horn size but it is related to body size (Pomfret & Knell 2009). 
The discrepancy is likely caused by differences in the size of females in relation to males. In 
Onthophagus females are no smaller than males and therefore the tunnels made by females are 
large enough to favor large body sizes and longer horns. In contrast, females are smaller than 
males in Euoniticellus, which should place an upper limit to body size in males, making body 
size more important than horn length at explaining mobility in tunnels (Pomfret & Knell 2009). 
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Additional studies in other genera of dung beetles are necessary to further test the latter 
hypothesis and better understand the selective pressures that allow the existence of minor males 
in dung beetles.  

The neotropical cloud-forest-dwelling dung beetle Sulcophanaeus velutinus is a poorly 
studied species that exhibits extreme variation in body size and horn length (Escobar 2003, 
Cummings 2015). Males with larger horns gained more access to females, and horn length does 
not affect walking speed in an artificial tunnel in this species (Cummings 2015). However, that 
study was done in a tunnel, much wider and taller than the natural tunnel made by S. velutinus 
females (personal observation). I tested S. velutinus males of varying horn length and body sizes 
in artificial tunnels that accurately match the diameter of natural tunnels . I also compared the 
size of males and females to evaluate the hypothesis that reduced horns are favored in minor 
sneaky males when females are no smaller than males. In addition, I observed combats between 
large males outside and inside tunnels to evaluate whether majors use horns as weapons to 
defend access to tunnels as in Onthophagus. A previous study documented that males use their 
horns to fight on dung piles (Escobar 2003), but observations on male fights inside tunnels have 
not been previously conducted.  
 
MATERIALS AND METHODS 
 
STUDY ORGANISM 
The study species (S. velutinus) is a relatively abundant tunnel-digging dung beetle found in the 
premontane and montane rain forests of lower Central America at 1000-1800m elevation (Figure 
1). They are dull black with red metallic accents on their underside and legs, and range from 14-
22mm in length and 9-14mm in width (Edmonds 2000). This is larger than Onthophagus who 
range between 5.5-11 mm (Emlen 1997, Mozcek & Emlen 2000) and Euoniticellus intermedius 
who range between 7.4-7.9 mm (Pomfret & Knell 2009). The males have two parallel horns that 
extend from the prothorax and one horn that projects upward from the head. The males have a 
range of horn lengths from long (Figure 1B) to highly reduced (Figure 1E). Females have ridges 
on their prothorax and head, however, no horns (Figure 1F). This diurnal beetle is most abundant 
from September-December in Costa Rica, and their peak foraging happens between 8-10AM. In 
nature they are thought to forage on monkey dung (Edmonds 2000). 
 
STUDY SITE 
Male and female S. velutinus were collected near the Monteverde Biological Station in 
Monteverde, Costa Rica in the lower montane rainforest forest Holdridge life zone (Nadkarni 
and Wheelwright 2000). The mean annual temperature is 12-17 Celsius, and the mean annual 
rainfall is 3600-8000 mm. The collection area was along the Sendero División (10°19'30.91"N, 
84°48'0.14"W, 1750-1800 m in elevation. Collection occurred during a relatively dry month 
from April 15 to May 11 2018.  
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Figure 1. Morphological variation of Sulcophanaeus velutinus dung beetles from the lower 
montane rain forest on the Costa Rican Pacific slope of Monteverde, Costa Rica. Larger males 
(“majors”) carry disproportionally large horns for their size (“majors”, A, B) whereas  smaller 
males (“minors”) can have little to no horns (D,E). Intermediate phenotypes (C) are rare. 
Females have ridges on their prothorax and head, but no horns. Females (F) are roughly the same 
body size as large males, and can be larger. Photo by Felix Salazar. 
 
BEETLE COLLECTION 
I set up 40 pitfall traps 10 m away from one another along a transect near the Sendero División. 
A hole was dug in the ground about 10cm deep to fit the plastic cup that was placed inside so 
that the rim was at ground level. Plastic plates were set up as roofs over the cups to deflect 
rainwater with wooden skewers inserted into the plates and into the ground to act as support. 
About 1/3 of the cup was filled with wet dirt because beetles prefer wet and muddy conditions 
(Cummings 2015). About 2 tablespoons of fresh (same day) pig dung were spooned on top of the 
dirt. Fresher dung is more effective at attracting S. velutinus. Traps were placed at about 11 AM, 
and beetles were collected at 11 AM the following day. To collect specimens, the cup was turned 
over and the contents were sorted through to find S. velutinus, which were then put into a bucket 
of wet dirt and taken to the biological station. Once at the biological station individuals were 
separated to prevent fighting and placed into individual plastic tubs that were approximately 15 x 
15 x 15cm filled about 1/3 of the way with dirt. To prevent the beetles from flying away these 
tubs were covered by a lid punctured with holes to provide oxygen.  
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(A)                                                                   (B) 
Figure 2. Pitfall traps made from plastic cups filled with wet dirt and fresh pig dung placed into 
holes in the ground about 10 cm deep (A). A plastic plate roof was situated over the cup to cover 
it from rain, held in place with two wooden skewers stuck through the plate and into the ground.  
(B). 
 
MORPHOLOGICAL MEASUREMENTS 
Morphological measurements were taken before conducting speed tests using a caliper and scale. 
Each individual was placed in a small plastic container, placed on the scale, and weighed to the 
nearest 0.01 g. Next the caliper was used to measure the width of the prothorax, the length of the 
prothorax horn, and the length of the head horn to the nearest 0.01 mm.  
 
TUNNEL MEASUREMENTS 
Following (Cummings 2015), females were placed into glass chambers filled with wet dirt and 
covered with a mesh roof to prevent escape and provide oxygen. This chambers resemble the 
ones used by Emlen (1993). They were left for 24 hours to dig their tunnels (Figure 3). One glass 
pane was removed from the chamber, and the tunnel diameter was measured using a caliper. 
Four measurements were taken and found an average tunnel diameter of 13.4 mm, sd:1.2 

 
Figure 3. Glass chamber filled with wet dirt and covered with a mesh roof to prevent escape 
while providing oxygen. The chamber is about 5 cm wide so that tunnels are visible through the 
glass. 
 
SPEED TEST 
I used a square channel 13mm wide, 13mm tall, and about 20cm long to match the average 
diameter calculated from natural tunnels (see above). The experimental tunnel was constructed 
out of blocks of wood, a small cardboard box, and a pane of glass on top for observation (Figure 
4). The glass pane was marked every 5 cm with a white paint pen as start and end points. An 
individual was placed at the entrance of the tunnel, and was timed in seconds from the moment 
its head crossed one of the white lines to the moment its head crossed the next white line. The 
test was repeated until there were three measurements of the beetles running continuously from 
one line to the next (5 cm). The two fastest times were averaged and recorded in the data. These 
tests took place during the day. 
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Figure 4.  
The channel used to measure speed 13mm tall, 13 mm wide, and about 20 cm long. Wooden 
blocks were used as walls and wet dirt was used to keep the blocks in place. A glass pane was 
placed on top to observe and prevent escape. A white paint pen was used to mark every 5 cm on 
the glass. The beetle was timed in seconds from the moment its head crossed the first white line 
to the moment its head crossed the second white line. 
 
FIGHTING OBSERVATIONS 
Observation of fighting behavior was conducted in a fighting arena constructed inside the same 
containers used to store the beetles with a thin layer of dirt at the bottom and about 1 tbsp. of 
dung to provoke conflict. The container was covered with transparent plastic to allow 
observation and prevent escape. Observations were conducted in a dark room with a red light to 
mimic conditions in the tunnel. Two males of similar size were placed at either ends of the 
container and observed for ten minutes. When males of significantly difference sizes were place 
together smaller males avoided engaging with larger males. If males engaged in combat careful 
observations were recorded. Males rotated partners, and no two males were placed together more 
than once. Males were marked with pain pens of different colors to tell them apart.  
 
DATA ANALYSIS 
Speed was calculated in cm/s by dividing 5 cm by the average time taken by each beetle to cross 
that distance. A Multiple Linear Regression was used to test whether any morphological variable 
explained variation in speed. I conducted another Multiple Linear Regression on Cumming’s 
(2015) dataset of 42 males used for her speed tests on broader tunnel (2 cm wide and 5 cm tall). 
After identifying that only prothorax width explains variation in speed in the broad tunnel (see 
results), an Analysis of Covariance (ANOVA) was used to test for significant differences in 
regression slopes between the natural and broad tunnel datasets. Finally, I compared Cummins’s 
(2015) dataset on male and female mass and prothorax between sexes using an independent 
samples t-test to evaluate if sex size dimorphism exists in S. velutinus. The sample size for that 
test was 42 males and 31 females.  
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RESULTS 
 
GENERAL RESULTS 
Nineteen S. velutinus males were caught during the course of the study.  Their head horn length 
ranged from 1.9-8.5mm, prothorax horn length was between 0.13-8.3 mm, prothorax width 
between 9.6-11.3 mm, and mass was between 0.56-1.04 g.  
 
SPEED TEST 
Speed slightly increased as horn size and mass increased but the potential trend was not 
significant in tunnels of natural dimensions (Table 1, Figures 5A-5C). The same patterns was 
detected for horn size and mass in tests conducted in broader tunnels with one main difference: 
speed increases significantly with prothorax width (Table 2). So, speed was not related to 
prothorax width in narrow tunnels but it was in broad tunnels, and the two regression slopes 
varied significantly (ANCOVA F=5.76, df= 1, 51, P=0.02). Hence, although large males have 
the capacity of walking faster than smaller males in unconfined spaces, large male walking is 
impeded in naturally narrow tunnels.   
 
Table 1. Results of a Multiple Regression analysis between speed and morphological variables 
in male S. velutinus dung beetles in an artificial tunnel. The artificial tunnel mimics the 
dimensions of natural breeding tunnels made by females. Variables were log transformed to meet 
the assumption of linearity and normality. P-values correspond to Type II sums of squares. Speed 
was not significantly related to any variable in tunnels that mimic natural ones.  
 F-value df P-value 

Head horn size (mm) 2.14 1, 15 0.16 

Prothorax horn size 
(mm) 

0.0043 1, 15 0.95 

Prothorax width 
(mm) 

1.5 1, 15  
0.24 

Mass (g) 0.12 1, 15 0.73 
 
Table 2.  
The comparison of speed against morphological variables in broad tunnels log transformed only 
showed significance in prothorax width (Cummings 2015). 
 F-value df P-value 

Head horn size (mm) 0.72 1, 36 0.4 

Prothorax horn size 
(mm) 

1.46 1, 36 0.24 

Prothorax width 
(mm) 

4.66 1, 36 0.038 
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Mass (g) 1.51 1, 36 0.23 
 
 
 
 
 

 
(A)                                                                  (B) 

 
(C)                                                                 (D) 

Figure 5. 
Morphological variables were compared with speed in broad (red) and narrow (black) tunnels 
and two linear regressions were constructed for each variable of narrow and broad tunnels. 
Neither head horn length (A), prothorax horn length (B), nor mass (C) made a significant impact 
on speed in neither broad nor narrow tunnels. Increased prothorax width significantly increased 
speed in broad tunnels, but did not significantly increase speed in narrow tunnels (D).  
 
 
SEXUAL DIMORPHISM  
Prothorax is wider in females than in males (T-test t=2.15, df=52.15, P=0.036), females having 
the higher mean width (mean=11.65 mm, se=0.16) than the male width (mean=11.24 mm, 
se=0.1) (Figure 9). Females seem to be heavier than males (Figure 10) but this apparent trend 
was not significant (t = 1.53, df = 46.5, p-value = 0.13). 
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Figure 9.  
Mean female width is 11.65 mm and mean male width is 11.24 mm. Female width is  
significantly larger than that of the male.  
 

 
Figure 10.  
Mean female mass is 0.9 g and mean male mass is 0.82. Female mass is larger than male mass, 
but not significantly. Male and female S. velutinus are roughly the same size. 
 
FIGHTING BEHAVIOR AND ADDITIONAL OBSERVATIONS 
Males dig tunnels very fast and preferred to reside underneath the dirt, which made it difficult to 
make observations when dirt was involved. When two males were put in artificial dirt tunnels of 
natural dimensions inside glass chambers in a dark room, most of the time (6 out 7 trials) they 
did not run along the tunnel we provide but quickly dug their own tunnels in a different direction. 
In only one occasion (out of 7) a male ran down the artificial dirt tunnel that we made. This 
behavior made it impossible to conduct speed tests in dirt tunnels. We put several males in 
adjacent dirt tunnels of natural dimensions and observed the males moving between our tunnels 
through tunnels they created. Eventually we were able to see some of them moving in the tunnels 
we provide, which mimic the dimensions of tunnels made by females. Males were able to move 
their head horns up and down inside these tunnels, and the larger ones bowed their head horns 
downward to avoid scraping it against the ceiling. The prothorax horns, which faces forward 
(Figure 1) did not impede the male unless he had his prothorax angled upwards, causing it to 
bump against the ceiling or sides. The width of the prothorax slowed a few males while walking 
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through the channel, scraping the sides and requiring extra effort. Nonetheless, large males 
eventually made the narrow tunnels wider by walking through it.  
 
One fight between two large males with long horns was observed inside the artificial dirt tunnel 
provided. The fight involved pushing, which was when two males would face each other and 
male would keep his head horn ahead of him and simply walk forward, pushing his back legs 
against the ground to generate force towards his opponent. This moved the opponent away from 
the dung prize, and once the opponent realized he did not have the force to push his opponent 
back he would turn and retreat. On one occasion the male was able to wadge his head horn 
underneath his opponent and thrust his head horn upwards and slightly sideways so that the 
opponent, horns locked in, was maneuvered sideways as well. This caused him to turn onto his 
back, legs facing upward.  
 
Four fights were observed in the dark outside tunnels. Outside the tunnel both males always used 
their horns as weapons. Males wedged their two prothorax horns in between their opponent’s 
prothorax horns and thrusted their prothorax upward or sideways to flip the opponent on his back 
or side. They also used their head horn, wedging it in between the two prothorax horns, thrusting 
their head upward, flipping the opponent. They also wedged their head horn underneath their 
opponent’s body and thrust their head up, flipping them over. Clamping and lifting was also 
observed in which a male would place his head horn underneath his opponent’s body, and the 
prothorax on top of the body so that the opponent’s body was wedged in between the two horns. 
Having a hold on the opponent’s body, the male lifts his opponent into the air a couple 
centimeters, and brings him back down (or he is flipped over if the male loses his grip). The loser 
turns around and retreats, avoiding further confrontation. 
 
DISCUSSION 
 
The fights inside the tunnels involved pushing, and width and mass seemed to play a bigger role 
than horn length in the success of pushing a male away. Fights that took place outside the tunnel 
involved the use of their horns as weapons. The clamping, lifting, pushing, and prying behavior 
is very similar to the fighting behavior observed in Podischnus agenor, Ageopsis nigricollis, 
Golofa porter, Minotaurus typhoeus, and Onthophagus, meaning that different morphs of beetles 
use their horns in similar ways (Eberhard 1978; Eberhard 1979; Eberhard 1987; Emlen 1997). 
Males with shorter horns tended to avoid confrontation with males that have longer horns 
(personal observation). This trend is also documented in the corresponding literature, suggesting 
that longer horns contribute to success in competition (Emlen 1997; Moczek & Emlen 2000; 
McCullough & Simmons 2016). When the two were put together the male with longer horns, 
even though only slightly longer, tended to win. Although no specific tactics were observed that 
explained their success it could possibly be simply due to intimidation 
 
The comparison between speed and morphology in naturally narrow tunnels and unnatural 
broader tunnels shows that horn size did not seem to play a role in speed while moving through 
tunnels. When unimpeded by tunnel size wider males with longer horns walk more quickly than 
small males (Cummings 2015). This is probably because larger males are able to cover more area 
faster since they have a bigger body size (Cummings 2015; McCullough & Simmons 2016). On 
the other hand, naturally narrow tunnels slowed larger males down, making them walk as slow as 
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smaller males in these tunnels, causing the relationship between width and speed observed in 
broad tunnels to disappear. However, this study and previously documented studies suggest that 
tunnels constructed of hard materials (as the tunnel in this study was) make it more difficult for 
males to maneuver inside (McCullough & Simmons 2016). When S. velutinus males are given 
dirt they have an incredible ability to dig tunnels quickly. This effective tunnel-digging suggests 
that digging through narrow tunnels is not a major confounding factor for males, as they are 
easily able to construct a wider tunnel with limited effort. 
 
When female S. velutinus arrive at a dung pile she digs a hole underneath the dung to use as her 
brood ball. Males arrive at the dung pile and move into the female’s tunnel in order to copulate 
with her. He then stays in the tunnel with her and fights any other males they encounter. They are 
able to move between tunnels by digging adjacent tunnels or using existing tunnels. Their ability 
to dig through dirt probably means even S. velutinus with larger horns don’t have problems 
moving through a female’s tunnel. It is also important to note that males and females are of 
similar size in S. velutinus, and are sometimes even larger, so tunnel size is probably not a 
limiting factor. Onthophagus have issues moving through female tunnels because they are small-
bodied, and may not want to invest energy and time into digging.  
 
Smaller males might be able to remain in the population because they employ alternative 
reproductive tactics like sneaking (Cummings 2015). Since small males and large males travel 
and about the same speed they both have an equal chance of reaching the female. Small males 
have the ability to dig adjacent tunnels, but when they encounter a large male they may be at a 
disadvantage. This observation presents an interesting opportunity to further explore alternative 
reproductive tactics in small males of S. velutinus. 
 
CONCLUSION 
New information regarding the behavior of Sulcophanaeus velutinus is exciting, as this cloud 
forest beetle is data deficient and little understood. Information regarding speed in narrow 
tunnels compliments the previous studies well, and shows that there is little difference in speed 
between large and small males regardless of tunnel size. Effective tunnel-digging abilities and 
insignificant size differences between males and females helped theorize why larger males aren’t 
constricted inside female tunnels. This study has shown differences between Onthophagus and S. 
velutinus, as Onthophagus is more restricted in female tunnels due to the size differences 
between sexes and inability to maneuver quickly in confined spaces. Small males of S. velutinus 
are able to employ alternative reproductive tactics, and dig adjacent tunnels to reach females, and 
avoid confrontation with larger males by having an equal chance or reaching females first. These 
observations help explain their existence in the population, and bring light to the advantages and 
disadvantages of horns in dung beetles.  
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ABSTRACT 

Bees forage pollen for their own diet but also for their brood.  Greater variety of pollen confers higher survival to 
offspring through optimization of nutrients (Eckhardt et al. 2013), suggesting that pollen quality, richness and 
quantity might change from when bees begin to provision brood chambers to when they lay eggs. This study tested 
if provisioning females in the solitary bee Crawfordapis luctuosa carry different pollen loads based on the maturity 
of their ovaries. I sampled 32 C. luctuosa bees for their pollen and dissected them, classifying ovary development as 
having partial or fully developed eggs. Pollen from scopae was identified and counted. Provisioning females with 
partial egg development had 9 species of pollen, total pollen abundance of 3074 and diversity of 1.95, compared to 9 
species of pollen, total pollen abundance of 6468 and diversity of 1.908 for provisioning females with fully-
developed eggs (no statistical differences at p < 0.05). I found no significant relationship between any measure of 
pollen foraging and ovary development. This is likely because it takes the female C. luctuosa much longer to 
acquire, provision for, and prepare a nest than it does for the bee to develop ovaries fully. 

 

RESUMEN 
Las abejas forrajean por polen para si mismas pero también para su progenie. Una mayor variedad de polen les 
confiere una mayor sobrevivencia a los descendientes a través de la optimización de nutrientes (Eckhardt et al 
2013), sugiriendo que la calidad del polen, la riqueza y la cantidad puede variar cuando las abejas están 
provisionando las cámaras de la progenie cuando ponen huevos. Este estudio prueba si las hembras provisionadoras 
en el especie solitaria Crawfordapis luctuosa carga diferentes especies de polen basado en la madurez de los ovaries. 
32 abejas C. luctuosa se muestrearon para el polen y se disectaron, clasificando el desarrollo de los ovaries como 
parcial o totalmente desarrollados. El polen del scopae fue identificado y contado. Las hembras provisionadoras con 
huevos desarrollados parcialmente tuvieron 9 especies de polen, abundancia de 3074 y diversidad de 1.95, 
comparado con 9 especies de polen, abundancia de 6468 y diversidad de 1.908 para las hembras con huevos 
totalmente desarrollados (sin diferencia estadística a p &lt; 0.05). Esto es probablemente debido a que la dieta de los 
adultos provisionadores y las larvas no es diferente, y son más dependientes en la fenología de las flores que el 
desarrollo de los ovarios como un factor determinante para la nutrición. El método de forrajeo óptimo para el padre 
sería de forrjear lo mismo para su cría y para ellos, así no gastan energia extra en la obtención de nutrientes. No 
encontré una relación significativa entre el polen forrajeado y el desarrollo de los ovaries.  Esto se puede deber a que 
a las hembras de C. luctuosa toman más tiempo para adquirir, provisionar, y preparar el  nido de lo que le toma para 
desarrollar completamente los ovarios. 

 

INTRODUCTION 

An adult of any animal species is likely to change its behavior when it comes time to reproduce, 
whether that is to gather more nutrients or to become more protective of a brood. Rearing young 
is likely to change adult foraging decisions to assure optimal nutrients to offspring, often at an 
energetic cost to the parent (Bednekhoff 1996). A change in behavior made to benefit offspring 
that does not also feed the parent would be counter to parental fitness, but is necessary 
nonetheless. For provisioning species, both the content and quantity of foraged nutrients can 
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change with reproduction (Eckhardt et al. 2013). Optimal diet for adult and offspring are likely 
to differ, as adults maintain weight, establish and defend territories, and expend energy on 
courtship and nest construction; while offspring attempt to quickly grow and develop (Boggs 
1992). While the link between reproductive stage and diet is more obvious in vertebrates with 
parental care, like birds; it may also occur in provisioning insects, like bees. 

Diet impacts fitness, and very often must change in reproduction (Avila et al. 1996; 
Montgomerie and Redsell 1980). The resplendent Quetzal is a mostly frugivorous bird that also 
forages for insects and small vertebrates while caring for a brood. One study found that the diet 
of chicks was 24% fruit and 76% meat in the first 10 days since hatching, and from then the ratio 
tilted to favor frugivory as the chicks matured (Avila et al. 1996). This omnivorous hatchling 
diet, unique only to that phase of the Quetzal’s life, is proof of a parental change in foraging 
behavior in order to provide the proper nutrients to their offspring. Hummingbirds typically 
subsist on a diet of nectar, with the occasional arthropod if convenient. These birds are 
physically capable of catching enough arthropods to live off of these for a short time, but their 
main diet is nectar because it is more energetically profitable and locally available. Arthropods 
are nutritionally vital to nestling development, however, and are fed an omnivorous diet similar 
to that of a Quetzal in order to develop properly (Montgomerie and Redsell 1980). A maternal 
colony of insectivorous brown bats was also found to differentially choose prey depending on the 
stage of their reproduction, although the study measured the maternal diet and not the foraging 
behavior. Insects of the order Coleoptera were eaten more than would be expected based on their 
relative abundance in the area throughout the stages of reproductive development, leading the 
study to conclude that the energetic demands of different reproductive stages had an impact on 
the parental diet (Menzel et al. 2000).  

Bee offspring also benefit from specialized parental foraging. In one study, 
reproductively active females of a solitary nesting bee species were found in a study to forage as 
pollen generalists. Pollen is not considered to be an easily accessible nutrient source, due to the 
energetic investment required to extract a relatively small quantity. Extraction calls for 
behavioral and morphological adaptations, and the nutrition of pollen grains differ greatly 
throughout plant taxa. The nutritional variety that is then conferred to the offspring of a pollen 
generalist bee is therefore seen as an overall benefit because the nutrient mixing optimizes the 
capture of compounds necessary for development, such as protein and Nitrogen (Eckhardt et al. 
2013; Cahenzli and Erhardt 2013). An array of pollen diets were given to these bees and larval 
survival was recorded to measure reproductive success. It was found that diets consisting of too 
much unfavorable pollen had detrimental impacts on larval survival but that highly diverse 
pollen loads, even if they did contain unfavorable pollen, caused lower larval mortality. Adult 
bees were able to optimize their larval food quality by providing their young a healthy mixture of 
pollen grains rich in protein and other essential nutrients. However, this does not mean that the 
foraged pollen also benefitted the adult. Though the solitary bee in this study does eat pollen, it is 
most likely the case that the energy required to forage a diverse array of flowering plant species 
was not paid off in nutrition (Eckhardt et al. 2013). It is likely that the foraging females never 
received the nutritional benefit of the pollen mixture because they are no longer developing and 
do not need the secondary metabolites and proteins. This means it is possible that the adult bees 
forage differently and in a more energetically affordable way when in diapause. By this logic, the 
additional pollen diversity provisioned by these adults would be collected solely to benefit their 
brood and would be the result of a behavioral change that calls for the care of offspring. 
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Crawfordapis luctuosa is a solitary nesting bee endemic to the highlands of Costa Rica 
and Panama. The females nest in chambers connected by tunnels dug into the clay ground at 
montane elevations. Females exhibit two types of nesting behavior: provisioning and non-
provisioning. Provisioning bees forage to feed their brood in nesting chambers, whereas non-
provisioning bees exhibit a “floating” behavior outside the nests, entering several in search of an 
empty chamber in which to raise their brood. Once a provisioning bee has fed its brood, that bee 
leaves the nest and a non-provisioning bee that can start its own provisioning process and fill the 
vacancy. It is possible that some of the provisioning bees in any given aggregation could be 
digging a new nest or cleaning out a used one, but in either case the bee has already switched to 
the provisioning nesting behavior (Wuellner and Jang 1996). C. luctuosa is a species of pollen 
generalists, so it may be the case that they, too, are adapted to provide an advantageous mixture 
of pollen nutrients to their young. Adult foraging techniques may be generalist, but it is unknown 
if pollen foraging changes as the reproductive stages advance, possibly to meet the unique 
nutritional demands of the offspring. This study aims to evaluate if there is a relationship 
between ovary development in adult female C. luctuosa bees and the abundance and richness of 
the pollen they collect. A relationship between sexual development and diverse foraged pollen 
would point to a possible adaptation to collect more of a certain nutrient present in specific plant 
species, based on the more urgent needs of a female who is ready to produce a brood. A shift in 
provisioning behavior caused by heightened reproductive development would be due to a 
newfound need for specific nutrients essential for offspring development. Another probable 
cause, and one not mutually exclusive with the first, is that the offspring does better on different 
diets at different points in development. 

 

MATERIALS AND METHODS 

Field Site 

C. luctuosa were collected on a clay road 
surrounded by tropical lower montane Cloud 
Forest in Monteverde, Costa Rica at 1750 m 
elevation (Figure 1). Bees were observed for 
their nesting behavior and only bees with 
provisioning behaviors were caught with a 
butterfly net. These provisioners were 
observed as female bees that flew directly to a 
nest. Bees were transferred to plastic vials 
and carried to the Monteverde Biological 
Station and frozen for later analysis.  

Pollen Sampling and Assessment  

Bees were taken from the freezer and placed 
ventral side up under a dissecting 
microscope to expose the scopae, hairy 
patches on the rearmost legs used for 
storing pollen (Figure 2a). Sampling 
included inner as well as outer scopae. Bees 

Figure 1. 
Study site on 
Cerro Amigos 
road at 1750 m 
elevation in 
Monteverde, 
Costa Rica.  

Figure 2. (a) Ventral side of the bee with 
scopae on hindmost legs exposed (b) 
Pollen sampling method for inner scopa. 

a. b. 
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Figure 4. (a) Complete ovary development with 3 
clearly defined eggs (b) Partial ovary development. 

were pinned in place on a wax dissecting tray. A fine-tipped brush was used to first sample 
pollen from the outer scopa, then the inner scopa by parting the hairs and brushing closer to the 
leg (Figure 2b). I sampled the scopae by sweeping the brush over either the outer or inner scopa 
once, then depositing the contents onto a labeled slide in a single, neat brush stroke. The pollen 
sampling process was repeated three times per scopa region per bee, for a total of six brush 
strokes per slide. This was then covered with a piece of tape for later analysis under a 
microscope. The brush was cleaned with 100% alcohol between samples. 

The pollen sample slide 
was then placed under a 
microscope. I found a region 
mid-way through the brush 
stroke of pollen and adjusted the 
objective to the 400X lens 
(Figure 3a). Next I used a 
clicker to quantify pollen grains 
in that field of vision (Figure 
3b). I kept the same field of 
vision for identifying the species 
of pollen grains with a database 
(Jost 2004). 

Bee Dissection 

The bee was then placed on the 
petri dish dorsal side up. The 
wings were removed with scissors 
and the bee integument was 
pinned to the wax. After, the dish 
was filled with a shallow layer of 
water. I then used dissecting 
scissors to carefully open the 
bee’s abdomen. The ovaries were 
analyzed for their egg development 
based on the distinctiveness of the 
oocytes, and this measurement was used to quantify sexual development. A partially developed 
ovary had no clear lines separating the three oocytes and was less plump than a fully developed 
ovary, which had three clearly defined eggs (Rozen 2003; Figure 4a, 4b).  

 

RESULTS 

I captured and dissected a total of 32 bees. Analysis of ovarian development revealed 15 partially 
developed bees and 17 fully developed bees. I tested if pollen richness and abundance were 
normally distributed for both types of bees.  Normality was rejected in all four cases except one  
(Shapiro-Wilk W test p>0.05). As a result, all comparative statistics were non-parametric.   

Figure 3. (a) Brush stroke of pollen at 10X zoom (b) 
Pollen abundance field of vision at 400X zoom. 

a. b. 
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 I found no significant difference for pollen abundance between individual bees with 
partially or fully developed ovaries (Mann-Whitney U= 91.5, p=0.174; Figure 5). Partially 
developed bees had a range of 572, as opposed to the fully developed bee range of 1339. I 
likewise found no significant relationship between pollen richness per bee and either 
developmental type (Mann-Whitney U=90, p=0.157; Figure 6). The range in plant species per 
bee differed only by 1 between the partially and fully developed groups, 5 and 4 species 
respectively. 

 

Figure 5. Box and whisker plot of the median abundance of pollen grains in both partial and full 
ovary development of female C. luctuosa bees in the tropical lower montane Cloud Forest of 
Monteverde, Costa Rica. The median and interquartile range (IQR) for partial development was 
186 and 358 pollen grains, respectively. The median and IQR for full development were 277 and 
461 pollen grains, respectively. 
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Figure 6. Box and whisker plot of the median richness of pollen species in both partial and full 
ovary development of female C. luctuosa bees in the tropical lower montane Cloud Forest of 
Monteverde, Costa Rica. The median and interquartile range (IQR) for partial development was 
2 and 2 plant species, respectively. The median and IQR for full development were 3 and 1 plant 
species, respectively. 

 Total pollen richness and abundance by ovarian development category were also 
compared. I found a significant difference in the total abundance between categories (X2=823.4, 
df=1, p<0.0001). The cumulative abundance of partially developed bees was 3,074 (n=15), 
whereas the same total abundance for fully developed bees was 6,468 (n=17). Both ovary 
development stages had a richness of 9, so a chi-squared test for richness was not necessary. The 
expected value for the test was 50% of total richness. 

Although both partial and full ovarian development had equal richness values of 9, each 
developmental category had two novel species of pollen. Each developmental stage had slightly 
different relative abundances of pollen species. Partial bees cumulatively had 23% of both C. 
globulifolia and C. oertediana as well as 20% A. ciliatum (Figure 7). Fully developed bees had 
25% of both C. globulifolia and C. oerstediana, but 14% of A. ciliatum and the squat 
Melastomataceae morphospecies, referred to in shorthand as ‘smm’ (Figure 8). The Shannon-
Wiener diversity tests showed no significant difference in the diversity of each ovary 
development group (t=0.24052, df=63.407, p=0.81071). 
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Figure 7. Relative pollen richness in C. luctuosa bees with partially developed ovaries in the 
tropical lower montane cloud forest of Monteverde, Costa Rica. Pollen species found only on 
bees of this ovary development type are noted with an asterisk. These results do not differ 
significantly from those of the fully developed C. luctuosa bees (Shannon-Wiener H’=1.9499).  

 

Figure 8. Relative pollen richness in C. luctuosa bees with fully developed ovaries in the 
tropical lower montane cloud forest of Monteverde, Costa Rica. Pollen species found only on 
bees of this ovary development type are noted with an asterisk. These results do not differ 
significantly from those of the partially developed C. luctuosa bees (Shannon-Wiener 
H’=1.9075). 
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DISCUSSION 

The statistical tests showed no significant trend to correlate ovary development with either pollen 
richness or abundance. Additionally, the statistics show that there was no difference in the sums 
of richness, but there was a significant difference in the sums of abundance.  

C. luctuosa do not appear to change foraging behavior with ovarian development. Had 
there been a significant trend between ovary development and a change in provisioning behavior, 
one or both of the following two explanations would follow: either the female makes eggs using 
nutrients that she does not need once the eggs are provisioned for, or she starts foraging pollen 
for her offspring to reflect their optimal diet and that diet differs from her own. The first option is 
not the case because the two developmental levels are collecting the same pollen at similar 
amounts, which shows that the females do not need specific nutrients to mature eggs in their 
ovaries that come from different pollen types or amounts. In evaluating the second option, either 
neither group of ovary developments are truly provisioning, or both are. What this could mean is 
that even though some have fully developed eggs, they can hold onto them internally for long 
periods of time while they wait for a nest to open up or to build one themselves. If both groups 
were provisioning as the experiment intended, the data then implies that not all provisioning bees 
have fully developed ovaries because it takes a long time to provision the larval chamber.  

Another reason why the diet would not change to reflect the offspring’s dietary needs 
would be because both the adult and the larvae already have the same diet. It could also be the 
case that the present mixture of plant species in the pollen loads is already nutritionally optimal, 
and no improved variation of those nutrients would confer a better meal for the offspring than the 
one that the females are already providing (Eckhardt et al. 2013).  

The bees do not change diets depending on ovary development, possibly because the 
types and quantity of pollen they provide is more related to what is available. The diet of both 
the adult and the larvae might also depend on the plant phenology of the season, and change to 
optimize their diet based on the pollen available. They may be pollen generalists because they 
need to be adapted to a variable food source. The optimal foraging required to provide for their 
young while maintaining their own nutrition necessitates a fine balance for C. luctuosa bees such 
that the provisioned pollen need not change in preparation for a brood. 
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ABSTRACT 
 
Phenotypic plasticity allows an organism to change with environment, allowing survival and reproduction in a wide 
variety of habitats. Obligate ephemeral pond breeding frogs have tadpoles that develop more quickly but at a smaller 
size as their pond dries.  Facultative temporary pond breeders, like the widely invasive Cane Toad (Rhinella 
marina), should do the same. This study simulated pool drying from 250 ml to 40 ml per tadpole over 28 days to 
assess the ability of R. marina tadpoles to change their developmental patterns. Tadpoles that experienced a decrease 
in water volume gained weight more slowly than those in constant water volume, with the treatment group gaining 
an average of 0.0047 g per day and the control group gaining an average of 0.0116 g per day. Average tadpole mass 
at the emergence of hind legs was significantly lower in the treatment group (x̄ control=1.3053 +/- 0.0440 g; 
x̄ treatment=1.0931 +/- 0.0340 g;  p=0.002) and was delayed compared to the control (x̄ control=17.667 +/- 1.085 days; 
x̄ treatment=20.357 +/- 0.6843 days; p=0.047) with 13 of 14 treatment tadpoles getting hind limbs in the last three 
days of the experiment when water volume was 60 mL or less. R. marina tadpoles therefore appear to be able to 
detect a critically low water volume and accelerate metamorphosis but at lower body weight.  Thus, offering a 
potential reason why R. marina is able to survive in such a wide variety of habitats. 
 
La plasticidad fenotípica permite el cambio de los organismos con el ambiente, permitiendo la sobrevivencia y la 
reproducción en un un rango amplio de hábitats.  Las ranas con reproducción obligada en charcos temporales tienen 
renacuajos que se desarrollan más rápidamente pero con tamaños más pequeños al secarse los charcos. 
Facultativamente aquellos que se reproducen en charcos temporles, como el ampliamente invasivo sapo común 
(Rhinella marina) debería hacer lo mismo.  Este estudio simula el secado de un charco de 250 ml  40 ml por 
renacuajo en un período de 28 días y estudia la habilidad de los renacuajos de R. marina para cambiar sus patrones 
de desarrollo.  Los renacuajos que tuvieron una disminución en el volumen de agua ganaron peso más lentamente 
que aquellos en un volumen constante de agua, con el grupo de tratamiento ganando en promedio 0.0047 g por día y 
el grupo control ganando en promedio 0.0116 g por día. La masa promedio de los rencuajos al salir el primer par de 
patas fue significativamente menor en el grupo tratamiento (x̄ control=1.3053 +/- 0.0440 g; x̄ tratamiento=1.0931 +/- 
0.0340 g;  p=0.002) y fue retardado en comparación al control (x̄ control=17.667 +/- 1.085 days; x̄ tramiento=20.357 +/- 
0.6843 days; p=0.047) con 13 de los 14 renacuajos del tratamiento desarrollando las patas traseras en los últimos 
tres días del experimento cuando el volumen de agua fue de 60 ml o menos.  Los renacuajos de R. marina parecen 
tener la capacidad de detectar el volumen bajo critico de agua y una acelerada metamorfosis pero a un menor peso 
corporal.  Así, ofreciendo razones por las cules R. marina es capaz de sobrevivir en una gran variedad de hábitats. 
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INTRODUCTION 
 
Many organisms respond to environmental uncertainty with phenotypic plasticity ( Scheiner 
1993). This flexibility allows species to survive and reproduce in a wide variety of environments. 
In widespread and invasive species, phenotypic plasticity may be more pronounced, allowing 
colonization and proliferation in a wide variety of environments (Davidson et al.  2011). 
Plasticity may also be an important determinant in species survival as anthropogenic climate 
change creates a rapidly changing and highly variable set of environmental conditions 
( Charmantier et al.  2008).  

In frogs, developmental plasticity in tadpoles is relatively common (Newman 1989; 
Denver 1998). Tadpole development may occur in permanent water bodies, temporary pools, or 
a combination of the two with each type of reproduction having its own advantages and risks. 
When frogs use ephemeral pools for tadpole development, they have a low predation risk (Skelly 
1996). The trade off, however, is the risk of desiccation before development is complete ( Laurila 
& Kujasalo 2001 ). Developmental plasticity has been demonstrated in many ephemeral pool 
breeding frog species (Crump 1989; Newman 1989; Denver et al. 1998). Here, tadpoles 
complete metamorphosis more quickly and at a lower body weight as ponds dry (Crump 1989; 
Newman 1989). However, lower body weight at metamorphosis may put them at a fitness 
disadvantage as adults with a smaller body size in adulthood ( Relyea 2001) and weakened 
immune systems ( Gervasi & Foufopoulos 2007).  

Within a single species, developmental plasticity is more common among populations 
with greater habitat heterogeneity (Buskurk 2017). A similar pattern is observed when looking 
for differences between species, with frog species that use both permanent and ephemeral pools 
typically having the highest plasticity (Richter-Boix et al. 2006). While one would expect species 
adapted for habitat heterogeneity to have an advantage in colonizing and proliferating in novel 
environments, these previous studies did not focus on invasive species nor the effect that 
plasticity may have on invasions. Rhinella marina  is a widely invasive species that has spread to 
and caused considerable damage in a variety of habitats worldwide (Shine 2006). Although they 
are known to breed in both permanent and ephemeral pools (Zug et al. 1979), developmental 
plasticity of R. marina tadpoles has not been demonstrated. If R. marina tadpoles display 
developmental plasticity in drying temporary pools, it may help to explain their success as 
invasive species.  

For this study, I examined whether R. marina tadpoles could display developmental 
plasticity in response to a gradually reduced water volume, simulating pond desiccation. R. 
marina tadpoles were collected from locations in the Monteverde region of Costa Rica and were 
split into two groups: a control group kept in constant water volume and a treatment group kept 
in a gradually declining water volume. Tadpole masses and developmental stages were recorded 
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over time to determine if R. marina tadpoles respond to drying phenotypically by 
metamorphosing more quickly and at lower body size.  
  
MATERIALS AND METHODS 
 
R. marina tadpoles were collected from a pond along the Quebrada Máquina inside of the 
Monteverde Cloud Forest Reserve and from pools along the Quebrada Cuecha near the 
Monteverde Cheese Factory. The pond is located at coordinates 10°19’8”N 84°48’27”W which 
is 1527 m in elevation. The stream is located at 10°18’17”N 84°48’32”W at 1393 m in elevation. 
These sites are in premontane wet forest according to the Holdridge life zone method of habitat 
classification. Forty tadpoles were collected of similar weights and between Gosner 
developmental stages 23 and 25. At this stage, the tadpoles had transparent fins and no external 
gills (Gosner 1960). The tadpoles were expected to significantly progress through the stages of 
metamorphosis over the course of this 22 day study (Savage 2002). Twenty tadpoles were 
designated for the control group of constant water volume and an equal number were used for the 
drying treatment group.  

Each tadpole was kept in a separate plastic 400 mL drinking cup filled with 250 mL of 
spring water. Each day I weighed tadpoles and checked for emergence of hind limbs. For each 
tadpole that developed hind limbs, the day and weight of the tadpole at first hind limb emergence 
was recorded. Control group tadpoles were maintained with 250 mL of water, changed daily. 
Treatment group tadpoles also had their water changed daily but with 10 mL less than the 
previous day. After 22 days, treatment group tadpoles had 40 mL, which still covered the 
tadpoles with enough room for them to move and eat (under approximately 20 mm of water). 
Tadpoles were fed an excess of commercial fish food. Tadpoles were kept in similar abiotic 
conditions and temperature and light exposure were the same for all of them with the average 
annual temperature in Monteverde being 18.8℃ (Nadkarni and Wheelwright 2000). If a tadpole 
died during the experiment, it was not replaced and the data from that tadpole were omitted from 
data analysis. After the final day of data collection, tadpoles were returned to the ponds from 
which they were collected.  
 
RESULTS 
 
Two tadpoles from each group died six days into the experiment, leaving a total of 18 tadpoles 
per group for data analysis. Initial weights of tadpoles did not differ significantly between the 
control and treatment group (t-test, d.f.=34, t=0.21083, p=0.83428; Figure 1). The groups was 
differed in average initial mass by only 0.008 g (Figure 1). In addition, the masses of tadpoles in 
the control and treatment groups had similar variation, with ranges of 0.363 g in the control 
group and 0.441 g in the treatment group.  
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Figure 1. Average initial mass for 18 control ( x̄= 0.9882 +/- 0.0253) and 18 treatment group 
( x̄= 0.9803 +/- 0.0275) R. marina tadpoles collected from Monteverde, Costa Rica. Control 
group tadpoles were kept in a constant water volume of 250 mL while the treatment group 
tadpoles had a starting water volume of 250 mL with a 10 mL volume reduction each day to 
measure the effects of pond desiccation on developmental plasticity. The two groups do not 
differ significantly in initial mass (p=0.83428). Error bars represent +/- one standard error.  
 

Although the increase in mass over the 22 day period was linear for both groups of 
tadpoles, the control group gained weight at a significantly faster rate than the tadpoles in drying 
conditions (ANCOVA, d.f.= 791, F = 80.5704, p<.0001; Figure 2). A mixed model repeated 
measures analysis was performed with the experimental condition (constant or decreasing water 
volume), day, and the interaction of the two variables considered as independent variables and 
with the individual tadpole being considered a random variable. The experimental condition (F = 
4.6, p = 0.04), day (F = 52.6, p < 0.001), and the interaction of the experimental condition and 
day (F = 9.12, p < 0.001) were all found to be significant factors affecting variation in tadpole 
weight.  
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Figure 2: Regression lines for the average masses of 18 control and 18 treatment group R. 
marina tadpoles on each day for 22 days. R. marina tadpoles were collected from Monteverde, 
Costa Rica. Control group tadpoles were kept in a constant water volume of 250 mL while the 
treatment tadpoles had a starting water volume of 250 mL with a 10 mL volume reduction each 
day to measure the effects of pond desiccation on developmental plasticity. Control group 
tadpoles gained weight at a significantly faster pace than treatment group tadpoles (ANCOVA, 
d.f.= 791, f ratio=80.5704, p<.0001). Error bars represent +/- one standard error. 
 

In total, 6 tadpoles in the control group and 14 tadpoles in the treatment group developed 
hind limbs. The control group had a significantly higher average weight on the day of their first 
hind limb development (t-test, d.f.=34, t=3.5585, p=0.0022452; Figure 3). The control group was 
0.21 g heavier on average at the time of hind limb emergence than the treatment group. For the 
control group, hind limbs typically tended to emerge when tadpoles reached about 1.3 g. For the 
drying group, one tadpole reached 1.344 g on day 12 and had hind limb emergence. For the 
remainder of the treatment tadpoles, limbs emerged only in the last three days of the study, when 
the water volume was reduced to 60-40 mL even though those 13 tadpoles only had an average 
weight of 1.074 g +/- 0.0303 at hind limb emergence.  
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Figure 3. Average mass at the time of first hind limb development for 6 control ( x̄= 1.3053 +/- 
0.0440) and 14 treatment group ( x̄= 1.0931 +/- 0.0340) R. marina tadpoles collected from 
Monteverde, Costa Rica. Control group tadpoles were kept in a constant water volume of 250 
mL while the treatment tadpoles had a starting water volume of 250 mL with a 10 mL volume 
reduction each day to measure the effects of pond desiccation on developmental plasticity. The 
control group developed hind limbs at a significantly higher mass than the treatment group on 
average (t-test, d.f.=34, t=3.5585, p=0.0022452). Error bars represent +/- one standard error.  
 

The control group also developed hind limbs more quickly than the treatment group 
(t-test, d.f.=34, t=-2.1306, p=0.047164). The control group developed hind limbs approximately 
2.7 days earlier than the treatment group (Figure 4). While the tadpoles in the control group 
developed limbs at many points over the course of the 14th to 22nd day, 13 of the 14 tadpoles in 
the treatment group that developed hind limbs, developed them in the final three days in 60 or 
fewer mL of water.  
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Figure 4. Average number of days before first hind limb development for 6 control ( x̄= 17.667 
+/- 1.085) and 14 treatment group ( x̄= 20.357 +/- 0.6843) R. marina tadpoles collected from 
Monteverde, Costa Rica. Control group tadpoles were kept in a constant water volume of 250 
mL while the treatment tadpoles had a starting water volume of 250 mL with a 10 mL volume 
reduction each day to measure the effects of pond desiccation on developmental plasticity. The 
control group developed hind limbs in significantly fewer days than the treatment group on 
average (t-test, d.f.=34, t=-2.1306, p=0.047164). Error bars represent +/- one standard error.  
 
DISCUSSION 
 
Control tadpoles gained weight more quickly than tadpoles in cups with diminishing water 
volume. Studies conducted on other frog species found that tadpoles confined to a small area 
(Rose 2014) or to shallow water (Calich & Wassersug 2012) put on weight more slowly than 
tadpoles of the same species with deeper water and more space to grow. One possible 
explanation for the stunted growth is that shallow water may prevent the tadpole from propelling 
itself to the water surface to air-breathe, potentially inhibiting its respiration and stunting its 
growth (Calich & Wassersug 2012). It is also possible that tadpoles gain weight more slowly in 
the more confined space while “waiting” for rain to refill the drying pool.  

Regardless of experimental condition, tadpoles typically developed hind limbs after 
reaching a weight of 1.3 g. Since both groups had similar starting weights and the control group 
gained weight more quickly, six control tadpoles reached the typical weight for metamorphosis 
early in the study. With the exception of one treatment tadpole reaching 1.344 g and sprouting 
hind limbs on day 12 of the study, the majority of treatment tadpoles had a delay in hind leg 
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emergence, probably due to lower body weight. In the final three days of the experiment, 
however, when water volume reached 60 mL and below, 13 tadpoles developed hind limbs at 
weights significantly lower than what had been observed in the control group. The data therefore 
suggest that the treatment group tadpoles delayed metamorphosis but ultimately metamorphosed 
at a lower weight. 

Although it prevents desiccation in ephemeral pools, metamorphosing at a lower body 
weight has been shown in other frog species to decrease the fitness of adults when compared to 
heavier individuals. For example, in wood frogs, individuals who develop legs at a lower body 
weight experience reduced growth and development as adult frogs ( Relyea 2001). Wood frogs 
have also been found to have weaker immune systems as adults if they metamorphose at a low 
body weight in response to environmental cues ( Gervasi & Foufopoulos 2007). Ultimately, as 
has been demonstrated in one model for predicting optimal timing of metamorphosis for the 
tree-hole breeding frog Phrynobatrachus guineensi, timing of metamorphosis seems to be based 
on a trade off between avoiding the fitness detriment of metamorphosing at a low body weight 
and the fitness benefit of escaping desiccation (Rudolf and Rödel 2007). In the case of the R. 
marina tadpoles in this experiment, had the rate of water loss continued, the treatment tadpoles 
would have only had four days before their “ponds” were completely dry. The threshold effect of 
water volume detection observed here seems to be a strategy for maximizing fitness by allowing 
the tadpoles to gain weight before metamorphosis in spite of dropping water volume but only 
until a minimum volume is reached where desiccation becomes a real and imminent threat.  
Ultimately, the data from this study suggest that R. marina tadpoles have developmental 
plasticity in timing of metamorphosis with declining water volume. Even in the absence of other 
potential environmental cues of desiccation such as tadpole density or food availability,  R. 
marina can sense low water volume and metamorphose at a lower body weight than would 
otherwise be expected. This phenotypic plasticity may contribute to R. marina’s ability  to 
successfully breed and develop in a wide variety of habitats and may be a factor allowing it to act 
as a habitat generalist and as a widespread invasive species.  
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ABSTRACT 
 
In nature, dominance hierarchies are social structures based on individual interactions where all pairs of individuals 
in a group exhibit a dominance relationship (Chase et al. 2002). These hierarchies can affect the way animals forage, 
especially when various species are competing for the same resource. Hummingbirds display prominent hierarchies 
through aggressive behaviors and limited tolerance of other individuals, especially during feeding. While they are 
attracted to a range of flowers, previous studies have shown that tropical hummingbirds will choose a higher 
concentration of nectar when given the opportunity. The relationship between nectar concentrations and aggressive 
behaviors has been extensively studied, but there are limited studies showing how dominance hierarchies are 
affected. I conducted a 12-day observational study in the Monteverde Cloud Forest Reserve’s Hummingbird Gallery 
to assess whether the availability of a higher concentration of sucrose (30%) would result in a shift in the existing 
dominance hierarchy of the area. Correlations between dominance scores and number of visits were calculated. 
Additionally, the correlation between dominance scores and previously determined body mass was examined. Five 
out of six identified species preferred the 30% (171.6 mean visits +/- 45.53 SE) concentration as opposed to the 10% 
(123.6 mean visits +/- 36.84 SE). Dominance scores between the two concentrations differed in most species, scores 
increasing for the Violet Sabrewing, the Green Violet-ear, and the Purple-throated Mountain-gem at the 30% 
concentration. The Green Violet-ear and the Purple-throated Mountain-gem ranked higher at the 30% concentration, 
while the Stripe-tailed Hummingbird and the Coppery-headed Emerald ranked lower. The Violet Sabrewing and 
Green-crowned Brilliant were ranked the most dominant and second-most dominant, respectively, at both 
concentrations. Dominance scores were not related to number of visits to each feeder but they were related to body 
mass. The latter indicates that larger species rank higher on the dominance hierarchy. The shifts in the dominance 
hierarchy suggest that while body mass is a good predictor of dominant species, there are several additional factors 
that must be taken into consideration, and hierarchies may be more complex than expected.  
 
RESUMEN 
 
En la naturaleza, las jerarquías de dominancia son estructuras sociales basadas en las interacciones individuales 
donde todos los pares de individuos en un grupo exhiben una relación de dominancia (Chase et al 2002).  Estas 
jerarquías puden afecta la manera que los animales forrajean, especialmente cuando varias especies compiten por el 
mismo recurso.  Los colibríes muestran jerarquías prominentes a través de comportamientos agresivos y una 
tolerancia limitada a otros individuos, especialmente durante la alimentación.  Mientras ellos son atridos a una 
variedad de flores, estudios previos han mostrado que los colibríes tropicales escogeran una mayor concentración de 
néctar cuando se les da la oportunidad.  La relación entre la concentración de néctar y los comportamientos 
agresivos ha sido ampliamente estudiada, pero hay estudios limitados que muestran como son afectadas las 
jerarquías de dominancia.  Condujé un estudio observacional por 12 días en la Galería de Colibríes de la Reserva del 
Bosque Nuboso de Monteverde para determinar si la disponibilidad de una alta concentración de sucrose (30%) 
resultaría en un cambio en la dominancia existente en el área. Correlaciones entre los valores de dominancia y el 
número de visitas se calculó  Adicionalmente, la correlación entre los valores de dominancia y valores previos de 
masa corporal fueron calculados.  Cinco de seis especies identificadas prefieren  la concentración de 30% (171.6 
visitas promedio +/- 45.53 SE) opuesto al 10% (123.6 visitas promedio +/- 36.84 SE).  Los valores de dominancia 
entre las dos concentraciones difieren en la mayoría de especies, estos aumentan para el Violet Sabrewing, the Green 
Violet-ear, and the Purple-throated Mountain-gem a concentraciones de 30%, mientras que el Stripe-tailed 
Hummingbird y the Coppery-headed Emerald son menores. The Violet Sabrewing y Green-crowned Brilliant fueron 
encontrados como el más dominante y segundo más dominante respectivamente, en ambas concentraciones.  Los 

 34 



valores de dominancia no estuvieron relacionados al número de visitas a cada comedero, pero estuvieron 
relacionados a la masa corporal.  Lo último indica que lase species más grandes tienen un rango mayor en la 
jerarquía de dominancia.  Los cambios en las jerarquías de dominancia sugieren que mientras la masa corporal es un 
buen vaticinador de la dominacia de lase species, hay varios factores adicionales que se deben tomar en 
consideración, y que las jerarquías pueden ser más complejas de lo esperado.  
 
 
INTRODUCTION 
 
When several species have specialized to a particular food source, interference or exploitative 
competition is not uncommon. This competition may result in the formation of dominance 
hierarchies, some species outcompeting others in order to maximize their resource acquisition. 
Dominance hierarchies are present in many species, and early studies of social dominance have 
highly influenced the way we view animal behavior today (Piper 1997). Dominance can be 
defined as victories in 70% of species pair interactions in proportion to the number of 
interactions exhibited (Altshuler et al. 2004). These hierarchies impact the way species interact 
with one another as well as with their resources. Different hierarchies and, consequently, species’ 
foraging strategies within ecosystems can likely be attributed to these variations in resource 
acquisition, as the principle of competitive exclusion states that species will either drive each 
other to extinction or coexist through niche partitioning (Hardin 1960). A less dominant species, 
therefore, would have to narrow down its niche if it is to coexist with a more dominant species 
(Morse 1974). Therefore, dominance hierarchies may be the result of interspecific competition 
due to specialization of limited resources by many species. For example, Nakano (1995) found 
that an interspecific dominance hierarchy was formed in a single pool of a stream between 
salmon species, where the most dominant species had the best access to drifting food. These 
hierarchies therefore not only impact the way species interact with one another, but they also 
affect how they interact with their available resources.  

Hummingbird species specifically share unique patterns of foraging behaviors alongside 
prominent displays of dominance hierarchies (O’Brien 2015). In hummingbirds, dominance 
hierarchies are likely mediated by access to nectar, as that is their main source of energy. 
Hummingbirds exhibit two foraging strategies: territorial and non-territorial (Feinsinger and 
Chaplin 1975). Non-territorial species that do not defend patches of flowers and instead alternate 
between locations are considered trapliners (Feinsinger and Chaplin 1975). In a past study, 
O’Brien (2015) found that the Violet Sabrewing, a trapliner, ranked highest on the dominance 
hierarchy in a community of seven hummingbird species. On the contrary, territorial birds spend 
their energy on defending small areas and typically have short wings for quicker maneuverability 
(Feinsinger and Chaplin 1975). Territorial species are typically more aggressive and are often 
seen chasing away trapliners species (Justino et. al, 2012). However, generally territorial species 
like the Stripe-tailed Hummingbird were found lower on previously studied dominance 
hierarchies (O’Brien 2015). This suggests that hummingbird species interactions are more 
complex, and rely on various factors. For example, body size appears to be correlated with 
hummingbird dominance hierarchies larger species proving to be more dominant than smaller 
species (O’Brien 2015). Therefore, several factors including but not limiting to morphology, 
resource availability, and surrounding species affect the dynamics of dominance hierarchies in 
hummingbirds as well as their foraging habits (Feinsinger and Colwell 1978).  

Hummingbird nectar preference has been frequently tested, and results have shown that 
they quickly learn which feeder has the highest sucrose concentration and prefer it to lower 
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qualities of sucrose (Finstad 1998, Calig 2001, Patankar 1997). Concentration appears to take 
priority over color preference, suggesting hummingbirds are attracted to color and use it mainly 
to identify a source of food, but will base their foraging choices on the quality of the nectar 
(Calig 2001). Additionally, hummingbirds will choose a higher sugar concentration even if its 
location is more vulnerable to predators (Finstad 1998). Nectar concentration has therefore 
proven to be significantly influential of hummingbird foraging patterns since they disregard both 
flower color and their own safety for a higher source of energy.  

The effects of nectar concentration on species aggression have also been studied, with 
varying results. Matheson (2004) found no relationship to changes in nectar concentration and 
species aggression. In contrast, Brooks (2006) found that there were higher proportions of 
aggressive interactions at lower reward feeders (20%). Both trapliner and territorial species have 
been found to be more aggressive depending on resources available, creating uncertainty in 
regards to the true effects of nectar concentrations on agonistic behaviors (McMahon 2005, 
O’Brien 2015). Studies assessing how much nectar concentrations affect the existing dominance 
hierarchies in a given area, however, are lacking. If a limited amount of high qualities of nectar 
causes changes in foraging activity and increased antagonistic behavior, then a shift in 
dominance hierarchies may be seen. The effects a higher concentration has on both territorial and 
trapliner species could demonstrate how hummingbirds adapt their behaviors to different 
situations, especially when the optimal resource requires more interspecific interactions than a 
lesser option. It could also demonstrate how species must alter their foraging behaviors in 
accordance with their rank in a dominance hierarchy, finding ways to coexist with more 
subordinate or more dominant species.  
 To determine the impacts that the presence of distinctly higher and lower sucrose 
solutions have on hummingbird dominance hierarchies and, consequently, their foraging 
behaviors, the visitation and aggressive interactions between hummingbird species were studied 
at artificial feeders with unlimited nectar supply at a cloud forest site.  
 
MATERIALS AND METHODS 
 
Study Site 
This study was conducted in the Hummingbird Gallery located in the Monteverde Cloud Forest 
Biological Reserve. Explain what the hummingbird gallery is and why it is a convenient place to 
study hummingbird interactions at artificial feeders. It is categorized as low montane wet forest. 
Two hummingbird feeders of 10 and 30 percent sucrose concentrations were hung in the 
designated Hummingbird Gallery, where feeders are set up daily and the hummingbirds are 
accustomed to visitors. These concentrations were selected in order to mimic previous studies 
assessing nectar concentration preferences. The feeders were clearly visible, approximately 0.91 
m, and were hung on beams at around 1530 m asl in front of the Gallery shop, which is where 
the hummingbirds most frequently visit feeders due to the shade provided. Observations were 
made for 12 days between April 28th to May 11th. They were conducted between the hours of 
approximately 7 a.m. and 10:30 a.m., depending on when large groups of tourists arrived and 
hindered visibility of the feeders. Observations were made for 15 minutes each, alternating 
between feeders. Feeders were hung for the remainder of the day and removed in the evenings.  
 
 
 

 36 



Study Species 
Six hummingbird species visited the feeders during the study: Heliodoxa jacula (Green-crowned 
Brilliant), Colibri thalassinus (Green Violet-ear), Lampornis calolaema (Purple-throated 
Mountain-gem), Elvira cupreiceps (Coppery-headed Emerald), Eupherusa eximia (Stripe-tailed 
Hummingbird), and Campylopterus hemileucurus (Violet Sabrewing). Generally, hummingbirds 
demonstrate low tolerance to other hummingbirds when feeding (Stiles and Skutch 1989). 
However, different species have varying levels of aggression. Violet Sabrewings are the largest 
species in Costa Rica, but are less aggressive than their size suggests as they are trapliners (Stiles 
and Skutch 1989). The Green Violet-ear is occasionally territorial but can also be considered a 
“facultative trapliner”, and is known to be outcompeted by more dominant species (Feinsinger 
and Chaplin 1975, Stiles and Skutch 1989). Stripe-tailed Hummingbird males are considered 
highly territorial, but have also exhibited facultative traplining in previous studies (Feinsinger 
and Chaplin 1975, Stiles and Skutch 1989). The Coppery-headed Emerald is not considered 
territorial (Feo 2006). The number of visits by each species, and interactions between species 
were recorded.  
 
Species Visits 
A visit was counted if an individual visibly drank from a feeder for at least 3 seconds. Visits to 
each feeder were recorded for 15 minutes. If the same individual visited the feeder multiple 
times, these were recorded as separate visits.  
 
Aggressive Interactions 
Both inter and intra-specific aggressive interactions between the species were recorded for the 
duration of the 15-minute sampling period. If an individual prevented another from feeding at the 
same feeder through aggressive behaviors such as chasing, direct contact fighting, or visual 
displays, this was considered a win. If an individual was prevented from feeding or was chased 
away from the feeder by an intruder, this was considered a loss. If two individuals fed at the 
same time without any aggressive behaviors displayed for three seconds or longer, this was 
recorded as a tie. Ties were not frequent but also not entirely uncommon.  
 
Statistical Analyses 
Dominance hierarchies were calculated using David’s scores (Gammell et al. 2002). Interactions 
at both 10% and 30% feeders were calculated to determine overall dominance of each species for 
each concentration. David’s scores are acquired using the R-program package “steepness” (Leiva 
2014), which constructs the dominance hierarchies based off of the number of wins in proportion 
to how many interactions each species had. The mean visits for each feeder were compared using 
a standard t-test. Three Pearson’s product-moment correlation tests were run in order to test 
possible correlations: David’s score and number of visits, David’s score and body mass of each 
species, and David’s scores for both 10% and 30% feeders. Additionally, a Chi-squared test 
contingency table was used to compare the proportional number of visits between nectar 
concentrations across hummingbird species. Body masses for each species were taken from 
Stiles and Skutch (1989).  
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RESULTS 
 
Visits from 3,542 individuals were recorded: 1,483 at the 10% feeder and 2,059 at the 30% 
feeder. There were 230 interactions at the 10% concentration feeder and 528 interactions at the 
30% concentration feeder, making a total of 758. David’s scores were calculated for each species 
at each feeder, as shown in Table 1.  
 
Table 1. David’s scores for each sucrose concentration by hummingbird species. Scores for the Violet 
Sabrewing, Green Violet-ear, and Purple-throated Mountain-gem increased from the 10% to the 30%.  
 

SPECIES                                                                  10%                                        30% 
Violet Sabrewing 5.768 9.9905 

Green-crowned 
Brilliant  

3.131 2.6911 

Stripe-tailed 
Hummingbird 

0 -4.9524 

Green Violet-ear -2.178 -0.9496 

Coppery-headed 
Emerald 

-2.954 -5.7762 

Purple-throated 
Mountain-gem 

-3.767 -1.0034 

 
 
Species Hierarchies 
The David’s scores indicate that the dominance hierarchies vary between nectar concentrations 
(Figure 1). The Violet Sabrewing and Green-crowned Brilliant maintained their same rankings at both 
concentrations, most dominant and second-most dominant, respectively. However, the Violet Sabrewing 
and the Purple-throated Mountain-gem scored higher than expected at the 30% concentration, while the 
Green-crowned Brilliant and Green Violet-ear scores remained fairly similar between treatments (Fig. 1). 
The Stripe-tailed Hummingbird ranked higher at the 10% feeder than at the 30% feeder. Interestingly, the 
Green Violet-ear and the Purple-throated Mountain-gem ranked higher at the 30% feeder, while the 
Coppery-headed Emerald ranked lowest at the 30% and second-lowest at the 10%. Scores for the Stripe-
tailed Hummingbird, and Coppery-headed Emerald decreased from the 10% to the 30% concentration.  
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Figure 1. Correlation between David’s scores at 10 and 30% feeders. Dominance hierarchies were 
significantly correlated (rs = 0.8188, p = 0.046) and were present at both feeders. The Violet Sabrewing 
and Green-crowned Brilliant were the top two, respectively, at both. The line represents a perfect 
correspondence between scores. 
 
Species Visits 
The feeder with 30% concentration had about 50 more visits per 15 min periods than the 10% 
feeder (t-test = 2.8536df = 11, p = 0.04, Figure 2). The 10% feeder received 123.6 +/- 36.84 SE 
average visits, while the 30% feeder received 171.6 +/- 45.53 SE average visits. All species 
except the Purple-throated Mountain-gem showed a preference for the 30% feeder.  
 
 
 

 

VSW

GB

ST

VE

CHE

MG

-8

-6

-4

-2

0

2

4

6

8

10

12

-6 -4 -2 0 2 4 6 8

D
av

id
's

 S
co

re
 (3

0%
)

David's Score (10%)

0

50

100

150

200

250

10% 30%

M
ea

n 
V

is
its

Sucrose Concentration

 39 



 
Figure 2. Mean visits to artificial feeders with 10% and 30% sucrose concentrations per 15-minute 
observation period in the cloud forest of Monteverde Costa Rica. The 10% feeder received 123.6 +/- 
36.84 SE average visits. The 30% feeder received 171.6 +/- 45.53 SE average visits. Five out of six 
species of hummingbird showed a significant preference for the 30% concentration (t-test = 2.8536, p = 
0.04). Error bars represent standard error for both.  
 

A Pearson’s Chi-squared test was used to compare each species’ expected visits if no 
preference was displayed and the actual observed visits. There was a highly significant 
difference between the expected and observed number of visits for each species (Chi-square = 
143.47, df = 5, p < 0.05). Only one Chi-squared analysis was done for the proportional 
distribution between nectar concentrations across species. Each species is presented separately in 
figures for clarity. Expected values for each species were calculated according to the total 
abundance of hummingbirds for each one of the two nectar concentrations. The Coppery-headed 
Emerald visited the 30% feeder more than the 10% feeder, and visited the 30% more than 
expected based on total visits overall (Figure 3). The Green Violet-ear visited the 30% feeder 
more than the 10%, but the observed visits were less than the expected visits at the 30% and 
greater at the 10% (Figure 4). Observed and expected visits for the Green-crowned Brilliant were 
almost identical for both concentrations, indicating less of a preference for either feeder (Figure 
5). The Violet Sabrewing showed a strong preference for the 30% concentration, visiting the 
30% feeder more than expected and visiting the 10% less than expected (Figure 6). The Purple-
throated Mountain-gem was the only species that showed a preference for the 10% solution, 
having more observed visits than expected visits at the 10% and less observed visits than 
expected at the 30% (Figure 7). The Stripe-tailed Hummingbird was the only species where no 
visits were observed at the 10% feeder, demonstrating a drastic preference for the 30%. 
Observed visits at the 30% were greater than expected as well (Figure 8).  

No analysis was done to compare species visits between one another, however certain 
trends were identified based on recorded visits. The Green-crowned Brilliant and Green Violet-
ear visited the most at the 10% feeder, whereas the Stripe-tailed Hummingbird and the Coppery-
headed Emerald visited the least. The Purple-throated Mountain-gem visited more than the 
Violet Sabrewing, but not as much as the Green-crowned Brilliant and Green Violet-ear. At the 
30% feeder, the Green-crowned Brilliant visited the most, followed closely by the Green Violet-
ear as well. The Coppery-headed Emerald and the Stripe-tailed Hummingbird visited the least, 
while the Violet Sabrewing visited more than the Purple-throated Mountain-gem.  
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Figure 3. Coppery-headed Emerald expected and observed (black and blue) total visits at 10% and 30% 
feeders. There were a total of 17 observed visits at the 10% feeder, and 28.1 expected. At the 30% feeder 
there were a total of 50 observed visits compared to 38.9 expected visits. Expected visits refer to how 
many visits there would have been if this species did not demonstrate a preference. As shown, realized 
visits to the 10% were lower than expected, and realized visits to the 30% were higher than expected.  
 
 

 
 
Figure 4. Green Violet-ear expected and observed total visits at 10% and 30% feeders. There were a total 
of 536 visits to the 10% feeder and 490.3 expected. At the 30% feeder there were a total of 635 observed 
visits and 680.7 expected visits. Observed visits were greater at the 10% and fewer at the 30% than 
expected, but overall greater at the 30% feeder.  
 
 

0

10

20

30

40

50

60

10% 30%

T
ot

al
 V

is
its

Sucrose Concentration

Observed
Expected

0

100

200

300

400

500

600

700

800

10% 30%

T
ot

al
 V

is
its

Sucrose Concentration

Observed

Expected

 41 



 
 
Figure 5. Green-crowned Brilliant observed and expected total visits at 10% and 30% concentrations. 
The 10% feeder experienced 552 observed visits and 544.3 expected visits. The 30% feeder experienced 
748 observed visits and 755.7 expected visits. The difference was slim, indicating less of a preference 
between the two concentrations. Overall, visits were still greater at the 30% feeder.  
 
 

 
 
Figure 6. Violet Sabrewing observed and expected total visits at 10% and 30% concentrations. The 10% 
feeder had 75 total observed visits and 155.8 expected visits. The 30% feeder had 297 observed visits and 
216.3 expected visits. Observed visits were especially greater than expected visits for the 30% feeder, and 
observed visits were less than the expected visits at the 10% feeder. The Violet Sabrewing strongly 
preferred the 30% concentration. 
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Figure 7. Purple-throated Mountain-gem observed and expected total visits at 10% and 30% feeders. The 
10% feeder had 303 observed total visits and 245.5 expected visits. The 30% feeder had 283 observed 
visits and 340.5 expected visits. The Mountain-gem showed a preference for the 10% rather than the 30%. 
 
 

 
 
Figure 8. Stripe-tailed Hummingbird observed and expected total visits for the 10% and 30% 
concentrations. The 10% feeder experienced 0 observed visits and 19.3 expected visits. The 30% feeder 
experienced 46 observed visits and 26.7 expected visits, showing a strong preference for the 30% 
concentration.  
 

David’s score, and therefore the position of each species in the dominance hierarchy was 
not related to the average number of visits per day at each feeder: (rs = -0.4093, p = 0.49), (rs = 
0.3162, p = 0.54), for the 10% and 30% feeder, respectively (Figure 9).  
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Figure 9. David’s scores and mean total visits for the 10% concentration feeder. No significant 
correlation was found (rs = -0.4093, p = 0.49), meaning a species’ number of visits was unaffected by a 
species’ dominance hierarchy ranking, and vis versa.  
 

 
 
Figure 10. David’s scores and mean total visits for the 30% concentration feeder. No significant 
correlation was found (rs = 0.3162, p = 0.54), meaning a species’ number of visits was unaffected by a 
species’ dominance hierarchy ranking, and vis versa.  
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Body Mass 
The Pearson’s product-moment correlation showed a significant correlation between a species’ 
David’s score and average species body mass at both the 10% concentration (rs = 0.8923, p = 
0.02) and the 30% concentration (rs = 0.9648, p < 0.05). Figure 5 demonstrates a positive trend, 
where a species with a larger body mass proved to be more dominant. This was true for both 
concentrations. 
 

 
 
Figure 11. David’s scores for each species in relation to body mass (g) for each species at the 10% 
feeder. A significant correlation is found (rs = 0.8923, p = 0.02). As body mass increases, dominance 
increases. As shown, the Violet Sabrewing has the largest body mass and is the most dominant 
hummingbird species.  
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Figure 12. David’s scores for each species in relation to body mass (g) for each species at the 30% 
feeder. A significant correlation is found (rs = 0.9647, p < 0.05). As body mass increases, dominance 
increases. As shown, the Violet Sabrewing has the largest body mass and is the most dominant 
hummingbird species.  
 
 
Additional Observations 
Based solely on observation, the Green-crowned Brilliant appeared the most territorial, 
frequently perching near the feeders to chase away intruders. The Violet Sabrewing did not 
exhibit territoriality and was rarely approached by another individual while it was feeding. Other 
individuals typically fled the area once the Violet Sabrewing approached. The Green Violet-ear 
showed some territoriality as well as some traplining depending on the individual. The Stripe-
tailed Hummingbird was only observed on the last few days, and it was the same individual 
returning to the feeders. This individual was not particularly territorial and frequently lost or tied 
its interactions at the 30% feeder, but performed better at the 10% feeder. The Coppery-headed 
Emerald did not exhibit any signs of territoriality. The Purple-throated Mountain-gem varied in 
some individuals displaying territorial behaviors at the feeders, and other individuals only 
visiting and leaving soon after.  
 
DISCUSSION 
 
Taking all species into account, hummingbirds had an overall preference for the 30% sucrose 
concentration. The 30% feeder experienced more visits and more interactions total, which aligns 
with previous studies showing that hummingbirds are aware of higher nectar concentrations and 
will choose them in order to maximize energy intake (Finstad 1998, Calig 2001, Patankar 1997). 
The dominance hierarchy, however, did change in several ways. The Stripe-tailed Hummingbird 
ranked third at the 10% feeder, but dropped to fifth at the 30% feeder. It is typically an 
aggressive, territorial species (Stiles and Skutch 1989). However, it is also the second-smallest 
species that was observed feeding, its rank at the 30% feeder aligning with its body mass. Its 
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rank at the 10% feeder, however, does not demonstrate this same correlation. The Stripe-tailed 
Hummingbird displayed more dominance than the Green Violet-ear and the Purple-throated 
Mountain-gem, which are larger species. This may suggest that the Stripe-tailed Hummingbird is 
only aggressive when it is up against species it knows it can win against. The Violet Sabrewing 
and the Green-crowned Brilliant did not frequent the 10% as often as they did the 30%, 
potentially causing the Stripe-tailed Hummingbird to become more territorial since it knew it 
could be more successful against the other species. It may have been that the Stripe-tailed 
Hummingbird succeeded more at the feeder with less overall competition, and strategizes its 
foraging techniques based on which other species are present.  

The Purple-throated Mountain-gem, in contrast, fared better at the 30% concentration, 
moving up from last place to fourth. However, unlike the other species, it showed a preference 
for the 10% concentration. The Mountain-gem is also a territorial species (Stiles and Skutch 
1989), but it may have quickly realized that competing for the 30% concentration was less cost-
effective than simply feeding from the 10%. Additionally, individuals of this species noticeably 
varied in sex. Aggressive behavior and body mass are lower in females, making them more 
subordinate (O’Brien 2015, Stiles and Skutch 1989). It could be that females or shy individuals 
preferred the 10% feeder, but more aggressive males experienced more success at the 30% and 
preferred that concentration. The Green Violet-ear, considered a facultative trapliner by 
Feinsinger and Chaplin (1975), also performed better at the 30% feeder. It’s dominance rank was 
closely correlated with its body mass at both feeders, suggesting size was the prime factor for its 
success. Its decrease in rank at the 10% feeder was more likely due to the Stripe-tailed 
Hummingbird’s unusual aggressive behavior at the same feeder. The Coppery-headed Emerald 
maintained a low rank at both concentrations, only moving one place lower at the 30% 
concentration. This was the smallest species observed and it displayed an almost perfect 
correlation with dominance and body mass, also suggesting that size was its biggest hindrance to 
successful combat. However, it still showed a preference for the 30%, likely deciding that the 
higher concentration was worth the competition, especially since it is not a particularly territorial 
species (Feo 2006). Both the Violet Sabrewing and the Green-crowned Brilliant did not 
experience a shift in their dominance ranking, maintaining their positions as most dominant and 
second-most dominant, respectively. These were the largest species observed and were likely 
able to outcompete the other species due to size difference.  

The correlation between David’s scores and body mass were highly significant at both 
feeders, showing that a greater body mass leads to greater dominance. The correlation was 
tighter at the 30% site, meaning body size was a better predictor of dominance at the feeder with 
a higher concentration. This could be the result of hummingbirds having to rely more on their 
size for direct contact fighting due to increased traffic and interactions at the higher 
concentration. In O’Brien’s (2015) previous study, body mass was also significantly correlated 
with position on the dominance hierarchy. When comparing the hierarchy found in the same 
location a few years prior to this study, shifts in the hierarchy can be seen except for the most 
dominant and second-most dominant species: the Violet Sabrewing and the Green-crowned 
Brilliant (O’Brien 2015). This reflects the lack of shift in highly dominant species at the 10% and 
30% feeders. Further along the hierarchy, there are few similarities. The Green Violet-ear is 
ranked third at the 30% feeder and in O’Brien’s study, which used a 20% sucrose concentration. 
The Coppery-headed Emerald ranked higher in O’Brien’s study than in either concentration, 
which does not align with the dominance and body mass correlation. There are also no 
similarities between the ranks of the Purple-throated Mountain-gem and the Stripe-tailed 
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Hummingbird. The variations in positioning on the hierarchy for the Coppery-headed Emerald, 
the Purple-throated Mountain-gem, and the Stripe-tailed Hummingbird suggest that several 
factors aside from body mass may affect those species’ aggression. All the aforementioned 
species except for the Coppery-headed Emerald are considered at least somewhat territorial and 
aggressive (Stiles and Skutch 1989). Two of these territorial species increased in dominance at 
the higher concentration, but only the female Purple-throated Mountain-gem and the Stripe-tailed 
hummingbird are considered facultative trapliners, able to transition from exploiting one flower 
patch to foraging in several locations (Peters 2011). The lack of trend between the hummingbird 
species that experienced dominance shifts suggests that there are other factors involved in 
aggression and dominance hierarchies that are less predictable than body mass for these species. 
Depending on the individuals, it may be that some birds are willing to be displaced if the nectar 
concentration provides sufficient energy for the increased interactions. 

There was no correlation between David’s score and number of visits for either feeder, 
which may show that general hummingbird foraging behaviors of traplining and territoriality are 
not as influenced by dominance hierarchies and nectar concentrations as initially expected. For 
example, the Violet Sabrewing, a trapliner, did not visit either feeder as many times as the 
Green-crowned Brilliant, a more territorial species, likely because the Violet Sabrewing is not 
accustomed to focusing its foraging on one specific location (Feo 2006).  

Based on these results, the higher nectar quality will almost always be preferred. A 
variety of hummingbird-pollinated plants can be found in the natural world, typically providing 
large concentrations of nectar in order to attract their pollinators. In order to coexist, dominance 
hierarchies likely determine which species benefit the most from these flowers, typically based 
on the body sizes of the species present. However, other factors may affect which species risk 
displacement for access to higher nectar concentrations and which species resort to feeding at 
flowers with lower concentrations of nectar. Determining what factors aside from body mass 
contribute to dominance hierarchies in the natural world could lead to a better understanding of 
animal foraging and aggressive behaviors.  
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ABSTRACT 
 
 The purpose of this study was to determine if nectarivorous bats’ attraction to dimethyl 
disulfide (DMDS) allows flowers to offer cheaper reward, thus saving energy. Using feeders 
offering different rewards with and without DMDS, I measured the activity and nectar 
consumption of captive Anoura geoffroyi, Glossophaga soricina, and Glossophaga commissarisi. 
Three sets of choices were offered:  1. 100% vs. 50% nectar concentration, 2. 50% with DMDS 
vs. 100% without DMDS, and 3.  100% with DMDS vs. 100% without DMDS.  Visits for ten 
minutes to feeders were higher for 100% nectar concentration (Exp. 1:  100% 16.44 +/- 2.17 (SE), 
50% 1.22 +/- 0.43 (SE)), as was amount drunk in one hour (Exp. 1:  100% 12.89 +/- 1.50 (SE), 
50% 4.11 +/- 1.07 (SE)).  DMDS did not compensate for lower nectar concentration for either 
visits (Exp. 2:  100% without DMDS 16.33 +/- 4.18 (SE), 50% with DMDS with 6.44 +/- 1.65 
(SE)) or nectar consumed (Exp. 2:  100% without DMDS 13.56 +/- 1.98 (SE), 50% with DMDS 
with 3.78 +/-1.03 (SE)).  With equal concentration, DMDS acted as a deterrent rather than 
attractant for visits (Exp 3: 100% without DMDS 19.22 +/- 4.73 (SE) vs. 100% with DMDS 7.11 
+/- 2.53 (SE)).  Each of these was statistically different (t-test at p < 0.05).   I counted how many 
times a feeder was visited over 10 minutes and how many mL reward was drunk in one hour.  In 
seven of nine trials, bats preferred feeders without DMDS.  
 
RESUMEN 
 
El propósito de este studio fue determinar si los murciélagos nectarivoros tienen una atracción al 
disulfuro de dimetilo (DMDS) permitiendole a las flores ofrecer una recompensa más barata, así 
guardando energía. Usando comederos ofrecí diferentes recompensas con y sin DMDS. Medí la 
actividad y consumo de nectar de Anoura geoffroyi, Glossophaga soricina, y Glossophaga 
commissarisi en cautiverio. Tres juegos de ofertas fueron hechas: 1. 100% vs 50% concentración 
de nectar, 2. 50% con DMDS vs 100% sin DMDS, y 3. 100% con DMDS vs 100% sin DMDS. 
Las visitas durante diez minutos a los comederos fueron mayores para las concentraciones de 
100% nectar (Exp. 1: 100% 16.44 +/- 2.17 (SE), 50% 1.22 +/- 0.43 (SE)), como también lo fue 
para la cantidad consumida por hora. (Exp. 1: 100% 12.89 +/- 1.50 (SE), 50% 4.11 +/- 1.07 (SE)). 
El DMDS no compensa para la menor concentración de nectar tanto para visitas (Exp. 2: 100% 
sin DMDS 16.33 +/- 4.18 (SE), 50% con DMDS con 6.44 +/- 1.65 (SE)) o el nectar consumido 
(Exp. 2: 100% sin DMDS 13.56 +/- 1.98 (SE), 50% con DMDS con3.78 +/-1.03 (SE)). Con 
concentraciones iguales, DMDS actua como un detractor más que un atractivo para las visitas (Exp 
3: 100% sin DMDS 19.22 +/- 4.73 (SE) vs. 100% sin DMDS 7.11 +/- 2.53 (SE)). Cada una de 
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estas fue estadísticamente diferente (t-test con p < 0.05). Conté cuantas veces un comedero fue 
visitado por períodos de diez minutos y cuantos mL de la recompense fueron tomados en una hora. 
En siete de nueve tratamientos, los murciélagos prefieren comederos sin DMDS. 
 
 
INTRODUCTION 
 

Most plants in the tropics use animals for directed pollen transfer (Degen et al. 2004). 
Coevolution has acted on plants and their pollinators to increase efficiency by altering floral traits 
and pollinator morphology, behavior and physiology (Zhang et al. 2013). Therefore, pollination 
syndromes arise: hummingbird flowers are usually odorless, red, with long corollas and sucrose 
nectars, while bee flowers have strong scents, are yellow, generally open and offer glucose 
(Handelman et al. 2014, Dyer et al. 2016). How floral components interact to attract most efficient 
pollinators may reflect evolutionary energy allocation (Raguso 2008, Fenster et al. 2004). For 
example, it could be that an attractive odor might allow lower nectar concentration to effect similar 
pollination success, ultimately saving energy. 

Bats are a common pollinator in the tropics (Stewart et al. 2016). While bats use 
echolocation to forage and navigate, they also use olfactory cues (Denzinger et al. 2017, Muchhala 
et al. 2015). In some neotropical flowers, there is a strong-smelling compound called dimethyl 
disulfide (DMDS; Von Helversen 1999). DMDS is a naturally occurring compound that can be 
found in plants, fungi, bacteria, and animals (PubChem, 2018). DMDS is a yellowish, oily liquid 
with a strong, garlicky odor. It has even been compared to “smell of carcass” (Von Helversen, 
1999). Neotropical populations of the Phyllostomidae genus Glossophaga (including G. soricina) 
are innately and intensely attracted to DMDS (Von Helversen 1999). Even G. soricina bats that 
were born and raised in captivity were immediately attracted to DMDS when it was presented to 
them (Carter, 2015). 

 Species interactions are very important to ecosystems, and can completely sustain the two, 
or more, species involved (Thompson 1999). Species coevolve often to save energy for both parties 
(Raguso 2008). One example of this is nectarivorous bats and DMDS. Bats are attracted to stronger 
nectar compared to weaker nectar, as are most pollinators. However, some populations of 
nectarivorous bats have been found to be attracted to flowers with less sweet nectar if the flower 
has the fragrant compound dimethyl disulfide (Von Helversen 1999, Carter 2015). In the 
neotropics, they may have coevolved for the bat populations to be attracted to flowers with DMDS 
(Carter 2015). This interaction would guarantee pollination, the flower would be able to get away 
with conserving energy by not producing as sweet of nectar, but still having full pollination activity 
occur (Raguso 2004).  

Another possibility is that the DMDS acts as a filter for pollinators. If the flowers reproduce 
best with bat pollination, perhaps the flower produces the strong fragrance of DMDS to repel other 
insects or animals that may try to drink the nectar, but if the bats are unbothered by the DMDS 
they would still have consistent, successful pollination. 

The purpose of this study was to determine if captive Costa Rican populations of 
Phyllostomidae nectarivorous bats’ attraction to dimethyl disulfide (DMDS) allows flowers to 
offer cheaper reward, thus saving energy. On top of that, I wanted to show how significant of an 
attraction this was, and if the bats were more drawn to the less concentrated nectar feeders treated 
with DMDS than to the higher concentrated nectar feeders. Overall, this study was to provide 
insight to nectarivorous bats’ olfactory foraging patterns and how this could impact pollination in 
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the wild because if the bats are highly attracted to flowers with DMDS despite a lesser reward, this 
could show energy allocation or specific pollinator attraction for the flowers. 
 
MATERIALS AND METHODS 
 
 I conducted my research in the Bat Jungle in Monteverde, Costa Rica between April 16 to 
May 12, 2018. I measured the activity of three captive nectiverous species, Anoura geoffroyi, 
Glossophaga soricina, and Glossophaga commissarisi (Phyllostomidae). I did not track activity 
by species because they are difficult to distinguish when visiting feeders. The Bat Jungle currently 
is home to five A. geoffroyi and 16 Glossophaga spp. of 75 bats in the exhibit (other species are 
frugivourous).  
To conduct my experiments, I used six 12-ounce nectar feeders (figure 1). The Bat Jungle is set 
up as a long, narrow exhibit room. I hung the feeders in a line down the room between about two 
and four feet apart. I switched off the order of control versus treated feeders so that spatial 
recognition wasn’t a factor. Nectar is normally provided to nectarivorous bats at the Bat Jungle 
is, for every two liters mixed fruit juice, blended with five tablespoons of powdered milk, one 
teaspoon of Nestle baby cereal, two teaspoons of calcium and vitamins, and four teaspoons of 
wheat germ. For my full solution, I used 100 mL of nectar blend. For my half solution, I used 50 
mL of nectar blend and 50 mL of tap water. As bats were acclimated to this diet, I used this as 
my floral reward.  I created fake flowers  as plastic straws cut to about half an inch in length, and 
white electrical tape as the petals. To apply DMDS to the flowers, I taped a small square of 
coffee filter to the top of the flower and used a cotton swab so swipe a drop of the DMDS on the 
flower.  With this basic setup, I conducted three experiments:!

 
1.! The first three days of my study, I filled three feeders with 100% nectar solution and 

three with 50% nectar solution and 50% water to determine if bats prefer a sweeter 
nectar. 

2.! For the second set of three days, three had 100% nectar solution only and another three 
had 50% nectar solution with DMDS applied.  

3.! The third set of three days all six feeders had 100% nectar solution. Three had no 
compound and three had DMDS.  
 

All six feeders were concurrently available from 8:30 a.m. (their normal first feeding time, 
as day:night is 12 hours off for tourist viewing). I watched each feeder for 10 minutes counting 
visits as number of times bats were clearly drinking the nectar and not just approaching the feeder 
and leaving. After the 60 minutes, I measured how much nectar solution was drunk over the course 
of the hour. I then divided the mL drunk per visit number to get an idea of how much nectar was 
consumed per visit. 
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Figure 1: Four of my six nectar feeders with nectar that I hung in the Bat Jungle in Monteverde, Costa Rica. 
 

RESULTS 
 
Experiment One 
  

Bats prefer higher quality nectar, as shown by an increase in number of visits and total mL 
nectar consumed in one hour.  Number of visits was significantly higher for 100% nectar 
concentrations (t = 2.26, df = 9, p = 0.000073, Figure 2).  Mean number of visits to the 100% 
concentration was 16.44 +/- SE, while visits to 50% were only 1.22 +/- SE.  Nectar consumed 
similarly was statistically higher than for 50% nectar ((t = 2.13, df = 15, p = 0.00025, Figure 3).  
Total nectar consumed in one hour for 100% concentration was 12.89 +/- SE, but was just 4.11 +/- 
SE for 50% nectar.  Though lower for both number of visits and amount consumed in an hour, the 
average visit for 50% consumed much more than for 100% nectar concentration ((t = 2.31, df = 8, 
p = 0.000024, Figure 4).  Mean mL/visit to the 100% concentration was 0.79 +/- SE, while mL/visit 
to 50% was on average 4.82 +/- SE.    
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Figure 2: Nectarivorous bat visits to feeders offering Full Solution (100% fruit juice nectar) and Half Solution 
(50% dilute fruit nectar). Bats included species G. soricina, G. commissarisi, and A. geoffroyi housed at the 
Monteverde Bat Jungle.  Three feeders with each solution were fitted with artificial white flowers made of electrical 
tape.   Number of visits differed significantly with a p-value of 0.000073 (t-test at p < 0.05).  Error bars represent +/- 
0.43 standard error for Half Solution and +/- 2.17 for Full Solution. 
 

 
 
Figure 3: Necarivorous bat mL drunk from feeders offering Full Solution (100% fruit juice nectar) and Half 
Solution (50% dilute fruit nectar). Bats included species G. soricina, G. commissarisi, and A. geoffroyi housed at 
the Monteverde Bat Jungle.  Three feeders with each solution were fitted with artificial white flowers made of 
electrical tape.   Number of mL drunk differed significantly with a p-value of 0.000025 (t-test at p < 0.05).  Error bars 
represent +/- 1.07 standard error for Half Solution and +/- 1.50 for Full Solution.   
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Figure 4: Necarivorous bat mL drunk per visit number from feeders offering Full Solution (100% fruit juice 
nectar) and Half Solution (50% dilute fruit nectar). Bats included species G. soricina, G. commissarisi, and A. 
geoffroyi housed at the Monteverde Bat Jungle.  Three feeders with each solution were fitted with artificial white 
flowers made of electrical tape.   Number of mL drunk per visit number differed significantly with a p-value of 
0.000024 (t-test at p < 0.05).  Error bars represent +/- 0.46 standard error for Half Solution and +/- 0.046 for Full 
Solution. 
 
Experiment Two 
 

In my second experiment, the diluted nectar feeders were treated with DMDS. Bats prefer 
higher quality nectar, as shown by an increase in number of visits and total mL nectar consumed 
in one hour.  Number of visits was significantly higher for 100% nectar concentrations (t = 2.23, 
df = 10, p = 0.05, Figure 5).  Mean number of visits to the 100% concentration was 16.33 +/- SE, 
while visits to 50% were only 6.44 +/- SE.  Nectar consumed similarly was statistically higher than 
for 50% nectar ((t = 2.18, df = 12, p = 0.00089, Figure 6).  Total nectar consumed in one hour for 
100% concentration was 13.56 +/- SE, but was just 3.78 +/- SE for 50% nectar. The average visit 
for 50% consumed significantly less than 100% nectar concentration ((t = 2.26, df = 9, p = 0.04, 
Figure 7).  Mean mL/visit to the 100% concentration was 1.1 +/- SE, while mL/visit to 50% was 
on average 0.61 +/- SE.  
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Figure 5: Nectarivorous bat visits to feeders offering Full Solution (100% fruit juice nectar) and Half Solution 
(50% dilute fruit nectar) treated with dimethyl disulfide (DMDS). Bats included species G. soricina, G. 
commissarisi, and A. geoffroyi housed at the Monteverde Bat Jungle.  Three feeders with each solution were fitted 
with artificial white flowers made of electrical tape. Number of visits differed insignificantly with a p-value of 0.052 
(t-test at p < 0.05).  Error bars represent +/- 1.65 standard error for Half Solution with DMDS and +/- 4.18 for Full 
Solution. 
 

 
 
Figure 6: Nectarivorous bat visits to feeders offering Full Solution (100% fruit juice nectar) and Half Solution 
(50% dilute fruit nectar) treated with dimethyl disulfide (DMDS). Bats included species G. soricina, G. 
commissarisi, and A. geoffroyi housed at the Monteverde Bat Jungle.  Three feeders with each solution were fitted 
with artificial white flowers made of electrical tape.   Number of mL drunk differed significantly with a p-value of 
0.00089 (t-test at p < 0.05).  Error bars represent +/- 1.02 standard error for Half Solution with DMDS and +/- 1.98 
for Full Solution. 
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Figure 7: Nectarivorous bat visits to feeders offering Full Solution (100% fruit juice nectar) and Half Solution 
(50% dilute fruit nectar) treated with dimethyl disulfide (DMDS). Bats included species G. soricina, G. 
commissarisi, and A. geoffroyi housed at the Monteverde Bat Jungle.  Three feeders with each solution were fitted 
with artificial white flowers made of electrical tape.   Number of mL drunk per visit number differed significantly 
with a p-value of 0.00089 (t-test at p < 0.05).  Error bars represent +/- 1.02 standard error for Half Solution with 
DMDS and +/- 1.98 for Full Solution. 
 

In my third experiment, all six feeders were 100% nectar blend, and only three were treated 
with DMDS, while three were not treated (dry). Bats prefer the nectar with no DMDS fragrance, 
as shown by an increase in number of visits and total mL nectar consumed in one hour.  Number 
of visits was significantly higher for dry feeders (t = 2.18, df = 12, p = 0.04, Figure 8).  Mean 
number of visits to the dry feeders was 19.22 +/-SE, while visits to DMDS feeders were only 7.11 
+/- SE.  Nectar consumed similarly was statistically higher than for DMDS feeders’ nectar ((t = 
2.16, df = 13, p = 0.053, Figure 9).  Total nectar consumed in one hour for dry feeders was 14.89 
+/- SE, but was just 9.11 +/- SE for DMDS feeders.  Though lower for both number of visits and 
amount consumed in an hour, the average visit for DMDS treated nectar consumed much more 
than for dry nectar ((t = 2.31, df = 8, p = 0.01, Figure 10).  Mean mL/visit to the dry nectar feeders 
was 0.71 +/- SE, while mL/visit to DMDS nectar was on average 1.66 +/- SE.  
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Figure 8: Nectarivorous bat visits to feeders offering Full Solution (100% fruit juice nectar), three treated with 
dimethyl disulfide (DMDS), and three untreated (dry). Bats included species G. soricina, G. commissarisi, and A. 
geoffroyi housed at the Monteverde Bat Jungle.  All six feeders were fitted with artificial white flowers made of 
electrical tape. Number of visits differed significantly with a p-value of 0.043 (t-test at p < 0.05).  Error bars represent 
+/- 2.53 standard error for Solution with DMDS and +/- 4.73 for Dry Solution. 
 

 
 
Figure 9: Nectarivorous bat mL drunk from feeders offering Full Solution (100% fruit juice nectar), three 
treated with dimethyl disulfide (DMDS), and three untreated (dry). Bats included species G. soricina, G. 
commissarisi, and A. geoffroyi housed at the Monteverde Bat Jungle.  All six feeders were fitted with artificial white 
flowers made of electrical tape. Number of mL drunk differed insignificantly with a p-value of 0.053 (t-test at p < 
0.05).  Error bars represent +/- 1.43 standard error for Solution with DMDS and +/- 2.31 for Dry Solution. 
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Figure 10: Nectarivorous bat visits to feeders offering Full Solution (100% fruit juice nectar), three treated 
with dimethyl disulfide (DMDS), and three untreated (dry). Bats included species G. soricina, G. commissarisi, 
and A. geoffroyi housed at the Monteverde Bat Jungle.  All six feeders were fitted with artificial white flowers made 
of electrical tape. Number of visits differed significantly with a p-value of 0.014 (t-test at p < 0.05).  Error bars 
represent +/- 0.30 standard error for Solution with DMDS and +/- 0.01 for Dry Solution.  
 
 Overall, there was clear statistical preference towards feeders without DMDS. A specific 
factor that could have lessened the effect of DMDS was that often times, the bats would drip nectar 
onto the fake flowers which could cover up the fragrance of DMDS. This could have skewed their 
activity and explain why the mL drunk/visit data were outliers to the other tests. 
 
DISCUSSION 
 
 Based on von Helversen (1999), G. soricina, G. commissarisi, and A. geoffroyi should have 
intense attractions to DMDS. However, I found that DMDS was not preferred. This opens the 
questions of what other factors could have affected my study. Perhaps the nectar solution used in 
the Bat Jungle is more fragrant than floral nectar, thus distracting from the DMDS. On occasion, 
when I took the feeders out of the exhibit the fake flowers would have drops of nectar on them, 
which could definitely throw off olfactory cues from the DMDS. Also, the bats at the Bat Jungle 
are not normally fed out of hummingbird feeders with fake flowers attached, so this could have 
decreased overall visitation rates.  Nonetheless, there is an obvious preference for feeders with no 
DMDS. 
 My two hypotheses were that, given the bats prefer feeders with DMDS, the compound is 
attractive enough to nectarivorous bats that they will visit flowers with lower nectar concentration 
anyway if the flower has this fragrance. This would allow the flower to allocate energy. Or, that 
the flowers evolved this fragrance to not necessarily attract bats, but to repel other pollinators that 
aren’t as effective at outcrossing, thus saving energy because they don’t have to waste nectar.  
 My data have shown that the DMDS does not act as an attractant towards bats, nor does it 
allow the flowers to produce less sweet nectar in order to allocate energy. However, that would 
explain flowers coevolving with bats to produce this fragrance is that it acts as a filter for 
pollinators. If a plant reproduces best with a certain pollinator, they will coevolve to make that 
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interaction happen (Raguso 2004). Although it doesn’t attract bats, the bats do still visit and drink 
from feeders treated with it. This could mean that DMDS is a repellant to other insects or animals 
that may try to drink the nectar, which would be a waste of energy for the flower. Now, the flower 
can use the DMDS to guarantee that the only pollinator visiting the flower and drinking the nectar 
is a pollinator that can successfully outcross. 
 If we focus solely on energy allocation, my data contradicts Von Helversen (1999) and 
Carter (2015) who appear to have found significant attraction, but if we acknowledge the 
possibility of coevolved pollinator filtration, and see that my study had some other components 
that may have factored in to the bats’ activity, this data is important for coevolution, pollination, 
and bats’ olfactory foraging. 
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ABSTRACT 
Antibiotic resistance (ABR) is increasing at rapid rates due to human overuse of antibiotics, and poses a serious 
public health threat. However, ABR exists in soils with no antibiotic application by humans. Leafcutter ant nests 
could be a potential source of ABR, although this has never been studied. Leafcutter ants have a mutualism with 
actinomycete bacteria, which secrete compounds with antibiotic properties to protect ants’ fungal gardens from the 
parasitic fungi, primarily the Escovopsis microfungi. This study investigates whether Atta cephalotes leafcutter ant 
nests influence ABR levels in surrounding soil bacteria. To do so, soil samples were collected at sites 0 m, 10 m, 20 
m, and 50 m away from eight A. cephalotes nests in Monteverde, Costa Rica. Using the disk method of diffusion to 
measure bacterial growth in laboratory conditions, each sample was evaluated under five antibiotic treatments: 
Ceftiofur, Gentamicin, Oxytetracycline, Penicillin, and a control without antibiotic. Results indicated similar ABR 
towards different antibiotics, but large differences between the distances of soil samples from the nest. ABR 
increased with proximity to the leafcutter ant nest, with the most resistance at 0 m (mean ± standard error: 0.68 +/- 
0.06mm disk-to-colony), and the least resistance at 50 m (1.17 +/- 0.12mm disk-to-colony). In general, results 
suggested leafcutter ant nests are applying a selective pressure on surrounding soil bacteria through actinomycete 
antibiotic secretions, which ultimately contribute to ABR in soils.  
 
RESUMEN 
La resistencia a los antibióticos (RA) está aumentando a una tasa acelerada debido a un uso excesivo de antibióticos 
por parte de los humanos, lo que plantea un serio problema para la salud pública. Sin embargo, la RA también existe 
en los suelos donde los humanos no han aplicado antibióticos. Aunque nunca se ha estudiado, los nidos de las 
hormigas cortadoras de hojas podrían ser una potencial fuente de RA. Las hormigas cortadoras de hojas tienen una 
relación mutualista con una bacteria actynomicete que secreta compuestos con propiedades antibióticas para 
proteger sus jardines de hongo de hongos parásitos, principalmente el microhongo Escovopsis. Este estudio 
investiga si los nidos de la hormiga cortadora de hojas Atta cephalotes influye en los niveles de RA de las baterias 
en suelo circundante. Para ello se recolectó muestras de suelo a 0 m, 10 m, 20 m y 50 m de ocho nidos de A. 
caphalotes en Monteverde, Costa Rica. Se usó el método del disco de difusion para medir el crecimiento de las 
bacterias en condiciones de laboratorio, cada muestra de suelo fue evaluada bajo cinco tratamientos antibióticos: 
Ceftiofur, Gentamicina, Oxitetraciclina, Penicilina y un control sin antibiótico. Los resultados indicaron una RA 
similar para los diferentes antibióticos, pero una gran diferencia entre las muestras que fueron recolectadas a 
diferentes distancias del nido. La RA incrementó con la proximidad al nido de las hormigas cortadoras de hojas, 
siendo más resistente la muestra que estaba a 0 m del nido (prom±desv.est: 0.68±0.06 mm del disco colonizado), y 
la menos resistente la que estaba a 50 m (1.17±0.12 mm del disco colonizado). En general, los resultados sugieren 
que los nidos de las hormigas cortadoras de hojas están aplicando un presión selectiva en las bacterias del suelo 
circundante a través de las secreciones antibióticas del actynomicete, lo cual contribuye a la RA en los suelos. 
 
INTRODUCTION 
 
Antibiotic resistance (ABR) is one of the most urgent global health threats. ABR occurs when 
random mutations in bacterial DNA provide resistance against or tolerance to certain antibiotic 
compounds which would otherwise kill them. Therefore, in the presence of antibiotics, some 
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bacteria survive and are selected for, and can pass resistance to other bacteria through methods of 
horizontal gene transfer (HGT) such as transposons, plasmids, and integrons (Allen et al. 2010). 
We now face a world in which ABR is increasing at faster rates than antibiotics are developed, 
with widespread prevalence of multiple drug resistant strains (Nesme & Simonet 2015). The 
overuse and misuse of antibiotics applies extreme selective pressure on bacteria with ABR genes, 
and therefore increases the prevalence of ABR in manure, soil, and water, which serve as 
reservoirs of resistance genes (Ghosh & Lapara 2007, Chee-Sanford et al. 2009).  

Nevertheless, ABR exists even in environments which have no external antibiotic 
application by humans (Riesenfeld et al. 2004, Kobashi et al. 2007). ABR genes may confer 
other beneficial traits, which explains their existence in soils without the selective pressure of 
antibiotics (Nesme & Simonet 2015). Soil bacteria which contain resistance genes, known as the 
soil resistome, have been recognized as a natural reservoir for ABR genes, and can share 
resistance genes with pathogenic bacteria through HGT (D’Costa et al. 2007, Allen et al. 2010). 
Soils harbor as much as 30% of all known ABR genes, serving as an abundant environmental 
reservoir of ABR (Nesme & Simonet 2015). Further, over 80% of antibiotics now in clinical use 
originate from compounds produced by soil bacteria, notably actinomycete bacteria, which may 
be used by actinomycetes to reduce competition with other bacteria (D’Costa et al. 2007). This 
could contribute to natural resistance found in soil through selective pressure for resistance genes 
in the presence of actinomycete-secreted antibiotics. Soil bacteria are also vital in their 
contribution to ecosystem function through nitrification and denitrification (Firestone & 
Davidson 1989). The presence of certain antibiotics may reduce denitrification and in turn 
increase nitrate concentrations (Costanzo et al. 2005, Kotzerk et al. 2008, Zumft 1997). 

Actinomycete bacteria which contribute to the soil resistome are also associated with 
fungus-growing ants. Fungus-growing ants are comprised of ant genera in the tribe Attini, and 
include the more complex leafcutter ants of genera Atta and Acromyrmex (Currie, Mueller, et al. 
1999). These ants are well-known for their obligate mutualism with Leucoagaricus fungus, 
which they cultivate as their sole food source (Chapela et al. 1994). However, a third symbiont 
in the interaction is a filamentous actinomycete bacteria, which helps protect the ants’ fungal 
gardens from the microfungus Escovopsis, a specialized and virulent parasite of leafcutter ant 
fungal gardens which has only been found in fungus-growing ant nests (Holmes et al. 2016, 
Poulsen et al. 2005, Currie, Mueller, et al. 1999). It has been proposed that the ant-associated 
actinomycete to limit Escovopsis is a strain of Pseudonocardia (Currie, Scott, et al. 1999, Cafaro 
& Currie 2005), that secrete antibiotic compounds which inhibit the growth of Escovopsis 
significantly more than other fungi (Currie, Scott, et al. 1999, Cafaro et al. 2011). Therefore, it is 
suggested that the Pseudonocardia actinomycete and leafcutter ants have tightly coevolved to 
specifically target Escovopsis (Currie, Scott, et al. 1999).  

However, it has been debated if the symbiosis between Pseudonocardia and leafcutter 
ants is strictly coevolved. Actinomycetes other than Pseudonocardia may also act as symbionts 
to protect fungal gardens from Escovopsis and other parasitic fungi which are found in fungal 
gardens, such as Fusarium, Syncephalastrum, and Trichoderma (Rodrigues et al. 2005). Studies 
have indicated high actinomycete diversity within leafcutter ant colonies. One study found 
approximately 1-7 strains per colony, including both Pseudonocardia and other strains (Kost et 
al. 2007). Other actinomycetes found to be associated with attine ants to protect fungal gardens 
include Streptomyces (Barke et al. 2010, Haeder et al. 2009, Seipke et al. 2011, Schoenian et al. 
2011), Mycobacterium (Mueller et al. 2008), Amycolatopsis (Sen et al. 2009), and Burkholderia 
(Santos et al. 2004). Furthermore, actinomycete symbionts of fungus-growing ants have been 
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shown to produce a variety of antifungal and antibiotic compounds including candicidin (Haeder 
et al. 2009), dentigerumycin (Oh et al. 2009), nystatin (Barke et al. 2010), selvamicin (Van 
Arnam et al. 2016), antimycins, valinomycins, and actinomycins (Schoenian et al. 2011). 
Although Pseudonocardia is a significant symbiont to leafcutter ants, the other associated 
bacterial strains and wide range of antibiotics secreted by the associated actinomycetes may not 
exclusively target Escovopsis. Thus, broad secretions of antibiotics could impact the nearby soil 
bacteria community and contribute to the selection for ABR.  

Although one study of ABR near a farm due to antibiotic treatment of livestock reported 
a case of higher ABR near one Atta cephalotes nest (Ordemann 2017), to my knowledge no 
studies have been done to test whether the leafcutter-actinomycete mutualism contributes to 
increased ABR in nearby soil bacteria. Understanding base levels of ABR in soils will increase 
our capacity to regulate the use of antibiotics for humans and livestock. Furthermore, 
comprehension of selective pressures on ABR and its evolutionary origins will increase our 
ability to prevent HGT of ABR genes from natural reservoirs to pathogenic bacteria. A. 
cephalotes are an example of a higher order fungus-growing ant and their nests could contribute 
to the soil bacteria resistome. There are also limited studies regarding the association between A. 
cephalotes and actinomycetes in comparison with other leafcutter ants (Cafaro & Currie 2005, 
Cafaro et al. 2011, Seipke et al. 2011). They are therefore vital to investigate, especially because 
they are a widespread and highly abundant species in the New World. A. cephalotes are 
particularly prevalent in secondary forests and along forest edges, with densities of up to five 
adult colonies per hectare (Farji-Brener 2001, Wirth et al. 2007). This study measures the 
prevalence of ABR and nitrate concentrations in soil samples collected at various distances from 
A. cephalotes nests. If multiple actinomycete bacteria are indeed mutualistic with leafcutter ants 
and secrete a broad range of antibiotics to protect the nest from parasites, it is expected that ABR 
in soil will increase as the distance to the nest decreases. This increase would result from an 
elevated presence of actinomycete-secreted antibiotics, which might contribute to higher 
selective pressure for ABR in soil bacteria and therefore increase the soil resistome. Meanwhile, 
the presence of antibiotics from actinomycetes may reduce the number of denitrifying bacteria, 
and therefore increase the amount of nitrate in soils.  
 
MATERIALS AND METHODS 
 
Sampling Sites 

Soil was sampled from eight A. cephalotes nests in Costa Rica, on the Pacific coast of the 
Tilarán mountain range at the Bajo del Tigre Reserve, La Finca San Francisco de Asis, and near 
the town of Monteverde (Figure 1). The three locations where nests were sampled are secondary 
forest patches. These sites were chosen because A. cephalotes nests are more prevalent in 
secondary forests at mid-elevations (Farji-Brener 2001), and previous studies have indicated 
there are multiple nests in the area (Tilyou 2017, Peterson 2017). Further, the nests were in the 
same Holdridge life zone (tropical premontane wet forest), which helps limit differences in soil 
bacteria. This life zone encompasses the upper limit in elevational distribution for A. cephalotes 
in Monteverde, because A. cephalotes have limited tolerance of cloud forest conditions (Longino 
2000). At each nest, soil was collected from four different positions in relation to the nest mount: 
0 m, 10 m, 20 m, and 50 m away. I did not sample beyond 50 m due to the proximity between 
nests. Any distance farther away may have approached another leafcutter nest. At each distance, 
three soil samples of approximately 5 g of soil were taken in sterile glass jars. For example, I 
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took three soil samples at positions directly adjacent to the first nest, three samples 10 m away 
from the nest, etc. for each nest. Soil samples were collected from April 15th to April 26th, 2018. 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 1. The relative location of eight Atta cephalotes nests sampled in the study, marked with 
blue pins. A. Finca San Francisco de Asis and the first six nests. B. The seventh and eighth nests 
were sampled in El Bosque Eterno de los Niños and near Monteverde town, respectively. 
 
Antibiotic treatment 

Each soil sample was suspended within solution by mixing 0.5 g of soil in 9 mL of 
Phosphate-buffer saline solution (PBS) (Ghosh & Lapara 2007). Based on the methods of 
Ordemann (2017) and Kobashi (2007), 1 mL of the soil sample solution was then diluted with 9 
mL of 1X PBS. I prepared PBS using the Cold Spring Harbor Protocol (Cold Spring Harbor 
Laboratory Press 2006). Next, using the spread plate method, 0.1 mL of the diluted sample 
solution was spread on a sterile agar plate (Herigstad et al. 2001, Hoben & Somasegaran 1982). 
The agar plate was divided into 5 sections based on antibiotic treatment, and each section had a 
filter paper disk soaked in its respective treatment. The disk filter papers which were soaked in 
treatment were first cut uniformly using a sterile hole puncher. The treatments were: control (1X 
PBS), Ceftiofur (8ug/mL), Gentamicin (16ug/mL), Oxytetracycline (16ug/mL) and Penicillin/ 
Dihydrostreptomycin (later referred to as Penicillin) (32ug/mL). These concentrations were 
found to be the minimum inhibitory concentrations of the antibiotics in a previous study 
(Mathew et al. 2001). Additionally, the four antibiotics represent two of the major groups of 
antibiotics, including those inhibiting cell wall synthesis (e.g. penicillin and cephalosporins such 
as Ceftiofur) and those inhibiting protein synthesis (e.g. tetracyclines and aminoglysides such as 
Gentamicin). All are listed on the World Health Organization’s List of Essential Medicines and 
are therefore representative of antibiotic treatments used in clinical settings (World Health 
Organization 2017). Furthermore, in Monteverde, these antibiotics are widely used in pig and 
cattle farms, and have previously been found in soil near farms (Ordemann 2017). 

Based on the disk method of diffusion, the antibiotic from the filter paper disks soaked 
into the agar (Bonev et al. 2008). Further, there was an additional control plate with no 
treatments or soil samples for each nest to determine if there were any other external bacterial 
contaminants on the plates. The plates were stored in a dark container varying from 18 to 30 
degrees Celsius. After 13 +/- 1 days, bacterial growth on the plates was evaluated using a 
dissecting scope. The distance in mm from the closest bacterial colony to the edge of the filter 
paper disk was measured using a micrometer. Any fungal growth was ignored, which were 

A. B. 
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identified by their hair-like spores, more 3D shape, and brighter color in comparison to bacteria 
(Figure 2). Under antibiotic treatment, a shorter distance from the disk to the closest bacterial 
colony implies greater antibiotic resistance (Felten et al. 2002).  

 
FIGURE 2. A fungal growth near the filter disk is circled in blue, and an example of a bacterial 
colony is circled in red. The closest bacterial colony to the filter paper was measured in mm. 
Filter papers were soaked with five treatments which were put onto each plate: Ceftiofur, 
Gentamicin, Oxytetracycline, Penicillin, and a control of 1x PBS. 
 
Nitrate test 

A nutrient test was performed to determine the concentrations (mg/L) of nitrate in the soil 
samples from 0 m and 50 m from the nest. Following the protocol of Ordemann (2017), soil 
samples were placed in a dehydrator for 24 hours, after which approximately 0.5g of each 
sample was added to 5 mL of distilled water. Using Vernier LabQuest sensor probes, nitrate 
concentrations in the soil were recorded. 
 
Statistical analysis  

Distances from disk to the closest bacteria colony were compared between distances from 
the nest and between antibiotic treatments using a linear mixed model (LMM) test followed by 
post-hoc Tukey tests. Plate and colony identity where included as random effects in the LMM to 
control for the lack of independence in data points collected from each plate and each nest. 
Distance from nest, antibiotic treatment, and the interaction between these two factors were 
included as fixed effects. Data for distances of bacterial growth to disk edge were log-
transformed to meet assumptions of a normal distribution. Nitrate concentrations at different 
distances from the nest were compared using a similar LMM.  
 
RESULTS 
 
Antibiotic Treatment 
 There was a significant difference between treatments (LMM, F = 42.96, numDF = 4, 
denDF = 453, p < 0.001). However, this is exclusively due to differences with control values, 
because between antibiotic treatments there were no statistically significant differences in 
bacterial growth distances (LMM, F = 1.13, numDF = 3, denDF = 361, p = 0.34). This indicates 
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the antibiotics successfully limited bacterial growth in comparison to the control, and that there 
were similar levels of ABR to different antibiotics. The distance of colony growth from filter 
disks treated with PBS had a mean of 0.37 +/- 0.04 mm, in comparison to disks treated with 
Ceftiofur and Penicillin, which had mean distances of 0.93 +/- 0.10 mm and 0.97 +/- 0.11 mm 
respectively, compared to Gentamicin and Oxytetracycline which had slightly smaller means of 
0.80 +/- 0.07 mm and 0.81 +/- 0.07 mm respectively (Figure 3).  

The interaction between site and treatment was almost statistically significant (LMM, F = 
1.67, numDF = 12, denDF = 453, p = 0.07). However, after removing the control values, there 
are no significant differences in the interactions between site and treatment (LMM, F = 0.73, 
numDF = 9, denDF = 361, p = 0.69), which implies that there are consistent patterns in growth 
for each antibiotic treatment at different sites.  
 

 
FIGURE 3. Bacterial colony growth in petri dishes from edge of paper disks treated with different 
antibiotics. Each soil sample collected at 0 m, 10 m, 20 m, and 50 m from Atta cephalotes nests 
near Monteverde, Costa Rica was treated with filter disks of Ceftiofur (C), Gentamicin (G), 
Oxytetracycline (O), Penicillin (P), and a control of 1x PBS (n = 96 for each treatment). The 
distance from the nearest bacterial colony to each filter disk treated with antibiotics was 
measured after 13 +/- 1 day of growth. Means across samples are presented with one standard 
error.  A shorter distance from the filter paper indicates greater antibiotic resistance, or in the 
case of a control, no antibiotic present. Different letters above each treatment indicate a 
significant difference between variables in a Tukey posthoc pairwise comparison. Only the 
control filter disks showed significant statistical differences with all antibiotic treatments (Tukey 
test, p < 0.0001 compared to all antibiotics). 
 
Distance from nest 

Bacterial colony growth from filter disks between samples collected at different distances 
from A. cephalotes nests showed significant differences (LMM, F = 14.58, numDF = 3, denDF = 
370, p < 0.001). Results with and without the control data both demonstrated significant 
differences between sites of p < 0.0001, but variance around the means is lower without the 

0.3
0.4
0.5
0.6
0.7
0.8
0.9

1
1.1
1.2

C G O P Control

C
ol

on
y 

di
st

an
ce

 to
 d

is
k 

(m
m

)

Filter disk treatment 

   A 

 A   A 

   A 

  B 

 68 



 

controls as indicated by the above results comparing colony growth based on treatment. As a 
result, posthoc comparisons are more meaningful without control data and therefore comparisons 
between distances from the nests are presented without control data. The mean colony growth 
distance from disks treated with four antibiotic treatments decreased as the distance from the nest 
decreased, with means ranging from 0.68 +/- 0.06 mm at 0 m to 1.17 +/- 0.12 mm at 50 m 
(Figure 4).  
 

 
FIGURE 4. Bacterial colony growth in petri dishes from edge of paper disks treated with 
antibiotics. Bacteria was obtained from soil samples collected at 0 m, 10 m, 20 m, and 50 m 
(n=24 for each distance) from Atta cephalotes nests near Monteverde, Costa Rica. Each plate 
corresponded to one soil sample and was treated with filter disks of Ceftiofur, Gentamicin, 
Oxytetracycline, Penicillin, and a control of PBS. The distance from the nearest bacterial colony 
to each filter disk treated with antibiotics was measured after 13 +/- 1 day of growth. Means 
across samples are presented with one standard error. A shorter distance from the filter paper 
indicates greater antibiotic resistance. Significant differences (p<0.05) between distances after 
pairwise Tukey test comparisons are represented by different letters. The difference between 10 
and 20 m was barely not significant (Tukey Test, p = 0.0516).   
 
Nitrate test 

Nitrate concentrations were significantly higher at 50 m from the nest in comparison to 0 
m (LMM, F = 50.55, numDF = 1, denDF = 39, p < 0.0001). Soil 0 m from the nest had mean 
nitrate levels of 8.26 mg/L, in comparison to soil samples 50 m from the nest which had a mean 
of 15.59 mg/L (Figure 5).   
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FIGURE 5. Nitrate concentration levels (mg/L) in soils collected at 0 m and 50 m away from Atta 
cephalotes nests near Monteverde, Costa Rica. Means across samples are presented with one 
standard error. A sensor probe was used to detect nitrate concentrations in solutions of 0.5 g of 
dehydrated soil and 5 mL of distilled water. There was a significant difference between nitrate 
concentrations at 0 m and 50 m (p < 0.0001). 
 
Additional observations 

There was one nest which did not appear to follow the trend of increasing antibiotic 
resistance from the nest. The nest was at the second highest elevation of the eight nests, and was 
isolated with no other apparent leafcutter ant nests nearby. At this nest, colony growth remained 
nearly constant, with a colony growth from disk edge of 0.62 mm at 0 m away, and 0.63 mm at 
50 m away. Notably, the visible surface area of this nest appeared to be bigger than other nests. 
 
DISCUSSION 
 

The results of this study suggest three main findings: (i) there is greater ABR closer to 
leafcutter ant nests, (ii) there are small differences in ABR to different antibiotic treatments, and 
(iii) nitrate levels are lower in soils near leafcutter ant nests.  

Soil samples farthest from the nest have the least ABR, while sites directly at the nest 
show the greatest ABR. This pattern is consistent with the hypothesis that actinomycete bacteria 
live symbiotically in A. cephalotes nests and produce antibiotic compounds that implement a 
selective pressure on nearby soil bacterial communities, increasing presence of ABR in the 
environment around the nest. This pattern is unlikely to be caused by bacteria which were 
external contaminants not from soil samples, because there was limited bacterial growth on 
control plates which did not have treatments or soil samples. Any growth that did appear on 
control plates had different colony shapes and colors to bacteria which was observed on plates 
with soil samples. Furthermore, the colonies in this study were sampled from different areas in 
Monteverde, and therefore indicate that the pattern was present in multiple areas containing A. 
cephalotes nests. The lack of statistical difference between the 0 m and 10 m sites could be 
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explained because A. cephalotes nests have an average area of 55 m2 (Meyer et al. 2011) which 
roughly corresponds to a circle of 8.4 m in diameter. Therefore, the selective pressure of 
antibiotics in the environment could still be strong 10 m away from the nest. A greater distance 
from the A. cephalotes nest could be measured to further demonstrate the trend in antibiotic 
resistance. However, this could not be done in this study due to the proximity of A. cephalotes 
nests to each other. Furthermore, the lack of observed trend in the seventh nest could be due to 
its significantly larger nest area; one study found A. cephalotes nests can extend up to 130 m2 
(Lewis et al. 1974), which correspond to a circular area of 12.9 m in diameter. Therefore, a 
larger nest could continue to apply selective pressures for antibiotic resistance genes farther from 
the nest. This could contribute to a reservoir of ABR genes in the soil resistome.  

Alternatively, higher ABR near the nest could be due to increased culturing of 
actinomycete symbionts instead of culturing a combination of random soil bacteria. 
Actinomycetes would be resistant to their own antibiotic secretions, and therefore may reflect 
higher ABR levels. However, even if this was the case, the bacteria indicated resistance to 
multiple broad and human-used antibiotics, which suggests that they are exposed to a variety of 
antibiotics near the nest. The next steps to understand the influence of leafcutter ant nests on 
ABR should include genotyping and identifying bacteria near A. cephalotes or other leafcutter 
ant nests which demonstrated ABR. This would help determine whether the resistant bacterial 
growth is the actinomycete associated to the ant, or if it is soil bacteria unrelated to the ants.  

The limited differences between antibiotic treatments suggests that antibiotics secreted by 
actinomycete symbionts to A. cephalotes are not strictly specific to Escovopsis and therefore 
apply pressures on nearby bacteria. The minor decrease in colony growth from disk edge in the 
Gentamicin and Oxytetracycline treatments suggests slightly higher resistance to those 
antibiotics, although there was no statistical significance. Gentamicin and Oxytetracycline both 
inhibit protein synthesis in bacteria, a mechanism similar to that of streptomycin, an antibiotic 
secreted by Streptomyces, an actinomycete which has also been found in leafcutter ants (Mueller 
2012, Barke et al. 2010, Haeder et al. 2009, Seipke et al. 2011). This may be one of the 
antibiotics causing higher selective pressure for ABR in the soil resistome, although others are 
likely present. Because ABR was measured in response to all four antibiotics used in this study, 
data suggest soil bacteria are exposed to a broad spectrum of antibiotics at the nest, potentially 
from multiple actinomycete strains. This supports other studies which highlight the non-
specificity of actinomycete compounds related to leafcutter ants (Sen et al. 2009, Barke et al. 
2010, Fernández-Marín et al. 2009, Mueller et al. 2008, Schoenian et al. 2011). However, other 
studies have demonstrated that Pseudonocardia antibiotic compounds have increased specific 
inhibitory effects on Escovopsis and greater specificity with ant colonies, which supports the 
theory of co-evolution between Pseudonocardia, Escovopsis, and leafcutter ants (Poulsen et al. 
2005, Currie, Scott, et al. 1999, Cafaro & Currie 2005, Cafaro et al. 2011). The coevolution of 
Pseudonocardia with fungus-growing ants and studies which suggest that other actinomycetes 
are associated are not mutually exclusive (Barke et al. 2010), but the results of this study imply 
less specificity between the actinomycete and Escovopsis. Nevertheless, the degree of specificity 
between any actinomycete and A. cephalotes cannot be proven from this study.  

Finally, the lower nitrate levels closer to the nest could be due to a variety of factors. The 
presence of antibiotics in the soil was expected to reduce the number of denitrifying bacteria, and 
therefore increase nitrates in the soil (Costanzo et al. 2005, Kotzerk et al. 2008). Conversely, in 
this study nitrate concentrations significantly decreased in soil samples taken directly near the 
nest in comparison to those taken 50 m away. This could be explained by activities of the A. 
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cephalotes rather than by the presence of antibiotics. Meyer et al. found that nest topsoil has 
lower organic material concentrations due to nest clearing (Meyer et al. 2013), while others have 
found lower nitrate levels at the surface of nests in comparison to deeper soil because there was 
less waste material deposited by the ants at the surface (Moutinho et al. 2003, Hudson et al. 
2009). The lower nitrate levels are therefore likely unrelated to presence of antibiotics.  

A. cephalotes impact structure and composition in forests not only through changes in 
nutrient levels, but by applying selective pressure for ABR genes on bacterial communities. This 
study implies that levels of ABR increase closer to A. cephalotes nests, and that these bacteria 
are resistant to multiple antibiotics. In turn, this suggests that the mutualism between A. 
cephalotes and related actinomycetes does not specifically target Escovopsis and therefore is 
impacting a wider soil bacteria community. Ultimately, ABR in soil bacteria could pose a threat 
to human health through HGT to pathogenic bacteria. Given how abundant and widely 
distributed A. cephalotes is, especially in secondary forests and along forest edges, they could be 
an important source of selective pressure contributing to the soil resistome.  
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ABSTRACT 

Many tropical orchids, like Epidendrum radicans, use food deception to attract pollinators. Here, 
naïve pollinators are initially deceived but quickly move on, creating negative density-dependent 
floral visitation. E. radicans may profit more from larger inflorescences that initially attract more 
pollinators. As pollinators quickly abandon non-rewarding flowers, E. radicans may escape 
inbreeding risk associated with larger inflorescences (Schiestl 2005). In this study, I investigated 
the effect of increasing inflorescence size on probability and rate of pollinia removal. In addition, 
I assess if flower number per inflorescence best predicts capsule production.  Larger 
inflorescences had more pollinia removed (p = 0.006). Of all inflorescences, 60.4% that had 
pollinia removed were large inflorescences (6+ flowers). Number of capsules increased 
significantly with greater number of flower scars (p = 0.005). Proportion of pollinia removed and 
rate of pollinia removal (days it took for pollinia to be removed) showed no significant 
correlation with inflorescence size (p > 0.05). E. radicans therefore exhibits a lottery system with 
larger inflorescences being neither more nor less likely to have pollinia removed at a higher rate. 

RESUMEN 

Muchas orquídeas tropicales, como Epidendrum radicans usan el engaño alimenticio para atraer 
polinizadores.  Aquí, polinizadores ingenuos son inicialmente engañados pero rápidamente 
aprenden, creando una visitación floral dependiente de la densidad negativa.  E. radicans puede 
beneficiarse de inflorescencias largas que inicialmente atraen más polinizadores.  Los 
polinizadores al abandonar rápidamente flores que no ofrecen ningún beneficio, E. radicans 
puede escapar el riesgo de endogamia asociado con inflorescencias grandes (Schiest 2005).  En 
este estudio, investigué el efecto del aumento en el tamaño de la inflorescencia en la probabilidad 
y tasa de remoción de polinia.  Además, determiné si el número de flores por inflorescencia 
predice el número de cápsulas producidas.  Las inflorescencias más grandes tiene una mayor 
remoción de polinia  (p = 0.006).  De todas las inflorescencias, 60.4% de las que tenían polinia 
removida fueron grandes (6+ flores). El número de cápsulas aumenta significativamente con un 
mayor número de  cicatrices (p = 0.005).  La proporción de polinia removida y la tasa de la 
misma (días que toma para la remoción de polinia) muestran una correlación no significativa con 
el tamaño de la inflorescencia (p > 0.05).  E. radicans sin embargo exhibe un sistema de lotería 
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con las inflorescencias más grandes no siendo más o menos propensas a tener una tasa mayor de 
remoción de polinia. 

INTRODUCTION 

 Many tropical animal-pollinated plants offer no reward (Schiestl 2005). Deceit 
pollination saves energy (Ackerman 1994) but relies on naïve pollinators who quickly catch on 
(Gigord 2002).  Thus, deception pollination often exhibits negative density-dependence, as 
higher densities of flowers may show lower pollination success when pollinators quickly move 
on (Schiestl 2005). Deceit flowers with a constant influx of many naïve pollinators may do well, 
but pulses of naïve pollinators followed by lower visitation may leave deceit flowers competing 
for the few naïve pollinators remaining.   
 Roughly a third of the over 20,0000 species of orchids offer no reward but mimic flowers 
that do (Schiestl 2005). Moreover, these orchids often use exaggerated floral displays to increase 
attractiveness to pollinators (Schiestl 2005). One form of floral display that could influence 
successful pollination and deception is inflorescence size. In some orchids, larger floral displays 
exhibit a higher proportion of pollinia removed (Brys et al. 2008). This could result from the 
naïve pollinator’s initial attraction to larger inflorescences, removing pollinia before moving on.  
Larger inflorescences may be more attractive as butterflies expend less energy to visit more 
flowers (Brys et al. 2008). 
 Epidendrum radicans is a native Central American orchid using food deception for 
pollination (Wolfe 1987).  It is particularly abundant in disturbed areas and grows in dense 
patches (Janzen 1983). E. radicans has adapted to its environment through Batesian mimicry, 
allowing it to secure pollinators without having to invest additional energy in nectar production 
to reward pollinators (Bierzychudek 1981).  E. radicans resembles sympatric rewarding species - 
Asclepias curassavica (Apocynaceae) and Lantana camara (Verbenaceae; Bierzychudek 1981).  
All have yellow and red-orange flowers with multiple flowers per inflorescence (Wolfe 1987).  
E. radicans has compact pollen in pollinia with sticky pads to improve the attachment to the 
back, legs, head, or proboscis of butterflies (Bierzychudek 1981).  
 In Monteverde, Costa Rica E.radicans may benefit from butterfly migrations that occur at 
the beginning of the dry season, when the orchid begins flowering. These pulses in migratory 
species bring large numbers of naïve butterflies. This could result in E. radicans having a higher 
chance of being pollinated until the migrating wave of butterflies pass, leaving a smaller resident 
butterfly community.  Post-migration butterflies will add naïve pollinators slowly, so negative 
density-dependence could favor displays most likely to grab attention when a naïve butterfly 
enters the patch.  This may mean that flowers on larger inflorescences increase their likelihood of 
visitation before the butterfly learns there is no reward and moves on.  Increased El Niño 
frequencies and drier conditions caused by climate change (Pounds et al. 1999) can cause 
populations of migrating butterflies to decline (Haber et al. 2004). As a result, populations of 
naïve butterflies will also decline.  Inflorescence size may then become a more significant factor 
as pollination comes more from resident butterflies than migrants.    

 

 77 



Here, I study floral number and inflorescence size on number and rate of pollinia removal 
and capsule production. I will compare these with previous studies to see if there is a decline 
over time as predicted by climate change drying.  

MATERIALS AND METHODS 

Study Site 
 This study was conducted in Monteverde, Costa Rica from April 14th to May 10th, 2018.  
Data collection was done at two dense patches of E. radicans previously used in studies to 
measure and compare former rates of pollinia removal, beginning in 1981. The first site was 
located off the road to the Estación Biológica de Monteverde in regenerating pasture at 1550 
meters altitude. The second site was roadside at 1350 meters altitude, along the road to San Luis, 
Guanacaste Province, Costa Rica (Dixon 2005).  San Luis is further down the Pacific slope so is 
both drier and more seasonal.  Both sites had densely packed fields of Epidendrum radicans 
(Orchidaceae), with approximately 100 flowers per square meter (Figure 1). E. radicans 
commonly grows in monotypic stands, so only dense patches without rewarding model flowers 
were used in this study (Paul 2010). The Monteverde site was also used to determine rate of 
pollinia removal.   

Patch Demographics 
 I sampled the first 100 E. radicans plants in the Monteverde site from April 16th, 2018 to 
April 17th, 2018.  I sampled the first 109 plants in the San Luis site on May 2nd, 2018. Only 
plants that had at least 1 flower per inflorescence were included in these inventories. I flagged all 
plants for the Monteverde inventory. Each plant was categorized based on inflorescence size - 
number of flowers per inflorescence.  The ranges used for this categorization were 1 to 2 flowers 
per inflorescence, 3 to 4 flowers per inflorescence, 5 to 6 flowers per inflorescence, 7 to 8 
flowers per inflorescence, and 9+ flowers per inflorescence (Wolfe 1987).  After counting the 
number of plants in each category, I returned to each site to sample more plants to have around 
20 plants per inflorescence size.  Inflorescence sizes of 9 and above were less common. In total, 
there were 162 inflorescences for Monteverde and 109 inflorescences for San Luis.   
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Figure 1. Images of Epidendrum radicans inflorescences sampled in a dense patch of E. 
radicans in Monteverde (left) and along the road to San Luis (right). The middle image shows a 
dense patch of E. radicans in the Monteverde site. 

Floral Fate and Inflorescence Size 
 For each inflorescence, I counted number of flowers, buds, pollinia removed, flower 
scars, and capsules. Initial inventories of inflorescences in Monteverde and San Luis were used 
to calculate proportion of pollinia removed and probability of capsule production. Only plants 
sampled in Monteverde were used for tracking floral longevity and rate of pollinia removal.   

Floral Natural History 
 All buds present during both inventory and additional sampling of the Monteverde site 
were marked with light green, blue, and dark green paint pens based on inflorescence size. Only 
buds marked during these initial sampling days were tracked for pollinia removal and capsule 
production. Plants with inflorescences that had newly opened flowers were also marked. I 
observed marked buds and took note of the day they opened, indicating this as Day 1. 
Subsequent monitoring of the marked flowers included noting the day pollinia were removed and 
when the flower started forming a capsule. Additionally, I observed when the flower dropped 
from the forming capsule. I also kept track of inflorescence size and flower scars throughout this 
time.  

RESULTS 

Patch Demographics 
 The first 100 E. radicans sampled in the Monteverde site had an average inflorescence 
size of 5.55 ± 0.25. The range in inflorescence size for the inventory of the Monteverde site was 
1 to 13 flowers per inflorescence. Inflorescences sampled in San Luis were, on average, smaller 
in size (3.95 ± 0.18) and ranged from 1 to 10 flowers per inflorescence. The Monteverde site also 
had more buds on average (2.49 ± 0.11) compared to San Luis (1.97 ± 0.098).  Average flower 
scars were higher in San Luis (25.6 ± 1.35) than in Monteverde (19.2 ± 1.29).  Finally, plants in 
the Monteverde site had more pods (0.45 ± 0.09) than plants in San Luis (0.11 ± 0.03).  

Floral Fate and Inflorescence Size 
 The results from an ANOVA Linear Regression test show that E. radicans saw increased 
pollinia removal with larger inflorescence size.  I ran a linear regression test to compare the 
relationship between inflorescence size with number of pollinia removed and then with 
proportion of pollinia removed. Average number of pollinia removed is positively associated 
with inflorescence size (F= 7.91349, df = 1, p = 0.006, n = 102; Figure 2). Here, a pollinia was 
removed for about every 10 flowers.  Proportion of pollinia removed showed no significant trend 
(F = 1.11, df = 1, p = 0.29, n = 102; Figure 3).  Thus, larger inflorescences were not 
disproportionately likely to lose pollinia than smaller inflorescences.   
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Figure 2. Number of pollinia removed for 102 inflorescences sampled in a dense patch of E. 
radicans in Monteverde, Costa Rica. Number of pollinia removed per inflorescence increases 
with inflorescence size (y = 0.0937x + 0.04), represented as number of flowers per inflorescence 
(R2 = 0.07333).  Inflorescence size ranged from 1 to 13 flowers.. 

 

Figure 3. Proportion of pollinia removed in a sample of 102 inflorescences in a dense patch of E. 
radicans in the Monteverde site. Proportion of pollinia increases with larger inflorescence size (y 
= 0.0061x + 0.0607; R-squared = 0.01102) 
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 Number of capsules present on the inventory of 98 plants in the Monteverde site was 
correlated with number of flower scars. A linear regression test showed that increased number of 
flower scars was significantly associated with more capsules (F = 8.42, df = 1, p = 0.005, n = 
102; Figure 4). However, in comparing proportion of capsules per inflorescence and number of 
flower scars, there was no statistically significant relationship (F = 0.32, df = 1, p = 0.572, n = 
102; Figure 5). 

Figure 4. Number of capsules present on stalks of 98 plants inventoried in a dense patch of E. 
radicans in Monteverde.  Number of capsules per plant increases with greater number of flower 
scars (y = 0.0201x + 0.0638; R-squared = 0.07769) 
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Figure 5. Number of flower scars and proportion of of capsules in sample of 98 E. radicans in a 
Monteverde patch. Proportion of capsules per plant increases with number of flower scars (y = 
0.0002x + 0.0175; R-squared = 0.00321) 

Of the 102 inflorescences inventoried in Monteverde, 39 inflorescences (38.2%) had pollinia 
removed and 25 had capsules (25.0%).  Of the 109 inflorescences inventoried in San Luis, 45 
inflorescences (41.3%) had pollinia removed and 12 had capsules (11.0%).  Then, of the total 
162 inflorescences in the Monteverde site, 69 had pollinia removed (42.6%). There were only 42 
capsules initially for all 162 inflorescences in the Monteverde site (25.9%).  Finally, of all 405 
marked flowers, 195 had their pollinia removed (48.2%) and 25 became capsules (5.41%).  

Floral Natural History 
 An ANOVA Linear Regression test indicates that rate of pollinia removal showed no 
significant relationship with inflorescence size  (F = 0.389, df = 1, p = 0.53, n = 163; Figure 6). 
Of the 405 marked flowers, only 23 became capsules (5.41%). The average rate of pollinia 
removal was 7.21 days. On average, a flower lasted 16.3 days for flowers in which the pollinia 
was removed. On average, the length of time between flower opening to capsule production for 
increasing inflorescence size was not statistically significant (F = 0.286, df = 1, p = 0.59, n = 23). 
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Figure 6.  Floral fate from opening to day of pollinia removal, represented as Days to Pollinia 
Removed, for 163 marked flowers that had their pollinia removed. Days for pollinia removal 
showed no significant trend per increasing inflorescence size (y = 0.0842x + 6.5382; R-squared 
= 0.00263). 

Figure 7.  Days for capsule production from day of flower opening to capsule formation per 
increasing inflorescence size. With increasing inflorescence size, the days it took for capsules to 
be produced increased slightly (y = 0.1412x + 15.384; R-squared = 0.01346). 
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Climate Change 
 Data from previous studies of pollinia removal in the Monteverde and San Luis sites 
during the dry season are included in Table 1. An ANOVA linear regression test shows that from 
1981 to present, proportion of pollinia removal in dense stands of E. radicans is decreasing over 
time (Table 1; Figure 7). The decline in pollinia removal for these two sites is not statistically 
significant (p = 0.84). 

Table 1. Data collected on average proportion of pollinia removal in previous studies of E. 
radicans in Monteverde and San Luis, Costa Rica. (1 Bierzychudek 1981) (2 Woo 2001) (3 
Dixon 2005) (4 Paul 2010) (5 Biagini et al. 2013) (6 Schriemer et al. 2015) (7 Didier et al. 2017) 
 

Figure 8. Linear regression of average pollinia removed per inflorescence in dense patches of E. 
radicans in Monteverde, Costa Rica, including the site on the road to San Luis. Average 
proportion of pollinia removed per inflorescence decreases over time (y = -0.0009x + 2.1536). 
Data include average proportion of pollinia removed from 1981 to 2018, collected from previous 
studies (R-squared = 0.00772, p = 0.84). 

DISCUSSION 

Increasing floral displays reflects higher rates of pollinia removal, resulting in a correlation 
between rate of pollinia removal and capsule production. The results support this since pollinia 

1981 2001 2005 2010 2013 2015 2017 2018

Proportion of 
Pollinia 
Removal

0.241 0.5-0.22 0.23 0.54 0.395 0.286 0.177 0.1
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removal increased significantly with larger inflorescence size. This supports previous studies 
which observed that plants with large floral displays exhibit higher proportion of pollinia 
removal compared to smaller inflorescences (Brys et al. 2008). Naïve pollinators are more 
selective in which flowers they pollinate, seeking out plants providing the greatest reward. Based 
on optimal foraging, butterfly pollinators will therefore forage on species that result in a net gain 
of energy. Deception pollination via mimicry of rewarding plants is therefore beneficial to E. 
radicans. Exaggerated floral displays, in the form of larger inflorescence size, further tricks 
naïve pollinators into thinking they are receiving a greater reward in foraging on those flowers.  
 This same trend was exhibited in proportion of pollinia removed per inflorescence size, 
however, the results were not statistically significant. Proportion of pollinia removal did increase 
as inflorescence size increased, indicating that there is a positive relationship in reproductive 
output and how many flowers lose pollinia. The number and proportion of flowers must 
therefore be considered together. Number of pollinia removed increased significantly with 
inflorescence size, but not the proportion of pollinia removed. This means that pollinia export 
and pollinator visitation is determined on a per flower probability. Larger inflorescences were not 
more attracted nor visited more often. 
 In terms of the relative increase in pollination with more flowers, there was also a 
significant positive association between number of flower scars and capsule production. Larger 
floral output, represented in higher number of flower scars, results in more capsules. Some of the 
data shows that, on average, plants with larger inflorescences, and also more flower scars, saw 
increased capsule production. However, the results of capsule production for marked flower buds 
shows that at the time of capsule production, 26.1% of E. radicans had inflorescences of 6 
flowers or higher. Larger inflorescence size did not result in higher proportion of flowers 
becoming capsules. 
 Brys et al. (2008) found that the proportion of fruits per plant increased with decreased 
proximity to other plants. Based on statistically significant trends in pollinia removal and number 
of capsules, E. radicans with larger inflorescences saw increased pollen export and pollination, 
as shown in higher number of capsules. Yet this difference is not disproportionate. More flowers 
increases the plant’s chance of pollinia removal or delivery, but not significantly enough that 
inflorescence size determines how much pollinia is removed nor how many flowers become 
capsules. 
 E. radicans therefore benefits from a lottery system in the sense that increased 
reproductive output, in the form of more flowers, increases the chance of pollinia removal. My 
results support previous studies indicating greater pollination for plants with larger inflorescence 
sizes. The relationship between days it took for pollinia removal based on inflorescence size 
showed no statistical trend. Thus, larger inflorescences are neither more nor less likely to have 
pollinia removed at a higher rate. Instead of investing in rewards, which favor positive density 
dependence, more visits and higher inbreeding, E. radicans seems to favor no reward, and 
instead produces more flowers. While this is potentially more costly than a reward, E. radicans 
increases floral displays with greater likelihood of outcrossing.  More flowers means more 
pollinia is removed, regardless of inflorescence size. 
 While the orchid saves energy in not providing rewards, negative density dependence 
means it has to produce more flowers to increase reproductive output.  That may cost more, but 
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the orchid may not care, as outcrossing increases.  These results signal that E. radicans 
prioritizes quality of pollinator visitation over quantity of pollinator visits. A plant may benefit 
more through outcrossing from pollinators that eventually learn that the plant lacks rewards. 
These pollinators move far away in search of another plant, possibly a deceptive one, carrying 
pollinia from the initial visit to E. radicans individual (Schiestl 2005). 
 Deceptive plants, like E. radicans rely on constant population of naïve pollinators. 
Climate change is altering migration patterns, and thus the abundance of naïve pollinators. 
Studies have found that the reproductive success of dense patches of flowers may decrease when 
pollinators are scarce (Brys et al. 2008). Despite the results showing no statistical trend for 
change over time in proportion of pollinia removed, the relative advantage of certain 
inflorescence size can change in subsequent years with increased drying. In comparing the two 
study patches of E. radicans, San Luis plants, which are in a drier location than the Monteverde 
site, had smaller inflorescences. Further study would illuminate any possible shifts in 
inflorescence size and therefore pollinia removal associated with this drying. The advantage of 
certain inflorescence sizes could shift in favor of smaller inflorescences given possible 
reductions in the reproductive success of E. radicans with larger inflorescences.   
 Schmid-Hemper & Speiser (1988) propose the size advantage hypothesis which says that 
plants capable of investing more in reproduction, such as floral displays, are favored by natural 
selection. Larger inflorescences attract more visitors, resulting in higher pollen removal. The 
fitness cost of large floral displays may therefore be more cost effective than investing energy in 
reward systems. Thus, the trends exhibited in this study support the notion that flower size plays 
a role in The relative reproductive success of a plant is more related to individual flowers than 
the inflorescence size. Thomson (1988) found that pollinator visitation was proportional to 
flower number, thus disproportionate increases in reproductive success were not attributed to 
increased inflorescence size. Deceptive plants stand to benefit from floral displays because there 
is a greater likelihood of individual flowers having pollinia removed. The extent to which this 
remains a fitness advantage in E. radicans depends on the plants continued relationship with 
naïve pollinators and also new selective pressures resulting from climate change.  
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ABSTRACT 

Co-evolved pollination specialization between plants and hummingbirds results in varying bill and corolla 
lengths,  In this study, I investigate if short-billed hummingbirds are generalist pollinators and long-billed 
hummingbirds are specialists using modified hummingbird feeders to mimic short and long length corolla 
flowers. I used hummingbird feeders with long and short straws to mimic long and short corolla flowers.  I 
identified pollen collected from both using sticky tape pollen receptors, and quantified visitation with 
camera traps. There was no significant difference between the amount of pollen species found on long and 
short pseudo corollas (Chi Squared test, df=1, p=0.5245). There was also no difference found between long 
and short pseudo corolla pollen species richness (T-Test, df=1, f=1.47, p=0.227). 57 pollen species were 
shared between receptor types. The short-billed receptor collected seven species that were not seen on the 
long-billed receptors (Morista Index, 83% similar). However, the short pseudo corolla (H=3.6305) showed 
higher diversity in pollen species than the long pseudo corollas (H=3.4464; Shannon Index, df=586, 
p=0.039).There were two long and two short-billed hummingbird species visiting the modified feeders. 
Significantly more visits were made to the shorter pollen receptors, including by long-billed hummingbirds. 
Short receptor visits received 195, 88% by Violet Sabrewings, 11% by Green Crowned Brilliants, and 1% 
by Purple Throated Mountain Gems. Long receptors revived 17 visits, 88% by Viotlet Sabrewings and 12% 
by Green Hermits. Thus, there is no indication that long-billed hummingbirds are more specialized. Rather, 
short-billed hummingbirds are restricted to short corolla flowers while long-billed hummingbirds visit both 
long and short corollas. In effect, long corolla flowers may be more specialized by limiting nectar access to 
only long-billed species, but could potentially receive pollen from both long and short corolla flowers as 
long-billed hummingbirds visit both.  

RESUMEN  

La especializada co-evolución entre plantas y colibríes resulta en una variación en el largo de los picos y 
las corolas.  Investigué si los colibríes de pico corto son polinizadores generalistas y los de pico largo son 
especialistas usando comederos de colibri modificados para mimetizar flores con corolas largas y 
cortas.  Utilicé comederos con pajillas cortas y largas para mimetizar flores con corola corta y larga. 
Identifiqué el polen recolectado de ambas usando cinta adhesiva como receptroes de polen, y cuantifique la 
variación con cámaras trampa.  No hay diferencias significativas entre la cantidad de especies de polen 
encontradas entre las pseudo corolas cortas y largas (T-Test, df=1, f=1.47, p=0.227). 57 especies de polen 
fueron compartidas entre los tipos de receptores.  Los receptores de pico corto tuvieron siete especies que 
no fueron observadas en los receptores de pico largo (Indice de similitud de Morisita 83%).  Sin embargo, 
la pseudo corola corta (H=3.6305) muestra una mayor diversidad que la pseudcorola larga (H=3.4464; 
Indice Shannon, df=586, p=0.039). Hubieron dos especies de pico corto y dos de pico largo visitando los 
comederos modificados.  Significativamente más visitas se hicieron al comedero con receptroes de polen 
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cortos, incluyendo colibríes de pico largo. Los receptores cortos recibieron 195 visitas, de las cuales 88% 
por el Violet Sabrewing, 11% por el Green Crowned Brilliant, y 1% por el Purple Throated Mountain 
Gem.  Los receptores largos recibieron 17 visitas, 88% por el Violet Sabrewing, y 12% por el Green 
Hermit. Así, no hay una indicación que los colibríes de pico largo son más especializados. Más bien, los 
colibríes de pico corto están restringidos a flores de corola corta mientras que los de pico largo visitan tanto 
corolas cortas como largas.  En efecto, las flores de corola larga pueden ser más especializadas al limitar el 
acceso al néctar solo a los colibríes de pico largo, pero puede potencialmente recibir polen de flores tanto 
con corola corta como larga ya que los colibríes de pico largo visitan ambas. 

Key words: flower morphology; foraging behavior; hummingbirds; pollination; specialization; 
Monteverde 

 

INTRODUCTION 

Plants and pollinators co-evolve to maximize pollen transfer and foraging success (Faegri 
& Van der Pijl 2013). The overall goal of pollination is outcrossing, or increasing the 
individual’s genetic diversity. For this to occur, it is necessary that the pollinator both 
collects and delivers pollen to individuals of the same species (Faegri & Van der Pijl 
2013). Over time this can lead to specialization. Thus, flower morphology, reward and 
phenology can favor a subset of potential visitors, whose own morphology, physiology 
and behavior change to favor extracting rewards from a subset of flower species (Darwin 
1859).   

Along with color, scent and reward, plants limit visitors by increasing or 
decreasing the length and shape of the corolla (Castellanos et al 2004) Flowers with 
shorter corollas are more accessible to many pollinators, hence generalist species.  Co-
evolution between flowers and hummingbirds results in variable corolla and 
hummingbird bill lengths (Feinsinger 1983). Only long bills reach the bottom of long 
corollas to access nectar (Feinsinger 1983). Therefore, short-billed hummingbirds are 
considered generalist and long-billed hummingbird are more specialist.  Even though 
long billed hummingbirds can take nectar from short corollas, they must compete with 
short-billed hummingbirds to do so.  A long corolla flower should have more reward as 
they restrict short-billed hummingbirds (Feinsinger 1983). To avoid competition, then, 
long-billed hummingbirds should prefer long corollas.  In doing so, long-billed 
hummingbirds should visit long corollas, thus increasing the likelihood of effective 
pollination and decreasing foreign pollen transfer (Frankel 2012, Herrera 1996). The 
question remains if long-billed hummingbirds prefer long corollas and if that preference 
is learned or innate.   

In Cloud Forests of Monteverde, Costa Rica, there is high biodiversity of both 
flowers and hummingbirds that vary in corolla and bill length (Fenster 1991, Feinsinger 
1978).  In this study, I investigate if short-billed hummingbirds are generalist pollinators 
and long-billed hummingbirds are specialists using modified hummingbird feeders to 
mimic short and long length corolla flowers. I identify pollen collected from both using 
sticky tape on hummingbird feeders.  I use camera traps to track hummingbird visits.  
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MATERIALS AND METHODS  

Study Site  

This experiment was conducted in Monteverde, Costa Rica at the Monteverde Biological 
Station forest. The study site was located at approximately 1550 meters in the Holdridge 
Lower Montane Wet Forest life zone. This area is classified as primary forest with an 
estimated canopy height of greater than 20 meters.  Average monthly rainfall is 2,579 
mm (Nadkarni 2000) 

Modified Hummingbird Feeders 

Fifteen hummingbird feeders were modified for the for deposition of pollen grains. Each 
feeder consisted of four feeding sites which I modified straws 3 cm in length and 4 mm in 
width to mimic long corollas (Figure 1). The corolla length was based on findings from a 
previous study stating that short and medium billed hummingbirds avoid corollas longer 
than 3 cm (Henderson, 2015). The modified feeder structures were modeled after 
Elisemann (2016).   

Pollen was collected on tape attached to a plastic frame made from a bottle 
positioned directly over the feeding site so as to touch the head of hummingbirds 
attempting to gain access to the nectar. (See figure 1). The tape was consistently placed 
starting from the corolla opening reaching at least 1.5 inches above.   

The hummingbird feeders were placed in the lower montane forest in three groups 
of five, 30cm apart, 5 meters off the trail, 1-2 meters above the ground. They were 
covered by an orange tarp, which served to protect the feeders from rain as well as attract 
hummingbirds (See figure 2). Feeders will kept filled with 20% sucrose solution.  

 

 

 

 

FIGURE 1. (A) Modified hummingbird feeders for the collection of pollen. Long corollas were 
constructed with a 3cm red straw inserted into the feeder.   Birds could also drink from the 
unmodified feeder hole. (A&B) Plastic oval frames holding tape for pollen collection were 
positioned over the feeder entrance to touch the hummingbird’s heads and collect pollen as they 
drank.  
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 Pollen Analysis  

Pollen was collected and replaced every three days for 15 days. The pollen-
receiving tape was immediately placed onto a pre-labeled glass microscope slide. 
The slides were left overnight in a dry room to allow any moisture to evaporate. 
Once prepared, each slide was counted for pollen species richness and identified 
using the Monteverde pollen database (Jost, 2004). Any species found which was 
not present in the database was labeled as a morphospecies. Species richness, 
abundance, and diversity were measured using the amount of slides with pollen 
species present.  

Camera Traps  

To assist in the identification of long and short-billed hummingbirds participating 
in pollen donation, two camera traps were set up directed at the feeders. 
Hummingbirds were identified using The Birds of Costa Rica field guide 
(Garrigues 2007). I also recorded whether different hummingbird species visited 
short or long pollen receptors.  

Table 1: Common hummingbird species from Monteverde, Costa Rica and their beak lengths 
measured from the colmen 1: (Feinsinger and Colwell 1978), 2: (Stiles and Skultch 1989), 3: 
(Shripat 2011), 4: (Taylor 2011), 5: (Feinsinger and Chaplin 1975),  
 
 

 

Study Species  

Common Name: Green Hermit  Violet Sabrewing Green Crowned 
Brilliant 

Purple Throated 
Mountain Gem 

Latin Name: Phaethornis guy 
 

Campylopterus 
hemileucurus 
 

Heliodoxa 
jacula 

Lampornis 
calolaemus 
 

Bill Length Category: Long Long Short Short 

Bill Length (mm): 41mm3 35.6(m)-38.2(f) 
mm1 

25.5mm4 23.2mm1 

Trapliner/Territorial: Trapliner2 Trapliner1 Territorial2 M: Territorial5 

F: Trapliner5 
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RESULTS 

Pollen Analysis  

There was no difference between the richness of pollen species found on receptors that 
were unchanged or with 3cm straws (T-Test, df=1, f=1.47, p=0.227). Illustrate trends 
using means and standard errors. There was also no significant difference in total number 
of pollen species collected from short or long pollen receptors (Chi Squared test, df=1, 
p=0.5245). 57 pollen species were shared between receptor types. The short-billed 
receptor collected seven species that were not seen on the long-billed receptors (Morista 
Index, 83% similar). Of the identified pollen found on the long pseudo corolla, there were 
10 species from short corolla flowers and 16 species from long corolla flowers. On the 
pseudo short corolla, there were seven species of short corolla flowers and 17 species of 
long corolla flowers. The short pseudo corolla (H=3.6305) showed higher diversity in 
pollen species than the long pseudo corollas (H=3.4464; Shannon Index, df=586, 
p=0.039; see figures 3 & 4).  

 

FIGURE 3: Average pollen richness collected from sticky pollen receptors over feeder openings 
with 3 cm straws as Long Corollas and strawless openings as Short Corollas (Long: Mean = 3.64, 
SE = 0.327; Short: Mean = 4.2, SE=0.326). There was no difference between the richness of 
pollen species found (T-Test, df=1, f=1.47, p=0.227). 57 pollen species were shared between 
treatments. Richness was based on the number of replicates with the pollen species present.   
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FIGURE 4: Pollen collected and identified by species or morph species using the 
Monteverde pollen database (Jost, 2004). Pollen was collected using modified 
hummingbird feeders for short-billed hummingbirds. A total of 64 species of pollen were 
found (See appendix A for full list). Listed here are the 5 most commonly found pollen 
species.  Relative abundance of pollen is based on species presence/absence per slide.  

 

 

 

 

 

 

 

 

 

Relative	Pollen	Abundance	on	Short	Corolla	Pollen	
Receptors	Note:		You	do	not	need	this	title;	all	info	goes	

below.			

Centropogon	solanifolus	

Drymonia	conchocalyx	

Hamelia	patens	

Morph	4	

Morph	5	
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FIGURE 5: Pollen collected and identified by species or morph species using the 
Monteverde pollen database (Jost, 2004). Pollen was collected using modified 
hummingbird feeders for long-billed hummingbirds by mimicking long corolla flowers. 
A total of 57 species of pollen were found (See appendix A for full list). Listed here are 
the 5 most commonly found pollen species. Relative abundance of pollen is based on 
species presence/absence per slide.  

 

Camera Traps 

212 individual hummingbirds were observed and identified to four species, two 
long-billed and two short-billed (see Table 1).  The large majority of 
hummingbird visits were by Violet Sabrewings. There was a significant 
difference in visitation between the short and long pseudo corollas (chi-
squared=149.45, df=1, p=<2.2e^-16). Short receptor visits received 195, 88% by 
Violet Sabrewings, 11% by Green Crowned Brilliants, and 1% by Purple 
Throated Mountain Gems. Long receptors received 17 visits, 88% by Viotlet 
Sabrewings and 12% by Green Hermits. There was no significant difference 
found between hummingbird species diversity in visitation to the long and short 
pseudo corollas. (Shannon Diversity Index, t = 0.307, df = 22, p=0.76; Long, 
H*=0.362+/-0.02652, Short, H*=0.415+/-0.003)  

Pollen	Adundance	Found	on	Long	Corolla	Mimicking	Pollen	
Receptors	

Centropogon	solanifolus	

Drymonia	conchocalyx	

Hamelia	patens	

Morph	4	

Morph	5	
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FIGURE 6: Percentage of hummingbird species identified at long and short pseudo corollas. 
Hummingbird feeders were modified to mimic long and short corolla lengths. Hummingbirds 
visits were captured by camera traps and then using The Birds of Costa Rica field guide 
(Garrigues 2007). Voilet Sabrewing and Green Hermit hummingbirds were considered long-
billed species, the Green Crowned Brilliant and Purple Throated Mountain Gem were considered 
short-billed species. 212 individual hummingbirds were observed and identified as four species. 
88% of visits to the short pseudo corolla were Violet Sabrewings, 11% were the Green Crowned 
Brilliants, and 1% were Purple Throated Mountain Gems. 88% of visitors to pseudo long corollas 
were Viotlet Sabrewings, and 12% were Green Hermits.  

 

DISCUSSION 

In this study, I investigate the assumption that short-billed hummingbirds are generalist 
pollinators and long-billed hummingbirds are specialists (Feinsinger 1983). Based on my 
results, there is no pattern. However, the assumption that short-billed hummingbirds are 
generalists and long-billed hummingbirds are specialists is based on the premise that 
long-billed hummingbirds will prefer long corolla flowers to avoid competition for 
reward, which was not observed in this study. Violet Sabrewings were witnessed visiting 
both the long and short pseudo corollas. Additionally, pollen from both long and short 
corolla flowers were identified on both the long and the short pseudo corollas. This 
shows that the pollination behavior in this study of the Violet Sabrewing visiting both 
corolla types is more likely accurate to actual pollination behavior.   

While coevolution is the most likely explanation for the correlation between 
hummingbird bill length and flower species corolla length, long-billed hummingbirds are 
not always restricted to visiting flowers with longer corollas. This pollination behavior is 
learned or innate between species. Some long billed species may have innate behavior, 
where they naturally only visit long corolla flowers, such as what was observed in the 
Green Hermit, where others may have a learned pollination behavior allowing them to 
pollinate either long or short flowers based on optimal foraging. This may be an energy 

Pseudo Short Corolla Visitors

Voilet	Sabrewing:	

Green	Crowned	
Brilliant	

Green	Hermit	

Purp	Throated	
Mountain	Gem		

Psuedo Long Corolla Visitors  
Voilet	Sabrewing:	

Green	Crowned	
Brilliant	

Green	Hermit	

Purp	Throated	
Mountain	Gem		

 96 



trade off between species. Some hummingbird species strategize by specializing on 
flowers with high nectar rewards. These species are willing to travel further to obtain the 
higher quality reward (Garrison 1995). This could explain the foraging behavior of the 
Green Hermit in this study. Other species will visit both long and short corolla types. 
While not each flower will offer as high of a reward, they conserve energy in that they 
may not have to fly as far for their food source and have more flower options (Garrison 
1995).  This is a more likely foraging behavior of the Violet Sabrewing. My results 
suggest that Violet Sabrewings are facultative while Green Hermits appear to prefer long 
corollas even when both long and short corollas offer equal and plentiful reward. 

My findings show that long-billed hummingbirds go to both long and short 
pseudo corolla flowers. Additionally, similar levels of pollen from both short and long 
corolla flowers were found on both short and long pseudo corollas. Short-billed 
hummingbirds are restricted to short corollas. In authentic pollination, this shows that 
while long corolla flowers are successful in limiting visitation, therefor both long and 
short corolla flowers are being exposed to equal levels of foreign pollen. In effect, long 
corolla flowers species may be more specialized based on their efficient energy use in 
limiting pollen and nectar access to only long-billed species, but they are no more 
successful in reducing transfer of foreign pollen.  
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APPENDIX 

APPENDIX A: Complete list of pollen collected and observed. Pollen collected and 
identified by species or morph species using the Monteverde pollen database. (Jost, 
2004). Pollen was collected using modified hummingbird feeders for short-billed 
hummingbirds. A total of 64 species of pollen were found.  

 
 
Pollen Species: Short 

% 
Long 
% 

Pollen Species: Short 
% 

Long 
% 

Drymonia conchocalyx 11.00% 8.97% Morph 27 1.00% 0.69% 
Morph 5 8.00% 5.17% Morph 28 1.00% 0.00% 
Morph 4 7.00% 12.07

% 
Morph 3 1.00% 2.07% 

Hamelia patens 5.00% 4.14% Morph 31 1.00% 0.00% 
Centropogon solanifolus 4.00% 12.07

% 
Morph 35 1.00% 1.03% 

morph 2 4.00% 1.38% Morph 6 1.00% 0.34% 
Razisea spicata 4.00% 1.38% Morph 8 1.00% 0.00% 
No pollen Found 3.00% 2.76% Morph 9 1.00% 1.03% 
Cavendishia complectens 3.00% 1.72% Palicourea lasiorrhachis 1.00% 0.34% 
Habracanthus 
blepharorhachis 

3.00% 2.07% Burmeistera tenuiflora 0.00% 0.34% 

Morph 1 3.00% 1.03% Columnea mangifera 0.00% 0.69% 
Morph 10 3.00% 3.79% Columnea microcalyx 0.00% 0.69% 
Morph 12 3.00% 0.34% Costus montanus 0.00% 0.34% 
Morph 15 3.00% 3.79% Duranta erecta 0.00% 0.34% 
Tillandsia multicaulis 3.00% 2.76% Heliconia tortusa 0.00% 0.34% 
Morph 21 2.00% 1.72% Lobelia laxiflora 0.00% 1.03% 
Morph 23 2.00% 0.00% Malvaciscus palmanus 0.00% 2.76% 
Morph 30 2.00% 0.34% Morph 16 0.00% 1.72% 
Morph 36 2.00% 0.00% Morph 17 0.00% 0.34% 
Morph 7 2.00% 0.34% Morph 24 0.00% 0.00% 
Besleria solanoides  1.00% 0.34% Morph 25 0.00% 0.34% 
Bomorea caldasii 1.00% 1.38% Morph 29 0.00% 0.69% 
Cuphea appendiculata 1.00% 0.69% Morph 32 0.00% 0.34% 
Heliconia monteverdensis  1.00% 1.38% Morph 33 0.00% 0.00% 
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Hibiscus rosa-sinensis 1.00% 0.00% Morph 37 0.00% 0.00% 
Kolhleria spicata 1.00% 1.38% Morph 38 0.00% 0.69% 
Macleania insignis 1.00% 2.41% Morph 39 0.00% 1.38% 
Morph 11 1.00% 0.69% Morph 40 0.00% 0.69% 
Morph 13 1.00% 0.34% Morph 41 0.00% 0.00% 
Morph 14 1.00% 1.38% Podandrogyne decipiens 0.00% 0.34% 
Morph 18 1.00% 1.03% Poikilacnthus 

macranthus 
0.00% 0.00% 

Morph 19 1.00% 0.34% Rubus rosifloius 0.00% 0.69% 
Morph 20 1.00% 0.00% Satyria warszewiczii 0.00% 0.34% 
Morph 22 1.00% 1.38% Tillandsia insignis  0.00% 1.38% 
Morph 26 1.00% 0.34% Total # of Slides Species 

Were Found On: 
307 290 

 
 
 
 
 
 
 
 
 
 
APPENDIX B: Visiting hummingbird species to pseudo flower corollas in variations of short and 
long constructed on modified hummingbird feeders. Hummingbird species were observed and 
identified using camera traps.   
 

 
 
 
 
 
 

Species: % Short %  Long Total Number of Species  

Voilet Sabrewing: 86% 8% 200 

Green Crowned Brilliant 100% 0% 22 

Green Hermit 33% 67% 3 

Purp Throated Mountain Gem  100% 0% 1 
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ABSTRACT  

Climate change has already drastically impacted ecosystem composition and function, and with an increasingly 
warming atmosphere, it is imperative to understand the ecological implications of these changes. A documented 
consequence of global warming is the shift in species distribution up in elevation to remain in their preferred thermal 
environment, but the predicted resulting effect on species interactions along elevational gradients has been less 
studied. Here, I investigated if gene flow occurs from lowlands to highlands to better predict if plants can keep up 
with climate change, and whether specialized pollinators (long-billed hummingbirds in case) still pollinate at the 
frontier of colonization in order to predict potential disruptions in plant-pollinator mutualisms. I studied whether 
hummingbird-facilitated pollen dispersal occurs across two Holdridge life zones at different elevations in a 
Monteverde cloud forest in Costa Rica. This was done using fluorescent dye as a pollen analog on hummingbird 
feeders at two elevations. The feeders at each elevation had pollen of different colors to differentiate the elevational 
origin of the received pollen. The feeders displayed flowers with long and short corollas. The composition of 
hummingbird visitors was determined using camera traps. There was a higher pseudo-pollen deposition rank at the 
upper elevation (2.85 +/- 0.124) than the lower elevation (2.52 +/-  0.114), and a higher pseudo-pollen deposition 
rank at artificial short-corolla flowers (3.28 +/-  0.115) than artificial long-corolla flowers (2.06 +/- 0.104) at both 
elevations. Cross-elevational pollen transfers occurred (n= 58) between both short-corolla and long-corolla flowers. 
There was overlap in many of the hummingbird species seen at both elevations, and the lower elevation was more 
diverse than the upper. In a rapidly warming and changing planet, it is important to understand gene flow and to 
gather data to predict potential disruptions in species mutualisms, and this paper provides baseline data on 
hummingbird-facilitated pollination dynamics can be used to inform climate change models and to better predict the 
outcomes of climate change.  
 
RESUMEN 
 
El cambio climático ha tenido un impacto drástico en la composición y función del ecosistema, y con una atmósfera 
cada vez más caliente, es imperativo entender las implicaciones ecológicas de estos cambios. Una consecuencia 
documentada del calentamiento global es el cambio en la distribución altitudinal de las especies para poder 
permanecer en su ambiente térmico preferido; pero el efecto que resulta de las interacciones entre las especies a lo 
largo de los gradientes altitudinales ha sido poco estudiado. Yo investigué si el flujo génico en plantas ocurre desde 
tierras bajas hacia tierras altas, para predecir si estas pueden mantenerse apesar del cambio climático, y si sus 
polinizadores (en el caso de los colibríes de pico largo) todavía pueden polinizarlas en la límite de la colonización, 
para así predecir posibles interrupciones en el mutualismo planta-polinizador. Yo estudié si la dispersión facilitada 
por colibríes ocurre a través de dos zonas de vida de Holdridge con diferente elevación en el bosque nublado de 
Monteverde, Costa Rica. Esto se hizo usando colorante fluorescente, como un análogo del polen de las plantas, en 
comederos de colibríes a dos elevaciones. Los comederos tenían polen de diferente color según la elevación a la cual 
se encontraran, para diferenciar el origen del polen recibido. Los comederos tenían flores artificiales con corolas 
largas y cortas. Las composición de las visitas de los colibríes fue determinada usando cámaras trampa. Hubo un 
mayor rango de deposición de pseudo-polen en elevaciones altas (2.85 +/- 0.124) que en elevaciones bajas (2.52 +/- 
0.114), y un mayor rango de deposición de pseudo-polen en flores artificiales con corolla corta (2.06 +/- 0.104) que 
en flores artificiales con corolla larga (2.06 +/- 0.104) en ambas elevaciones. Hubo transferencia del polen de ambas 
elevaciones (n=58) entre flores artificiales con corolas cortas y largas. Hubo traslape de muchas especies de colibríes 
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que fueron vistas en ambas elevaciones, y la elevación baja fue más diversa que la alta. En un planeta que 
rápidamente cambia y se calienta, es importante entender el flujo de genes y obtener datos para predecir la potencial 
interrupción del mutualismo entre especies. Este artículo proporciona datos de referencia sobre la dinámica de la 
polinización facilitada por colibríes que puede ser usada para informar modelos de cambio climático y mejorar la 
predicción de los resultados del cambio climático. 
 
INTRODUCTION 

Climate change has already drastically impacted ecosystem composition and function, and with 
an increasingly warming atmosphere, it is imperative to understand the ecological implications 
of these changes. Current rates of global warming are unprecedented and are continuing, with a 
predicted increase of 1-2 °C by 2050 (Corlett 2014). A documented consequence of global 
warming is the shift in species distribution up in elevation to remain in their preferred thermal 
environment (Feeley et al. 2013). Climate-driven elevational migrations have been documented 
across many plant and animal taxa, including reptiles, amphibians, and birds (Feeley et al. 2013, 
Pounds et al. 1999, Parmesan 2006, Kelly and Goulden 2008, Klanderud and Birks 2003) but the 
predicted resulting effect on species interactions along elevational gradients has been less studied 
(Hegland et al. 2009, Gasner et al. 2010).  

Plants are shifting their distributions up in elevation in response to climate change 
through seed dispersal (Corlett and Westcott 2013), however, their future may depend on pollen 
flow from the lowlands. Pollen flow has the potential to benefit range expansions by providing 
genetic variance at the frontier of colonization, therefore, making the plants better able to adapt 
to the new environment (Corlett and Westcott 2013). Hence, it is important to determine the 
extent of gene flow from lowlands to highlands to evaluate whether plants can keep up with 
climate change. Additionally, pollen movement from the upper colonization edge could 
theoretically help to spread potentially beneficial genotypes that are better at tolerating the new 
elevational distribution (Corlett and Westcott 2013), so horizontal pollen movement along the 
colonization front would be beneficial as well.  

The functional interactions of plant-pollinator mutualisms are at risk of disruption with 
climate change (Memmot 2007, Hegland et al. 2009) Miller-Struttmann et al. (2015) found that 
climate change led to a decline in specialized pollinators in the highlands, which were then 
replaced with generalist pollinators. However, the co-occurring flowers were not adapting to 
have shorter corollas, resulting in a mismatch in the pollination mutualism caused by climate 
change. 

Little is known about the effects of climate change on hummingbird-plant pollination 
mutualisms (Memmott et al. 2007), and therefore it is difficult to predict potential disruptions. 
The foraging method of hummingbirds has a large impact on the successful reproduction of the 
plants that they feed on, and therefore, pollinate (Linhart 1973). Short-billed hummingbirds are 
usually generalist feeders but are restricted to flowers with short corollas, while long-billed 
hummingbirds are more specialized but can visit flowers with either short or long corollas 
(Feinsinger et al. 1986). It was found that generalist pollinators are removed from a system, 
diversity declines faster than it would with the removal of a specialist species (Memmott et al. 
2004).  

Tropical mountains are an ideal location to study the impacts of climate change because 
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of the large amount of biodiversity, in which many of these species are habitat specialists with 
small ranges (Gasner et al. 2010). The cloud forests of Monteverde, Costa Rica consist of many 
different life zones that are compressed into a smaller mountain (Pounds et al. 1999) while still 
maintaining populations of highland species (Stiles 1985). These cloud forest mountains can 
function as early-warning systems to predict the impacts of climate change for other Neotropical 
mountains (Gasner et al. 2010). Additionally, the interaction between hummingbirds and their 
plants is relatively well studied in Monteverde (Feinsinger et al. 1986, Stiles 1985, Stiles and 
Skutch 1989). Eisemann (2016) found that hummingbird-facilitated pollen transfer occurs 
between elevations in Monteverde. The highland endemic Fiery-throated hummingbird that was 
once common in Monteverde from 1550 m to 1800 m (Stiles 1985) has been shifting its 
distribution up in elevation in response to climate change (Fogden and Fogden 2005), and is now 
rare here (Wallace 2013), providing evidence that climate change is already disrupting plant-
hummingbird interactions in the highlands of Monteverde. 

Here, I investigated if gene flow occurs from lowlands to highlands to better predict if 
plants can keep up with climate change, and whether specialized pollinators (long-billed 
hummingbirds in case) still pollinate at the frontier of colonization in order to predict potential 
disruptions in plant-pollinator mutualisms. I studied whether hummingbird-facilitated pollen 
dispersal occurs between two elevations in the highest part of Monteverde using artificial flowers 
with short and long corollas in hummingbird feeders, and fluorescent dye as a pollen analog 
(Waser and Price 1982).  I specifically measured (1) the extent and direction of pollen transfer 
between elevations, (2) the amount of pollen transferred across elevations between different 
corolla lengths, and (3) the extent of pollen movement between short and long corollas within 
each elevation. The latter two were measured to help to evaluate potential disruptions in 
specialized bill-corolla length relationships at the highest elevation. I identified hummingbird 
species at short and long-corolla flowers at each elevation using camera traps. 

METHODS 

Study Site 

This experiment took place in the Monteverde Biological Station’s reserve in Monteverde, Costa 
Rica with each feeder at a different elevational extreme in two different Holdridge life zones. In 
accordance with Eisemann’s (2016) methodology, the lower elevation feeder was in a Holdridge 
lower montane wet forest at 1550 meters. The higher elevation feeders were placed at the 
continental divide, very close to the highest point in the Cordillera de Tilarán (Cerro Amigos) at 
1750 meters in a Holdridge lower montane rain forest. 

Study species 
 See Table 1. 

Modified hummingbird feeders 
Thirty commercial hummingbird feeders were modified to deposit and receive the 

fluorescent dye, hereafter called pseudo-pollen, from the hummingbirds as they feed and to 
accommodate for different bill lengths. In accordance with Eisemann’s (2016) methodology, 
there were four feeding sites on each apparatus, one for depositing pseudo-pollen on from long-
corolla flowers, one for receiving pseudo-pollen from long-corolla flowers, one for depositing 
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pseudo-pollen on short-corolla flowers, and one for receiving pseudo-pollen from short-corolla 
flowers. Each feeding site for long-billed hummingbirds had a 3 cm, the average bill length of 
common long-billed montane hummingbirds from Monteverde, Costa Rica (Feinsinger and 
Colwell 1978) straw out of the feeding hole, mimicking a long flower corolla, to accommodate 
for their bill length and provide easy access to the nectar. The internal width of both the long and 
short corolla types was 5 mm, which is broad enough to not exclude access to the nectar 
(Temeles 1996). Henderson (2015) demonstrated that short-billed hummingbirds (18.2-23 mm) 
do not visit artificial flowers with corolla lengths of 3 cm, so the long-corolla artificial flowers 
exclude short-billed hummingbirds. Short-billed hummingbirds could access the hole in the 
feeder. Pseudo-pollen deposition stations consisted of a cotton ball dipped in pseudo-pollen 
attached to a plastic arc and placed over the long-billed and short-billed feeding stations so that 
the cotton ball deposited fluorescent pseudo-pollen on the hummingbirds’ heads as they fed. The 
pollen receptor stations consisted of tape above the two remaining feeding stations to collect the 
pseudo-pollen from the hummingbirds’ heads (Figure 1). There were 15 feeders placed at the 
lower elevation and 15 at the higher elevation, 3 m off the trail, 30 cm apart, 1-2 m off the 
ground, covered by an orange tarp to protect them from rain and attract hummingbirds. Every 
three days for 21 days the pseudo-pollen tapes were collected, feeders were refilled with 20% 
sucrose solution (mass/volume), pseudo-pollen was re-applied to the cotton balls at the 
deposition stations, and the receptor tapes were replaced.  
 
Pseudo-pollen analysis 
 Every three days, the pseudo-pollen samples on receptor tapes were collected and 
analyzed for 21 days, resulting in 7 collections from the lower elevation and 6 collections from 
the upper elevation. In accordance with Eisemann’s (2016) methodology, the fluorescent pseudo-
pollen was viewed under a black light in a dark room for fluorescent color spots and each tape 
was assigned a pseudo-pollen deposition rank. The pseudo-pollen receptor tapes were ranked 
according to the number of spots that were deposited on the slide: 1 <20, ,2 =20-40, 3 = 40-60, 
4=60-80, 5>80 (Figure 2). The yellow fluorescent pseudo-pollen originated from the feeders at 
the lower elevation, and the orange fluorescent pseudo-pollen originated from the feeders at the 
upper elevation, so the presence of orange fluorescent pseudo-pollen on a lower elevation 
receptor tape, or yellow on an upper elevation tape, indicated a cross-elevational transfer. 
 
Camera traps 
 To identify the species of hummingbirds at each elevation, I set up three camera traps at 
the lower and higher to automatically record 20-second videos one a hummingbird arrived at the 
feeders. Videos were collected every three days for 21 days. 
 
Data analysis 
  An Ordinal Mixed Regression Model (OMRM) was used to determine if hummingbird’s 
deposition ranks within same-elevation feeders varied between elevations. Each tape was 
considered a replicate in the analysis. The model included elevation, corolla length and the 
interaction between the two as fixed effects. Collection day was included as a random effect in 
the model to account for potential lack of dependency in the data collected on the same day. The 
model was fit using the function “clmm” in the R package ordinal in R 3.4.3. This model was 
preferred over conventional linear mixed models because it appropriately models the categorical 
nature of the response variable (ranks). Conventional linear mixed models produce linear 
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patterns in the residual plots and therefore violate the assumptions of constant variance of 
residual errors that is a requirement of any linear model (Nelder 1990).    
 

Cross-elevational transfer events were recorded as presence or absence on each tape. 
Contingency chi-square tables were used to determine if the proportion of cross-elevational 
transfer evens was different between elevations in relation to the total number of slides samples 
at each elevation.  A similar contingency analysis was done to determine if the proportion of 
cross-elevational transfer evens was similar between corolla lengths in relation to the total 
number of slides sampled for each corolla type. A t-test was used to determine if there was a 
significant difference between the number of daily hummingbird visits between the two 
elevations. Shannon-Weiner indices were used to determine whether there was a difference in 
diversity between the two sites, and a Morisita similarity index allowed me to determine how 
similar the two sites were. 
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Table 1. Bill lengths of common hummingbird species found in two different elevations on the 
Pacific slope of Monteverde, Costa Rica: a 1750 m site corresponds to Holdridge life zone lower 
montane rain forest, and a 1550 m site to lower montane wet forest. Bill length category was 
determined in accordance with Henderson (2015): short (18.2-23 mm), medium (26.8 mm), or 
long (27.6-38.2 mm). 
 

Common 
Name 

Violet sabrewing Purple-throated 
mountain gem 

Green 
hermit  

Green-
crowned 
brilliant 

Stripe-tailed 
hummingbird 

Fiery-
throated 
hummingbird 

Latin name Campylopterus 
hemileucurus 

Lampornis 
calolaemus 

Phaethornis 
guy 

Heliodoxa 
jacula 

Eupherusa 
eximia 

Panterpe 
insignis 

Bill Length 
Category 

Long  Short  Long  Long  Short Short  

Bill Length 
(cm) 

3.5 - 3.81 2.31 4.14 2.7- 2.95 2.31 1.813 

Role Generalist1 

Trapliner1 

Generalist1 

Males territorial6 

Females trapline6 

Generalist2 
 
Trapliner2 

Generalist2 
 
Terretorial2 

Generalist1 

Territorial7  

 

Generalist2 

Territorial2 

 

1: (Feinsinger and Colwell 1978), 2: (Stiles and Skutch 1989), 3: (Stiles 1985), 4: (Hilty 2003), 5: (Feinsinger et al. 
1988), 6: (Feinsinger and Chaplin 1975), 7: (Feinsinger 1976) 
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Figure 1. Modified hummingbird feeder set-up to deposit and receive artificial fluorescent dye 
(powder) from hummingbirds. Receptor sites consisted of a plastic arc positioned above the 
feeder holes that brushed the heads of hummingbird visitors. Deposition sites contained cotton 
balls with fluorescent dye to deposit on hummingbird heads, and reception sites had a sticky tape 
to collect the pseudo-pollen from the hummingbirds. Each feeder included one long corolla 
flower (3 cm plastic straw) that served as deposition site (A) and one long-corolla flower that 
received pollen (B). Two short corolla flowers (no straw) were also included, one as deposition 
site (C) and one as reception site (D).  
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Figure 2. Sticky tapes collected from artificial flowers placed on commercial hummingbird 
feeders on the Pacific slope of Monteverde, Costa Rica. Hummingbirds deposited artificial 
pollen (fluorescent dye, powder) on the tapes. The number of pollen spots on each slide was 
ranked as: 1 <20, 2 =20-40, 3 = 40-60, 4=60-80, 5>80.  
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RESULTS  

Frequency of transfer 

Intra-elevational transfer occurred at every sample time (every three days) at each elevation with 
each corolla length. Cross-elevational transfer occurred from the high elevation to the low 
elevation on 6 of the 7 collection days, and from the low elevation to the high elevation on 4 of 
the 6 collection days. 

Elevation 
The amount of pseudo-pollen deposition at same-elevation feeders was higher at the upper 
elevation site (OMRM, z= -3.37, p< 0.001 Figure 3). The upper elevation had a mean pseudo-
pollen deposition rank of 2.85 +/- 0.124 and the lower elevation had a mean pseudo-pollen 
deposition rank of 2.52 +/-  0.114. 
 

 
 
Figure 3. Mean artificial pollen deposition number per flower at two different elevations on the 
Pacific slope of Monteverde, Costa Rica. The 1750m site corresponds to Holdridge life zone 
lower montane rain forest, the 1550 m site to lower montane wet forest. Hummingbirds 
deposited artificial pollen (fluorescent dye, powder) on sticky tapes placed on top of artificial 
flower (one tape per flower) on commercial hummingbird feeders. The number of pollen spots 
on each tape was ranked as: 1 <20, 2 =20-40, 3 = 40-60, 4=60-80, 5>80. Mean ranks are 
presented with ± one standard error.  
 
Corolla Length 
The amount of pseudo-pollen deposition at same-elevation feeders was higher at the short-
corolla flowers (OMRM, z= 5.15, p< 0.001 Figure 4). The short-corolla flowers had a mean 
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pseudo-pollen deposition rank 3.28 +/-  0.115 and the long-corolla flowers had a mean pseudo-
pollen deposition rank of 2.06 +/- 0.104. The interaction between Elevation and Corolla Length 
was not significant (OMRM, z=,1.19 p= 0.234), which indicates that this pattern of difference 
between corolla types is consistent between elevations.  
 

 
 
Figure 4. Mean artificial pollen deposition number per flower above simulated long-corolla (3 
cm) and short-corolla (direct access to feeder) flowers on commercial hummingbird feeders. 
Sticky tapes collected from long-corolla and short-corolla artificial flowers placed on 
commercial hummingbird feeders on the Pacific slope of Monteverde, Costa Rica. Feeders were 
placed in two elevational sites: the 1750m site corresponds to Holdridge life zone lower montane 
rain forest, and the 1550 m site to lower montane wet forest. Hummingbirds deposited artificial 
pollen Hummingbirds deposited a fluorescent dye (powder) on the tapes. The number of pseudo-
pollen spots on each slide was ranked as: 1 <20, 2 =20-40, 3 = 40-60, 4=60-80, 5>80. Mean 
ranks are presented with ± one standard error (n=330). 
 
Cross-elevational pollen transfers 
There were significantly more hummingbird-facilitated cross-elevational transfers from the high 
elevation to the low elevation (48) than low to high (10) taking into account that there were more 
samples collected from the low elevation (n= 207) from the upper elevation (n= 162) (X2= 13.7 
df= 1, p< 0.001, n= 58, Figure 5).  
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Figure 5. Number of cross-elevation transfers of pseudo-pollen by hummingbirds at two different 
elevations on the Pacific slope of Monteverde, Costa Rica. The 1750m site corresponds to 
Holdridge life zone lower montane rain forest, the 1550 m site to lower montane wet forest. 
Sticky tapes collected from artificial flowers placed on commercial hummingbird feeders on the 
Pacific slope of Monteverde, Costa Rica. Hummingbirds deposited a fluorescent dye (powder) 
on the tapes. The number of pseudo-pollen spots on each slide was ranked as: 1 <20, 2 =20-40, 3 
= 40-60, 4=60-80, 5>80 (n= 58). 
 
The proportional distribution of long: short corollas is the same between low elevation (29:19) 
and the high elevation (6: 4) (X2= 1.91, df= 1, p= 0.167, n= 58, Figure 6). There were 50% more 
cross elevational transfers between long corollas than short corollas.  
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Figure 6. Number of cross-elevational transfers of pseudo-pollen by hummingbirds on receptive 
tapes above simulated long-corolla (3 cm) and short-corolla (direct access to feeder) flowers on 
commercial hummingbird feeders. Sticky tapes collected from long-corolla and short-corolla 
artificial flowers placed on commercial hummingbird feeders on the Pacific slope of 
Monteverde, Costa Rica. Feeders were placed in two elevational sites: the 1750m site 
corresponds to Holdridge life zone lower montane rain forest, and the 1550 m site to lower 
montane wet forest. Hummingbirds deposited a fluorescent dye (powder) on the tapes. The 
number of pseudo-pollen spots on each slide was ranked as: 1 <20, 2 =20-40, 3 = 40-60, 4=60-
80, 5>80. Mean ranks are presented with ± one standard error (n= 58). 
 
Camera traps 
There was no significant difference between the number of hummingbird visits per day between 
the two elevations (t = 0.0410, df = 6.08, p = 0.969, n = 8). There was a significant difference in 
hummingbird diversity between the two elevations, with the lower elevation having a higher 
Shannon-Weiner diversity index (H= 0.744) than the higher elevation (H= 0.416) (t = 3.68, df = 
376.8, p< 0.001, n = 406). The two sites were 16.3% similar (Morisita Similarity Index). Note 
that the absence of the Fiery-throated hummingbird at both elevations. 
 
 

 
Figure 7. Composition of hummingbird species visiting feeders in two distinct elevational bands 
on the Pacific slope of Monteverde, Costa Rica. Feeders were placed in two elevational sites: the 
1750m site corresponds to Holdridge life zone lower montane rain forest, and the 1550 m site to 
lower montane wet forest over three weeks. The lower elevation (1550 m) had a significantly 
higher Shannon-Weiner diversity index (H= 0.744) than the higher elevation site at 1750 m (H= 
0.416). The two sites were 16.2% similar (Morisita Similarity Index). The number of individuals 
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recorded at the 1550 elevation was 226, and the number of individuals recorded at the 1750 
elevation was 180.   
 
Additional Observations 
At the upper elevation (1750 m), the Green-crowned brilliant was chasing other hummingbirds 
away from the feeders. This was not observed at the lower elevation site. Violet sabrewings and 
Green-crowned brilliants fed at both long-corolla flowers and short-corolla flowers at both 
elevations.  
 
DISCUSSION 

!Hummingbird-facilitated cross-elevational pollen transfer occurred in both directions on a 
regular basis (nearly every three days). Because increased pollen flow increases genetic 
variability, hummingbirds can potentially facilitate the climate-driven migrations that plants 
undergo as plant distributions move upslope through seed propagation in response to climate 
change (Corlett and Westcott 2013). There was regular cross-elevational pollen movement in 
both directions, increasing genetic variation, but there was significantly more movement from 
the upper elevation to the lower elevation. Many of the hummingbird pollinators seen at both 
elevations were trapliner species, meaning that they forage in a regular route. It is possible that 
these feeders were set up along a trapline route that goes directly from the upper elevation 
feeders to the low elevation feeders, then stops along other flowers along the way back up, which 
would result in more transfer from high to low.  

Additionally, this cross-elevational transfer occurred between both long-corolla flowers 
and short-corolla flowers, suggesting that both the specialized (long-corolla) plants and 
generalized (short-corolla) plants may be able to be pollinated while undergoing climate-driven 
migrations. At both elevations, there was 50% more cross-elevational pollen transfer between 
long-corolla flowers than short-corolla flowers, suggesting that there may be more altitudinal 
pollen flow between specialized flowers, giving them an advantage in elevational migrations. 
However, this was not statistically significant, likely due to a small sample size. In a previous 
study, Miller-Struttmann et al. (2015) demonstrated that climate change led to a decline in 
specialized pollinators (long-tongued bees specializing on long corollas) in the highlands, that 
were replaced with generalist (short-tongued bees) pollinators, which led to a disruption in the 
plant-pollinator mutualism. Here, I found that both the specialized long-corolla flowers and 
generalized short-corolla flowers are likely to be supported by their pollinators in upward 
migrations, which provides evidence that plant-hummingbird mutualisms, at least here in 
Monteverde, are not at immediate risk of disruption as climate change occurs.  

Intra-elevational pollen flow has the potential to increase genetic variability and spread 
genes benefitting a new area from the colonization front out to the rest of the new elevation 
(Corlett and Westcott 2013). There was significantly more pollen transferred within the upper 
elevation than within the lower elevation. This may be because the most abundant species at the 
upper elevation was the territorial Green-crowned brilliant, which may have remained at this one 
patch of feeders for a longer time, therefore, pollinating more within the upper elevation, than the 
most common species at the lower elevation, the traplining Violet sabrewing, that likely spent 
less time at one feeding site, resulting in less transfer within the same site at the lower elevation 
(Feinsinger et at 1986).  
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Intra-elevational pollen transfer occurred between both short-corolla flowers and long-
corolla flowers, providing evidence that both generalized and specialized hummingbird-
pollinated flowers may have the beneficial pollen flow from the colonization front. There was 
significantly more pollen flow within a given elevation between short-corolla flowers than long 
corolla flowers, which Eisemann (2016) also found. This might be because long-billed 
hummingbirds have been known to visit short-corolla flowers as well at long-corolla flowers 
(Memmott et al. 2007), but short-billed hummingbirds are excluded from long-corolla flowers 
(Henderson 2015). 

There was a significant difference in diversity between the upper elevation site and the 
low elevation site. The upper elevation site consisted mostly of, in descending order of 
abundance, Green-crowned brilliants, Purple-throated mountain gems, Violet sabrewings, and 
Stripe-tailed hummingbirds. The lower elevation consisted of mostly Violet sabrewings, some 
Green-crowned brilliants, a few Green hermits and a few Purple-throated mountain gems. 
Though they were not viewed at both elevations, the ranges of the Stripe-tailed hummingbird and 
Green hermit span both elevations sampled here (Stiles and Skutch 1989). The cross-elevational 
transfer was most likely done by Green-crowned brilliants and Violet sabrewings because they 
both occurred in relatively high densities at both elevations, and they both have long enough bills 
to access the 3 cm long-corolla flowers (Temeles et al. 2002). Purple-throated mountain gems 
may have contributed to the cross-elevational movement of pollen from the short-corolla flowers 
because they were seen at both elevations. Long-billed hummingbirds, like the Violet sabrewing 
and the Green-crowned brilliant, also have the capacity to access short-corolla flowers 
(Feinsinger et al. 1986) so they may have also contributed to the intra-elevational and the cross-
elevational transfer of pollen between short-corolla flowers as well. 

It is important to note the absence of the once-common Fiery-throated hummingbird, 
which is an aggressive, territorial bird that dominates at high elevations (Stiles and Skutch 1989). 
Because of its aggressiveness and dominance, if this species was present at either elevation, it 
likely would have found and dominated these feeders. Since there was no trace of this species, 
this study provides further evidence that the Fiery-throated hummingbird is rare in lower 
montane habitats. The absence of the Fiery-throated hummingbird in the lower montane habitats 
has been noted in other recent studies as well (Wallace 2013, Munger 2016). This provides 
further evidence that it has shifted its distribution up in elevation in response to climate change 
(Fogden and Fogden 2005) and now has nowhere to go, and thus is being pushed out of 
Monteverde. 

It appears the Green-crowned brilliant and/ or the Purple-throated mountain gem and/ or 
Violet sabrewing have taken over the pollination niche left open by the absence of the generalist 
Fiery-throated hummingbird, therefore, allowing the persistence of plants once pollinated by this 
now rare species. The Fiery-throated hummingbird used to be found from 1550 m to the top of 
the mountain (Stiles 1985), so it likely facilitated the same elevational pollen flow that these 
three generalist hummingbird species do now, providing evidence that as climate change 
continues, it is possible for other pollinator species to fill pollination gaps and allow the 
persistence of these plants, even if certain pollinators go extinct.  

In conclusion, hummingbird-facilitated cross-elevational pollen transfer occurs regularly 
in both short-corolla and long-corolla flowers, potentially impacting elevational colonization. 
Also, more intra-elevational pseudo-pollen movement occurred at high elevations than low 
elevations, and there was more pseudo-pollen movement between short-corolla flowers than 
long-corolla flowers within an elevation, which may potentially impact plant persistence. In a 
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rapidly warming and changing planet, it is important to understand pollination dynamics, and 
this paper provides baseline data on hummingbird-facilitated pollination dynamics can be used to 
inform climate change models and to better predict the outcomes of climate change.  
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Prothoracic gland in Caligo caterpillars as defense against 
army ants (Eciton burchelli) 
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ABSTRACT 
Evolution of defensive mechanisms is paramount for fitness and survival of vulnerable prey.  
This study examines the predator-prey interaction between army ants (Eciton burchellii) and a 
caterpillar (Caligo memnon).  Specifically, this study examines the possibly defensive 
prothoracic gland found on C. memnon 3rd, 4th and 5th instars. Caterpillars with glands covered in 
clear nail polish vs. controls and filter paper strips containing and not containing caterpillar gland 
scent were placed in army ant foraging columns.  The prothoracic gland had no significant effect 
on the number of army ant attacks (w/ Gland = 2.59 ± 1.20, w/o Gland = 2.16 ± 0.675).  
Likewise, filter paper trials with and without gland scent did not differ significantly (10 trials had 
more ants crossing scentless paper vs. 11 trials that had more ants crossing gland scented paper).  
Fifth instars were able to escape foraging ant lines significantly faster than 3rd instars (3rd instar = 
0.14 ± 0.011, 4th instar = 1.7 ± 0.72, 5th instar = 0.093 ± 0.012).  Overall, E. burchelli did not take 
C. memnon larvae as prey items, possibly due to their large size, heavy integument and defensive 
behaviors, including vomiting, biting ants, warding ants of with horned heads and body thrashing 
to remove ants.  The gland does not provide protection against army ants, but it may provide 
protection against other predators, such as bullet ants or parasitoids, that commonly infect C. 
memnon larvae.   

RESUMEN 
La evolución de mecanismos defensicos es supremo para el éxito reproductive y sobrevivencia 
de presas vulnerables.  Este estudio examina las interacciones entre depredador y presa entre las 
hormigas arrieras (Eciton burchellii) y las orugas (Caligo memnon).  Específicamente este 
estudio examina la posibilidad de que la glándula protorácica encontrada en C. memnon sea 
usada como defensa en los estadíos 3, 4 y 5.  Las orugas con las glándulas cubiertas con esmalte 
de uñas claro vs controles y tiras de papel filtro que contienen y no contienen la escencia de la 
glándula se colocaron en las columnas de forrajeo de las arrieras.  La glándula protorácica no 
tiene efecto significativo en el número de ataques por las hormigas arrieras (con Glándula = 2.59 
± 1.20, sin Glándula = 2.16 ± 0.675).  Así mismo, las pruebas con papel filtro con y sin la 
escencia de la glándula no difieren significativamente (10 pruebas tuvieron más hormigas 
cruzando el papel sin escencia vs 11 pruebas que tuvieron más hormigas cruzando el papel con 
esencia).  El quinto estadío fue capaz de escapar las líneas de forrajeo significativamente más 
rápido que el tercer estadío ( 3 estadío = 0.14 ± 0.011, 4 estadío 1.7 ± 0.72, 5 estadío = 0.093 ± 
0.012).  En general, E. burchellii no ataca larvas de C. memnon como presas, posiblemente 
debido a su gran tamaño, integumento fuerte y comportamientos defensivos, incluyendo vómito, 
morder las hormigas, protegerse de las hormigas con cuernos en la cabeza y remover las 
hormigas con el cuerpo.  La glándula no provee ninguna protrección contra las hormigas arrieras, 
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pero puede proveer protección en contra de otros depredadores, tales como las hormiga bala o 
parasitiodes que normalmente infectan larvas de C. memnon  

INTRODUCTION  
Prey escape predators by reducing detection, making themselves difficult to capture, or making 
themselves difficult to handle (Ruxton et al. 2007, Tollrian & Harvell 1999).  Slow moving or 
sedentary prey rely on crypsis, armor, spines, chemical defenses and other passive means to 
avoid predation (Lederhouse 1990, Ruxton et al. 2007). Caterpillars have coevolved with 
pathogens, parasitoids and predators to use each of these (Greeney et al. 2012), including many 
species with eversible glands that might startle predators or emit a chemical defense (Eisner and 
Meinwald 1962).  Such glands have evolved in several moth and butterfly families (Packard 
1895, James et al. 2012) yet their proposed role in defense is rarely tested.   
 Army ants Eciton burchellii (Hymenoptera: Formicidae) are very common, voracious, 
highly mobile top predators in terrestrial Neotropical ecosystems (Kumar & Odonnell 2009). 
They can consume up to 500,000 prey items each day, therefore having a significant influence on 
prey population diversity and behavior (Franks et al. 1983). Their main diet consists of larger 
arthropods such as grasshoppers, spiders and caterpillars (Otis et al. 1986, Gotwald 1995). 
Foraging workers bite and sting their prey to immobilize and dismember them (Gotwald 1995).  
However, caterpillars may use secondary defense mechanisms to deter predators such as 
vomiting, seen in Pieris brassicae (University of Liverpool 2012), and tough skin.  Urticating 
hairs, bristles, and spines seen in many species, including Tiger moths, Caligo memnon and 
Saddleback caterpillars, or simply larger body size (Sugiura & Yamazaki 2014, Ruxton et al. 
2007) may also work as secondary defenses. However, communication between ants is restricted 
to local chemical and tactile stimuli (Deneubourg 1989) so, many species, including Papilio sp. 
(Papilionidae), Attacus atlas (Saturniidae), and Theroa zethus (Notodontidae) caterpillars, have 
developed eversible glands as chemical defenses against ants to avoid predation (Dussourd 2015, 
Honda 1983, Eisner & Meinwald 1965, Deml & Dettner 1994).   
 Perhaps the best known and most studied larva with an eversible gland is the Swallowtail 
butterfly (Papilio polyxenes). Larva of P. polyxenes possess an odorous osmeterium that is 
everted when they sense parasitoids and predators (Eisner & Meinwald, 1965). The osmeterium 
is successful at repelling army ants regardless of instar, but the larger fifth instars showed higher 
survival rates because they were also faster at escaping army ants (Teran, 2015). C. memnon 
caterpillars have an eversible ventral prothoracic gland. The gland is shaped as a red projection 
in front of the prothoracic legs (Furtado & Campos-Neto 2004).  C. memnon (Brassolinae: 
Nymphalidae) may use the gland to spray enemies, such as approaching bullet ants (Eisner & 
Meinwald 1965) which may be a mode of chemical defense against various predators. As with P. 
polyxenes, Caligo caterpillars appear to avoid predation by raiding ant columns, possibly because 
of their prothoracic gland (DeVries 1987).  

This study determines if C. memnon caterpillars are avoided by army ants and if their 
eversible prothoracic gland plays a role in escape.  To do this, caterpillars of three instars with 
exposed or covered glands were presented to army ants.  Furthermore, filter paper exposed to 
glands was offered to army ants to test if chemicals emitted from the gland are active against 
army ants.   

https://en.wikipedia.org/wiki/Papilionidae
https://en.wikipedia.org/wiki/Notodontidae
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METHODS 
STUDY SITES. – This study was conducted throughout the month of April and the first two weeks 
of May 2018 using three different army ant colonies. The first colony was found on a trail near 
the Monteverde Biological Station in Monteverde, Costa Rica at 1500m abs in primary, low 
montane wet forest with an average canopy height of 30m and a mean annual rainfall of 1850-
4000mm.  The other two colonies were found on trails in secondary premontane wet forests near 
1350m abs with average canopy height of 35m and mean annual rainfall of 2000-4000mm 
(Haber 2000). GPS coordinates of the second two sites were: 10° N, 84° W and 10° N, 84° E.   

C. memnon larvae were collected from the Monteverde Butterfly Garden and Selvatura 
Adventure Park in Monteverde, Costa Rica and were reared in plastic bags on fresh banana 
(Musa acuminata) leaves.  Leaves were changed every 2-3 days to maintain freshness and 
prevent moisture build-up in bags.   

EXPERIMENT 1. – A total of 62 caterpillars of varying instars were used for army ant tests: 20 
3rd instars, 20 4th instars and 22 5th instars.  Caterpillars of each differing instar were 
divided into two groups; treatment and control.  Using a similar technique as Teran (2015), 
the eversible, prothoracic gland of the treatment group was rendered non-eversible with an 
application of clear nail polish over its exit.  To ensure that the nail polish did prevent the gland 
from everting or excreting any substances, caterpillars were agitated by pinching near the gland 
region which proved effective in everting the gland of functional individuals.  Control   
     caterpillars received an equal mark of clear nail polish  
     behind their heads that did not disrupt gland or other  
     behavioral functionality.  
      Caterpillars were transported to study sights in  
     Tupperware containers with M. acuminata leaves.   
     Foraging army ants were found and followed until the  
     bivouac was discovered.  Caterpillars were placed in the  
     middle of the main foraging column no further than 3m  
     from the bivouac entrance (Fig. 2) to ensure all trials were  
     placed in similar locations with similar foraging types       
     and patterns.  The bivouac was a good stationary point to  
     measure from and ensure similar placement between trials.  
     Three spots along this span of 3m were chosen for   
     caterpillar trials.  All locations were in the shade within the  
     main foraging column of army ants. Caterpillar trials  
     were rotated between the three locations to avoid  
     aggravating ants too much in one area.   

For each location along the foraging line, both a caterpillar with a functional 
prothoracic gland and a non-functional prothoracic gland of the same instar were tested 
one after the other in the same location.  To avoid confounding results by whether 
treatment or control caterpillars were placed first, the first caterpillar placed in the 
foraging column was switched between treatment and control instars between each trial  

FIGURE 1. Prothoracic gland of 
5th instar C. memnon caterpillar. 
Gland was everted after light 
squeezing beneath the head that 
makes the caterpillar feel 
threatened.  Shape and color of 
gland was consistent between 3rd-
5th instars. 
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     pair.  The behavior of both ants and caterpillars was  
     carefully observed for a total of 4 min after introducing  
     the caterpillar.  Clicker counters were used to record both  
     the number of ants attacking and observing caterpillars over 
     a span of 4 min.  Number of ants attacking was recorded at  
     15 sec, 30 sec, 2 min and 4 min to show progression of ant  
     attacks over time.  The total number of attacks over 4 min  
     was also recorded for each trial.  Attacks were considered  
     either bites or stings from ants, and observations were  
     considered touching the caterpillar with a curious probing  
     of antennae with no attempt to bite or sting. Behavioral  
     reactions of all caterpillars were also noted.  Behaviors  
     recorded included: vomiting, head moving, removing ants  
     with mandibles, crawling away from the foraging line and  
     thrashing. 

     EXPERIMENT 2. – A total of 42 filter paper trials (21 control  
     & 21 treatment) were conducted between three army ant  
     colonies.  Filter paper was cut into pieces 90mm long and  
     25mm wide at the widest point to ensure width was wider  
     than the length of an army ant.  Paper was wider than ant  
     length to make ant crosses, versus ant observations, very  
     clear.  Treatment papers were rubbed against ejected glands 
     of 4th and 5th instar caterpillars to capture any secretion or  
     scent emitted by caterpillar glands (Fig. 3).  The gland was  
     rubbed along the whole length of the filter paper. Control  
     papers did not contain any scent.  Clicker counters were  
     used to record the number of army ants completely crossing 
     filter paper in 1 min.  Ant behavior was also closely  
     observed during this time.  Ants going under, around,  
     changing direction or trying to move the paper were  
     recorded. Crossing was considered moving from one paper  
     edge to the opposite edge. Just like the caterpillars, each  
     control and its paired “scented” filter paper were placed in  
     the same location one after the other in the army ant raiding 
     column.  Filter paper trials were also rotated between three  
     different locations within 3m of the bivouac just as   
     caterpillar were. 
 
     CONTROL CATERPILLARS. – Two different control   
     caterpillars were used to test whether E. burchellii in  
     Monteverde, Costa Rica would forage for caterpillars with  
     known palatability (Young & Thomason 1974, Mauricio &  
     Bowers 1990).  Two caterpillars with few known defenses 

FIGURE 2. C. memnon caterpillars 
with active and with inactive glands 
were placed no more than 2m from 
Bivouac location. E. burchelli 
swarms were found in secondary 
premontane wet or primary low 
montane wet forest in Monteverde, 
Costa Rica. 
 

FIGURE 3. – Rubbing 4th instar 
C. memnon gland on filter paper 
to test whether gland scent or 
secretions alone were responsible 
for deterring E. burchellii. Gland 
scent of 4th & 5th instars were 
tested.  Filter paper was 90mm 
long and 25mm wide at widest 
point to make ant crossing clear. 
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were tested: a cabbage butterfly: Pieris rapae (Pieridae) and Morpho peleides (Nymphalidae).  
Five total 5th instar M. peleides and ten total P. rapae were placed in army ant swarms using the 
same methods used for C. memnon.  However, control caterpillars did not possess visible glands 
so, no nail polish was used on test individuals. Some M. peleides are known to possess an 
eversible gland between their first two true legs (Young & Thomason 1974) however, no gland 
was seen in 5th instar test caterpillars.  M. peleides are of similar size to C. memnon fifth instars 
and possess body hairs.  Since they had known palatability, M. peleides were tested to determine 
whether army ants would forage for large caterpillars.  P. rapae were much smaller with an 
average size of 2.5 cm., thin skin and no spine or hair protection.   
 
RESULTS: 
 
EXP. 1 –  INSTAR. –  There was no significant difference found between 3rd, 4th or 5th instars and 
number of army ant attacks (Two-Way ANOVA,  F = 1.67, df = 2, p = 0.20).  The largest 
difference in number of attacks was seen between 3rd and 5th instars (3rd instar = 1.2 ± 0.55, 4th 
instar = 1.7 ± 0.72 , 5th instar = 4.0 ± 1.70), with 3rd instars averaging about 1 attack in 30 sec 
and 5th instars averaging about four attacks every 30 sec (Fig. 4).  
 

 
 
FIGURE 4. – Number of E. burchellii attacking (biting or stinging) varying instars, with and without functional 
glands, of C. memnon caterpillars between three different test sites on trails in Monteverde, Costa Rica between 
1350-1500m abs. Data for instar differences is represented over a time span of 30 sec because, most instars 
remained in swarm lines for at least this amount of time.  A total of 20 3rd, 20 4th and 22 5th instars were tested by 
placing caterpillars in the middle of E. burchellii raid columns no more than 3 m from the bivouac.  Number of 
attacks was recorded using clicker counters.  Error bars represent ± standard error. Do these bars include both gland 
and no gland caterpillars?   
 
GLAND. –  Gland functionality did not prove significant to the number of army ants attacking 3rd, 
4th or 5th C. memnon larva (Two-Way ANOVA, F = 0.09739, df = 1, p > 0.05).  The responses of 
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31 caterpillars without and 31 caterpillars with functional glands, placed in three different E. 
burchellii colony raiding columns, were used to calculate mean number of army ant attacks (w/ 
Gland = 2.59 ± 1.20 and w/o Gland = 2.16 ± 0.675).  The mean difference between ants attacking 
caterpillars with and without glands was only 0.43 which was negligible as shown by a p value = 
0.76 (Fig. 5).   

 
 
FIGURE 5. – Number of E. burchellii attacking (biting or stinging) C. memnon caterpillars with functional 
prothoracic glands or with dysfunctional glands blocked by a coat of clear nail polish.  A total of 20 3rd, 20 4th and 
22 5th instars were tested by placing caterpillars in the middle of E. burchellii raid columns no more than 3m from 
the bivouac.  Data was taken at three different E. burchellii swarms on trails in Monteverde, Costa Rica between 
1350-1500m abs. All caterpillars were placed in the shade under an average canopy height between 30-35m. Data 
for gland differences is represented over a time span of 30 sec because, most instars remained in swarm lines for at 
least this amount of time.  Number of attacks was recorded using clicker counters.  Error bars represent ± standard 
error. 
 
INSTAR X GLAND. –  There was no significant difference in E. burchellii responses to the glands 
of 3rd, 4th or 5th instars at 15 seconds, 30 seconds, 1 minute or 4 minutes.  While 5th instars tended 
to have more initial attacks (4 vs. 1-2 ant attacks) at 15 and 30 seconds, the variation in number 
of attacks was too high to detect a statistical difference, and the number of attacks were generally 
few.  Based on observation, movements caused by the escape behavior of most fifth instars 
elicited more attacks by army ants.  The greatest number of new attacks was observed almost 
immediately after larvae were placed in foraging lines. Overall army ant attacks seemed to 
increase the most between 3rd and 5th instars between the 15 sec and 2 min range (15 sec: 3rd 
instar = 1.6 ± 0.56, 5th instar = 4.09 ± 1.43; 30 sec: 3rd instar = 0.53 ± 0.20, 5th instar = 2.31 ± 
0.84) but, variation between trials differed too greatly to receive a significant result.  After 4 min 
no 5th instars with a gland were being attacked. After 4 min most 5th instars, regardless of gland 
functionality, were not being attacked. 
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A                                                                              B 
 

  
C                                                                             D 
 
FIGURE 6. – Number of E. burchellii attacking (biting or stinging) varying instars of C. memnon Caterpillars 
between three different test sites on trails in Monteverde, Costa Rica between 1350-1500m abs A-E. (A) total attacks 
after 15 sec. with a sample size of 62. (B) total attacks after 30 sec. with a sample size of 61 (C) total attacks after 2 
min. with a sample size of 41 (D) total attacks after 4 min. with a sample size of 31. Originally, a total of 20 3rd, 20 
4th and 22 5th instars were tested by placing caterpillars in the middle of E. burchellii raid columns no more than 3m 
from the bivouac.  Number of attacks was recorded at different time intervals to track the progression of attacks over 
time on different instars.  Number of attacks was recorded using clicker counters.  Error bars represent ± standard 
error. 
 
ANTS OBSERVED. – No statistical differences were found between number of ants observing 
(touching but choosing not to initiate attack) caterpillars with and without glands and instar 
(Two-Way ANOVA, F = 0.038, df = 2, p = 0.96).  Similar numbers of ants observed all instars 
regardless of gland functionality (3rd x w/gland = 49.5 ± 8.1, 3rd x w/o gland = 57.7 ± 11.2, 4th x 
w/gland = 35.7 ± 5.8, 4th w/o gland = 49.5 ± 12.9, 5th w/gland = 47.2 ± 10.8, and 5th w/o gland = 
57.9 ± 9.3) (Fig. 7). 
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FIGURE 7. – Number of E. burchellii observing different instars of C. memnon caterpillars with and without 
functional prothoracic glands on trails in Monteverde, Costa Rica between 1350-1500m abs. An observation was 
considered an ant touching the caterpillar with its antennae but making no attempt to attack (sting or bite).  
Observations were counted to show that many ants observed and chose not too attack which would represent some 
sort of defense in the prey item. A total of 20 3rd, 20 4th and 22 5th instars were tested by placing caterpillars in the 
middle of E. burchellii raid columns no more than 3m from the bivouac.  Total number of ants observing caterpillars 
was measured using clicker counters.  Error bars represent ± standard error. 
 
ESCAPE TIME. – Instar had a significant impact on the amount of time it took to escape a foraging 
army ant column (Two-Way ANOVA, F = 4.04873, df = 2, p < 0.03).  On average, 5th instars 
escaped foraging lines about 45 sec. faster than 3rd instars (3rd instar = 0.14 ± 0.011, 5th instar = 
0.093 ± 0.012).  Fifth instars differed significantly from 3rd instars but, 4th instars did not differ 
significantly from 3rd or 5th instars, being only 5 sec. slower on average than 5th instars (4th instar 
= 0.099 ± 0.013).  Third instars are about 1/3 as fast at escaping foraging lines as 5th instars.  
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FIGURE 8.  – Amount of time in minutes that it took for different instars of C. memnon to escape E. burchellii 
foraging lines.  A caterpillar was considered to have escaped if it had crossed completely out of a foraging line and 
was traveling in a direction that would not put it back in harms way.  Escape time was recorded in different instars to 
investigate whether larger instars exhibit improved survival rates against predators simply due to size or speed or 
other morphological advantages.  A total of 20 3rd, 20 4th and 22 5th instars were tested by placing caterpillars in the 
middle of E. burchellii raid columns no more than 3m from the bivouac on shaded trails in Monteverde, Costa Rica 
(elevation between 1350-1500m abs). Stars represent a significant difference p = 0.0378 < 0.05.  Error bars 
represent ± standard error. 

 

BEHAVIORAL OBSERVATIONS. – Several behaviors were witnessed when C. memnon caterpillars 
were placed in E. burchellii foraging lines.  These behaviors included: vomiting and other escape 
behaviors.  Other escape behaviors will be classified as: escaping the foraging line, biting ants, 
warding ants off with head horns, and thrashing.  Two chi-squared tests were performed to 
determine if (1) vomiting (2) other escape behaviors differed on caterpillars with and without 
gland in 3rd-5th instars.  Vomiting and other escape behaviors were not significant (X 2 = 0.53, df 
= 1, p = 0.77 and X 2 = 0.091, df = 1, p = 0.96) and therefore did not differ among instars. 
Escaping army ant lines was the most common behavior observed between instars both with and 
without glands (18 individuals of each).  Thrashing, biting, vomiting and warding off ants using 
head horns was observed in similar numbers of individuals (7 total thrashing, 7 total biting, 8 
vomiting, and 9 total using head horns).  
 

Table 1.— All C. memnon behaviors observed when placed in E. burchellii foraging columns within 3 m of the 
bivouac on trails in Monteverde, Costa Rica between 1350-1500m abs.  Behaviors were tested to determine other 
possible escape methods used by caterpillars besides gland use. Stars indicate behaviors combined collectively as 
“other escape behaviors.” A total of 59 caterpillars out of 64 exhibited “other escape behaviors.” A total of 8 of 64 
exhibited vomiting.  A total of 20 3rd, 20 4th and 22 5th instars were included in behavioral observations. 

 

 Escaping 
Line* 

 Thrashing*  Biting*  Head 
Horns* 

 Vomiting  

Instar w/o w w/o w w/o w w/o w w/o W 

3rd 5 2 1 2 2 1 0 3 1 1 
4th 6 7 1 1 1 2 1 1 1 3 
5th 7 9 1 1 0 1 3 1 1 1 
Total: 18 18 3 4 3 4 4 5 3 5 

 

CONTROL CATERPILLARS. – Out of five M. peleides trials, none of them were attacked.  Every 
Morpho placed in the foraging line laid still and did not try to escape. Many P. rapae were 
attacked and some showed signs of vomiting behaviors but, none of them were taken back to the 
bivouac as prey items.  Ten individual P. rapae were tested, and over the course of 4 min. a few 
individuals died from being attacked but, after 4 min, army ants lost interest in the caterpillars 
and made no attempts to bring them back as food items.   
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EXP. 2 – FILTER PAPER. – No significant results were obtained from treatment and control filter 
paper trials (Wilcoxin Sign test, z = 1.09, p = 0.27).  A total of 42 trials (21 treatment & 21 
control) were performed using all three army ant colonies.  While there was variation between 
individual trials, pairs of treatment and control did not differ significantly in number of ants 
crossing the paper.  The highest number of ants observed crossing was 170 and the lowest 0 but, 
even the extremes did not consistently occur with or without the gland scent (Fig. 9). 
 

 
FIGURE 9. – Number of ants crossing filter paper after 1 min of observation.  Filter paper pieces were cut into 
90mm x 25 mm strips and treatment papers “w/scent” were rubbed on the glands of fourth and fifth C. memnon 
larvae.  Strips were placed in army ant foraging columns in the shade within 3 m of the bivouac.  Trials were 
conducted using three separate E. burchellii colonies in lower montane wet and secondary premontane wet forests in 
Monteverde, Costa Rica. 

 
MORTALITIES. – Throughout the trials only one 3rd instar died during the 4 min. in the foraging 
line. However, of the fourteen caterpillars that were kept 48 hrs after the trials, three 3rd and two 
5th instars died.  Two cabbage caterpillar mortalities were also witnessed at the foraging line. 
 
DISCUSSION: 
 Natural selection in predator-prey relationships often results in evolutionary responses in 
morphology and behavior (Vermeji 1994).  DeVries (1987) suggested that one such adaptation in 
Caligo larvae to escape army ant predation was a prothoracic gland found on the larvae.  Unlike 
the gland of P. polyxenes that was effective in deterring army ants (Damman 1986, Teran 2015), 
current results show that the eversible gland in C. memnon does not deter army ants.  Still, no C. 
memnon were taken by army ants, and caterpillars largely survived encounters with them. 
Despite differences in activity from swarm to swarm or day to day, army ants did not behave 
differently when presented with pairs of caterpillars with and without functional glands, 
regardless of foraging column size or activity.   
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Rather than gland, instar had a significant impact on caterpillar escape time between 3rd 
and 5th instars.  The differences in escape time are likely due to larger sized 5th instars moving 
more quickly, in general.  Faster escape time may be most effective for avoiding predation 
(Sugiura & Yamazaki 2014) but may have trade-offs when used against army ants because, 
based on my observations, movements caused by escape behavior of most 5thinstars elicited 
more army ant attacks.  Looking at the trends in army ant attacks over time, most 5th instars 
escaped all attacks within 4 min.  The overall trend over time was for army ants to stop attacking 
and continue foraging for more suitable prey.   

Behavioral reactions, such as using horns to prevent attack and removing ants with 
mandibles, did not differ significantly between individuals with and without gland however, 
overall these behaviors may have aided in caterpillar survival.  For example, removing ants with 
mandibles may have decreased the amount of time army ants were attacking, resulting in less 
venom injection, which could improve caterpillar survival over time.  Similarly, horn use may 
have decreased overall ant attack numbers, which would improve caterpillar survival as well. 
Since E. burchelli did not choose to forage for C. memnon larvae, caterpillars must possess a 
different, effective defense strategy.  Some arthropods may avoid army ant attacks by remaining 
motionless (Lederhouse 1990, Gotwald & Eickwort 1995).  Foraging army ant workers respond 
to movement of potential prey (Lederhouse 1990) so, it is possible that attacks were initially 
triggered by caterpillar motion and were aborted once army ants decided C. memnon larvae were 
unfavorable as prey items.  

Both P. rapae and M. peleides control caterpillars were also not taken as food items by E. 
burchelli even though Otis et al. (1986) includes caterpillars in the diet of E. burchelli. One 
possible explanation for this observation is that prey availability may impact the preference of 
army ants to forage for caterpillars.  It is possible that studies including caterpillars in army ant 
diet reflect extreme conditions in which army ants are desperate for food and may expand their 
tolerance for less favorable prey. 

C. memnon may use a combination of morphological and behavioral adaptations such as 
tough skin, head horns, removal of ants with mandibles, and fast escape behavior to avoid 
predation.  Optimizing multiple behavioral and morphological defenses may improve escape 
abilities of caterpillars (Steiner & Pfeiffer 2007).  Therefore, C. memnon larvae may be 
successful at escaping E. burchelli because they possess a row of back spines, knock ants off 
with their head and mandibles, and because their skin is tough (when placed in a blender, skin 
was found to be too tough for blender blades to effectively cut), which may collectively be 
effective mechanical deterrents against predators (Ruxton et al. 2007).  Diet breadth may also 
affect palatability of caterpillars.  Specifically, specialist caterpillars are preyed on less often then 
generalist species (Dyer & Floyd 1993). However, all caterpillars tested were thought to be 
palatable (Young & Thomason 1974, Mauricio & Bowers 1990) and army ants still chose not to 
forage for them, which suggests that chemical defenses where not an important factor in 
deterring army ants.   

The prothoracic gland found on the ventral surface of C. memnon did not prove effective 
against army ant attack.  Evolutionary adaptation of morphological structures is energetically 
costly (Stoks et al. 2003) so, if the gland does not provide protection against army ants it is 
possible it provides protection against other predators such as bullet ants or parasitoids that 
commonly infect C. memnon larvae (Eisner & Meinwald 1965).  Overall, this study shows that 
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E. burchellii does not forage for C. memnon larvae which suggests evolutionary adaptation of C. 
memnon larvae to avoid predation via mechanisms other than chemical defense. 
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Janie L Reavis 
 
School of Life Science, Arizona State University 
 
ABSTRACT 
 
The possible synergistic relationship between land transformation and climate change may create harsher conditions 
for tropical forests than the two factors separately. I compare the effect of human disturbance and dryness on 
macroinvertebreate diversity in tank bromeliads for three habitats – primary forest, secondary forest, and pasture in 
Monteverde, Costa Rica. Wet season had higher total abundance, but dry season had higher overall richness (S = 34) 
and diversity for pasture (H’ = 2.184 vs. 1.19), secondary forest (H’ = 2.299 vs. 1.44), and primary forest (H’ = 
2.169 vs. 1.31). Primary forest bromeliads had higher richness (S = 20) and diversity (H’ = 2.169) during dry season 
because they retain water, which supports water-loving species when moisture is scarce. This shows that primary 
forests could become important refugia as climate change causes drier and hotter conditions in high elevation 
tropical forests. 
 
Posiblemente la relación sinérgica entre la transformación de la tierra y el cambio climatico puede crear condiciones 
más severas en bosques lluviosos que dos factores separados pueden crear independientemente. Comparé el efecto 
de disturbios humano y la sequedad en la diversidad de los macroinvertebrados en bromelias con tanques de tres 
habitats diferentes- bosque primaria, bosque secundario y pastizal en Monteverde, Costa Rica. La época lluviosa 
tuvo una abundancia total más alta, pero la temporada seca tuvo una riqueza de familias (S = 34) y una diversidad 
más alta para la pastura (2.184 vs. 1.19), bosque segundaria (2.299 vs. 1.44), y bosque primaria (2.169 vs. 1.31). Las 
bromelias de bosque primario tuvieron una riqueza de familias (S = 20)  y una diversidad (H’ = 2.169) más alta 
durante la temporada seca porque retienen agua y les apoyan especies que necesitan agua cuando la humedad es 
baja. Esto muestra que los bosques primarios pueden ser refugios importantes cuando el cambio climático causa 
condiciones más calientes y más secas en los bosques tropicales a elevaciones altas.  
 
INTRODUCTION 
 
Threats to biodiversity are likely synergistic (Brodie et al. 2012). In other words, the impact of 
the two factors together is greater than their individual impact combined (Odds 2003). For 
example, climate change in the tropics allows greater access to forests for longer periods and 
results in greater deforestation (Brodie et al. 2012). Meanwhile, deforestation reduces 
evapotranspiration, which reduces total moisture input into the atmosphere. This further 
increases drying, causing a negative feedback loop. The combination of both land transformation 
and climate change could push ecosystems past stable thresholds, greatly decreasing biodiversity 
(Brodie et al. 2012).  
 

Land transformation causes local extinction and may ultimately reduce global 
biodiversity (Daily et al. 2003). Human land-use change causes decreased ecosystem services 
such as pollination, especially in croplands, which reduces plant diversity and reproductive 
success, also influencing the herbivores that predate them (Martínez et al. 2009) This causes 
biodiversity loss due to human disturbance. While there are few cases of climate change being 
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the primary cause of extinction, studies predict that it will become the greatest cause of 
biodiversity loss in the following decades (Bellard et al. 2012). For example, rising temperatures 
due to climate change are predicted to lead to 30% loss of epiphyte species and 80% loss of ants 
in the Costa Rican lowlands (Brodie et al. 2012). Higher temperatures in mountains have already 
facilitated the spread of virulent pathogens, such as amphibian chytrid fungus, which obliterated 
frog populations in parts of Costa Rica (Brodie et al. 2012). 

On tropical mountains, land transformation leaves a mosaic of habitats, including primary 
forests, but mostly dominated by human-influenced landscapes such as croplands, pasture, open 
second-growth forest, and remnant trees (Sekercioglu et al. 2007).  Coffee plantations and other 
agricultural changes the abiotic and biotic factors of the land, changing species composition in 
human-disturbed landscapes (Brodie et al. 2012). The destruction of forests reduces humidity 
(Brodie et al. 2012) by increasing albedo (Forster et al. 2007), which reduces rainfall in 
deforested areas, making the disturbed habitat additionally dry (Brodie et al. 2012). This is 
especially important for epiphytes and the communities they support because they have no 
ground roots to absorb soil moisture and rely solely on precipitation for moisture (Brouard et al. 
2012). Consequently, land transformation and climate change could have a greater impact on the 
heterotrophic communities in tank bromeliads because communities depend on the microhabitat 
created by the rosette formation of bromeliad leaves and the habitat’s moisture, especially in the 
case of aquatic organisms.  

 
Schooler (2017) documented macroinvertebrate diversity in bromeliad tanks during wet 

season in primary forest, secondary forest, and pasture. I repeated her experiment in dry season 
to compare the effects of dryness alongside land transformation in the same tropical premontane 
wet forest.  
 
MATERIALS AND METHODS 
 
Study Area 
I collected data at three study sites between 1500 and 1600 m above sea level near the Biological 
Station in Monteverde, Costa Rica, which consists of tropical premontane wet forest but also 
pastures and secondary forest of 25 years regrowth from pasture. I collected samples from 20 
tank bromeliads from primary cloud forest, secondary forest and nearby pasture. The study was 
conducted between April 12th and May 12th, the very end of a five-month dry season in 
Monteverde. Average rainfall was 55mm in April and 254mm in May (Anon, 2018). Daily 
temperature was a high of 86.6 and a low of 65.9 degrees Fahrenheit, on average (Anon, 2018). 
Canopy cover was approximately 50% or more in primary forest, between 25% and 50% in 
secondary cloud forest, and open in pasture. Canopy height was over 20m in primary forest and 
between 10 and 15m in secondary forest. 
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Species of Study 
There are 59 genera and approximately 2400 species of 
bromeliads worldwide (Brouard et al. 2012), but only five genera 
of tank bromeliad are found in Costa Rica (Montero et el. 2010). 
Leaves of tank bromeliads tightly interlock to form phytotelmata, 
also called tanks, which collect water, leaf litter, and other organic 
materials (Brouard et al. 2012) and provide refuge for aquatic 
invertebrates and other heterotrophs.  I sampled bromeliads with 
similar morphology (Figure 1) found in all three habitats 
(Schooler 2017). For ease, only bromeliads between 0 and 3m 
from the ground were sampled (Schooler 2017).  Looked for 
similar morphology, but used what was found 
 
Measurement 
I measured the potential tank volume of each bromeliad. In past 
studies, water depth has been used to calculate tank volume 
(Schooler 2017), but most bromeliads in the area were dry due to 
reduced rainfall, so I calculated potential tank volume instead. The 
two innermost leaves form the inner part of the tank, so I used the second leaf from the center as 
the standard for tank height. I measured the length of this leaf from the base of the bromeliad and 
divided it by two to get a consistent measurement for tank height. I measured the width of the 
tank from 3cm above the base to account for the widening tank. I compared the potential tank 
volume to the arthropod abundance, richness, and diversity. 
 
Data Collection 
I collected arthropods by probing and separating the leaves of each bromeliad by hand. I 
removed arthropods from the bromeliad and placed them in a vial of alcohol for later inspection. 
I inserted 2mL of water into each bromeliad following initial inspection in order to flush out any 
organisms that may react to water. Then I inspected the bromeliad one more time. I recorded 
escaped organisms by family if I could identify them by sight, but I recorded them as “unknown” 
if I was unsure. Ultimately, all but two escaped organisms were identified. Collected organisms 
were identified to the family level, but each family was represented by the members of the same 
species in most cases. I sampled 20 bromeliads per habitat, totaling 60 samples for dry season 
(Schooler 2017). 
 
Additional Observations 
Over half of the bromeliad tanks in primary forest had water, but nearly all bromeliads in pasture 
and secondary forest were dry.  
 
RESULTS 
 
Dry Season Land Transformation and Diversity 
Of the three habitats sampled, secondary forest had the lowest invertebrate abundance (Figure 2) 
and family richness (Figure 3), but it had the highest diversity as Shannon-Weiner Diversity 
index (H’=2.299). Primary forest, secondary forest, and pasture habitat held 69, 25, and 59 
individual invertebrates and 20, 13, and 16 different invertebrate families respectively out of the 

Figure 1. Bromeliad used in 
study with similar morphology 
to all bromeliads used in the 
study. 
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20 bromeliads sampled in each habitat type. Pasture habitat (H’ = 2.184) had slightly higher 
diversity than primary forest habitat (H’ = 2.169), but the difference between diversity indices 
was not significantly different between any two habitats (T-test, p > 0.05).  However, per 
bromeliad richness (ANOVA, df = 2, F = 7.99, p = 0.00056) and abundance (ANOVA, df = 2, F 
= 4.51, p = 0.013) are significantly different between habitat types despite secondary forest and 
pasture not being significantly different in abundance (T-test, df = 48.06, t = 1.0115, p = .3168). 
 
Seasonal Diversity 
Wet season bromeliads had an average of 1.267 +/- SE 0.167 individuals per bromeliad and dry 
season bromeliads had an average of 3.01 +/- SE 0.388 individuals per bromeliad. Wet season 
bromeliads also had an average family richness of 1.633 +/- SE 0.20 and dry season bromeliads 
had an average family richness of 1.430 +/- SE 0.184. The difference between overall richness in 
wet season and in dry season is significant (ANOVA, df = 1, F = 4.036, p = 0.0468), but 
abundance (ANOVA, df = 1, F = 3.43, p = .0666) and the diversity index between seasons in 
pasture (T-test, df = 64.45, t = -0.125, p = 0.901) and secondary forest (T-test, df = 33.936, t = 
0.736, p = 0.466)  is not statistically significant  except for in primary forest (T-test, df = 32.12, t 
= 2.85, p = .0076) . However, the difference in seasonal richness (Figure 3, ANOVA, df = 2, F = 
7.00, p = 0.00135) and abundance (Figure 2, ANOVA, df = 2, F = 5.57, p = 0.00489) per habitat 
is statistically significant. More specifically, primary forest has greater total abundance and total 
richness during dry season, secondary forest has greater total abundance and total richness during 
wet season (Schooler 2017), and pasture habitat has greater total abundance during wet season 
but greater total richness during dry season (Figure 2, Figure 3). Shannon’s Diversity Index was 
higher during dry season for all three habitat types (Chi-square= 0.008, df = 2, p > 0.05). 
 

 
Figure 2. Total species abundance in tank bromeliads in three habitat types in wet season 
(Schooler 2017) and dry season. Bromeliads were sampled between 1500 and 1600m asl on the 
Pacific Slope near the Monteverde Biological Station in Monteverde, Costa Rica in or near 
tropical premontane wet forest. 20 individual bromeliads were sampled in each habitat type in 
both seasons, totaling 60 bromeliads per season (Schooler 2017). The study determined both 
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aquatic and terrestrial macroinvertebrate diversity found between leaves of bromeliads and in 
bromeliad tanks.  
 

 
Figure 3. Total family richness in three habitat types in wet season (Schooler 2017) and dry 
season. Bromeliads were sampled between 1500 and 1600m asl on the Pacific Slope near the 
Monteverde Biological Station in Monteverde, Costa Rica in or near tropical premontane wet 
forest. 20 individual bromeliads were sampled in each habitat type in both seasons, totaling 60 
bromeliads per season (Schooler 2017). The study determined both aquatic and terrestrial 
macroinvertebrate diversity found between leaves of bromeliads and in bromeliad tanks. 
 
Species Composition 
Species composition differs both between seasons and between habitat types (Figure 4). Diptera 
dominate all three habitats during wet season but are not so prevalent during dry season. Diptera 
is only the most abundant order in pasture bromeliads during dry season. Spiders (Araneae) are 
most abundant in secondary forest and Isopoda are most abundant in primary forest during the 
dry season. Nearly all families identified were found in more than one habitat type except for 
families that were only found once during sampling.  
 
Tank Volume 
Tank volume was not correlated with richness, abundance, or diversity in wet season (Schooler 
2017). Likewise, potential tank volume did not correlate with richness, abundance, or diversity in 
dry season (Linear Regression Tests, p > 0.05).   
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Figure 4. Species composition of tank bromeliads based on abundance in three habitat types 
between dry season and wet season. Graphs A, B, and C show the species distribution for tank 
bromeliads during wet season in pasture, secondary forest, and primary forest respectively. 
Graphs D, E, and F show the species distribution for tank bromeliads during dry season in 
pasture, secondary forest, and primary forest respectively. Dry season showed higher diversity in 
pasture (H’ = 2.184 vs. 1.19), secondary forest (H’ = 2.299 vs. 1.44), and primary forest (H’ = 
2.169 vs. 1.31).  Bromeliads were sampled between 1500 and 1600m asl on the Pacific Slope 
near the Monteverde Biological Station in Monteverde, Costa Rica in or near tropical 
premontane wet forest. 20 individual bromeliads were sampled in each habitat type in both 
seasons, totaling 60 bromeliads per season. The study determined both aquatic and terrestrial 
macroinvertebrate diversity found between leaves of bromeliads and in bromeliad tanks.  
 
DISCUSSION 
 
Primary forest bromeliads had the highest abundance and richness of any habitat during dry 
season. This is to be expected when many of these bromeliads already had water in them and 
water is a key component in capturing nutrients and creating a microhabitat in tank bromeliads 
(Brouard et al. 2012). Additionally, bromeliads in the understory catch falling organic matter 
from the canopy, which provides nutrients that would not be as abundant in open or disturbed 
habitat. Secondary forest bromeliads would receive similar, although less, organic matter from 
the canopy, but less moisture. By creating a sponge effect for moisture (Myers 1988), primary 
forest is the ideal habitat for communities of macroinvertebrates in tank bromeliads in dry 
conditions. 
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 This brings to question why secondary forest would have lower family richness and 
abundance than pasture habitat if pasture habitat is more disturbed and has little to no canopy 
cover. Pastures and other disturbed habitats create a unique environment in which light is 
plentiful and competition and predation are generally low (Devictor et al. 2008). These 
conditions often cater to the abiotic and biotic needs of exotic and generalist species while 
specialist species are more restricted to primary forest. Following human disturbance, original 
species composition generally does not quickly reestablish to pre-disturbance conditions because 
the habitat is substantially different and exotic species are more likely to invade (Brodie et al. 
2012). Macroinvertebrates were only identified to the family level in this study, but closer 
examination of species could show a greater proportion of generalist, referring to widely 
distributed and widely abundant, species or exotic species in pasture in comparison to primary 
forest.  
 
 Family richness and Shannon’s Diversity Index were significantly higher during dry 
season while abundance was higher in wet season, though not statistically significant. However, 
species richness and abundance were both highest in pasture during the wet season. This could 
be attributed to light abundance, water abundance, and reduced predation in disturbed habitats 
during the wet season (Devictor et al. 2008). Meanwhile, dry season leads to greater total family 
richness and less total abundance due to competition.  Abundant resources during wet season 
may allow certain species, such as Diptera larvae, to become super abundant, which lowers 
diversity. However, in dry season, aquatic species suffer, and no single species becomes super 
abundant, so diversity rises. Additionally, bromeliads retain moisture during dry season, which 
could cause terrestrial species to use them as refuges (Frank and Lounibos 2009). This could also 
explain greater abundance and family richness in pasture than secondary forest because pasture 
is even drier than secondary forest, which means bromeliads could be important refugia for 
organisms in pasture habitat. Consequently, total abundance is greater in wet season when there 
is less competition and more ideal conditions for wet forest species. As shown by the greatest 
abundance and richness in primary forest during dry season, under drying abiotic conditions 
primary forests become even more important to tropical species because of their sponge effect 
(Myers 1988). 
  
 Land transformation changes species composition and species diversity, but seasonality 
combined with human land transformation has even more pronounced effects. My data show this 
synergistic relationship in abundance, but it is not shown in richness. As drying continues with 
climate change, differences between habitats are likely to become more disparate, which may 
cause forests to be a more important refuge for both aquatic and terrestrial invertebrates. 
Likewise, bromeliads are likely to become refuges within forests that harbor species that prefer 
wetter conditions. This study also emphasizes the need to conserve primary forests as climate 
change creates drier and drier conditions in high elevation wet forests.  
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APPENDIX 
 
Order Family Pasture Secondary Primary  

Coleoptera 

Chrysomelidae 3 1 1 
Curculionidae 3 0 0 
Cantharidae 1 0 0 
Carabidae 1 2 0 
Ptilodactilidae 0 1 0 
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Blattaria 
Nymph 0 0 1 
Blatellidae 2 0 1 

Isopoda Armadillidae 6 0 29 

Diptera 

Fannidae 0 0 1 
Sarcophagidae 0 0 2 
Pupa 5 0 2 
Larvae 0 3 4 
Ceratapogonidae larvae 22 0 10 

Dermaptera 
Chelisochidae 0 1 0 
Forficulidae 7 0 6 

Orthoptera 
Nymph 0 0 1 
Gryllidae 3 0 0 

Opliones Opliones 1 0 0 

Aranae 

Acari 0 0 2 
Anypheanidae 1 0 0 
Morpho 1 0 3 1 
Morpho 2 0 1 0 
Morpho 3 0 0 1 
Morpho 4 0 0 1 
Morpho 5 0 0 1 
Other 1 7 2 

Hemiptera Aphididae 0 1 0 

Dermaptera 
Other 1 0 0 
Formicidae 0 1 1 

Entomobryomorpha Entomobryidae 0 2 0 

Other 
1 (eggs) 1 1 1 
1 (unknown) 1 1 0 
1 (leech; Pharyngobdella) 0 0 1 
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ABSTRACT 
 
Habitat fragmentation results in edge effects— changes in diversity and community composition along high-contrast 
forest edges. To my knowledge, a study of edge effects on beetle communities has never before been done in 
tropical cloud forests, and limited studies have been done comparing both ground and canopy levels. Using flight-
intercept traps, I sampled canopy and understory beetle (Coleoptera) communities in a tropical lower montane cloud 
forest of Monteverde, Costa Rica across three distances (far- 15 m, middle- 100 m, edge- 205 m) along an edge-to-
interior transect. In general, diversity was highest in the middle understory and lowest in the canopy at the edge, 
with these two sites being only 2.41% compositionally similar. There was higher diversity in the understory along 
the edge and higher diversity in the canopy at far sites, although these sites were only 4.51% similar. Overall, 
Curculionidae, Staphylinidae, and Chrysomelidae were the most species-rich families of beetles. Evenness was 
highest at edge canopy and edge understory sites. Number of individuals was higher in the understory at edge (11.50 
± 7.50) and middle sites (59.00 ± 5.00), but higher in the canopy at far sites (83.00 ± 13.00). Richness was also 
higher in the understory at middle sites (20.00 ± 3.00), but higher in the canopy at far sites (21.50 ± 0.50). 
Differences in diversity and response to edges could be explained by the varying ecological traits of beetles 
inhabiting each site. The three most dominant families have very generalized diets and therefore can exist in a wide 
variety of habitats, even in canopy areas which exhibit increased sunlight and wind, higher temperatures, and an 
increased risk of desiccation similar to edge sites. However, while the adults of these beetle families live in the 
canopy to feed on leaves, the larvae often live in the understory to feed on roots. The larvae most likely do not 
succeed near edges do to differences in plant composition there, leading to higher abundances and richness at the far 
canopy, but not the understory. In addition, tropical ecosystems have more specialists, which tend to decrease in 
abundance in human-disturbed areas. This explains why abundance and richness was lower near the edge in my 
study, but higher near edges for other studies not in the tropics. Considering that responses to edges can vary 
between forest patches with different compositions, it is important to make conservation decisions based on 
conserving not only edge-avoiding but also edge-tolerant species. 
 
RESUMEN 
La fragmentación del habitat conduce al efecto de borde, cambios en la diversidad y la composición de la 
comunidad a lo largo del alto contraste del borde del bosque. Hasta donde conozco, un estudio sobre el efecto de 
borde en la comunidad de escarabajos no se ha hecho nunca en bosques nubosos tropicales, y pocos han sido los 
estudios comparando los niveles de sotobosque y dosel. Usando trampas de vuelo interceptado, tome muestras de la 
comunidad de escarabajos (Coleoptera) de dosel y sotobosque en el bosque topical montano nuboso bajo de 
Monteverde, Costa Rica, a tres diferentes distancias ((lejos- 15 m, medio- 100 m, borde- 205 m)) a lo largo del 
borde interior de un transecto. En general, la diversidad fue más alta en el sotobosque medio y en el más bajo del 
dosel al borde, estos dos sitios presentan una similaridad en la composición de 2.41%. Huvo una alta diversidad in el 
sotobosque a lo largo del borde y una alta diversidad en los sitios más alejados del borde en el dosel, aunque estos 
sitios fueron solo un 4.51% similares. En general, Curculionidae, Staphylinidae y Chrysomelidae fueron las familias 
de escarabajos que presentaron la mayor riqueza de especies. La Equitabilidad fue mayor en los sitios de borde del 
dosel y del sotobosque. El número de individuos fue mayor en los sitios de borde del sotobosque (11.50 ± 7.50) y en 
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los sitios medios (59.00 ± 5.00), pero fue también mayor en los sitios alejados del borde del dosel (83.00 ± 13.00). 
La riqueza fue tambieén mayor en los sitios medios del sotobosque (20.00 ± 3.00), pero fue alta en los sitios alejados 
del borde del dosel 21.50 ± 0.50). Las diferencias en diversidad y la respuesta al efecto de borde podría ser explicada 
por la variación ecológica que presentan los escarabajos en cada sitio. La tres familias dominantes presentan dietas 
generalistas y por lo tanto pueden exhibir una amplia variedad de habitats, aún en areas de dosel las cuales exhiben 
un efecto mayor de la luz solar, el viento, altas temperaturas e incrementa el riesgo de desecación similar a lo que 
ocurre en los sitios de borde. Sin embargo, mientras los adultos de estas familias viven en el dosel para alimentarse 
de las hojas, las larvas a menudo viven en el sotobosque alimentándose de raíces. Es probable que las larvas no 
tengan éxito cerca de los bordes debido a las diferencias en la composición de las plantas que este habitat presenta, 
lo que las lleva a presenter una mayor abundancia y riqueza en los sitios alejados del borde en el dosel, pero no en el 
sotobosque. Adicionalmente, los ecosistemas topicales tienen mayor cantidad de especies especialistas, las cuales 
tienden a decrecer en abundancia en areas perturbadas por los humanos. Esto explica porque la abundancia y la 
riqueza fue menor cerca del borde en mi estudio, pero alta cerca de los bordes en otros estudios, ya que estos no 
fueron hechos en los trópicos. Considerando que la respuesta al efecto de borde puede variar  entre parches de 
bosque con diferente composición, es importante tomar decisiones sobre conservación basadas en no solo en evitar 
los bordes sino conserver estas zonas para proteger también las especies tolerantes a este tipo de hábitas. 
 
 
INTRODUCTION 
 
Human-caused habitat destruction is a major source of biodiversity loss (Hadad et al. 2015). 
Building roads through forests and clearing trees for logging leads to habitat fragmentation, 
which results in the creation of high-contrast edges between forests and open, human-disturbed 
areas (Gascon et al. 2000). Around edge, the forest interior becomes affected by the harshly 
different conditions of the neighboring habitat— termed the ‘edge effect’ (Yahner 1988). 
Increased wind disturbance, sunlight, and risk of desiccation within these edge-affected zones 
can result in altered community composition and diversity along the forest edge (Yahner 1988; 
Gascon et al. 2000). Decreasing forest area increases the ratio of edge-to-core (Ewers & Didham 
2006; Ewers & Didham 2008), which means deforestation and fragmentation greatly reduce 
available habitat for edge-avoiding species (Gascon et al. 2000; Stone et al. 2018). However, 
despite this, many studies have found increased abundances and richness near edges (Ewers & 
Didham 2008; Lacasella et al. 2015; Normann et al. 2016). Considering that responses to edges 
can vary, it is important to test the edge effect across several different animal taxa and forest 
types to truly determine how forest fragmentation is affecting biodiversity and how best to 
conserve forest species (Stone et al. 2018).  

Beetles (Coleoptera) are still largely undescribed despite being the most biodiverse order 
in existence, constituting almost 25% (350-000 to 400,000 species) of all known life forms 
(Stork et al. 2015). Total beetle species richness is estimated by entomologists to be around 1.5 
million species, meaning only a fourth of the world’s existing beetle species are known (Stork et 
al. 2015). To shrink the current knowledge gap, it is necessary to study global beetle diversity 
within all forest types (Stork et. al 2015). Additionally, studies have shown that habitat 
fragmentation and the creation of edges can greatly impact the diversity and composition of 
beetle communities (Didham et al. 1998; Hunter 2002; Ewers & Didham 2008; Noreika & Kotze 
2012; Magura et al. 2017; Stone et al. 2018), by reducing the habitat size of specialist species 
and increasing the abundances of generalist species. Because deforestation is currently putting 
the world’s forests at risk (Hadad et al. 2015), it is especially important to study beetle diversity 
now and determine how it is affected by edges.  
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To my knowledge, no study has ever been conducted on edge effects in beetle 
communities of tropical cloud forests (see Guimarães et al. 2014 for a review of studies on forest 
fragmentation effects on insects). In addition to being a novel study region, cloud forests are also 
exemplary for this type of study with edge effects on beetles, due to their high diversity of 
insects and rapid rates of deforestation (Still et al. 1999; Jones et al. 2008). Furthermore, climate 
change is currently putting cloud forests at risk, as cloud cover and mist are being pushed to 
higher elevations and causing various species, including beetles, to be stranded on mountain 
peaks as a result (Still et al. 1999). This means it is urgent to catalog beetle diversity in cloud 
forests before large amounts of biodiversity are permanently lost (Foster 2001; Jones et al. 2008). 
While there have been some studies on how habitat fragmentation is affecting beetle 
communities (Didham et al. 1998; Ewers & Didham 2008; Noreika & Kotze 2012; Magura et al. 
2017), most of these studies have only been sampled at ground level. Only two previous studies 
have compared the responses of beetles to edge distance at both the ground and the canopy level 
(Normann et al. 2016; Stone et al. 2018). Researching in a deciduous forest in Germany, 
Normann et al. (2016) found an increase in species richness and a change in species composition 
near edges at both ground and canopy levels, though the effect was strongest on the ground. 
Stone et al. (2018) in his study of a subtropical Australian forest found that species composition, 
though not abundance or richness, differed between ground and canopy levels and between sites. 
Like Normann et al. (2016), the effect was also strongest at the ground level, with a decline in 
species richness with increasing distance into the forest and a difference in composition between 
forest edges and interior (Stone et al. 2018). 

The purpose of this study is to assess if the diversity of beetle communities (Coleoptera) 
within tropical cloud forests is influenced by forest edge distance. Specifically, whether distance 
from the forest edge impacts the species composition, species richness, and abundance of these 
beetle communities, how far into the forests these edge effects extend, and do they differ 
between ground and canopy levels. This research evaluates how forest fragmentation is 
impacting beetle communities in tropical cloud forests, having implications on conservation 
management and adding to general knowledge of beetle diversity within the region. 
 
 
MATERIALS AND METHODS 
 
Study Sites  
  
Research was conducted in the Estación Biológica in the Monteverde Cloud Forest of Costa Rica 
at an altitude of approximately 1,550 m. Specimen collection occurred at the end of the dry 
season (April to May 2018), when temperatures average between 18º and 29º C and the average 
rainfall is 49.7 mm per month (Nadkarni 2014).  

Beetle communities were sampled along an edge-to-interior transect, with a ground level 
flight-intercept trap (FIT) and a canopy FIT at 15 m from the forest edge, at 100 m, and at 205 m 
(two traps at each distance, six total traps). There was a paired understory trap and canopy trap 
within 0-15 m laterally of each other at every distance. The distances from the edge were chosen 
to be similar to those used by Stone et al. (2018), in which they refer to near forest edge as less 
than 50 m and greater than 50 m as forest interior. The three sites represent habitats near the 
edge, intermediate, and far into the forest, respectively. Light gaps and forest clearings were 
avoided when choosing sites.  
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Beetle Sampling and Identifying 
 
The FITs were sampled twice, once on April 22, 2018 and 
once on May 1, 2018, after being set up for a week each 
time. Following the model of Steininger et al. (2015), 
traps were made out plastic plates and two-liter soda 
bottles with one window opening (Fig. 1), and hung from 
ground and lower canopy branches. They were filled with 
water and non-scented soap to avoid favoring insects 
attracted to smell. Ground traps were set up at a 1 m 
height, and canopy traps were hung at 11-18 m above the 
ground, depending upon how tall the canopy was. Canopy 
traps were hung on a branch located directly under the top 
of a tree that was as tall as the other trees in the vicinity.  

All sampled beetles were stored in jars with 
alcohol, labelled, and identified to family (sub-family 
if possible) and morphospecies (Arnett, Jr. et al. 1980; 
Solís 1999; Borror & White 2011). 
 
Statistical Analyses 

 
Diversity values for each forest zone (based off 
distance from forest edge) for both canopy and 
understory levels was calculated using the Shannon-
Weiner Diversity Index (H). Pairwise t-tests were used to determine whether differences between 
the H indices were statistically significant. Evenness values were calculated, and the Morisita 
Index was used to determine similarities of two sites in terms of species composition and relative 
abundance.  

To test for the effects of distance on abundance and species richness for both understory 
and canopy, a Linear Mixed Model (LMM) was used. Distance and Height were considered 
fixed effects and Day and Site were random effects. In addition, several post-hoc tests were run 
for every combination of height and distance. 

 
 
RESULTS 
 
Edge and Height Effects on Beetle Abundance and Richness 
   
In total 434 individuals were sampled, with 66 morphospecies in 29 families (Table 1). The 
number of individuals varied between heights and distance (LMM, interaction term, Chisq = 
11.53, df = 2, p = 0.003, Fig 2). While the difference in beetle abundances between canopy and 
understory communities was significant at middle and far sites, the two different heights were 
not different from each other at the edge (Fig 2). Abundances in the understory were similar for 
both middle and far and far and edge. Middle sites tended to be more abundant than edge sites. 
At the canopy level, the far site had significantly more individuals than the edge site and the 
middle, but middle statistically did not have more individuals than edge. Overall, there were 

FIGURE 1. Flight-intercept trap hung in the 
understory of a tropical lower montane cloud 
forest in Monteverde, Costa Rica to catch 
beetles and analyze if there were edge effects 
impacting their diversity at varying heights and 
distances into the forest. Traps were hung at 1 
m above the ground and filled with soapy 
water. Traps were made out of a 2-L plastic 
bottle with one window and a plate to block 
rain.  
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more individuals in the understory at edge and middle sites, but more individuals in the canopy 
far into the forest (Table 2).  
 
TABLE 1.  List of all 29 families (some subfamilies) identified of beetles sampled using FITs in a tropical lower 

montane cloud forest in Monteverde, Costa Rica. Traps were set up at three distances from the forest 
edge (15 m, 100 m, 205 m) with one canopy trap and one understory trap at each distance (6 total 
traps). Sampling and identifying occurred during a four-week period in April to May 2018. This list 
shows the number of morphospecies (Spp) and individuals (Indivs) within each family. 

 
Family Sub-family Spp Indivs Family Sub-family Spp Indivs 
All Families - 66 434     
Biphyllidae - 1 1 Leiodidae - 1 1 
Brentidae - 2 5 Limnichidae - 1 1 
Cantharidae - 1 1 Lycidae - 1 1 
Carabidae - 1 5 Meloidae - 1 5 
Cerambycidae - 2 2 Mordellidae - 3 8 
Chrysomelidae - 7 20 Nitidulidae - 3 11 
Chrysomelidae Bruchinae 1 1 Oedimeridae - 2 2 
Coccinellidae - 1 2 Phengodidae - 1 3 
Cryptophagidae - 1 2 Ptilodactylidae - 1 22 
Curculionidae - 5 30 Scarabaeidae - 1 1 
Curculionidae Platypodinae 1 2 Silphidae - 2 3 
Curculionidae Scolytinae 6 143 Staphylinidae - 7 143 
Elateridae - 3 4 Staphylinidae Pselaphinae 1 1 
Laemophloeidae - 1 2 Tenebrionidae - 2 2 
Lampyridae - 1 1 Throscidae - 2 2 
Languriidae - 1 1 Trogossitidae - 1 5 
Latridiidae - 1 1     
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TABLE 2.   Mean number of beetle individuals with standard errors in the understory and canopy of a tropical 
cloud forest in Monteverde, Costa Rica. Sampled at varying distances from the forest edge (edge-15 m, 
middle-100 m, far-205 m). Means are based on two samples totaling to 434 individuals, collected using 
flight-intercept traps over a 2-3-week period during the dry season. 

Descriptive Statistics 
Distance Height Mean Standard Error 

Edge Understory 11.50 7.50 
Edge Canopy 4.00 2.00 
Middle Understory 59.00 5.00 
Middle Canopy 19.00 12.00 
Far Understory 40.50 22.00 
Far Canopy 83.00 13.00 
 
 
In addition, the results for the number of morphospecies showed the same patterns as the number 
of individuals (Fig. 3, Table 3). The effect of distance and height on species richness was 
significant (LMM, interaction term, Chisq = 26.10, df = 2, p = 2.15e-06). There were more beetle 
morphospecies in the understory at middle sites, but more morphospecies in the canopy at far 
sites. The differences in number of morphospecies between canopy and understory were 
nonsignificant at the edge site. In the canopy, there was higher species richness at far sites than at 
the middle and edge, but middle and edge sites were not significantly different from one another. 
For understory beetle communities, the middle site had the highest number of morphospecies, 
being significantly different from the edge and far sites. This is unlike the tests for number of 
individuals, in which the middle site also had the highest means, but it did not produce any 
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FIGURE 2. Mean number of beetle individuals (±1 SE) in the ground and canopy at varying distances from 
the forest edge (edge- 15 m, middle- 100 m, far- 205 m). Means are based on two samples totaling to 434 
individuals. Samples were collected using flight-intercept traps over a 2-3-week period in a tropical lower 
montane cloud forest of Monteverde, Costa Rica. Different letters over bars indicate groups which were 
significantly different (p ≤ 0.05) or nearly significant (p ≤ 0.10).  
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significant results in comparison to edge and far sites. Still like the abundance data, edge and far 
sites were not significantly different from one another. 

 

TABLE 3.   Mean number of beetle morphospecies with standard errors per site within a tropical lower montane 
cloud forest in Monteverde, Costa Rica. Six flight-intercept traps were hung up at three distances into 
the forest (edge-15 m, middle-100 m, far-205 m) at two different vertical strata (understory and 
canopy). Means are based on two samples totaling to 434 individuals and 66 morphospecies, collected 
using flight-intercept traps over a 2-3-week period during the dry season. 

Descriptive Statistics 
Distance Height Mean Standard Error 

Edge Understory 8.00 4.00 
Edge Canopy 3.50 1.50 
Middle Understory 20.00 3.00 
Middle Canopy 9.50 5.50 
Far Understory 8.50 0.50 
Far Canopy 21.50 0.50 
 
 
Edge and Height Effects on Beetle Diversity and Composition 
 
According to the Shannon-Weiner diversity index, the middle understory site was most diverse 
and edge canopy was the least diverse. Diversity was not different between canopy and 
understory levels at the middle site, but was higher in the understory at the edge and higher in the 
canopy far into the forest. In the understory, far sites had significantly less diversity than the 
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FIGURE 3. Mean number of beetle morphospecies (±1 SE) at each of the six sites—edge understory, edge 
canopy, middle understory, middle canopy, far understory, and far canopy. Using flight-intercept traps, 434 
total individuals were sampled and identified to 66 morphospecies in Monteverde, Costa Rica, in a tropical 
lower montane cloud forest over 2-3 weeks. Different letters over bars indicate groups which were 
significantly different (p ≤ 0.05) or nearly significant (p ≤ 0.10) from each other.  
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edge and middle sites, but edge and middle sites had similar diversity. Results were opposite in 
the canopy, as edge had statistically less diversity than the middle site and a trend towards less 
diversity than the far site. Middle canopy and edge canopy did not differ significantly in their 
diversities. 

 

 
Equitability values were highest at edge canopy and edge understory sites, while middle 
understory, middle canopy, far understory, and far canopy had less species evenness (Table 4). In 
addition, sites differed in their species composition (Fig. 5). Comparing the compositions of 
understory and canopy samples at each site, edge only had 9.32% similarity, while the canopy 
and understory samples at middle and far sites were 46.11% and 45.10% similar to each other, 
respectively (Morisita Index). At the understory, middle was 27.30% and 77.78% 
compositionally similar to edge and far, while edge was 3.07% similar to far.  For canopy 
communities, about half of the morphospecies were shared between edge and middle (50.59% 
similarity) and between middle and far (41.56%), although edge and far canopy sites were only 
0.82% similar. For comparisons of communities at both different height levels and different 
distances, half of the samples were not very similar (edge canopy v. middle understory— 2.41%, 
edge canopy v. far understory— 0%, edge understory v. far canopy— 4.51%). The other half did 
show some similarity in their compositions (edge understory v. middle canopy— 18.35%, 
middle canopy v. far understory— 30.60%, middle understory v. far canopy— 63.82%). Overall, 
Curculionidae and Staphylinidae were the most species-rich families of beetles, even in the 
canopy. Although less species-rich, Chrysomelidae also was commonly found and had a high 
number of species.  
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FIGURE 4. Diversity Values (H) for each of the 6 sites according to the Shannon-Weiner Diversity Index. 
Two sites (one ground and canopy) per distance into the forest (edge, middle, and far). Using flight-intercept 
traps, 434 total individuals and 66 morphospecies were sampled in Monteverde, Costa Rica, in a tropical lower 
montane cloud forest over 2-3 weeks in the dry season. Different letters over bars indicate groups which were 
significantly different (p ≤ 0.05) or nearly significant (p ≤ 0.10).  
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TABLE 4.   Shannon-Weiner Diversity Index and Equitability values for beetle communities at six sites in a tropical 
cloud forest in Monteverde, Costa Rica. The six sites were at three distances from the forest edge (edge-
15 m, middle-100 m, far-205 m) at two different heights (understory and canopy). A total of 434 
individuals were sampled in a 2-3-week period using flight-intercept traps. 

Descriptive Statistics 
Distance Height Diversity Value (H’) Equitability (J) 

Edge Understory 2.50 0.9474 
Edge Canopy 1.75 0.9755 
Middle Understory 2.72 0.8001 
Middle Canopy 2.54 0.8800 
Far Understory 1.75 0.6468 
Far Canopy 2.27 0.6477 
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DISCUSSION 
 
In summary, there was higher richness and abundance in the understory at edge and middle sites, 
but higher richness and abundance in the canopy far into the forest, with a stronger edge effect at 
canopy. Strong compositional differences were found between edge and far sites and between 
canopy and understory communities at the edge. In comparing heights, diversity was highest in 
the understory at edge, highest in the canopy at far, and not significantly different at middle. In 
the understory, far sites had less diversity, and in the canopy, edge sites had less diversity. 
Ultimately the most diverse site was middle understory, and the least diverse site was edge 
canopy. 

Overall, Curculionidae, Staphylinidae, and Chrysomelidae were the families with the 
highest number of species. The high species richness of these families could reflect their range of 
feeding habits and ability to exploit various rainforest habitats (Basset 2001). Staphylinidae, 
which are predators, fungal feeders, and scavengers, and Curculionidae, which are wood-eaters, 
herbivores on roots, and eat foliage and seeds, are the most likely to be found in canopy and edge 
communities (Basset 2001). Chrysomelidae are the next most common family, which are mainly 
herbivores on roots and foliage (Basset 2001). This suggests that families with more generalized 
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FIGURE 5. Morphospecies composition at each site sampled: a) edge understory b) edge canopy c) middle 
understory d) middle canopy e) far understory f) far canopy. Edge was 15 m into the forest, middle was 100 m, 
and 205 m was far. Samples were collected using flight-intercept traps for 2-3 weeks in a tropical montane 
cloud forest of Monteverde, Costa Rica. Percentage of each morphospecies was out of the 434 individuals 
sampled. Different colors represent a different morphospecies. Only the most dominant morphospecies at each 
site were given their own pie slice, less dominant morphospecies were compiled into the ‘other’ category.  
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diets are generally more species-rich across a wide variety of habitats, because they utilize 
resources that are found in several different habitat types. 

My results were opposite to Stone et al. (2018) and Normann et al. (2016), who found the 
edge effect to be strongest at the ground level. They both found higher richness near edge sites 
and a change a species composition between ground and canopy, although Stone et al. (2018) 
also found differences in species composition between forest edge and interior. Differences 
between my results and theirs could be attributed to the study region, as mine was the only study 
of the three conducted in the tropics. It is speculated that there are more habitat and dietary 
specialists in the tropics (Leal et al. 2014). Since specialists tend to decline in abundance near 
human-disturbed areas (Leal et al. 2014), this explains why Normann et al. (2016) and Stone et 
al. (2018) found an increase in richness and abundance near edges, while I found a decrease. 

Differences in the abiotic properties of each site could also lead to differences in edge 
responses (Stone et al. 2018). By definition, the canopy is a harsh-contrasting line between open 
area and forest. In this sense, the edge layer can simulate a canopy (Basset et al. 2003). Species 
that live in the canopy experience higher wind, more ultraviolet light, and a higher air 
temperature (Basset et al. 2003), just like edges do. In this way, abiotic conditions at the exposed 
forest edge could resemble those at forest canopies, whereas abiotic conditions in the sheltered 
understory may not resemble those at the edge and canopy (Didham & Ewers 2014). This could 
explain why my results show the edge canopy is least diverse, where there is essentially an edge 
effect that is twice as strong. Since specialists succeed in non-disturbed areas, and since canopy 
and edge have similar abiotic conditions, this leads to more diversity in the understory further 
into the forest. In accordance with this, far understory should have been the most diverse. 
However, the far understory site I chose was near a stream, which could have served as a natural 
edge and reduced the diversity at that site. This explains why middle understory was the most 
diverse, and why understory did not show a strong edge effect. 

In addition, edge responses amongst habitats can vary according to the different 
compositions that exist there. Communities can be inhabited by beetles with different ecological 
traits that effect their responses (Stone et al. 2018). Differences may exist because some species 
are more specialized in their habitats, while others are habitat generalists (Stone et al. 2018). 
Curculionidae, Staphylinidae, and Chrysomelidae, which are habitat generalists and able to 
succeed in a variety of habitats, were consistently the three most common families found in my 
study region. Many insect herbivores, such as some chrysomelids and curculionids, feed on roots 
as larvae and later migrate in the canopy to feed as adults on leaves (Basset 2001). I presume that 
perhaps larvae of these families do not do as well in human-disturbed habitats near edges due to 
differences in plant composition there and food sources present, although more research is 
needed on this subject. In accordance with this, larvae would then prefer far understory sites, 
meaning adults of these families would be more common in far canopy sites as they move up 
into the canopy to feed on leaves. Because beetle larvae cannot fly and therefore could not be 
caught in my flight-intercept-traps, this can also explain why a strong edge effect was seen in the 
canopy, but not in the understory. 

While some studies have been conducted on how forest fragmentation is affecting 
insects, the majority of research focuses on the conservation implications for edge-avoiding 
species, particularly because fragmentation reduces their effective forest habitat (Stone et al. 
2018). In this scenario, conservationists would aim to preserve larger forest patches, so as not to 
lose these edge-avoiding species and consequently lower insect diversity (Stone et al. 2018). 
However, my study showed reduced abundances and richness near edges, this is not always the 
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case, and sometimes diversity is actually higher near edges (Stone et al. 2018; Normann et al. 
2018). In this instance, reducing the ratio of edge to core, or only trying to preserve large habitat 
patches at the expense of smaller ones, actually neglects and reduces the biodiversity of edge-
tolerant or edge-loving beetle species. In this sense, my study has important conservation 
implications. If a particular habitat is high in edge-sensitive responses, then larger forest patches 
should be conserved, but if these edge-avoiding species are not present and instead edge-tolerant 
responses are more common, then different conservation decisions should be made to also 
conserve beetle species in smaller patches (Stone et al. 2018). 
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Abstract 
Extreme weather is predicted to increase in frequency and severity with climate change impacting ecosystems 
globally. Stream systems are adapted to mild disturbances, like seasonal rainfall but how they respond to extreme 
disruption, like occasional hurricanes, is unknown. Following an extreme pulse of rainfall in Monteverde, Costa 
Rica I collected macroinvertebrate samples from a premontane stream to compare macroinvertebrate community 
structure before and after. Shannon diversity (H’) and family richness were both lower post-disturbance (H’:2.41 vs. 
2.35, Richness: 31 vs 26), though average pool abundance had returned to similar levels (65 vs 70). Community 
composition had also shifted, with a notable increase in orders Trichoptera and Odonata and a decrease in Diptera. 
This indicates that the community is different than pre-disturbance, either at an early stage of succession or having 
reached a new state that fundamentally altered stream macroinvertebrate composition and lowered their diversity.    

Resumen 
Es predecible que los eventos climáticos extremos aumenten en frecuencia y severidad al impactar el cambio 
climático los ecosistemas globales.  Los sistemas riverinos están adaptados a disturbios leves, como la lluvia 
temporal, pero como responden estos a disturbios extremos, como huracanes ocasionales, es desconocido.  
Siguiendo un pulso extremo de lluvia en Monteverde, Costa Rica recolecté macroinvertebrados de una qubrada en el 
bosque premontano para comparar la estructura de la comunidad de macroinvertebrados antes y después.  El índice 
de diversidad de Shannon (H’) y la riqueza de familias fueron ambos menores después de los disturbios (H’:2.41 vs. 
2.35, Riqueza: 31 vs 26), aunque la abundancia promedio por poza ha retornado a niveles similares (65 vs 70). La 
composición de la comunidad ha cambiado también, con un notable incremento en los ordenes Trichoptera y 
Odonata y una disminución en Diptera. Esto indica que la comunidad es diferente que previo al disturbio, ya sea en 
un estado temprano de suceción o ha llegado a un nuevo estado fundamentalmente alterado de la composición de 
macroinvertebrados de la quebrada y una disminución en su diversidad. 

Introduction 
Climate change is predicted to increase the frequency of extreme weather events such as storms, 
floods, and droughts (IPCC 2007). These are anticipated to alter species interactions, community 
function, structure, and species composition (Walther et al. 2002). Regular mild disturbances are 
a natural part of ecosystems and have the potential to contribute to high diversity by preventing 
competitive exclusion (Connell 1978). However, extreme disturbances occur at low enough 
frequencies that organisms are not adapted to cope with them (Poff 1992), leading to losses of 
species and simplification of the community (Parmesan 2000).    

Streams may be impacted by several types of disturbance. The immediate and local 
impacts on diversity are generally negative, though on a longer time frame impacts of 
disturbances can also increase diversity (Lepori & Hjerdt 2006). Thienemann (1954) observed 
that disturbances can decrease stream macroinvertebrate biodiversity by preventing colonization 
of new species. Based on this observation some hypothesize that abiotic disturbance factors 
control diversity in that flooding filters out organisms with slow development or without the 
ability to adapt to changes in, for example, substrate or flow (Poff & Ward 1989). However, 
richness increases of stream macroinvertebrate sometimes follow intense disturbances (McCabe 
& Gotelli 2000), supporting a model proposed by Huston (1976) which determines when 
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maximum diversity occurs following a disturbance dubbed the dynamic equilibrium hypothesis. 
This is often compared to the Intermediate Disturbance Hypothesis (IDH)(Connell 1978), with 
the former determining diversity from the productivity of the system, not from the frequency of 
disturbance as in the IDH.  

While in a climax state, high productivity systems are expected to have lower diversity 
due to higher growth rates which promote competitive exclusion (Huston 1976). Tropical 
streams are relatively highly productivity systems (Davies et al. 2008) with associated high 
growth rates of aquatic organisms. As such, following a major disturbance maximum diversity in 
tropical streams is likely to occur relatively soon after the event before competitive exclusion can 
take place. One such major event occurred in the rainy season of 2017 with Tropical Storm Nate 
in Monteverde, Costa Rica when 31 cm of rain fell in one day, an intensity not seen in over 50 
years (LaVal pers. comm), with associated rainfall scouring local streams of life, including 
aquatic macroinvertebrates.  

Aquatic macroinvertebrates are one of the most diverse groups of organism in Costa Rica 
(Springer 2009). Using the mega-disturbance on the premontane stream Quebrada Máquina 
described above as a model for extreme community disruption, this study focused on how 
aquatic macroinvertebrate communities recover following a disturbance and if a change in 
diversity can be seen. While the stream experiences moderate annual flushing in the wet season, 
the severity of the 2017 may be enough to fundamentally change the community. In 2011 the 
Quebrada Máquina was sampled for aquatic macroinvertebrates forming a baseline dataset. 
Sampling the same stream six months post-disturbance investigates how the community 
responded to an extreme pulse in rainfall and how the system has responded to a mega-
disturbance.  

Methods 
Study Site  

The stream Quebrada Máquina 
(Fig 1), located in tropical premontane 
wet forest (Holdridge 1967) in 
Monteverde, Costa Rica, has been 
sampled in the past for 
macroinvertebrate diversity (Curry 
2011, Hilding 2014). Tropical Storm 
Nate impacted rainfall in October 
2017, including one day with more 
rainfall (316 mm) than has ever been 
recorded (50 years data collected by R. 
LaVal, pers. comm). The mean 
monthly rainfall in Monteverde is 
214.9 mm, with October having an 
average of 428.6 mm (Monteverde 
Cloud Forest Biological Reserve, 
2005) so this rainfall is 
unprecedented. So, Tropical Storm 

Figure 1. Map of the study area. Sampled pools are 
located between arrows.  
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Nate, causing a single day with 300 mm rainfall, is considered an extreme weather event that 
caused landslides and major flushing of streams.  

Data Collection 

I sampled 24 pools for one hour each following the methods of Curry (2011) to best 
replicate sampling effort. For each pool, all substrate types (sand, gravel, rock, and plant matter) 
(what were these?) were sampled to include taxa with different habitat preferences. For most 
habitats, I sampled using a strainer (or kick net).  If there were large rocks I overturned them and 
brushed off any attached macroinvertebrates. In pools with lots of leaf litter I scooped up a net-
full of leaves and used a bucket to wash any aquatic life off the leaves. I then placed samples on 
a white plastic tray and collected all non-crustacean macroinvertebrates using tweezers or an eye 
dropper.  I placed sampled aquatic macroinvertebrates in vials containing 100% ethanol until 
identification. Samples were then identified to family level using an aquatic insect guide as well 
as the Monteverde Biological Station aquatic insect reference library and a dissection 
microscope. Diversity was compared to a dataset collected by Curry (2011) from the same 
stream before the disturbance in 2017. Order and family richness, abundance, and Shannon 
diversity were compared.   

 Results  
 The stream was 
compared pre- and post-
disturbance using both total 
abundance and diversity 
for the whole stream and 
average abundance and 
diversity per pool. 
Comparing Shannon 
diversity (H’) of families 
between pre (2.41)- and 
post (2.35)-disturbance 
sampling summed for the 
entire stream showed no 
significant difference (t=-
1.002, df= 821.48, p = 
0.317), however pre-
disturbance was higher 
when comparing mean H’ 
for all pools (1.93 vs. 1.68) 
(t = -2.102, df = 30, p = 
0.022, (Figure 2). I found 
26 families post-
disturbance while the pre-
disturbance sampling found 
31 families. Rarefaction 
curves for pre- and post- 
disturbance appear to 

Perlidae
Dytiscidae
Staphylinidae
Curcolionidae
Psephenidae
Hydrophilidae
Elmidae
Ptilodactilidae
Platysticitidae
Libellulidae
Aeshnidae
Coenagrionidae
Calopterygidae
Lestidae
Cordeulegastridae
Megapodegrionidae
Lepidostomatidae
Polycentropodidae
Calamoceratidae
Hydrobiosidae
Hydropsychidae
Glossosmetidae
Leptoceridae
Notonectidae
Belostomatidae
Gerridae
Hebridae
Veliidae
Chironomidae
Ceratopogonidae
Tipulidae
Simuliidae

Figure 2. Pie charts showing macroinvertebrate family 
diversity in the premontane stream Quebrada Máquina A)pre- 
and B)post-mega-disturbance. Shannon diversity (H’) +/- SE 
is shown alongside respective chart, indicating higher family 
diversity pre-disturbance.  

A 

B 

H’= 1.93 
+/- 0.078 

H’= 1.68 
+/- 0.092 
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asymptote at 31 and 26 respectively, with significant difference at the 95% confidence level 
(Figure 3).  

 

 

Family richness averaged per pool also 
showed significantly difference, with 12.63 
+/- 1.00 SE families found pre-disturbance 
and 9.42 +/- 0.47 families found post-
disturbance per pool (t=-3.247, df= 30, 
p=0.001). Total abundance for pre- (565) and 
post- (522) disturbance corrected for sampling 
effort showed no difference (X2=1.701, df=1, 
p=0.192) as did average abundance per pool, 
with 70.63 +/- 6.44 pre- and 65.00 +/-7.12 
post-disturbance (t=-0.433, df=30, p=0.334). 
Order composition varied greatly between 
pre- and post- disturbance sampling with an 
increase in Trichoptera and Odonta (Figure 
4). 

 

 

 

   

 

  

 

 

 

 

 

 
 

Plecoptera

Coleoptera
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Trichoptera

Hemiptera
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Figure 4. Pie charts showing macroinvertebrate order diversity in the premontane stream 
Quebrada Máquina A)pre- and B)post- mega-disturbance. Note increase in Trichoptera 
(yellow) and Odonata (grey) following disturbance.  

Figure 3. Macroinvertebrate family richness 
rarefaction curves in the premontane stream 
Quebrada Máquina A)post- and B)pre- mega-
disturbance with 95% confidence interval 
showing a difference in family richness . 
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Discussion  
Seven months following a mega-disturbance of flooding in 2017, the tropical premontane 

stream Quebrada Máquina had a significant change in community structure. Overall abundance 
and diversity were the same following the disturbance, though family richness decreased. 
Averaging per pool found a decrease in diversity and family richness while abundance had 
recovered to pre-disturbance levels. Due to a lack of studies in the literature on tropical stream 
recovery, direct comparisons to previous studies could not be made. However, community 
structure in a rocky New Zealand stream was found to completely recover four months following 
an irregular flooding event.(Scrimgeour et al. 1988) This is consistent with other findings 
following irregular flooding disturbances in which abundance and density changes following the 
disturbance, community structure remains the same proportionally (Sagar 1986). In my study, 
seven months following the initial disturbance overall abundances had rebounded to levels found 
prior to the flooding, but there was still significant difference to the community structure of the 
stream.  

As can be seen in a comparison of family diversity (Figure 2) the makeup of the stream is 
very different, with the charts showing almost no similarity. In addition to Shannon diversity and 
richness, which were significantly lower following the disturbance, the order structure of the 
stream showed great change, with an increase in Trichoptera and Odonta and a decline in 
Diptera. The main differences were the decrease in Simuliidae (Diptera) and Leptoceridae 
(Trichoptera) and the increase in Polycentropodidae (Trichoptera) and Coenagrionidae and 
Calopterygidae (Odonta) following the disturbance. These families are similar in their tolerance 
to water quality variation (Vasquez et al. 2010), indicating that a change in water quality is not 
likely to be the reason for the change in community composition.  

Previous studies in the same stream system have also found similar dominance structures, 
with Diptera being the most prominent order (Rancourt 2004; Moore 2004; Trefz 2013), 
indicating that there has been some consistency over a longer time scale. The failure of the 
stream to return to its prior state may be due to a state change in the stream, causing an 
equilibrium community of different taxa. Although productivity of the study stream was not 
measured, I assume here that it is like other tropical streams and highly productive (Davies et al. 
2008). Under dynamic equilibrium model of diversity (Huston 1979), the initial diversity spike 
following the disturbance probably already occurred, with my observations coming as 
community structure begins to stabilize. The cause of this change and whether this difference 
will remain as the stream community continues to stabilize is subject to a longer term study. The 
way in which communities reestablish following extreme disturbances may have less of a 
deterministic trajectory than expected from models based on more mild disturbance regimes (e.g. 
Reice 1985) and rather are colonized more randomly. A different explanation for the observed 
difference is that the system is still in the process of equilibrating. This would imply that the 
succession of the stream takes longer than anticipated based on productivity models. Longer 
scale studies in these sort of habitats following extreme disturbances are needed to determine the 
community shifts through aquatic succession.      
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Appendix 

Order Family Total Abundance 
Plecoptera Perlidae 3 
Coleoptera Dytiscidae 200 

 Hydrophilidae 2 
 Elmidae 9 
 Ptilodactilidae 2 

Odonata Platysticitidae 3 
 Libellulidae 12 
 Aeshnidae 16 
 Coenagrionidae 209 
 Calopterysidae 117 
 Lestidae 42 

Trichoptera Lepidostomatidae 212 
 Polycentropodidae 319 
 Calamoceratidae 27 
 Hydrobiosidae 20 

Hemiptera Notonectidae 20 
 Belostomatidae 1 
 Gerridae 2 

Diptera Chironomidae 235 
 Ceratopogonidae 27 
 Tipulidae 45 
 Simuliidae 5 
 Culicidae 8 

Ephemeroptera Baetidae 13 
 Leptophidae 1 

Amphipoda Hyallelidae 10 
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Abstract  
Ecotourism could be a way of promoting peaceful cohabitation and decreasing human-wildlife conflicts. I 
investigated three ecological reserves: The Monteverde Cloud Forest Preserve, The Monteverde Biological Station, 
and Selvatura Adventure Park. These differ in their Convention on Biodiversity (CBD) tourism ratings, tourist 
infrastructure and visitation.  I monitored each reserve with camera traps and visual point counts to determine 
mammal abundance and richness. I found the reserves had similar mammal species richness but different mammal 
community composition. The species richness in Selvatura indicated 10 species present, the Biological Station had 
11 species present and the Monteverde Cloud Forest Preserve had 9 species present. Overall mammal abundance 
was greater in the Biological Station with 109 individuals of different species identified while Selvatura had 25 
individuals identified and the Monteverde Cloud Forest Preserve had 43 individuals identified. CBD ratings did not 
explain trends in species richness or abundance, though higher visitation tended to decrease mammal abundance.   
Ecotourism did not impact species richness, suggesting it can promote a peaceful coexistence between humans and 
mammal species, though too many tourists may decrease mammal sightings. 

RESUMEN 
El ecoturismo puede ser una vía para promover la cohabitación pasiva y disminuir los conflictos entre los humanos y 
la vida silvestre.  Investigué tres reservas ecológicas: La Reserva del Bosque Nubos de Monteverde, La Estación 
Biológica de Monteverde, y el Parque de Aventura Selvatura. Estos difieren en los rangos de la Convención de 
Biodiversidad (CBD), infraestructura para turistas y visitación.  Monitorié cada reserva con cámaras trampa y puntos 
de conteo visuales para determinar la abundancia y riqueza de mamíferos.  Encontré que las reservas tienen una 
riqueza de especies similar pero difieren en la composición de la comunidad.  La riqueza de especies en Selvatura 
fue de 10, la Estación Biológica 11, y la Reserva del Bosque Nuboso con 9 especies presentes.  La abundancia de 
especies fue mayor en la Estación Biológica con 109 individuos de diferentes especies identificadas, mientras que 
Selvatura tuvo 25 individuos, y la Reserva del Bosque Nuboso con 43 individuos.  Los rangos CBD no explican 
tendencias en la riqueza o abundancia de especies, aunque una mayor visitación tiende a disminuir la abundancia de 
mamíferos.  El ecoturismo no tiene un impacto en la riqueza de especies, sugiriendo que puede promover una 
coexistencia pacífica entre los humanos y otras especies de mamíferos, aunque muchos turistas pueden disminuir los 
avistamientos de mamíferos. 

Introduction 
The human population has grown by over 6 billion people in the last 200 years to the current 
level of 7.6 billion (D’Amore 2010, Census.gov. 2018). Accompanying resource extraction, 
agriculture, and urbanization have result in deforestation and forest fragmentation (Malhi et al. 
2014). The encroachment of civilization into previously untouched habitats has created 
increasing conflict between humans and wildlife (Distefano 2005).  Ecological reserves attempt 
to protect biodiversity from human impact. Ecotourism in these reserves may provide both 
humans and the environment with a mutually beneficial relationship, where reserve visitation 
educates humans while protecting animal populations (Denman & Denman 2015). Whether 
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ecotourism represents a peaceful cohabitation or is yet another conflict between human 
encroachment and biodiversity loss requires careful monitoring.   

 The Tropics have the highest biodiversity but also highest population growth (Malhi et al. 
2014). Between 2000 and 2012 there was an increase of deforestation by 2,101 km2 per year 
(Mugume 2015). According to the IUCN SSC Human-Wildlife Conflict Task Force (2018), local 
human/wildlife conflict happens where humans and forests overlap. Here animals, especially 
mammals that consume crops or livestock, become a threat to people whose livelihoods depend 
on those crops (Human-Wildlife Conflict 2018). Farmers began hunting these species, and this 
conflict lead to the extinction or severe decline of many species (Human-Wildlife Conflict 2018). 
Along with conflicts between farmer and large predators, human-caused habitat transformation 
can lead to fires, bushmeat consumption, disease, and other factors that stress wildlife and 
ultimately lead to defaunation (Malhi et al. 2014).   

 In the early 1990’s Canadian Ambassador for the environment, Robert Campeau, 
initiated the UN Biodiversity Convention at the Rio Summit on the Environment and 
Development in 1992. He believed that the one hope for preserving the world’s remaining 
biodiversity lies with ecotourism and creating peace with nature (Springer 2010). Ecotourism 
should help preserve and conserve natural areas while raising environmental awareness and 
educating the public about the benefits of nature. It is also a way to raise funds for conservation 
and can provide employment opportunities as well as social programs for the local community 
(TIES 2006). Ecotourism gives economic value to protected areas that might otherwise be used 
for agriculture or settlement (Dunstone 1996). Costa Rica was a pioneer in preserving habitat and 
biodiversity through advancement and encouragement of ecotourism (Springer 2010). 

 The Convention on Biodiversity (CBD), an international treaty, was signed at the 1992 
Rio Earth Summit by one hundred fifty government leaders. This treaty was designed to 
maintain biodiversity on Earth (Caldas 2009). In June of 2001, international guidelines were 
drafted by experts from twenty-seven governments as well as non-government organizations, the 
United Nations Environment Program, the United Nations Educational, Scientific and Cultural 
Organization as well as the private sector to address the activities that are associated with the 
development of sustainable tourism in sensitive ecosystems (Caldas 2009). The CBD guidelines 
are ways to reduce perceived hazards created by tourism in three ways: environmental, 
economic, and social.  

However, ecotourism has its shortcomings. Increased visitation to fragile ecosystems can 
create challenges to preservation. With tourism comes the need for infrastructure, including 
buildings, roads, and walking trails - all of which can create further fragmentation. Waste and 
water management is also needed with increased visitation (Caldas 2009). These types of growth 
in delicate habitats could compound the issues that already impact the area (Dunstone 1996). 
Such problems may be especially prominent in privately owned reserves where there is a lack of 
monitoring by government agencies (Caldas 2009). 

 Caldas (2009) outlined eight guidelines she chose to investigate in Monteverde’s many 
ecological reserves, rating them according to compliance. The CBD tourism guidelines used 
were: “-1) The encouragement of environmentally responsible behavior on part of the 
ecotourists. -2) Good waste management of sewage and wastewater; chemical wastes, toxic 
substances and pollutants; and solid waste (garbage and rubbish). -3) Awareness- raising, 
information sharing, education and training of ecotourism operators and their staff and 
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sensitization of ecotourists on biological diversity issues. -4) Tangible benefits to the local 
economies, such as job creation. -5) Long-term monitoring and assessment, including the 
development and use of indicators to measure impacts of tourism on biological diversity and 
consequently to improve strategies and plans for tourism activities. -6) Public education and 
awareness. -7) Government monitoring of reserve policies. -8) Affordable access to the reserve 
to locals/community members.” (Taufatofua & Tapper 2004).   

 Aside from the CBD ratings there are other differences in sites. In the Monteverde Cloud 
Forest Preserve there is high visitation, high infrastructure and high CBD rating, Selvatura has 
high visitation, high infrastructure and low CBD rating. The Biological Station has low 
visitation, low infrastructure and an intermediate CBD rating. The reserves are all the same 
habitat (mostly primary Cloud Forest) at the same elevation (around 1550 meter) and they all 
connect to one another and the Children’s Eternal Rainforest meaning the size of the reserves are 
not a factor. These differences in the reserves could impact the way that humans interact with the 
environment and either promote peaceful coexistence or create more conflicts. Mammal diversity 
and abundance could be greatly impacted by different types and levels of human disturbance. 

Materials and Methods 
I chose three ecological reserves: The Monteverde Cloud Forest Preserve, The Monteverde 
Biological Station, and Selvatura Adventure Park. They were chosen based on their CBD 
tourism guidelines that was rated by Caldas (2009) out of 51 total points. The Monteverde Cloud 
Forest Preserve was rated at 29.90 points, Selvatura Adventure Park was rated at 12.57 points 
and the Biological Station was rated at 23.50 (Caldas 2009). I set up seven camera traps in each 
reserve at approximately 100-300 meters apart on the most visited trails. I completed six two-
hour point counts in each reserve walking approximately four kilometers each visit. The 
mammals that tend to appear in family groups were counted as individuals when appearing in 
groups and solo. 

Study Sites 

Each reserve differed significantly in their characteristics but all three reserves are part of a 
22,000-hectare piece of continuous protected area Located in Monteverde, Costa Rica. 

Selvatura Adventure Park 

Selvatura Adventure Park has suspension bridges (Fig. 1.) that go over the canopy of the 
forest and 1.5 meters wide paved walkways to allow access to a variety of visitors. They offer 
zip lining above the canopy as well and I was able to hear people screaming and the wire ringing 
throughout the park nearly any time of day. The suspension bridges allow the forest underneath 
to remain relatively undisturbed with the only major disturbances happening during the initial 
installation of the bridges. However they are still impacted by noise and commotion of tourists. 
There are an estimated 54,000 tourist visits annually to the 300 ha park (Caldas 2009).  This site 
is not a forest fragment however because it connects directly to the Biological Station forest and 
the Monteverde Cloud Forest Reserve. 
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Figure 1. Selvatura Adventure Park located in Monteverde, Costa Rica. Suspension bridge and 
paved walking trails (1.5 meters wide) are infrastructure that could impact mammal diversity and 
abundance with in the park. Camera trap set up to monitor activity.  

The Biological Station 

The Biological Station is not open to the public so they only receive approximately 325 
students and researchers within the 100 ha area (Caldas 2009) which also connects to Selvatura 
and the Monteverde Reserve directly. As a result, there is not much traffic on the trails. These 
trails are unpaved and are not managed or cleared on a regular basis since there are not that many 
visitors (Fig. 2.). I would walk on the trails for my point counts and not see anyone until I got 
back to the main station building. There are hotels nearby and occasionally you can hear distant 
sounds of zip lining.  However, once you are in the forest and away from the main buildings, 
there are not noticeable sounds made by humans.  
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Figure 2. Unpaved low maintenance trails about half a meter to 1 meter, located at the 
Biological Station in Monteverde, Costa Rica. 

The Monteverde Cloud Forest Preserve 

The Monteverde Cloud Forest Preserve is the largest reserve studied with an area nearly 
of 5,000 ha (Reservamonteverde.com 2018) which is also connected to the other reserves. I set 
up my cameras and did my point counts on the Sendero Camino and Sendero Nuboso (A) trails 
(Fig. 3). The Sendero Comino trail was large enough for a truck to pass down it, approximately 3 
meters wide, to maintain the trails and they passed though frequently (Fig. 4.) but the Sendero 
Nuboso trail was smaller at approximately 1-meter-wide (Fig. 5.). They have a fairly large staff 
ranging from trail maintenance to guides. The reserve gets nearly 80,000 visitors every year 
(Caldras 2009). I noticed that the tourists there seemed to understand the value of keeping quiet. 
Even when greeting each other and me they talked in low voices and seemed to be in awe of the 
experience.  
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Figure 3. Monteverde Cloud Forest trail map (Reservamonteverde.com 2018). 

    
 

Figure 4.; Sendero Camino trail, large enough for a truck, approximately 3 meters wide in 
Monteverde Cloud Forest Reserve in Monteverde, Costa Rica. 
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Figure 5. Sendero Nuboso trail, Monteverde Cloud Forest Reserve in Monteverde, Costa 
Rica. approximately 1-meter wide 

Results 

I examined 27 days of photographs taken by the camera traps and identified all the mammals. If 
the same species was seen in the same day, it was only counted once to keep from counting the 
same individual many times. I then compiled all the individuals seen in each reserve to compare 
total abundance and richness along with relative abundance similarities between them. There 
were no significant differences in species richness between reserves (Chi-Square X2=0.2, df=2, 
p= 0.9048; Fig. 6). The Biological Station had significantly more individuals present than in the 
other two reserves and shows in the results of the abundance (Chi-Square = X2=66.305, df=2, p= 
4E-15; Fig. 7). 

    

Figure 6. Mammal species richness in three ecological reserves differing in impact of 
ecotourism. Selvatura Adventure park, with high visitation, high infrastructure and a relatively 
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low Convention on Biodiversity (CBD) reserve management score, had ten species of mammals 
identified, while the Monteverde Biological Station, with low visitation, little infrastructure and 
an intermediate CBD score, had 11 species of mammals identified and the Monteverde Cloud 
Forest Preserve with high visitation, infrastructure and CBD score had 9 species of mammals 
identified. 

 

Figure 7. Total mammal abundance in tree ecological reserves differing in impact of ecotourism. 
Selvatura Adventure park, with high visitation, high infrastructure and a relatively low 
Convention on Biodiversity (CBD) reserve management score, had 25 individuals identified, 
while the Monteverde Biological Station, with low visitation, little infrastructure and an 
intermediate CBD score, had 109 individuals of different species identified and the Monteverde 
Cloud Forest Preserve with high visitation, infrastructure and CBD score had 43 individuals of 
different species identified. 

The Shannon-Weiner diversity index showed that the Monteverde Cloud Forest Preserve 
(H’=1.745), Selvatura Adventure Park (H’=1.923) and The Biological Station (H’=1.951) did not 
have significant differences between them. A pairwise t-test shows that Selvatura Adventure 
Park and the Biological Station (t= -0.1301, df = 31.735, p= 0.8973), Selvatura Adventure Park 
and Monteverde (t= 0.74632, df= 46.429, p= 0.459240). and the Biological Station and 
Monteverde (t=1.3738, df=69.752, p=0.17391) had no significant differences as well. Using a 
Morisita Index I was able to determine that Monteverde and Selvatura Adventure Park are 15 
percent similar in terms of species shared with similar relative abundances, Monteverde and the 
Biological Station are 56 percent similar and Selvatura Adventure Park and the Biological 
Station are 21 percent similar. 
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Figure 8. Relative abundance of mammals in the Selvatura Adventure Park, a reserve with low 
CBD management score, high visitation and high infrastructure. Howler Monkeys (Aloutta 
palliate): 10 individuals (40%); Striped Hog-Nosed Skunk (Conepatus semistriatus): 3 
individuals (12%); Cuati (Nasua narica): 3 individuals (12%); Ocelot (Leopardus pardalis): 2 
individuals (8%); Margay (Leopardus wiedii): 2 individuals (8%); Squirrel (Sciuridae): 1 
individual (4%); Opossum (Didelphis barbara): 1 individual (4%); Tayra (Eira barbara): 1 
individual (4%); Bat (Chiroptera): 1 individual (4%); Paca (Agouti paca): 1 individual (4%) 

       

Figure 9. Relative abundance of mammals in the Monteverde Cloud Forest Preserve with 
high visitation, infrastructure and CBD score, Red Brocket Deer (Mazama americana) : 
14 individuals (33%); Agouti (Dasyprocta punctate): 10 individuals (23%); Coati (Nasua 
narica): 9 individuals (21%); Tayra (Eira Barbara): 4 individuals (9%); Paca (Agouti 
paca): 2 individuals (5%); Bat (Chiroptera): 1 individual (2%); Sloth, two toed (Chloepus 
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hoffmanni): 1 individual (2%); Sloth, three toed (Bradypus variegatus): 1 individual 
(2%); Squirrel (Sciuridae): 1 individual (2%) 

 

Figure 10. Relative abundance of mammals in the Monteverde Biological Station, with low 
visitation, little infrastructure and an intermediate CBD score, Agouti (Dasyprocta punctate): 27 
individuals (25%); Coati (Nasua narica): 25 individuals (23%); Opossum (Didelphis barbara): 
15 individuals (14%); Armadillo (Dasypus novemcintus): 15 individuals (14%); Mice 
(Heteromyidae): 11 individuals (10%); Squirrel (Sciuridae): 9 individuals (8%); Ocelot 
(Leopardus pardalis): 4 individuals (4%); Puma (Puma concolor): 1 individual ((1%); Dog 
(Canidae): 1 (1%); Tayra (Eira Barbara): 1 individual (1%); Weasle (Mustelidae): 1 individual 
(1%) 

The most common species in the Selvatura Adventure Park (Fig. 8) were howler 
monkeys (Aloutta palliate) which were counted as individuals, occurred in two observations (7 at 
one occurrence and 3 in another), striped hog-nosed skunks (Conepatus semistriatus) and cuatis 
(Nasua narica) while the least common mammals were ocelots (Leopardus pardalis), margay 
(Leopardus wiedii), squirrels (Sciuridae) opossums (Didelphis Barbara), tayras (Eira Barbara), 
bats (Chiroptera) and pacas (Agouti paca)  

The most common species in the Monteverde Cloud Forest Preserve (Fig. 9.) were red 
brocket deer (Mazama americana), agouti (Dasyprocta punctate), coati (Nasua narica) while the 
least common species were tayra (Eira Barbara), paca (Agouti paca), bat (Chiroptera), sloth, two 
toed (Chloepus hoffmanni), sloth, three toed (Bradypus variegatus) and squirrel (Sciuridae). 

The most common mammals in the Monteverde Biological Station (Fig. 10.) were agouti 
(Dasyprocta punctate), coati (Nasua narica), opossum (Didelphis barbara) and armadillo 
(Dasypus novemcintus) while the least common species were mice (Heteromyidae), ocelot 
(Leopardus pardalis), squirrel (Sciuridae), puma (Puma concolor), dog (Canidae), tayra (Eira 
Barbara), and weasle (Mustelidae). 
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Figure 11. Ocelot as a shared species between the Monteverde Biological Station, with low 
visitation, little infrastructure and an intermediate CBD score and Selvatura Adventure Park, a 
reserve with low CBD management score, high visitation and high infrastructure. 

The shared species between the three reserves were coati, tayra, opossum and squirrel. 
Shared species between only Selvatura Adventure Park and Monteverde Cloud Forest Preserve 
were bats and pacas. The shared species only between Selvatura Adventure Park and the 
Monteverde Biological Station were ocelots (Fig. 11.). There were not any shared species that 
only appeared between Monteverde Biological Station and Monteverde Cloud Forest Preserve.  

Discussion 
All three reserves had a similar numbers of species present regardless of their CBD 

rating. However, there were differences in the types of species in each reserve. For example, 
there were red brocket deer detected in the Monteverde Cloud Forest Preserve and not in any 
other reserve while there were howler monkeys only observed in Selvatura Adventure Park. 
However, there were also some species; coati, squirrel and tayra, that occurred in all the reserves. 
Despite the Biological Station having a CBD rating of 23.50 out of 51 total points, there was a 
significant difference in the number of individuals from many species present there compared to 
the other reserves.  

Considering all the mammals observed, there is reason to believe that they may be 
moving between them. Big cats like ocelots, pumas, and margays tend to need large home ranges 
for hunting and mating. For example, ocelots have a home range of approximately 4-13 
kilometers depending on if they are male or female and the type of terrain (Kittel 2018) so they 
would need an area of at least 400 ha to have adequate space. Since they were observed in two of 
the three reserves which are interconnected, they are likely to be moving between them. 
Ecological reserves are important for preserving these types of home ranges and if they are near 
enough to each other they can create affective corridors for these species with vast home ranges 
which is important for conservation efforts. Having enough land dedicated to protection can also 
help with large predator-farmer interactions. When predators have enough space and food it 
limits their need to look elsewhere and can have positive affects for farmers whose livestock 
were being threatened. In a study by Amit et al. (2013) in Costa Rica, human–wildlife conflicts 
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can threaten conservation of large cat populations including pumas (Puma concolor). I believe 
that protecting large areas and maintaining habitat corridors can create peaceful relations 
between farmers and large predators. Corridors between reserves can ultimately influence 
carnivore activity and the size of the corridors and reserves need to be significant (Hilty et al. 
2012).  

There were no significant differences in species richness between the reserves but there 
were many species observed. The rating of the reserves did not seem to have an impact on the 
species richness but the level of human disturbance meaning infrastructure and number of 
people, seems to be a factor in the abundance of mammals present. This is shown in the 
Monteverde Biological Station, where there were many more individuals observed than in 
Selvatura Adventure Park and in the Monteverde Cloud Forest Preserve. This may be due to the 
number of visitors and the conditions of the trails. The Biological Station has less infrastructure 
and less total visitors per year than the other reserves. I expect that the abundance of mammals 
would increase in other reserves if they did not have as many visitors or infrastructure present. 
Ecotourism can work to promote peaceful cohabitation but only with careful planning like 
policies that limit noise, infrastructure and visitation. There needs to be a compromise between 
maximizing profit from visitors and protecting the wildlife that the ecotourists are there to see. If 
the wildlife is driven away because too much disturbance, then ecotourism will ultimately fail.  
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Antibiotic resistant bacteria in l ivestock 
farmland water runoff and nearby stream 
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ABSTRACT 

The continuous overuse of antibiotics on a global scale results in large amounts of antibiotics leaching into many 
natural ecosystems. Antibiotics leaching into ecosystems disrupts the bacteria naturally occurring in the environment 
and selects for antibiotic resistant bacteria (ARB). One of the major drivers of overuse is the agriculture industry, 
where livestock are unnecessarily given antibiotics as a form of growth promotion. ARB presence has been studied 
in Costa Rica, however research is largely lacking. This study examines ARB in aquatic farm runoff in Monteverde, 
Costa Rica from a livestock farm. It also examines a stream adjacent to the farm to determine if ARB are moving 
into the stream from the farm. Four sites along the stream were tested, one upstream of the farm, two adjacent to it 
and a fourth downstream of the farm. Using the disk method of diffusion, bacterial growth on agar plates was 
measured under five treatments: Ceftiofur, Gentamicin, Oxytetracycline, Penicillin, and control (no antibiotic). 
Results determined that ARB was in fact present in the stream, though it could not be determined whether it was 
entering into the stream from the farm. Instead, ARB likely entered the stream through many different points of 
runoff that pour into the stream. This resulted in a blend of ARB present in the aquatic ecosystem depending on 
what is in the runoff on any given day, with a site, day and treatment all significant to each other (LMM, 
Site:Treatment:Day Chisq=84.116, Df=48, P=0.001). Overall, results suggest that ARB are entering into the aquatic 
ecosystem with the potential to be harmful to both ecosystem and human populations alike.  

RESUMEN 

El sobreuso continuo de antibióticos en una escala global resulta en largas cantidades de antibióticos filtrándose 
hacia muchos ecosistemas naturales. Estos antibióticos filtrándose en los ecosistemas interrumpen las bacterias que 
ocurren naturalmente en los ambientes y seleccionan por bacterias resistentes a antibióticos (ARB). Uno de los 
mayores conductores del sobreuso en la industria agrícola, donde el gando es recetado innecesariamente con 
antibióticos como una forma de promover el crecimiento. La presencia de ARB se ha estudiado en Costa Rica, sin 
embargo hay una gran falta de investigación. Este estudio examiná ARB en el escape acuático en Monteverde, Costa 
Rica de una granja agrícola. Cuatro sitios a lo largo de una quebrada fueron muestreados, uno quebrada arriba de la 
granja, dos adyacentes a la misma y el cuarto quebrada abajo. Usando el método de difusión de disco, el crecimiento 
bacteriano en platos de ágar se midió para cinco tratamientos: : Ceftiofur, Gentamicin, Oxytetracycline, Penicilina, y 
control (sin antibióticos). Los resultados determinan que de hecho hay ARB en la quebrada, aunque no se puede 
asegurar que de hecho haya entrado a la quebrada desde la finca. Más bien, ARB puede haber entrado a la quebrada 
a través de varios puntos diferentes que entran a la quebrada. Esto resulta en una mezcla de ARB presente en los 
ecosistemas acuáticos dependiendo de cual es el filtrado en cada día, con el sitio, día, y tratamiento todos diferentes 
de cada uno (LMM, Sitio:Día de tratamiento Chisq=84.116, Df=48, P=0.001). En general, los resultados sugieren 
que ARB están entrando en los ecosistemas acuáticos con el potencial de ser perjudiciales tanto para el ecosistema 
como para las poblaciones humanas. 

INTRODUCTION 

Antimicrobial resistance has become an increasingly pervasive global health issue. Antimicrobial 
resistance is when microorganisms such as bacteria, viruses and fungi mutate rendering the 
medication used to cure microorganism infections ineffective (WHO 2017). Antimicrobial 
resistance generally occurs when low and continuous concentrations of antimicrobial agents are 
applied to microorganisms’ (WHO 2017, Drusano et al 1993).  

 Antimicrobial agents that are regularly produced by human activities, are able to leach 
into ecosystems (Zhang et al. 2009). This is found in the waste of the agricultural industry where 
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livestock are given antibiotics as a tool for disease prevention as well as for growth promotion 
(Graham et al. 2007), as well as in medical waste (Proia et al. 2018).  Humans do no metabolize 
antibiotics fully and twenty to ninety-seven percent of the ingested antibiotics leave the body in 
unaltered form (Jelic et al. 2015); in livestock it is twenty-five to seventy-five percent of 
antibiotics are excreted unmetabolized (Borghi and Palma 2014). When antibiotics enter into an 
environment, they select for genetically modified antibiotic resistant bacteria (ARB) that are able 
to survive in the presence of antibiotics (de la Cruz et al. 2014). Though initial colony growth is 
slow of the genetically modified ARB, their presence increases in the absence of naturally 
present bacteria that are not able to survive in the presence of antibiotics (de la Cruz et al. 2014).   

Human waste generally is deposited into sewage systems, which has been found to act as 
a reservoir of ARB (Auguet et al. 2017). With livestock waste, the destination of waste runoff is 
less clear. This is especially a problem in developing countries that have strong agricultural-
based economies but little to no regulation on the release of antibiotics into the water and soils 
(de la Cruz et al. 2014). When antibiotics are released into the environment aquatically, they 
have been found up to 500 m from their source (Costanzo et al. 2005) with variance of persisting 
in aquatic environments from days to being non-degradable (Halling-Sorensen et al., 1998). Pig 
farms in Vietnam have been found to act as reservoirs for some ARB, which in turn can leak into 
city canals (Hoa et al. 2011). Many studies have found ARB in aquatic settings (Oberle et al 
2012; Krummer 2009; Proia et al. 2018), and that ARB are able to easily exchange resistance 
determinates within plant, human and animal bacteria in aquatic settings (Schluter et al. 2007). 
While ARB has been well documented in the tropics (Okeke et al 2005), and antimicrobial 
resistant genes have been found in pigeons in pigeons in San Jose, Costa Rica (Blanco-Pena et al. 
2017), little research on ARB in Costa Rica has been done. Knowing more about ABR in Costa 
Rica will provide a better plan for how to prepare against ARB and its spread into ecosystem and 
human populations. 

In this study, a site ARB presence was studied between a livestock farm and a stream 
adjacent to the farm in Monteverde, Costa Rica. The livestock are treated regularly with 
antibiotics, and ARB has been found in a previous study in the soils surrounding the farm 
(Ordemann 2017). In the previous study, ARB was found in higher concentrations near to the 
livestock waste compared to nearby forest sites (Ordemann 2017). This study focused on the 
presence of ARB in the aquatic waste runoff at the livestock farm compared to that of sites 
upstream, adjacent to, and downstream of the farm. This will help determine if farm water runoff 
is entering into the stream where farm ARB are predicted to be the most antibiotic resistant 
(AR). The Upstream sample is predicted to have the least AR, while the each site downstream is 
expected to have increasingly more antibiotic resistance. By bettering understanding if ARB is 
entering into the stream, we will be more prepared to protect against ARB leaching in the future. 
 
MATERIALS AND METHODS 
Sample Sites: 
The study was conducted at Erick Rockwell’s livestock farm in Monteverde, Costa Rica near the 
Cheese Factory as well as the stream between the Rockwell’s Farm and the Cheese Factory. 
Farm water samples were taken from the water runoff that drained from the barn after the pens 
were washed. Stream samples were taken from 4 sites along the adjacent stream, one site 
upstream from the farm (Upstream), one site adjacent to the farm (Adjacent Farm), one site at the 
base of the bridge and street drainage line (Bridge), and the last site downstream of the farm 
(Downstream) (figure 1). In regards to farm operations, once the waste water exits the livestock 
pens, it is collected in a storage container, the solids are separated from liquids and the liquids 
are sprayed back into the fields as a liquid fertilizer. All sites are at 1200 meters of elevation. 
Four rounds of three samples per day at site each were taken between April 14th through April 
25th, 2017.  
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Figure 1. The five relative locations of sites, Farm water samples were taken from the water 
runoff that drained from the barn after the pens were washed. Stream samples were taken from 4 
sites along the adjacent stream, one site upstream from the farm (Upstream), one site adjacent to 
the farm (Adjacent Farm) ~150 m downstream from Upstream, one site at the base of the bridge 
and street drainage line (Bridge) ~150 m downstream from the adjacent farm, and the last site 
downstream of the farm (Downstream) ~120 m from the bridge. Samples taken from each of 
these sites were plated with different antibiotic treatments to measure antibiotic resistant growth.  
 
 
Treatments: 
Samples were individually plated on petri dishes that were divided in 5 sections, one for each 
treatment (Figure 2). Treatments were chosen based on the antibiotics used on the livestock farm. 
The 5 treatments were: control (1X Phosphate-buffer solution), Ceftiofur (8ug/mL), Gentamicin 
(16ug/mL), Oxytetracycline (16ug/mL), and Penicillin/ Dihydrostreptomycin (further shortened 
to Penicllin) (32ug/mL). Dilutions were obtained from the respective veterinarian drugs: Celaq, 
Gentamicinia, Emicinia, and Pen Duo Strep. The concentrations were based off of the minimum 
inhibitory concentrations of the respective antibiotics (Mathew at al. 2001) and copies the ABR 
soil sample study done by Ordemann (2017) to maintain uniformed procedure. Based on the 
methods of Koshi et al. (2006), 1 mL of sample solution was diluted with 9 mL of 1X Phosphate-
buffer solution and spread evenly across the plate. One filter paper disk was dipped into each 
treatment and placed onto the plate in their respective section. Treatments were dispersed via 
disk method of diffusion (Hudzicki 2009). Plates were stored in a container with temperatures 
varying from 18 °C to 30°C.  
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Figure 2. Five treatments organized on each sample: control (1X Phosphate-buffer solution), 
Ceftiofur (8ug/mL), Gentamicin (16ug/mL), Oxytetracycline (16ug/mL), and Penicillin 
(32ug/mL). Each sample received each treatment, and bacterial growth was measured for each 
disk after 14 days of growth.  

Bacterial Growth: 
Plates incubated for fourteen days (+/- 14 days) and then measured. Measurements were taken 
between the edge of each disk and the the nearest colony. The closer the colony grows to the 
disk, the more antibiotic resistant it is. Measurements were done using a dissecting scope with 
the help of a micrometer. Fungal growth was ignored, following the procedures of Ordemann 
(2017).  
 
Statistical Analysis: 
Distances were compared between treatments using a Linear Mixed Model (LMM) with 
collection day as a random effect to control for repeated measures of the same places over time. 
Distances were compared between sites, treatments, collection dates and the interactions between 
these factors. Distances were log transformed to meet the assumption of a normal distribution. 
 
RESULTS 
Treatment: 
Distances between bacterial colonies and disks were significantly different between treatments 
(Linear mixed model test, with sample as random effect to control for repeated measures on the 
same sample, F=4.07, numDF=4, denDF=272, p=0.0032). Treatment control showed 
significantly shorter distances between the closest bacterial colony and the disk edge against all 
of the other treatments, except for Penicillin (Figure 3). 
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Figure 3. Mean and standard error distance from a paper disk with antibiotic treatment and the 
nearest bacterial colony in petri dishes. Water samples were taken from a livestock farm runoff 
and 4 sites along the adjacent stream, one site upstream from the farm (Upstream), one site 
adjacent to the farm (Farm Adjacent), one site at the base of the bridge and street drainage line 
(Bridge), and the last site downstream of the farm (Downstream). Sixty samples were collected 
for each treatment. Each sample was tested against each sample Ceftiofur, Gentamicin, 
Oxytetracycline, Penicillin and a control without antibiotics. Colonies grew for 14 days before 
distances were measured. All sites are located in Monteverde, Costa Rica at 1200m elevation. 
Different letters above means indicate significant distances after post hoc Tukey tests (p<0.05).  

Site x Treatment x Day  
Day, treatment and site are all significant against eachother (LMM, Site:Treatment:Day 
Chisq=84.116, Df=48, P=0.001). Factoring in day of sample collection changes the significance 
of treatment on the mean growth of the closest bacterial colonies to the edge of the treated filter 
paper at the sites (Figure 4A-4E). Distance between closest colony and the edge of the treatment 
disk varied greatly between days (Figure 4A-4E). General trends show that day one had the 
generally greatest distance between disk edge and closest colony while day 4 had similar 
distances.  
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D). 

 
 
E). 

 

 
Figure 4. Bars show the mean and standard error of distance between disk edge and bacteria 
colony (in mm) for treatments: Control (4A), Ceftiofur (4B), Penicillin (4C), Oxytetracyclin 
(4D), Gentamicin (4E) against samples from each site for each day of sample collection (n=3). 
Water samples were taken from farm samples were taken from the water runoff from the barn at 
the Rockwell Farm. Stream samples were taken from 4 sites along an adjacent stream, Upstream 
(Site 1), Farm Adjacent (Site 2), Bridge (Site 3), and Downstream (Site 4). All sites are located 
in Monteverde, Costa Rica at 1200m elevation. Colonies grew for 14 days (+/- 1) before 
distances were measured. 
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DISCUSSION: 
ARB, have been found in past studies to leach into the environment from agricultural 

applications, especially in livestock (Zhang et al. 2009). As is the case with the Rockwell’s 
Farm, where livestock are regularly given antibiotics, antibiotics are largely released into feces 
twenty five to seventy five percent unmetabolized (Borghi and Palma 2014). A previous study 
about ARB following the same methods as this study, that was done approximately a year prior 
to this study also sampled the Farm water runoff (Ordemann 2017). Comparing the Farm site 
results from this study to the previous study, the average distance of disk to closest bacteria 
colony for all of the treatments were approximately double that of the findings of Ordemann’s 
study (2017). This could be to different weather conditions, though studies were done around the 
same times, the weather was dry for this study while consistently rainy for Ordemann’s (2017). 
Additional differences could be to differences in farm operations as well as subtle differences 
between methodology of collection.  

Out of the antibiotics Penicillin is least effective against the bacteria. A reason for this 
could be because of Penicillin’s widespread use as well as its use as one of the earliest 
antibiotics. The other antibiotics fluctuate between one another, however there is not a 
significant difference between them. 

In this study, while the farm site does exhibit antibiotic resistant bacteria, it does not do 
so significantly more so than any of the other sites. In fact all of the sites exhibit, on at least one 
day of the testing, a strong degree of antibiotic resistance to at least one antibiotic. Defining the 
degree to which each site has relative AR is not clear cut however and fluctuates by day. The day 
of sampling significantly impacts how close colonies grow to the antibiotic treatment disks at 
different sites, both at the farm and in the stream sites. A potential cause of this fluctuation is for 
the variable nature that antibiotics enter into a system. It is common for livestock farms to cycle 
antibiotic application to livestock, meaning that unmetabolized antibiotics vary in abundance, 
however the exact record of antibiotic use is not known beyond that they were in use during the 
study. If the antibiotic application could be determined, it would help to show the ARB levels in 
the waste water depending on the antibiotics that the livestock had been given.  

All of the sites, both farm and stream, appear to fluctuate in AR independently of one 
another. This means that further downstream, as far as this study has determined, the degree of 
ARB does not compile and become stronger, at least not in this section of the stream. Along the 
segment of the stream that was studied, there were six other sources of continuous runoff from 
manmade pipes. There were so many outside sources that what was in the stream on any day was 
a mix of what was being pumped into from These appeared to be mostly belonging to private 
residences, however it was not clear. One of these sources was directly upstream of stream Farm 
Adjacent Site (~5 m) and looked to be coming from a private residence. While the source of the 
runoff is not clear, it is predicted to explain the patterns that are found at Farm Adjacent Sites 
trend towards being generally the most AR of all of the sites. This additionally could have been 
an effect of being the physically closest site to the farm. The potential effects of the run off was 
also observed at the the Bridge Site runoff was about thirty meters downstream of runoff 
entering into the stream from the Cheese Factory compound. These Chees factory produces 
lactose based products ie. ice cream and cheese. The Cheese Factory claims to not use any 
lactose from cows given antibiotics, however on at least two days there was a strong resistance to 
the Gentamicin treatment for the samples from the bridge site. Further testing from all of the 
runoff sources should be done to determine if ARB are entering the stream from all of these 
different sources, which would allow for a better system to be implemented to stop them from 
entering into the stream. Because there were so many outside factors, the effect of the Rockwell 
farm runoff, could not be determined.  

Notably, in a previous study, AR has been found in runoff five hundred meters from the 
source of the AR (Costanzo et al. 2005).This does not seem to be reflected in any of the results 
that were concluded here, however, it is difficult to properly isolate the effects of any one source 
on the streams ARB, since there are so many points of entry to potentially contaminate the 
stream. This highlights the issue facing ecosystems in a number of ways and exhibits the need 
for examining this sort of pollution on a whole ecosystem scale. The day to day release of runoff 
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results in a fluctuating reservoir of ARB forming in the stream. Interestingly, the upstream site 
also exhibited levels of antibiotic resistance. This could be explained because at the upstream 
site, it is above the farm, but that does not mean that it is acting as a pure source. Given that there 
were six run off entry points along the section of the stream focused upon in the study, it would 
not be a surprise if there were others as well upstream of the Upstream Site and in the future the 
source of the stream as well as all possible other entrance points upstream should be examined.  

While AR enters into the system in multiple ways along the stream, it also has the 
potential to be absorbed by it along the way. Though the effects of ARB on aquatic freshwater 
ecosystems was not the focus of the study, ARB has previously been documented to impact the 
functions of the ecosystem (Proia et al. 2018; Schwartz et al 2003; Halling-Sørensen et al. 1998) 
suggesting that it does have an impact on the stream ecosystem as well. Via horizontal gene 
transfer, the ARB have previously been found to mutate the native bacteria (Olsen 1999). This 
has been found to result in AR genes to stay in systems long after the pollutants have been 
removed ecosystems (Costanzo et al. 2005), resulting in the stream to act as potential AR 
reservoir. With the ability of horizontal gene transfer, there exists the capacity for pathogenic 
bacteria to absorb AR genes resulting in potentially very harmful impacts on human populations.  

In conclusion, it is evident that ARB are entering into the rural aquatic ecosystems as a 
results of human produced runoff. Although it was not possible to determine to what effect one 
single source had, such as the farm site, on the make-up of the ARB in the ecosystem, it is 
perhaps more important to note that many different sources contribute to the ARB in the 
ecosystem. The result is a cocktail of ARB entering into the waterways that, based upon findings 
of previous studies, could have potential effect on the health of the ecosystem and human 
populations. 
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ABSTRACT 
 
The water hyacinth, Eichornia crassipes, has been a popular candidate for phytoremediation, a cost-effective and 
sustainable water filtration process. Plants are effective filters of the ecosystem, and their ability to uptake nutrients 
is tightly correlated with symbiotic bacteria and mycorrhizal fungi. However, the importance of symbiotic bacteria 
and fungi in E. crassipes’ filtration abilities have not been extensively explored. The purpose of this project is to 
elucidate the importance of bacteria and fungi to the decontamination abilities of Eichornia crassipes. This 
relationship was determined through the monitoring of plant mass, pH changes, dissolved oxygen levels, and other 
qualitative observations over 21 days. The importance of fungi and bacteria was analyzed by the degree of change in 
the biochemistry of the water and through phenotypic observations of individual plants and statistical analysis. 
Mass, phosphate, dissolved oxygen, and pH levels changed less under the application of antimicrobials (especially 
antibiotics) in clean and fertilized water. Greywater plants died, but the greywater plants with antibiotics died more 
slowly than antibiotic-free greywater. This data indicates that loss of symbiotic fungi and bacteria mute a plant’s 
ability to interact with its environment. There is great potential to take advantage of this relationship; the possible 
range of pollutants E. crassipes can process could increase and the processing rates could be maximized. This can 
make phytoremediation projects more cost effective and widely applied as a standard water treatment process. 
 
 
RESUMEN 
 
El jacinto de agua, Eichornia crassipes, ha sido un candidato popular para la fitorremediación, un proceso de 
filtración de agua rentable y sostenible. Las plantas son efectivos filtradores en los ecosistemas, y su capacidad de 
absorber nutrientes está estrechamente relacionada con sus bacterias simbióticas y hongos micorrízicos. Sin 
embargo, la importancia de las bacterias simbióticas y los hongos micorrízicos en la capacidad de filtración de E. 
crassipes no ha sido extensamente explorada. El propósito de este proyecto es dilucidar la importancia de las 
bacterias y los hongos en la capacidad descontaminante de E. crassipes. Esta relación fue determinada a través de 
monitoreo de cambios en la masa de la planta, pH, niveles de oxígeno disuelto y otras observaciones cualitativas 
durante 21 días. La importancia de las bacterias y los hongos fue analizado mediante el grado de cambio en la 
bioquímica del agua, cambios en el fenotipo de cada individuo y mediante análisis estadíticos. Los niveles de masa, 
fosfato, oxígeno disuelto y pH cambiaron menos con la aplicación de antimicrobianos (especialmente antibióticos) 
en agua limpia y fertilizada. Todas las plantas en agua gris murieron, pero las plantas en agua gris con antibióticos 
murieron mas lentamente que aquellas que estaban en agua gris libre de antibióticos. Estos datos indican que la 
pérdida de las bacterias y hongos simbiontes, anula la capacidad de la planta de interactuar con su entorno. Hay un 
gran potencial para aprovechar esta relación; el posible rango de contaminantes que E. crassipes puede procesar 
podría aumentar al reducir las actividades del microbioma en aguas más tóxicas y las tasas de procesamiento podrían 
maximizarse en aguas menos tóxicas. Esto puede hacer que los proyectos de fitorremediación sean más rentables y 
se apliquen ampliamente como un proceso estándar de tratamiento de agua.  
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INTRODUCTION 
 

Accessibility to clean, fresh water is an abject necessity. Not only is water essential for 
biological processes, water is also used for domestic, agricultural, and industrial purposes. 
Unfortunately, these processes introduce a wide diversity of contaminants to water, dramatically 
reducing its utility. A wide variety of water treatment processes exist, including: oxidation and 
reduction, electrochemical methods, ion exchange, chemical precipitation, coagulation, and 
membrane filtration (Fakhru’l-Razi et al, 2009). While variably effective, some of these methods 
can be costly, difficult to maintain, and environmentally harmful (Mishra and Maiti, 2017). 
Additionally, eighty percent of the world’s population is vulnerable to water insecurity. This is 
disproportionately affecting developing countries as they lack the funds to offset high stressor 
levels without remedying their underlying causes (Vörösmarty et al, 2010). There is a pressing 
need to create efficient, low-cost, and environmentally friendly water treatment methods.  

Biological remediation, the use of biological organisms to clean contaminated media, is 
beginning to be touted as an in situ, cost-effective, and environmentally friendly alternative to 
the aforementioned treatments (rew 2007). In particular, phytoremediation, the use of plants to 
clean contaminated sites, has been increasingly explored as an effective pollutant treatment (Paz-
Alberto and Sigua, 2013; Garbisu et al, 2002). Plants are effective environmental filters as they 
can accumulate and/or degrade pollutants, effectively stabilizing the media they are in (Angers & 
Caron 1998). Phytoremediation projects have been demonstrated to be cost-effective; projects 
can offset costs in less than seven years (Wan et al, 2016). 

The water hyacinth, Eichornia crassipes, has been a popular candidate for 
phytoremediation (Malike 2007). E. crassipes is an incredibly invasive species; in ideal 
conditions, E. crassipes can double its water coverage in a single week (Malik 2007). While this 
voracious growth has serious impacts on native wildlife, it is a characteristic that is beneficial to 
phytoremediation practices (Malik, 2007). Repeatedly, E. crassipes is found as the one of most 
effective removers of pollutants, including heavy metals, inorganic, and organic materials 
(Mishra and Maiti, 2017; Victor et al, 2017). The water hyacinth is also able to reduce nutrients, 
chemical oxygen demand, solids, and salinity better than other water plants such as water lettuce 
(Pistia stratiotes) and pennywort (Hydrocotyle umbellate) (Akinbile and Yusoff, 2012). Overall, 
E. crassipes has been extensively studied and is able to restore water quality in the presence of a 
wide variety of pollutants (Mahmood et al, 2005; Mishra and Maiti, 2017). 

Plants are effective filters of the ecosystem, and their ability to uptake nutrients is tightly 
correlated with symbiotic rhizosphere bacteria and mycorrhizal fungi (Yang et al, 2009; Bolan, 
1991). (The rhizosphere is the is narrow region of soil of plant roots and associated 
microorganisms.) E. crassipes is no exception. A meta-transcriptomic analysis revealed 
communication between E. crassipes and fungi in a sewage-treatment pond during an 
environmental change. Plant roots developed more surface area to interact with fungus and the 
fungus upregulated its genes related to heavy metal response, indicating that both the fungus and 
plant worked together to cope with the environmental change. (Luo, 2015) Communication such 
as this is essential to understanding the composition and quality of the (Bais et al 2004). 
Rhizosphere bacteria have been shown to enhance the accumulation of selenium and mercury in 
wetland plants (De Souza et al, 2009). In Eichornia crassipes, bacterial strains can help remove 
heavy metals from contaminated waste waters (Faisal and Hasnain, 2003). 

The importance of symbiotic bacteria and fungi in E. crassipes’ filtration abilities have 
not been extensively explored. While the aforementioned preliminary studies indicate that a 
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relationship exists, the full nature of the relationship is not known. A better understanding is vital 
to create more successful phytoremediation projects with E. crassipes. If the scope of these 
relationships is better understood, water treatment projects using E. crassipes can be better 
engineered for maximum decontamination efficiency. Therefore, the purpose of this project is to 
elucidate the importance of bacteria and fungi to the decontamination abilities of E. crassipes. 
Specifically, the goal of this project is determining whether the absence of symbiotic fungi and 
bacteria impact Eichornia crasspies’s phytoremediation ability in water. 
 

 
MATERIALS AND METHODS  
 
Study Site 
 
Plants were exposed after collection to the environmental conditions a lower montane wet forest 
according to the Holdridge life zone classification, at the Monteverde Biological Station. 
 
Project Set Up 
 
Two sets of treatments were applied in order to fully examine the impact of the loss of symbiotic 
microorganisms on the ability for E. crassipes to remediate polluted water. The first treatment 
was pollution, either fertilizer or greywater. Clean water was used as a control. The second 
treatment involved the application of fungicide and antibiotics to the water. There were four 
categories: fungicide (F), antibiotic (A), both fungicide and antibiotic (B), and a control with 
neither (N). Clean spring water from the Monteverde Biological Field Station was used as a 
negative control as well as the base for all the experiments. For each of the twelve experiments, 
there were 9 biological replicates. A tenth sample of water without a plant was used as a negative 
control for the impact of plant presence on the quality of water. The experimental set-up is 
shown in Table 1. 

 
Table 1. Project Set Up 

Project Set Up 
Pollutants Antibiotic (A) Fungicide (F) Both (B) None (N) 
Fertilizer x9 replicates, x1 

control 
x9 replicates, x1 
control 

x9 replicates, x1 
control 

x9 replicates, x1 
control 

Greywater x9 replicates, x1 
control 

x9 replicates, x1 
control 

x9 replicates, x1 
control 

x9 replicates, x1 
control 

Black 
water 

x9 replicates, x1 
control 

x9 replicates, x1 
control 

x9 replicates, x1 
control 

x9 replicates, x1 
control 

Clean 
Water 

x9 replicates, x1 
control 

x9 replicates, x1 
control 

x9 replicates, x1 
control 

x9 replicates, x1 
control 

Total Plant Number: 108 
Total Tub Number: 120  
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Eichornia crassipes Preparation 
 
Over 120 young E. crassipes shoots were obtained from Hotel Valle Escondido in Monteverde, 
Costa Rica. Plants were very healthy. Young shoots were used for several reasons. Small plants 
will be easier to transport and can be put in smaller containers. Ideally, the young plants were 
more susceptible to the “pollution” I exposed them to, creating more discernible results. Shoots 
were placed in individual Tupperware tubs with 1.5 L of spring water for about a week as the 
experiment was prepared. This gave them time to recover from the stress induced by tearing 
them off the parent plant and transportation.  
 
 
Water/Pollutant Preparation 
 
Concentrations of treatments were based on either past student experiments, tailored to the 
parameters of available equipment, or mimicked typical application rates done in agriculture. 
Each plastic Tupperware tub had 1.5 liters of water. Fertilizer was added to a phosphate 
concentration of 40 mg/L. This concentration is in the ideal range for the high range Vernier 
phosphate probe method used in this study (Johnson et al 2007). Greywater was added at 1.5ml 
soap/1.5 L water. This concentration was chosen off a past CIEE student where the 
concentrations produced significant responses from the organisms tested (Pouls 2002). Penicillin 
was added at a concentration of 150 μl/1.5 liters. This is the concentration found in Monteverde 
soil according to a past CIEE experiment (Ordemann, 2017). Benomyl, a benzimidazole 
fungicide commonly used in Monteverde, was added at a concentration of 0.25 g/1.5L of water. 
This was above natural application rates for area, but fairly close for some crops (Benomyl 
2014). This was extrapolated from recommended doses from the manufacturer. Note that 
benomyl is meant to be sprayed on plant, direct application to water is not done. Like with the 
plant preparation, the treated water sat for a couple of days to let water quality stabilize. 
 
Data Collection 
 
A variety of measurements were taken to monitor water quality and E. crassipes health over a 
21-day period (Table 2). Some measurements were taken multiple times while some were taken 
only once (Table 2). These variables were chosen as they are all indicators of water quality 
and/or plant health. Direct qualitative observations were recorded to support and help elucidate 
quantitative patterns observed.  
 
Table 2. Factors Measured to Monitor Water Quality and Plant Health 

Measurements  
Plant Health Water Quality: Chemical Properties 

Qualitative Root and Leaf Observations (everyday) Dissolved Oxygen (Days 6 and 14) 
Wet Biomass (Days 1, 9, 21) Phosphate Concentration (Day 9)  
 pH (Days 1, 9, 21)  
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Data Collection and Statistical Analysis 
 
Dissolved oxygen (DO) was monitored using the Vernier Dissolved Oxygen probe and kit 
(Johnson et al 2007) The probe was calibrated to Monteverde’s elevation using the table 
provided in the instructions. Phosphate concentration was measured with the Vernier high-range 
phosphate kit using the first five plants and empty tub control (Johnson et al 2007). (This was 
done due to time constraints.) pH was measured with a digital pH meter. Wet biomass 
measurements were taken after excess water was shaken off until only a few drops would come 
off with each shake. For decaying plants, they were laid outside the tub for about thirty minutes 
then gently shaken. To monitor speed of death in greywater samples, the total number of living 
leaves was recorded over time. Statistical analysis was performed using a Linear Mixed Model 
(LMM) to compare the two treatments’ differences in response to time (fixed effects) if several 
recordings of a factor were taken. Plant identity was included as a random effect to account for 
lack of independence between repeated measures on the same plant. Another LMM was used for 
a factor recorded once as well, and just focused on the significant difference between treatments. 
Tukey post-hoc comparisons were conducted to determine differences between slopes in 
treatment*time significant interactions, and between treatments when interactions with time were 
not significant or not considered.  

The results were analyzed from data that did not include the control tub for comparisons 
between treatments. This was done because control tube data would have skewed the numbers as 
they did not undergo biochemical changes from E. crassipes. Control data was only used in the 
analysis of phosphates to look at the difference between starting concentrations and final 
concentrations. This was done because phosphate measurements were only taken once.  
 
 
RESULTS  
 
Mass 
 
Overtime, treatments for mass were significant in terms of change of treatment mass over time 
(LMM: F = 2.21, df = 2, p=0.014). The greatest significant decrease in mass over time occurred 
in treatments of GreywaterN. Greywater treatments with none, fungicide, and antibiotics all lost 
mass. The greatest significant increase in mass occurred in clean treatments without antibiotics 
(CleanF and CleanN). For both the Clean and Fertilized treatments, both and antibiotic treated 
plants gained less mass than the none and fungicide treated plants (Box 1)  
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pH 
 
Overtime, the change in pH between treatments is significant among three days of collected data. 
(LMM: F = 15.72, df = 2. p>0.0001) Overall, FertilizedN had a significant decrease in pH while 
GreyF and GreyN had significant increases that differed from the other treatments. Both Clean 
and Fertilized treatments had slopes following N<F<A<B pattern, splitting treatments with and 
without antibiotics. When looking at the treatments together, the Clean and Fertilized treatments 
without antibiotics (N and F) decreased more overall than the treatments with antibiotics. 
Greywater had a similar but opposite pattern: non-antibiotic treatments (F and N) experience the 
greatest change in pH but the change was positive in magnitude. All F and N treatments, 
regardless of pollution, had a greater change in magnitude than their A and B treatments. (Box 2) 
 

Slope of Mass with Time

GreyN -0.044

GreyF -0.026

GreyA -0.120

FertA 0.020

FertB 0.046

CleanB 0.050

GreyB 0.055

FertN 0.063

CleanA 0.068

FertF 0.088

CleanN 0.134

FertF 0.153

Pattern of Change in Mass with Time
Lowest Slope----------------------Highest Slope

Clean B A N F
Fertilizer A B N F
Greywater N F A B

Box 1 Analysis of change in Mass across twelve trials: Mass was
monitored over a 21 day period of E. crassipes in pollution
treatments (Clean, Fertilized, and Greywater) with various
antimicrobial treatments (None, Antibiotic, Fungicide, Both). Green
represents an overall increase while red represents overall decrease.
Data for mass was gathered on Days 1, 9, and 21 of the experiment.
Figure 1, reading top to bottom, lists change in slopes. The stars
represent the most significant changes over time. Figure 2
demonstrates the degree of change in each pollution treatment from
least to greatest.

Figure 1 Figure 2
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Dissolved Oxygen 
 
Overtime, the change in dissolved oxygen between treatments is significant. (LMM: F = 26.6, df 
= 2, p>0.0001). Overall, the greatest unique differences in dissolved oxygen were in the GreyF 
and GreyA treatments (greatest significant decrease) and the FertilizedF trial. (greatest 
significant increase) Within treatments, Clean and Fertilized treatments shared a similar pattern: 
slopes increased from A<N<B<F. (FertilzedA and N and FertilizedA and B treatments had a 
large difference between them.) The greatest increases in oxygen occurred in treatments with 
fungicide. The only experiments that had an overall decrease in dissolved oxygen were 
Greywater treatments with F and A. However, GreyB closely followed. GreyN was separate 
from the GreyF/A/B results. (Box 3)  
 

 

Slope of pH with Time

FertN -0.070

FertF -0.053

CleanN -0.042

CleanF -0.031

CleanA -0.017

CleanB -0.001

FertA 0.001

FertB 0.007

GreyA 0.008

GreyB 0.009

GreyF 0.021

GreyN 0.026

Pattern of Change in pH with Time
Lowest Slope----------------------Highest Slope

Clean N F A B
Fertilizer N F A B
Greywater A B F N

Figure 1 Figure 2

Box 2: Analysis of change in pH across twelve trials: pH was
monitored over a 21 day period of E. crassipes in pollution
treatments (Clean, Fertilized, and Greywater) with various
antimicrobial treatments (None, Antibiotic, Fungicide, Both). Green
represents an overall increase while red represents overall decrease.
Data for pH was gathered on Days 1, 9, and 21 of the experiment.
Figure 1, reading top to bottom, lists change in slopes. The stars
represent the most significant changes over time. Figure 2
demonstrates the degree of change in each pollution treatment from
least to greatest.
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Phosphate 
 
Phosphate values (collected once during the study period) varied among treatments (p>0.0001, df 
=2, F = 30.70). This had large significant differences since a 30% phosphate fertilizer was used 
in fertilized treatments that resulted in three distinct sets of concentrations (Figure 1). All Clean 
treatments and the Grey N treatment had very low (0-4 mg/L) concentration of phosphate. 
Greywater treatments A B and F all had larger levels of phosphates (11, 15, and 11 mg/L 
respectively) (Figure 1). Overtime, phosphate levels decreased in the Fertilizer pollution, 
indicating uptake. However, uptake did not occur in the FertN treatment. Those plants’ roots 
turned a deep blue-purple. (Figure 3) In grey water A B and F, phosphate levels increased 
relative to the empty tub control. Clean water had little variation among the four treatments. 
(Figure 2) 

Slope of Dissolved Oxygen 
with Time

GreyF -0.043

GreyA -0.038

GreyB 0.004

FertA 0.010

FertN 0.016

CleanA 0.045

CleanN 0.053

GreyN 0.060

CleanB 0.125

CleanF 0.168

FertB 0.199

FertF 0.226

Pattern of Change in Dissolved Oxygen with Time
Lowest Slope----------------------Highest Slope

Clean A N B F
Fertilizer A N B F
Greywater F A B N

Box 3 Analysis of change in Dissolved Oxygen across twelve
trials: Dissolved oxygen levels were monitored over a 21 day
period of E. crassipes in pollution treatments (Clean, Fertilized, and
Greywater) in various antimicrobial treatments (None, Antibiotic,
Fungicide, and Both) Green represents an overall increase while red
represents overall decrease. Data for mass was gathered on Days 4
and 16 of the experiment. Figure 1, reading top to bottom, lists
change in slopes. The stars represent the most significant changes
over time. Figure 2 demonstrates the degree of change in each
pollution treatment from least to greatest.

Figure 1 Figure 2
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Figure 1: Mean +/- SE phosphate levels of E. crassipes in pollution treatments (Clean, 
Fertilized, and Greywater) with various antimicrobial treatments (None, Antibiotic, Fungicide, 
Both) on Day 14. This is according to treatment in mg/L using Vernier high-range phosphate kit. 
Fertilizer had the highest means overall, (around 40 mg/L) while greywater had less phosphate 
(around 11 mg/L). Clean water had little discernible phosphate concentration. Similarity of 
means are reported above the bars according to a Linear Mixed Model. (LMM: F =366.24, df = 
2, p>0.0001) 
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Figure 2: Difference in Phosphates between treatment and empty tub controls in mg/L. on Day 
14. Phosphate levels of E. crassipes in pollution treatments (Clean, Fertilized, and Greywater) 
with various antimicrobial treatments (None, Antibiotic, Fungicide, Both) on Day 14 using the 
Vernier high-range phosphate kit. This is according to treatment in mg/L using Vernier high-
range phosphate kit. Negative values indicate phosphate uptake while positive values indicate 
phosphate leaching. Overall, phosphate uptake occurred in fertilizer treatments (A = -4.52; B = -
9.46; F = -3.2, N = 7.42) while phosphate was lost in greywater treatments. (A = 6.86; B = 7.5; F 
= 4.1; N = 0.12) Clean water did not have much activity. (A = 0.2; B = -2.92; F = 0; N = 0)  
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Fig 3: Fertilized none E. crassipes roots 
turned a purple-blue color. Tips of the 
roots lost root hairs and became 
bleached. 
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E. Leaf Senescence in Greywater  
 
All plants subjected to the greywater treatment began to senescence and decay within a week of 
treatment. The focus turned to observing if the difference between antibiotic and fungicide 
treatments altered the speed of death. A simple measure is quantifying the number of leaves alive 
or dead.  

Overall patterns appeared separating the treatments with antibiotics from those without. 
GreyN and GreyF started to senesce at a greater rate than GreyA and GreyB. (Table 2) Over the 
period of the experiment, F and N treatments had the fewest leaves left while A and B kept a 
greater percentage of leaves. (Table 3) 

 
Tables 2 and 3: Qualitative analysis on rate of death of E. crassipes in greywater treatment in 
none, antibiotic, fungicide, and both. Table 2 represents the total number of senescing leaves on 
day four, with most senescent in N and F treatments. Table 3 describes the number of living 
leaves left in each treatment over Days 6, 16, and 21. 
 
 
 Table 2     Table 3 

 
 
 
Note: Supplementary data of the differences of means of all factors via the Tukey post-hoc tests 
are in table S1 
 

DISCUSSION 

The main purpose of this experiment is to determine if the loss of symbiotic microorganisms 
impact the water hyacinth’s ability to clean water. It is important to know that it is assumed that 
the addition of fungicide and antibiotics are killing the plant’s symbiotic microorganisms. The 
results could be a result from direct uptake and interaction of the chemicals with the plant instead 
of the microorganisms. Another possibility is that variety of treatments could be interacting 
among each other, either increasing or decreasing impact on the plant and water quality. 

Greywater	
Treatment

Number	of	Senesced	
Leaves	(Day 4)	

None 7

Antibiotic 4

Fungicide	 7

Both	 2

Number	of	Live Leaves	Total

Day	6 Day	16 Day	21

None 15 2 3

Antibiotic 22 14 17

Fungicide 9 3 5

Both 18 9 9
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Nevertheless, the role of microorganisms in a plant’s ability to phytoremeidate water is important 
to understand in order to tailor treatments to maximize phytoremediation efficiency.  

As previously mentioned, E. crassipes has the ability to double water cover in a week 
(Malik 2007). Thus, a marked increase in mass, or lack thereof, can be correlated with the quality 
of water the plant is treating. My data show that the plants that grew the most were in none or 
fungicide water. Both the Clean and Fertilized treatments experienced more robust growth in the 
non-antibiotic treatments. This indicates that the loss of bacteria is impeding plant growth. The 
plants that loss the most mass are the ones in the greywater-none treatment.  Loss of mass 
indicates that the plants are dying as they can no longer retain water and begin to rot. An 
interesting note is that greywater treated with both fungicide and antibiotics did not experience 
an overall decrease in mass, indicating that the presence of fungicide and antibiotics protected 
the plant. Since mycorrhizal fungi and bacteria connect a plant more strongly with the 
environment, (Bais et al 2004) the potential loss of the connection could have acted as some sort 
of protection against the poisoned greywater.  

Eichornia crassipes plants can survive in a pH range of 4.0 to 8.0, however the optimum 
growth range for plants is 5.8 to 6 (El-Gendy 2004) Nitrogen compounds undergo different 
transformations in different pH ranges, impacting the plant (El-Gandy et al 2004). In the Clean 
none control, pH overall decreased from a 6.87 average to a 5.98 average, indicating that E. 
crassipes naturally decreases water pH to an ideal range. Overall, pH decreased in clean controls, 
the greatest decreases occurring in none and fungicide treatments. This also occurred in fertilized 
controls, with even greater decreases in none and fungicide treatments. Thus, the change in pH 
can be associated with bacterial activity. Bacteria likely were able to do more work (and create a 
greater change in pH) in the fertilized treatments because they had an abundant supply of 
nutrients compared to their unfertilized counterparts (Adesemoye and Kloepper 2009). 
Conversely, less chemical activity occurred in the treatments without bacteria, thus there are 
little to no changes pH over time. Another interesting trend to note is the slight increase overall 
in pH in greywater treatments. This is a result of plant death, as plant decay initially increases pH 
(Deano and Robinson, 1985). 

Dissolved oxygen was also monitored overtime. In nature, plants increase oxygen levels 
in water, as oxygen is a product of photosynthesis (Smirnoff 1993). Thus, it is unsurprising to 
find a majority of samples increasing oxygen levels, with the increase in FertF having the most 
significant increase in dissolved oxygen. For both Clean and Fertilizer samples, the treatments 
containing fungicide had the most oxygen increase. The only decrease in oxygen was in 
greywater treatments F and A. While B was an increase, it was almost zero and insignificant. 
This GreyN stands out from the other greywater samples, resulting in more overall dissolved 
oxygen. The magnitude of the slope GreyN is larger than the other three, indicating more activity 
is occurring between the plant and water than with GreyF, A, and B samples. The rest of the data 
does not follow discernible patterns. This is the least-elucidating data of this project, as it was 
only gathered twice instead of three times. A third time on day 21 would have created more 
informative data.  

An important distinction in this analysis is that clean and fertilized treatments had living 
plants while greywater treated plants were experiencing death as a result. Thus, it is important to 
analyze the results with this in mind. To determine how quickly the greywater killed these plants, 
I tracked the rate of death through leaf phenotypes. As soon as day 4, F and N treatments 
appeared to be dying faster. (Table 2) This trend upheld over the 21-day period, with A and B 
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treatments persisting a bit better. (Table 3) This again indicates that the loss of bacteria is 
buffering the plant from its environment.  

Phosphate levels in the water, unsurprisingly, is largely separated along water pollution 
treatment. Clean water had practically undetectable levels of phosphorus while fertilizer had 
most by far (Figure 1). The more informative data is the degree up uptake or loss in phosphate 
when compared to the empty tub controls (Figure 2). Overall, phosphates increased in greywater 
treatments that contained fungicide and/or antibiotic. This indicates a greater increase in 
leaching. Decay and mineralization of water hyacinth causes increases in nutrient concentrations 
of ammonia, ortho and total phosphorus in the outflow water (Shillinglaw 1981). Thus, the 
GreywaterA, B, and F treatments are experiencing accelerated death rates compared to the none 
greywater counterpart.  

Conversely, fertilizer treatments A, B, and F appear to have an increased uptake in 
phosphates while the none treatment actually leached phosphates (Figure 2). Most uptake 
occurred in the B, followed by A, then F. N treatments leached phosphates. This is unexpected as 
plants’ uptake of phosphorus is mediated by arbuscular mycorrhizal fungi, where plants trade 
carbon for fungal phosphate (Rausch et al, 2001). Bacteria are also important for phosphorus 
uptake (Yang et al 2009). FertF roots turned a deep purple-blue and loss root hairs at the tips of 
the roots – this blue color was not observed in any other group. To my knowledge, this 
phenotype in E. crassipes is not described in the literature. However, the accumulation of red, 
purple, or blue flavonoids is a hallmark of plant stress (Merkl et al 2005). Natural levels of 
phosphates in uncontaminated lakes usually range from 0.01 to 0.03 mg/L; I added about 1500-
4400 times that natural amount (Oram 2014). Thus, finding a stress response is not surprising. 
The FertF plants appear to be undergoing a stress response while FertA, B and F are not 
experiencing the same stress.  

I suspect that these results are due to the extremely high, and very unnatural, levels of 
phosphates in the water. This is a degree of stress that the plant is not evolutionarily equipped to 
handle. Thus, the control Fertilizer trial leached phosphates and had the blue stress response. As I 
observed with the other data, I believe that the antimicrobial treatments are killing the fungi and 
bacteria in the plants roots, preventing the plant to fully interact with the surrounding water. 
Thus, the plants are not fully experiencing the high nutrient stress and therefore are not leaching 
phosphates. This is the same shielding response observed with the mass and pH readings. Again, 
this is evidence that the loss of the microbial symbionts buffer or mute the water hyacinth’s 
ability to interact with surrounding water. The plant loses its ability to fully connect and interact 
with the water, thus the plant is buffered from extreme conditions.  

In all, the evidence demonstrates that fungi and bacteria are essential for E. crassipes’ 
ability to interact with water. Without these symbionts, E. crassipes’ ability to interact with the 
water lessons, essentially becoming muted. The effects seem to be more correlated with bacterial 
loss than with fungal loss. This results in less extreme responses to pollutants and smaller 
changes in water quality than in plants with their symbionts.  

This data can infer that there two categories of phytoremediation projects to pursue when 
using E. crassipes: project with pollutants that are known to harm E. crassipes (toxic) and those 
that E. crassipes is known to handle fairly well (non-toxic). In water with pollutants that are not 
necessarily toxic (i.e. fertilizer) plants are able to interact with the water fairly well depending on 
the concentration of nutrients. As the loss of microbes indicate that the plants are not able to fully 
interact in the water, then an increase in the plant’s microbiome could dramatically increase the 
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efficacy of a phytoremediation project. This would require further research exploring the 
addition of symbiotic bacteria and fungi in increasing rates of water purification.  

However, in the case of more toxic classes of pollutants (i.e. greywater) alternate 
responses can be undertaken. The removal of the microbiome in E. crassipes decreases the 
efficiency in which it interacts with its environment, slowing down biochemical processes. This 
allows the plant to live longer, and if done right, may even allow the plant to live in conditions it 
could otherwise not. Thus, there is potential to use E. crassipes in water containing pollutants 
that would otherwise have to be cleaned using expensive technologies.  

It is important to note that pollution from antibiotics or fungicides would likely decrease 
the efficacy of a phytoremediation project. I would recommend different measures to be used in 
such cases. However, pollution via fungicide in water is unlikely to be a common issue as 
fungicides are created to either degrade into non-toxic compounds after a certain period of time 
or to fix to plant and soil tissue.  

In this experiment greywater was killing all of the E. crassipes plants, indicating that 
phytoremediation projects would not be effective with greywater treatments. However, I believe 
that my greywater treatments do not fully mimic “normal” greywater. I used a high concentration 
of soap in water. Normally, greywater is a mix of soap with other fatty organic pollutants. The 
soap would be interacting with those compounds in the water. Thus, chemistry of “normal” 
greywater would probably have less of a negative impact on the plant as the soap molecules have 
many more candidates to interact with than just the plant. This would slow down uptake and the 
plant could persist and successfully clean the water. This requires experimentation.  

Overall, the knowledge of the microbiome as the medium for interaction with E. 
crassipes with its environment can be taken advantage of according to the classes of pollutants in 
water. When the nature of the pollutant, and its degree of toxicity to E. crassipes is identified, the 
microbiome can be adjusted to increase E. crassipes performance by either extending its life 
span or through increasing its rate of pollutant uptake. Either way, there is great potential to 
maximize the possible range of pollutants E. crassipes can process and to maximize those 
processing rates. This can make phytoremediation projects more cost effective and widely 
applied as a standard water treatment process. 
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APPENDIX 
 
Table S1: Comparison of means of factors among the twelve treatments. Any treatment with one 
number means that that number is statistically different than the other.  
 

Comparison	of	Groups	(Controls	Not	Included)	
Tukey	Post-Hoc	Comparison	of	Means	

		
	   

		
Mass	

	  
pH	 		

Treatment	 group	
	

Treatment	 group	

GreyN	 1	
	
FertN	 1	

GreyF	 12	
	
FertF	 12	

GreyA	 12	
	
CleanN	 123	

FertA	 12	
	
CleanF	 23	

FertB	 12	
	
CleanA	 34	

CleanB	 12	
	
CleanB	 34	

GreyB	 12	
	
FertA	 45	

FertN	 12	
	
FertB	 45	

CleanA	 12	
	
GreyA	 45	

FertF	 12	
	
GreyB	 45	

CleanN	 2	
	
GreyF	 5	

CleanF	 2	
	
GreyN	 5	

		
	   

		
Dissolved	Oxygen		

	
Phosphate	 		

Treatment	 Group	
	

Treatment	 Group	

GreyF	 1	
	
CleanF	 1	

GreyA	 1	
	
CleanN	 1	

GreyB	 12	
	
CleanA	 1	

FertA	 12	
	
CleanB	 1	

FertN	 12	
	
GreyN	 1	

CleanA	 23	
	
GreyF	 2	

GreyN	 23	
	
GreyA	 2	

CleanN	 23	
	
GreyB	 2	

CleanB	 34	
	
FertB	 3	

CleanF	 45	
	
FertF	 3	

FertB	 45	
	
FertA	 3	

FertF	 5	 		 FertN	 3	
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Association of avian vocalization frequencies with 
human-caused changes in habitat structure 
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ABSTRACT 
Acoustic signals are critical to communication, advertisement and reproduction in many animals. Habitat structure 
affects signal propagation by degrading and attenuating sounds. The acoustic adaptation hypothesis (AAH) proposes 
that animals maximize transmission efficiency by evolving vocalizations with characteristics that minimize 
degradation and attenuation in their native habitat. Specifically, the AAH predicts that open habitats will favor 
vocalizations with higher frequencies and wider bandwidths than those of closed-canopy forest understory (“closed”) 
habitats. This prediction was tested by comparing vocalization bandwidth, maximum, and minimum frequency in bird 
communities inhabiting open and closed habitats in the premontane wet life zone of Monteverde, Costa Rica. This 
region was originally forested, with all substantial open habitats resulting from human activity in the past century. 
With control for biomass, which relates to vocalization frequency, I found that mean bandwidth, maximum, and 
minimum frequency were all significantly greater in open habitats (mean bandwidth/max/min = 4265 / 7313 / 3048 
Hz) than in closed habitats (mean bandwidth/max/min = 2645 / 5229 / 2585 Hz). This relationship was robust to 
phylogenetic differences for song bandwidth and maximum frequency. These results support the AAH, suggesting 
that some species show rapid acoustic adaptation in response to human-caused changes in habitat structure, while 
others exhibit acoustic pre-adaptations to anthropogenic habitats developed through evolution in natural open areas. 
Frequency differences were consistent between oscines and non-oscines, suggesting acoustic adaptation does not 
depend on song-learning capacity. My study offers evidence that vocalization transmission efficiency plays an 
important role in shaping bird communities and their response to human land transformations.  
 
RESUMEN 
Las señales acústicas son críticas para la comunicación, advertencia y reproducción de muchos animales. La estructura 
del hábitat afecta la propagación de la señal degradando y atenuando los sonidos. La hipótesis de la adaptación 
acústica (HAA) propone que los animales maximizan la eficiencia de la transmisión del sonido desarrollando 
vocalizaciones con características que minimicen su degradación y atenuación en su hábitat natural. Específicamente, 
la HAA predice que los hábitats abiertos favorecerán las vocalizaciones con frecuencias más altas y anchos de banda 
más amplios que las de los hábitats de bosque de dosel cerrado ("cerrado"). Esta predicción fue probada comparando 
el ancho de banda, la frecuencia máxima y mínima de las vocalizaciones de las comunidades de aves que viven en 
hábitats abiertos y cerrados en la zona de vida premontaña húmeda de Monteverde, Costa Rica. Esta región fue 
originalmente reforestada, con todos los considerables hábitats abiertos resultantes de la actividad humana en el siglo 
pasado. Controlando por la biomasa de cada especie, la cual está relaciona con la frecuencia de vocalización, yo 
encontré que el ancho de banda promedio, la frecuencia máxima y la frecuencia mínima fueron significativamente 
mayores en hábitats abiertos (promedios de ancho de banda/máx./mín. = 4265/7313/3048 Hz) que en hábitats cerrados 
(promedios de ancho de banda/máx./mín.= 2645/5229/2585 Hz). Esta relación mostró una diferencia filogenética 
robusta para el ancho de banda y la frecuencia máxima de los cantos. Estos resultados apoyan la HAA, sugiriendo que 
algunas especies muestran una rápida adaptación acústica en respuesta a los cambios causados por el hombre en la 
estructura del hábitat, mientras que otras presentan pre-adaptaciones acústicas para hábitats antropogénicos 
desarrolladas a través de la evolución en áreas abiertas naturales. Las diferencias en las frecuencias fueron 
consistentes entre oscines y no-oscines, lo que sugiere que la adaptación acústica no depende de la capacidad de 
aprendizaje del canto. Mi estudio ofrece evidencia que la eficiencia en la transmisión de las vocalizaciones juega un 
papel importante en la formación de las comunidades de aves y en su respuesta ante las transformaciones del hábitat 
por parte de los humanos. 
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INTRODUCTION 

Our world is filled with the songs and calls of living things, developed and refined through eons of 
natural selection. Acoustic signals are a critical component of communication, species recognition, 
reproductive advertisement and territorial competition in a variety of animals, including insects, 
mammals, anurans and birds (Laiolo 2010). For the purposes of communication and 
advertisement, acoustic signals must transmit effectively across substantial distances (Ey & 
Fischer 2009). Upon emission, however, these signals are subject to a variety of physical 
environmental factors which cause them to attenuate (lose amplitude or volume) and degrade 
(become distorted and change in structure) as they travel through space (Bradbury & Vehrencamp 
1998). Acoustic communication is most successful when levels of attenuation and degradation are 
minimized and made predictable across space, allowing signals to be detected and identified by 
distant receivers (Naguib & Wiley 2001). Since the physical environment (e.g. vegetation 
structure, wind, turbulence) influences patterns of attenuation and degradation, habitat structure is 
a primary factor affecting the transmission of acoustic signals. The acoustic adaptation hypothesis 
(AAH) postulates that acoustic signals should be selected to maximize sound transmission under 
the constraints of the habitat in which they are produced, such that signals travel recognizably to 
distant receivers with optimal efficiency (Morton 1975, Hansen 1979). 

Because higher amplitude (louder) vocalizations require more energy to produce and may 
increase chances of detection by predators, selection does not simply favor louder vocalizations, 
but rather favors vocalization frequencies that minimize masking, attenuation, and degradation 
caused by habitat (Eberhardt 1994; Bradbury & Vehrencamp 1998; Thomas 2002). In this way, 
habitat structure shapes the evolution of signal frequencies, with different habitats favoring 
different frequencies (Ey & Fischer 2009). A major prediction of the AAH is that animals adapted 
to closed-canopied habitats with many obstructions, such as forest understory, will tend to exhibit 
lower frequencies and narrower frequency ranges than animals of open habitats (Wiley & 
Richards 1982, Badyeay & Leaf 1997, Seddon 2005). For example, mean bandwidth (range of 
frequency), maximum and minimum frequency were all approximately twice as large for tinamous 
(ground-dwelling birds) of open habitats (bandwidth/max/min = 1295/3357/2019 Hz) than for 
those of forest understory habitats (bandwidth/max/min = 530/1747/1217 Hz) (Burtelli & Tubaro 
2002). This relationship is predicted by the AAH because lower frequencies experience less 
degradation from obstructions such as tree trunks and foliage, since longer wavelengths can bend 
around these obstructions with less scattering (Marten & Marler 1977). Additionally, vocalizations 
in forest understories are less likely to have part of their frequency range masked by unpredictable, 
generally low-frequency ambient sounds (such as wind in open areas), and thus can afford 
narrower frequency ranges, with more communication significance given to frequency than 
temporal pattern (Morton et al. 1975, Slabbekoorn & Smith 2002). Morton et al. (1975) also found 
that a frequency “window” between 1,585 and 2,500 Hz (lower than most open-area vocalizations) 
experienced substantially lower overall attenuation in forest understory due to the reflection and 
refraction of sound waves from the ground and canopy. Marten and Marler (1977) found that for 
sounds produced within 1 m of the ground, a similar but higher frequency “window” may also 
occur in open habitats.  Tropical forest insect noise may also favor lower-frequency vocalizations 
in forest understory by masking frequencies above 4,000 Hz (Weir et al. 2012). 

Although results are mixed, the AAH’s prediction of habitat-dependent frequency 
differentiation has been generally supported in birds (Boncoraglio & Saino 2007), and has 
received inconsistent support among mammals and anurans (Ey & Fischer 2009). Studies testing 
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the AAH in bird communities have been conducted in both tropical and temperate zones, with 
levels of support consistent across latitudes but varying somewhat by continent (e.g. support from 
Morton (1975) and Wiley (1991) in New World tropics/temperate zones; little support from 
Saunders & Slotow (2004) or Blumstein & Turner (2005) in South Africa and Australia, 
respectively). Among studies showing support, minimum and maximum frequency, frequency 
modulation and bandwidth were the variables most often found to be adjusted to habitat structure 
(Ey & Fischer 2009, Roca et al. 2016). 

To my knowledge, all previous community studies have compared closed forest habitats 
with natural open habitats (such as grasslands or wetlands) rather than recent, human-caused open 
habitats (Morton 1975, Wiley 1991, Saunders & Slotow 2004, Blumstein & Turner 2005). Natural 
open habitats should show higher levels of acoustic adaptation, since their inhabitants have 
evolved for millions of years to maximize transmission in those environments (Hansen 1979). For 
example, recent studies suggest that nonnative bird species may show less evidence of acoustic 
adaptation to habitat than native species, although fewer than twenty species have been analyzed 
(Azar & Bell 2016, Sebastián-González 2018). No studies have determined if communities in 
open areas caused by relatively recent deforestation show evidence of acoustic adaptation to these 
environments. In recently-made open areas, habitat-dependent frequency differences may reflect 
rapid selection on species in the open-area community to increase their frequencies and frequency 
ranges. Such rapid changes in frequencies have been documented in intraspecific populations due 
to selective pressures from urban noise (Luther & Baptista 2009, Dowling et al. 2012). Acoustic 
adaptation may also occur via spectral plasticity, in which individuals alter their vocalization 
frequency in response to real-time variables, such as traffic (Slabbekoorn & Peet 2003, 
Slabbekoorn 2013). Additionally, higher frequencies in recent open areas may represent pre-
adaptations resulting from evolution in natural open areas, which (along with other traits) help 
determine which species successfully colonize human-made open areas (Rheindt 2003, Tobias et 
al. 2010).  
  To investigate whether evidence of acoustic adaptation exists in recent, human-made open 
areas, I studied the differences in vocalization bandwidth, maximum, and minimum frequency 
among bird communities occupying open and forest understory habitats in the premontane wet life 
zone of Monteverde, Costa Rica. On an evolutionary timescale, chronic open spaces are a recent 
phenomenon in Monteverde: prior to the arrival of the first settlers in 1922, the area was 
essentially contiguous forest, with no significant long-term open habitats (Burlingame 2000). My 
study helps determine whether acoustic adaptation plays a role in determining which species 
colonize open areas caused by recent anthropogenic disturbance in naturally forested ecosystems, 
and whether colonizing species adapt their vocalizations to rapid changes in habitat structure. By 
comparing song-learning birds (oscines) with birds with genetically fixed songs, I also 
investigated whether acoustic adaptation occurs faster as a function of cultural learning and song 
plasticity, which has received mixed support in previous studies (Slater 1986, Boncoraglio & 
Saino 2007, Ríos-Chelén et al. 2012, Slabbekoorn 2013, Medina-García et al. 2015). My study 
tests the prediction of the AAH that birds in open areas will generally have higher frequencies and 
larger frequency bandwidths than those in closed-canopy forest. Evidence in support of the AAH 
from my study will suggest that birds of open areas in Monteverde have rapidly evolved—or 
possess pre-adapted—vocalizations which maximize transmission efficiency in this regionally 
novel habitat. 
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METHODS 

Study Site 

Birds were recorded at six sites in the vicinity of Santa Elena and Monteverde, two towns at ~1440 
m elevation on the Pacific slope of the Tilarán mountain range in Costa Rica. Sites were located 
within the premontane wet life zone (Holdridge et al. 1971) and exhibited a variety of habitat 
types. Birds were recorded in closed-canopy understory of primary and secondary forest at three 
reserves located just east of Stella’s Bakery in Monteverde: Curi-Cancha, Crandell, and Bajo del 
Tigre. Birds were recorded in open areas and edge habitats at Cabinas Capulín (a farm just north 
of Santa Elena, owned by Fermín Torres), in an open, disturbed area within the Curi-Cancha 
Reserve, and along the roadside between Santa Elena and Monteverde. 

Habitats 

Open (non-forest and forest edge) habitats were distinguished as those having <10% tree canopy 
cover, according to United Nations conventions (Chazdon et al. 2016). Birds of open habitats 
shared a similar physical acoustic environment with birds that only vocalized from the forest 
canopy, and thus were lumped with canopy-vocalizing birds for analysis (Morton 1975, Ellinger & 
Hödl 2003). Open, edge, and canopy habitats share a relative absence of large physical 
obstructions to sound propagation, high levels of wind and ambient sound, and the presence of air 
pressure and temperature gradients which may distort or attenuate vocalizations (Morton 1975, 
Marten et al. 1977). During the end of the dry season in Monteverde in 2018, when this study was 
conducted, wind was a particularly strong factor in open habitats, with wind speeds of 15-20 km/h 
occurring frequently and presenting a challenge to acoustic transmission and successful recording. 
Additionally, high-amplitude, low-frequency traffic noise was present in one open site, along the 
road between Santa Elena and Monteverde. The community of birds found living only in open, 
edge, and canopy habitats will hereafter be referred to as “open” or “open habitats.”  

Closed-canopy forest included both primary and secondary forest, with tree crowns 
overlapping to form a nearly continuous layer (Chazdon et al. 2016). In my study sites, closed-
canopy understory contained many tree trunks and vegetation of varying size and density 
(potential impediments to sound propagation), with relatively little wind or low-frequency ambient 
noise. Even on very windy days, I observed that the forest understory was calm, the canopy layer 
dramatically decreasing wind’s masking effects on sound propagation. Canopy height varied 
between sites, and understory environments varied from very brushy in young secondary forest to 
fairly open in primary forest. The community of birds found inhabiting only closed-canopy 
understory will hereafter be referred to as “closed” or “closed habitats.” 

Ten bird species were recorded consistently inhabiting and vocalizing in both closed and 
open habitats. This group was considered separately, as they appear to be well-represented in both 
habitats; they will hereafter be referred to as “both” or “both habitats.”  

Recording and Analysis 

Birds were recorded in April and early May 2018—the end of the dry season in Monteverde and 
the beginning of the breeding season for most resident birds (Stiles & Skutch 1989). Recordings 
were collected between 7 am and 2 pm on 12 days, with six days of recording in closed habitats 
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and six in open habitats. In order to obtain a representative sample of each habitat type, I made an 
effort to record all birds vocalizing within the habitat, excluding no vocalizations from my dataset 
unless they were too distant for identification. In the field, I approached vocalizing birds to within 
two meters in order to maximize recording quality and aid in visual identification. I did not use 
playback. Recordings were made using a Marantz PMK 661 Digital Recorder with a Sennheiser 
ME66 shotgun microphone. Sound files were recorded without compression as 24-bit, 48-kHz 
WAV files with no normalization. All recordings were voice-tagged with information on time, 
date, habitat (including canopy/understory), site, and species recorded. For analysis, each species 
was assigned to a habitat type, based on where it was recorded: either “closed,” “open,” or “both.”  

I used Cornell University’s RavenLite 2.0.0 software (default settings) to produce and 
analyze spectrograms from the recordings. For species in which both songs and calls were 
recorded, the two were analyzed separately. Songs were generally longer, more complex, and 
produced by males, serving to maintain territory and advertise for mates; calls were generally 
shorter, simpler, and produced by both sexes year-round (Catchpole 2003, Marler 2006). In cases 
of uncertainty regarding vocalization type (song or call), I followed the classification of Stiles and 
Skutch (1989). For each vocalization, I determined maximum and minimum frequency for up to 
three separate vocalizations (from different individuals when possible) and averaged them to more 
accurately capture typical frequency characteristics, per Blumstein and Turner’s (2005) method. 
Bandwidth was calculated by subtracting the lowest point on the spectrogram (minimum 
frequency) from the highest point (maximum frequency), excluding visible harmonics (Fig. 1). 
Values were estimated to the nearest 50 Hz. For complete frequency data, see Appendix 1. 

Body mass can influence variation in frequency: higher body mass correlates with larger 
syringeal membranes, which result in lower frequency vocalizations (Wallschläger 1980, Nowacki 
& Marler 1988). For this reason, I obtained biomass data for my study species from Stiles and 
Skutch (1989) and used it as a covariate in my analysis. I also recorded whether vocalizations 
belonged to oscines (the major suborder of birds which exhibit song-learning) or non-oscines, to 
determine if song-learning affects frequency differences between habitats.  
 

Figure 1. Example showing method of deriving bandwidth, maximum, and minimum frequency from song 
spectrogram of Rufous-collared Sparrow (Zonotrichia capensis). Overtones vary with amplitude (recording quality; 
bird’s proximity to recorder), so were excluded from analysis. Spectrograms were produced in RavenLite 2.0.0 from 
24-bit, 48-kHz WAV files. Magnification tools were used to estimate frequency measurements to the nearest 50 Hz. 
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Phylogenetic relations may also represent a confounding variable in assessing habitat-
dependent differences: species that share common genetic material often share similar 
characteristics (Saunders & Slotow 2004). Therefore, these characteristics may not represent 
adaptations to a particular environment, but rather traits inherited from a common ancestor 
(Harvey and Pagel 1991). For this reason, I constructed phylogenetic trees for all study species 
(songs and calls) using Birdtree.org (consensus of 100 trees from Ericson All Species database), 
and repeated analysis using phylogenetic independent contrasts (PIC) to control for phylogenetic 
dependence (trees in Appendix 2).  
 The effects of habitat on bandwidth, maximum, and minimum frequency were analyzed 
using one-way ANOVA tests. I used ANCOVA to control for the effects of biomass, and to test 
for differences between oscines and non-oscines and between songs and calls. Phylogenetic 
independent contrasts (PICs) required one data point per species, so PICs were calculated 
separately for songs and calls using the R package ape. To control for the impact of phylogenetic 
relations and body mass on frequency differences between habitat and oscines/non-oscines, I 
analyzed the PICs using ANCOVA. When body mass was not related to the variable of interest, I 
used Phylogenetic ANOVA (R package phytools). All data were log-transformed to meet the 
assumptions of linearity for analyses of variance and covariance. 

 
 

RESULTS 
In total, 89 songs and calls of 63 species of birds in 23 families were analyzed. Biomass ranged 
from 3.2 to 500 grams. 

46 distinct vocalizations (songs and calls) of 32 species were recorded in open habitats, 
with maximum frequencies ranging between 875 and 13,400 Hz, minimum frequencies between 
400 and 7850 Hz, and bandwidths between 400 and 10,950 Hz. In closed habitats, I recorded 28 
vocalizations of 21 species; maximum frequencies ranged between 500 and 10,867 Hz, minimum 
frequencies between 217 and 6133 Hz, and bandwidths between 283 and 7350 Hz. In both 
habitats, I recorded 15 distinct vocalizations of 10 species; maximum frequencies ranged between 
2700 and 13,667 Hz, minimum frequencies between 825 and 6817 Hz, and bandwidths between 
883 and 12,467 Hz.  

Mean bandwidth, maximum frequency and minimum frequency all decreased significantly 
with increasing biomass (Table 1). For this reason, I used analysis of covariance to control for 
variation explained by body mass in my analysis. 

 
 

Table 1. Results of analysis of covariance (ANCOVA) tests evaluating the relationship between biomass and 
vocalization frequency. ANCOVA results show significant differences between biomass and all frequency 
characteristics: as biomass increases, bandwidth, maximum, and minimum frequency all decrease. This indicates that 
biomass is a confounding variable and should be controlled for when testing the impact of habitat on frequency. 
 

ANCOVA Results 
Relation to Biomass 

F value Degrees of 
Freedom (df) 

p-value Sample size (n) 

Mean Bandwidth 8.839 1,79 0.0039 89 
Mean Max Frequency 30.857 1,79 < 0.0001 89 
Mean Min Frequency 54.787 1,79 < 0.0001 89 
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Mean bandwidth was significantly greater in open (mean ± SE = 4265 ± 369 Hz) than 
closed (2645 ± 386 Hz) habitats (Fig. 2; One-Way ANOVA, F = 2.864, df = 2, p = 0.014, n = 89). 
Birds occupying both habitats displayed an intermediate mean bandwidth (3046 ± 744 Hz). The 
difference in mean bandwidth between open and closed habitats was robust to variations in body 
mass (ANCOVA, F = 5.194, df = 2, p = 0.008, n = 89). 

Figure 2. 
LEFT: Mean bandwidth is significantly greater in open than closed habitats, with birds of both habitats displaying 
intermediate bandwidths. Dots and error bars represent means and standard error for each habitat type. Means with 
different letters are significantly different (Tukey HSD, p < 0.05). This graph did not control for biomass. 
RIGHT: Change in log bandwidth in relation to log biomass for three habitats. Biomass and bandwidth are 
inversely related. Open habitats (blue) show significantly greater bandwidths in relation to biomass than closed  
habitats (green) (ANCOVA, F = 5.194, df = 2, p = 0.008, n = 89). Birds occupying both habitats (orange) show 
intermediate values. Both biomass and bandwidth values were log-transformed to meet the assumptions of linearity 
required for analysis of covariance.
 

Mean maximum frequency was significantly greater in open (7313 ± 492 Hz) than closed 
(5229 ± 486 Hz) habitats (Fig. 3; One-Way ANOVA, F = 4.033, df = 2, p = 0.017, n = 89). Birds 
occupying both habitats displayed an intermediate mean maximum frequency, more similar to 
that of open than closed habitats (6932 ± 840 Hz). The difference in mean maximum frequency 
between open and closed habitats was robust to variation in body mass (ANCOVA, F = 6.042, 
df = 2, p = 0.004, n = 89). 

Mean minimum frequency was somewhat greater in open (3048 ± 274 Hz) than closed 
(2585 ± 264 Hz) habitats (Fig. 4). Without accounting for biomass, difference between habitats 
was not significant (One-Way ANOVA, F = 0.483, df = 2, p = 0.619), but when the effects of 
biomass were controlled for, the difference between open and closed habitats was significant 
(ANCOVA, F = 3.67, df = 2, p = 0.03), suggesting that variation in biomass between habitats 
masked differences in frequency. Birds occupying both habitats displayed a mean minimum 
frequency very similar to that of open habitats (3026 ± 432 Hz).  
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Figure 3. 
LEFT: Mean maximum frequency is significantly greater in open than closed habitats, with birds of both habitats 
displaying intermediate max frequencies. Dots and error bars represent means and standard error for each habitat 
type. Means with different letters are significantly different (Tukey HSD, p < 0.05). Not controlled for biomass. 
RIGHT: Change in log maximum frequencies in relation to log biomass for three habitats. Biomass and maximum 
frequency are inversely related. Open habitats (blue) show significantly greater max frequencies in relation to 
biomass than closed habitats (green) (ANCOVA, F = 6.042, df = 2, p = 0.004, n = 89). Birds occupying both 
habitats (orange) show intermediate values. Both biomass and max frequency were log-transformed to meet the 
assumptions of linearity required for analysis of covariance.  

Figure 4. 
LEFT: Mean minimum frequency is somewhat greater in open than closed habitats, but none of the three habitats 
are significantly different (One-way ANOVA F = 0.483, df = 2, p = 0.619). Dots and error bars represent means and 
standard error for each habitat type. This graph did not control for biomass. 
RIGHT: Change in log minimum frequencies in relation to log biomass for three habitats. Biomass and minimum 
frequency are inversely related. Open habitats (blue) show significantly greater minimum frequencies in relation to 
biomass than closed habitats (green) (ANCOVA, F = 3.67, df = 2, p = 0.03). Birds occupying both habitats (orange) 
displayed a similar pattern to closed habitats. Both biomass and minimum frequency were log-transformed to meet 
the assumptions of linearity required for analysis of covariance. Discrepancy in statistical significance between 
LEFT and RIGHT graphs suggests that the effects of biomass masked habitat-related frequency differences.
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All relationships between habitat and frequency were consistent for both vocalization 
types (songs and calls) and for both oscines (song-learners) and non-oscines (Table 2). Among 
all groups, mean maximum frequency, minimum frequency and bandwidth were significantly 
greater in open habitats than closed habitats, with birds of both habitats exhibiting intermediate 
mean frequencies. 

 

_____________________________________________________________________________________________ 
 
 
Table 2. Analysis of covariance (ANCOVA) shows that the relation between habitat and frequency characteristics 
(max, min, and bandwidth) did not change substantially in relation to vocalization type or song-learning capacity. 
Essentially, songs and calls, and oscines and non-oscines (i.e. suboscines and nonpasserines) showed similar 
frequency differences between habitats, thus acoustic adaptation was supported regardless of vocalization type or 
song learning capacity. The only near-significant value (p = 0.0504) suggests that as oscines increase in mass, their 
vocalizations’ minimum frequencies become lower at a faster pace than non-oscines. This may occur because 
cultural learning allows oscines to more fully take advantage of their range of sound-producing capacity—in this 
case, the capacity to produce lower frequencies. This hypothesis is supported by significantly larger bandwidths 
found among oscines than non-oscines (One-way ANOVA F=5.7676, df = 1, p = 0.01848, n = 89).  
 
 

 ANCOVA Results: 
Effects on Relation 

Between Habitat and 
Frequency 

F 
value 

Degrees 
of 

Freedom 
(df) 

p-value Sample 
size 
(n) 

Vocalization 
Type 

(Songs vs. Calls) 

Mean Bandwidth 
Mean Max Frequency 
Mean Min Frequency 

0.3931 
0.7159 
0.4817 

2,79 
2,79 
2,79 

0.6763 
0.4919 
0.6195 

89 
89 
89 

Song-Learning 
(Oscines vs. 

Non-Oscines) 

Mean Bandwidth 
Mean Max Frequency 
Mean Min Frequency 

0.2759 
0.9928 
3.1045 

2,79 
2,79 
2,79 

0.7596 
0.3751 
0.0504 

89 
89 
89 

 
 
_____________________________________________________________________________________________ 
 
 

Phylogenetic independent contrasts (PICs) required analyzing songs and calls separately. 
When accounting for phylogenetic relations, song bandwidth and maximum frequency remained 
significantly different between habitats, while trends (p<0.10) remained between song minimum 
frequency and call minimum frequency (Table 3). No significant differences were found between 
call bandwidth and maximum frequency. As before, no significant differences were found 
between oscines and non-oscines (Table 3). 
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_____________________________________________________________________________________________ 
 
Table 3. Analysis of frequency differences between habitat types when controlling for biomass and phylogenetic 
relation via phylogenetic independent contrasts (PICs). Songs and calls were analyzed separately because PIC 
analysis requires one species per data point. In mean bandwidth for both songs and calls, biomass did not show a 
significant relationship with frequency, so analyses used phylogenetic ANOVA (denoted by *). Analyses used 
ANCOVA to assess maximum and minimum frequency, for which biomass showed a significant or near significant 
relationship. Phylogenetic ANOVA was calculated using R package phytools, ANCOVA using R package ape. All 
data were log-transformed to meet the assumptions of analysis of variance and covariance. Results show that 
frequency differences between habitats remain significant for song bandwidth and maximum frequency, trend 
toward significance in song/call minimum frequency, and are not significant for call bandwidth and max frequency. 
 

 

DISCUSSION 

My results provide significant support for the acoustic adaptation hypothesis across all measured 
frequency characteristics. As predicted by the AAH, birds in open habitats around Monteverde 
produced higher frequencies and a greater range of frequencies on average than birds in closed 
habitats. Mean bandwidth nearly doubled and mean maximum frequency increased by more than 
2 kHz in open habitats compared with closed habitats. Biomass also related to frequency, with 
heavier birds producing lower frequencies on average. However, differences among habitats 
remained significant when controlling for the confounding effects of biomass. With the 
exception of call bandwidth and call maximum frequency, differences between habitats also 
remained significant (or nearly significant, p < 0.11) when controlling for the confounding effect 

SONGS Analysis using PICs F value df p-value Sample 
size (n) 

Biomass 
Mean Bandwidth 

Mean Maximum Frequency 
Mean Minimum Frequency 

0.7243 
3.6831 
4.8676 

1,31 
1,31 
1,31 

0.4013 
0.0642 
0.0349 

53 
53 
53 

Habitat 
Mean Bandwidth* 

Mean Maximum Frequency 
Mean Minimum Frequency 

6.0425 
4.7313 
2.8730 

1,31 
1,31 
1,31 

0.0090 
0.0374 
0.1001 

53 
53 
53 

Song-Learning 
(Oscines vs. 

Non-Oscines) 

Mean Bandwidth* 
Mean Maximum Frequency 
Mean Minimum Frequency 

0.3760 
0.0115 
0.0089 

1,31 
1,31 
1,31 

0.7270 
0.9153 
0.9255 

53 
53 
53 

      
CALLS Analysis using PICs F value df p-value Sample 

size (n) 

Biomass 
Mean Bandwidth 

Mean Maximum Frequency 
Mean Minimum Frequency 

0.0372 
4.1971 
26.7198 

1,50 
1,50 
1,50 

0.8478 
0.0458 

<0.0001 

34 
34 
34 

Habitat 
Mean Bandwidth* 

Mean Maximum Frequency 
Mean Minimum Frequency 

1.2667 
0.6052 
3.0741 

1,50 
1,50 
1,50 

0.4410 
0.4403 
0.0857 

34 
34 
34 

Song-Learning 
(Oscines vs. 

Non-Oscines) 

Mean Bandwidth* 
Mean Maximum Frequency 
Mean Minimum Frequency 

4.6961 
1.3502 
1.7751 

1,50 
1,50 
1,50 

0.5580 
0.2508 
0.1888 

34 
34 
34 
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of phylogenetic relationships. In both songs and calls, biomass remained negatively correlated in 
phylogenetic contrasts for maximum and minimum frequency, but not for bandwidth. Greater 
habitat-dependent differences in songs than calls after controlling for phylogeny may be 
explained by the importance of songs in advertising for mates and maintaining territories 
(Slabbekoorn & Smith 2002). Because songs can directly influence reproductive success, they 
are likely to undergo stronger selection for transmission efficiency than calls, which have a less 
direct impact on fitness (Marler 2006). Songs are also more likely than calls to be adapted to 
habitat conditions rapidly via cultural learning or spectral plasticity (Marler 2006, Slabbekoorn 
2013). 

These results suggest that biomass, evolutionary history, and habitat all play important 
roles in determining the acoustic characteristics of bird vocalizations. In particular, community 
differences in frequency between habitats indicate that birds have adapted to vocalize at 
frequencies that maximize transmission efficiency within the constraints of their habitat, whether 
by reducing masking of low frequencies in open habitats or reducing attenuation and degradation 
of high frequencies in closed habitats. This adaptation has been supported by Morton (1975), 
Burtelli and Tubaro (2002), and Tubaro and Lijtmaer (2006), among others. However, previous 
community studies supporting the AAH have compared forested habitats with natural open 
habitats such as grasslands, wetlands, or beaches; this is the first community study to directly 
compare open habitats created by fairly recent human activity with adjacent, native forest 
ecosystems (Boncoraglio & Saino 2007). Since acoustic adaptation occurs through natural 
selection, species generally require many generations in order to alter their songs to best match 
habitat constraints on sound propagation; this predicts less adaptation in newer, younger habitats 
(Ríos-Chelén et al. 2012). According to evolutionary theory, however, adaptations that strongly 
increase fitness will accumulate more quickly in a population (Kryazhimskiy et al. 2009). Thus, 
finding substantial frequency differences in recently-created open habitats in Monteverde 
suggests that acoustic transmission efficiency has a strong impact on fitness. 

This may explain the observed frequency differences between habitats through two 
potential mechanisms. First, individuals in open habitats with vocalizations that transmit more 
effectively—higher frequencies and larger bandwidths—may be strongly selected for, resulting 
in a rapid change in frequency characteristics over a span of <100 generations (the approximate 
maximum duration that chronic open habitats have existed in Monteverde, per Burlingame 
(2000)). Such rapid change in frequency has been previously documented; for example, White-
crowned Sparrow song frequencies increased measurably over a 30-year span in response to 
increases in anthropogenic noise (Luther & Baptista 2009). Previous studies suggest that rapid 
vocal evolution is more likely to occur in oscines, which can adapt their vocalizations quickly 
through cultural song-learning or spectral plasticity (Ríos-Chelén et al. 2012, Slabbekoorn 2013). 
My results, however, found that non-oscines and oscines displayed similar frequency differences 
between habitats, suggesting that the capacity for song-learning did not affect the degree of 
acoustic adaptation to habitat structure. 

Second, frequency characteristics affecting acoustic transmission efficiency may have 
been causal factors in determining the subset of forest bird species that successfully colonized 
anthropogenic open habitats in Monteverde. Limited evidence for species filtering based on 
vocalization characteristics exists for urban environments: the avian community of urban areas 
tend to exhibit higher frequency vocalizations, suggesting that these species may be pre-adapted 
to avoid masking by low-frequency urban noise (Rheindt 2003, Hu & Cardoso 2009, Gil 2014). 
My results indicate that the same type of species filtering caused by urban noise may also occur 
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due to changes in habitat structure. Therefore, vocalization characteristics are a potentially 
important factor explaining why some species thrive in human-modified habitats and others do 
not, and may offer valuable and predictive insights into bird species’ responses to human 
disturbance. Alternatively, vocalization characteristics may also be associated with other 
adaptations to open habitats; for example, birds with higher-frequency vocalizations may have 
originally evolved to inhabit short-term forest openings, such as treefall gaps, landslides, or the 
open edges of waterways (Renjifo 1999, Tobias et al. 2010). In this case, vocalization frequency 
likely accompanies a suite of morphological and behavioral characteristics that help these species 
successfully colonize chronic, human-made open areas.  

Both of these mechanisms (rapid frequency shifts in species after colonizing human-
caused open habitats and pre-adaptation of vocalizations to open habitats) likely contribute to the 
habitat-dependent community differences in frequency found in Monteverde. Rapid frequency 
shifts have been documented in bird species across the world (e.g. Han et al. 2004, Slabbekoorn 
& den Boer-Visser 2006, Nemeth & Brumm 2009, Potvin et al. 2011) in response to low-
frequency urban noise, including in one of my study species, the rufous-collared sparrow 
(Zonotrichia capensis) (Laiolo 2011). Rapid frequency adjustment may occur either across a 
span of relatively few generations (Luther & Derryberry 2012) or in real-time (Slabbekoorn & 
Peet 2003), offering multiple ways that rapid adjustment could explain habitat-dependent 
frequency differences in Monteverde. 

Filtering of the colonizing community based on vocalization and associated pre-
adaptations to natural open habitats is also a likely contributing factor. For at least one species in 
my study, frequency differences have been shown to reflect adaptation to the original, native 
habitat structure rather than current habitats (Handford & Lougheed 1991). Additionally, many 
open-habitat species in my study with high-frequency vocalizations were frugivores (e.g. 
euphonias, honeycreepers, bananaquit, Thraupis tanagers), which have been shown in Costa Rica 
to favor treefall gaps, natural open areas for which they may have adapted acoustically before 
colonizing anthropogenic open habitats (Levey 1988). Furthermore, deforestation at middle 
elevations like Monteverde causes bird species that are adapted (acoustically and otherwise) to 
lowland open habitats to move upslope and colonize novel open habitats created by human 
activity (Young & McDonald 2000). In a study of deforestation at 1750 m in the Andes, 
colonists from lowland open areas made up one third of the new open-habitat avifauna (Renjifo 
1999). Upslope range expansion of lowland open-habitat species to Monteverde has been 
documented in several open-habitat species in my study, including brown jays (Cyanocorax 
morio; Williams et al. 1994), great-tailed grackles (Quiscalus mexicanus) and house wrens 
(Troglodytes aedon) (Young & McDonald 2000). These species likely adapted acoustically to 
open habitats at low elevations, shifting their ranges rather than their frequencies in response to 
human-caused habitat change.  

Altogether, my results provide evidence that habitat structure plays a key role in shaping 
the frequency characteristics of avian communities, both by selecting for rapid frequency 
adjustments and by filtering for species with pre-adapted vocalizations. With human impacts 
increasing, we are creating and expanding open spaces, drastically altering native habitat 
structures and constructing novel acoustic environments. To communicate effectively in this 
increasingly open, human-dominated landscape, forest birds can and must adapt quickly, lifting 
their songs to higher pitches and broader ranges of frequency. As human populations grow and 
our influence expands across the planet, we are not only making more noise: rather, we are 
changing the soundscapes of the natural world around us. 
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Appendix 1: Frequency, Habitat, Oscine/Suboscine and Biomass Data on Bird Species  
* Maximum and minimum frequencies calculated by averaging values from up to three songs/calls for each species 
 

Habitat  Vocalization Species Biomass (g) Oscine = 1 
Avg. Max 
Freq (Hz)*  

Avg. Min 
Freq (Hz)* Bandwidth 

CLOSED SONG Black-headed_Nightingale-Thrush  30 1 6667 2167 4500 

CLOSED  CALL Black-headed_Nightingale-Thrush 30 1 5775 5058 717 

CLOSED  CALL Olivaceous_Woodcreeper 14 0 7400 3000 4400 

CLOSED SONG Gray-breasted_Wood-Wren 18 1 4433 1400 3033 

CLOSED  CALL Gray-breasted_Wood-Wren 18 1 9650 2300 7350 

CLOSED SONG Yellowish_Flycatcher 12 1 6183 3800 2383 

CLOSED  CALL Yellowish_Flycatcher 12 1 7267 6133 1134 

CLOSED SONG Black-faced_Solitaire 33 1 6183 2050 4133 

CLOSED SONG White-throated_Thrush 72 1 5225 1825 3400 

CLOSED  CALL White-throated_Thrush 72 1 3250 2100 1150 

CLOSED SONG Golden-crowned_Warbler 10.5 1 6133 2733 3400 

CLOSED CALL Golden-crowned_Warbler 10.5 1 8533 2633 5900 

CLOSED  CALL Eye-ringed_Flatbill 23 0 8600 6000 2600 

CLOSED CALL Slaty_Antwren 9.5 0 5175 1675 3500 

CLOSED  SONG Slaty-backed_Nightingale-Thrush 35 1 3950 2400 1550 

CLOSED CALL Orange-bellied_Trogon 70 0 1875 1175 700 

CLOSED CALL Spotted_Woodcreeper 50 0 2517 1983 534 

CLOSED  CALL CostaRican_Warbler 12 1 10867 4367 6500 

CLOSED SONG Tawny-crowned_Greenlet 11 1 3967 3217 750 

CLOSED  CALL Tawny-crowned_Greenlet 11 1 5067 3117 1950 

CLOSED SONG  Long-tailed_Manakin 19 0 2500 1367 1133 

CLOSED CALL Long-tailed_Manakin 19 0 2513 1600 913 

CLOSED CALL Chiriqui_Quail-Dove 295 0 500 217 283 

CLOSED  CALL Bright-rumped_Attila 40 0 2300 1700 600 

CLOSED CALL Northern_Barred-Woodcreeper 73 0 4800 1250 3550 

CLOSED  CALL White-throated_Spadebill 11 0 8500 2500 6000 

CLOSED CALL Wedge-billed_Woodcreeper 16.5 0 3617 2450 1167 

CLOSED  SONG White-breasted_Wood-Wren 16 1 2967 2150 817 

BOTH SONG Lesser_Greenlet  9 1 6267 2933 3334 

BOTH CALL Lesser_Greenlet 9 1 6400 4550 1850 

BOTH SONG Rufous-and-white_Wren  25 1 2742 825 1917 

BOTH CALL Rufous-and-White_Wren 25 1 13667 1200 12467 

BOTH SONG Slate-throated_Redstart 10 1 7475 3317 4158 

BOTH CALL Slate-throated_Redstart 10 1 10717 6817 3900 

BOTH SONG Wilson’s_Warbler 7 1 8700 3250 5450 

BOTH CALL Wilson’s_Warbler 7 1 7767 2817 4950 
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Habitat  Vocalization Species Biomass (g) Oscine = 1 
Avg. Max 
Freq (Hz) 

Avg. Min 
Freq (Hz) Bandwidth 

BOTH SONG Swainson’s_Thrush 28 1 6600 1800 4800 

BOTH CALL Swainson’s_Thrush 28 1 2700 1400 1300 

BOTH CALL Streak-headed_Woodcreeper 28 0 3717 2633 1084 

BOTH CALL Coppery-headed_Emerald 3.2 0 10600 4450 6150 

BOTH SONG Violet_Sabrewing 11.5 0 8800 5400 3400 

BOTH CALL Squirrel_Cuckoo 105 0 5100 2150 2950 

BOTH CALL Dusky-capped_Flycatcher 20 0 2733 1850 883 

OPEN SONG Hepatic_Tanager 40 1 4067 1750 2317 

OPEN CALL Hepatic_Tanager 40 1 3733 1967 1766 

OPEN SONG Three-wattled_Bellbird 220 1 3967 1750 2217 

OPEN SONG Ochraceous_Wren 9.5 1 10550 3800 6750 

OPEN CALL Ruddy_Pigeon 170 0 1000 600 400 

OPEN CALL Golden-browed_Chlorophonia 25 1 1767 1433 334 

OPEN CALL Northern_Emerald-Toucanet 180 0 5650 1200 4450 

OPEN CALL Common_Chlorospingus 20 1 11800 4900 6900 

OPEN SONG Yellow-faced_Grassquit 10 1 10833 4083 6750 

OPEN CALL Yellow-faced_Grassquit 10 1 9800 6900 2900 

OPEN CALL Brown_Jay 235 1 12000 1050 10950 

OPEN CALL Hoffmann’s_Woodpecker 68 0 3750 2550 1200 

OPEN SONG House_Wren 12 1 6683 1683 5000 

OPEN SONG Bananaquit 9.5 1 11717 6900 4817 

OPEN SONG White-eared_Ground-Sparrow 43 1 10750 5750 5000 

OPEN CALL White-eared_Ground-Sparrow 43 1 13400 7850 5550 

OPEN SONG Blue-gray_Tanager 32 1 9283 3917 5366 

OPEN CALL Blue-gray_Tanager 32 1 8633 2767 5866 

OPEN SONG Great-tailed_Grackle 230 1 5317 2375 2942 

OPEN CALL Great-tailed_Grackle 230 1 3200 950 2250 

OPEN SONG Orange-billed_Nightingale-Thrush 27 1 10050 2367 7683 

OPEN CALL Great_Kiskadee 68 0 4200 2500 1700 

OPEN CALL Social_Flycatcher 27 0 4850 2600 2250 

OPEN SONG Rufous-capped_Warbler 11.5 1 9333 3433 5900 

OPEN CALL Rufous-capped_Warbler 11.5 1 10567 3867 6700 

OPEN CALL Masked_Tityra 88 0 3750 2575 1175 

OPEN CALL Lesser_Violetear 5 0 9883 2500 7383 

OPEN CALL Red-legged_Honeycreeper 13.5 1 7267 3683 3584 

OPEN SONG Rufous-collared_Sparrow 20 1 7300 2750 4550 

OPEN CALL Rufous-collared_Sparrow 20 1 7233 3700 3533 

OPEN CALL Scarlet-thighed_Dacnis 16 1 13100 6900 6200 
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Chiroxiphia linearis
Procnias tricarunculatus

Myiodynastes luteiventris
Empidonax flavescens

Hylophilus decurtatus
Hylophilus ochraceiceps

Thryothorus rufalbus
Thryothorus modestus
Henicorhina leucophrys

Henicorhina leucosticta
Troglodytes ochraceus
Troglodytes aedon

Turdus assimilis
Turdus grayi

Catharus mexicanus
Catharus aurantiirostris
Catharus fuscater

Catharus ustulatus

Myadestes melanops

Euphonia luteicapilla
Euphonia hirundinacea

Coereba flaveola
Tiaris olivaceus
Thraupis episcopus
Thraupis palmarum

Piranga flava

Zonotrichia capensis
Melozone leucotis

Quiscalus mexicanus

Basileuterus culicivorus
Basileuterus rufifrons
Wilsonia pusilla
Myioborus miniatus

Pygochelidon cyanoleuca

Campylopterus hemileucurus

Geotrygon chiriquensis
Patagioenas subvinacea
Patagioenas flavirostris

Elvira cupreiceps
Colibri thalassinus

Aulacorhynchus prasinus
Melanerpes hoffmannii

Trogon collaris

Platyrinchus mystaceus
Empidonax flavescens

Myiodynastes luteiventris
Megarynchus pitangua

Myiozetetes similis
Pitangus sulphuratus

Myiarchus tuberculifer
Attila spadiceus

Rhynchocyclus brevirostris
Tityra semifasciata

Chiroxiphia linearis

Myrmotherula schisticolor

Lepidocolaptes souleyetii
Xiphorhynchus erythropygius

Dendrocolaptes sanctithomae
Sittasomus griseicapillus
Glyphorynchus spirurus

Hylophilus decurtatus
Hylophilus ochraceiceps

Cyanocorax morio

Henicorhina leucophrys
Thryothorus rufalbus
Thryothorus modestus

Catharus mexicanus
Catharus ustulatus
Turdus grayi
Turdus assimilis

Euphonia hirundinacea
Piranga flava

Thraupis palmarum
Thraupis episcopus

Tiaris olivaceus
Chlorophonia callophrys
Cyanerpes cyaneus
Dacnis venusta

Quiscalus mexicanus

Wilsonia pusilla
Myioborus miniatus

Basileuterus tristriatus
Basileuterus culicivorus

Basileuterus rufifrons

Melozone leucotis
Zonotrichia capensis

Chlorospingus ophthalmicus

Piaya cayana

Ortalis cinereiceps

Habitat  Vocalization Species Biomass (g) Oscine = 1 

Avg. Max 
Frequency 

(Hz) 

Avg. Min 
Frequency 

(Hz) 
Bandwidth 

OPEN SONG Clay-colored_Thrush 76 1 3367 1433 1934 

OPEN CALL Clay-colored_Thrush 76 1 3433 1783 1650 

OPEN SONG Cabanis’s_Wren 18 1 8217 2900 5317 

OPEN CALL Cabanis’s_Wren 18 1 7567 4683 2884 

OPEN SONG Palm_Tanager 38 1 8250 2650 5600 

OPEN CALL Palm_Tanager 38 1 8400 2000 6400 

OPEN SONG Blue-and-white_Swallow 10 1 7425 2175 5250 

OPEN CALL Boat-billed_Flycatcher 70 0 10100 1650 8450 

OPEN SONG Sulphur-bellied_Flycatcher 45 0 9183 3567 5616 

OPEN CALL Sulphur-bellied_Flycatcher 45 0 7767 2333 5434 

OPEN CALL Gray-headed_Chachalaca 500 0 3067 750 2317 

OPEN SONG Yellow-crowned_Euphonia 12.5 1 4400 3150 1250 

OPEN SONG Yellow-throated_Euphonia 15 1 10317 2300 8017 

OPEN CALL Yellow-throated_Euphonia 15 1 8600 7400 1200 

OPEN CALL Red-billed_Pigeon 230 0 875 400 475 

 
Appendix 2: Phylogenetic trees of study species 
Trees created separately for songs and calls due to requirements of phylogenetic independent contrast (PIC) analysis 
for one data point per species. SONGS tree shows all species for which songs were recorded and analyzed; CALLS 
tree shows all species for which calls were recorded and analyzed. Trees constructed using R package ape. 
Source: consensus of 100 trees from Ericson All Species source, constructed using Phylogeny Subsets feature of 
BirdTree.org. 
 
SONGS:            CALLS: 
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ABSTRACT 
 Understanding the impact of artificial light types on tropical insectivorous bat activity is critical for wildlife 
conservation in the tropics. Previous studies have shown that the presence of artificial light has an impact on 
insectivorous bat foraging activity. Two previous studies have focused on insectivorous bat foraging activity in the 
tropics. To understand which light types have the greatest impact on bat communities can help in development 
decisions in terms of determining which light types should be installed. This study compared the number of bat passes 
and insectivorous bat species varies between three artificial light types—fluorescent, LED, and sodium vapor. This 
study was conducted via acoustic monitoring of bat activity at five sites in Monteverde, Costa Rica of varying light 
types. Environmental variables such as moon phase, distance to forest edge, time since sunset and wind speed were 
measured due to their potential confounding effect on bat activity. Wind speed was the only environmental variable 
that affect bat activity in terms of number of passes and number of species recorded, with less activity observed as 
wind speed increases. The number of bat passes was found to be greater in dark sites adjacent to fluorescent lighting 
(26.8 ± 17.81 N = 5) compared to sites with LED (51.67 ± 16.46 N = 6) and sodium vapor lights (6.17 ± 2.98 N = 6).  
The number of bat passes and species recorded under street lamps was similar between light types. This indicated that 
tropical insectivorous bats undergo species-specific changes in foraging activity in the presence of artificial light and 
high wind speeds. Myotis nigricans was the most common bat species recorded at fluorescent lights while Eptesicus 
brasiliensis tended to be the most common bat species at LED and sodium vapor lights; both species did not show an 
overall preference for light versus dark sites. This suggests that the presence of artificial lights has the potential to alter 
tropical forest community structure and should be understood better in order to make development and conservation 
decisions.  
 
RESUMEN 

Entender el impacto de los tipos de luz artificial en la actividad de los murciélagos insectívoros tropicales es 
criítico para la conservación de la vida silvestres en los trópicos.  Estudios previos han demostrado que la presencia de 
luz artificial tiene un impacto en la actividad de forrajeo de murciélagos insectívoros.  Dos estudios previos se han 
enfocado en la actividad de forrajeo de murciélagos insectívoros en los trópicos.  Para entender cual tipo de luz tiene 
un mayor impacto en las comunidades de murciélagos para desarrollar decisiones en terminos de determinar que tipo 
de luces deben ser instaladas. Este estudio compara el número de pases y las especies de murciélagos insectivoros 
entre tres tipos diferentes de luz artificial -  flourescente, LED, y vapor de sodio.  Este estudio fue conducidó a través 
de un monitoreo acústico de la actividad de murciélagos en cinco sitios diferentes en Monteverde, Costa Rica con 
diferentes tipos de luz.  Las variables ambientales como la fase de la luna, distancia al borde de bosque, tiempo desde 
la puesta del sol, y la velocidad del viento se midierson debido al potencial que tienen como efecto distrayente en la 
actividad de murciélagos.  La velocidad del viento fue la única variable ambiental que afecta la actividad de 
murciélagos en terminos de números de pasadas y número de especies, con menor actividad observada al aumentar la 
velocidad del viento.  El número de pasadas de murciélagos se determinó fue mayor en los sitios oscuros adjuntos a 
las luces flourescentes (26.8 ± 17.81 N = 5) comparado con los sitios con  LED (51.67 ± 16.46 N = 6) o vapor de 
sodio (6.17 ± 2.98 N = 6). El número de pasadas de murciélagos y las especies grabadas bajo las lámparas en la calle 
fueron similares entre los tipos de luz.  Esto indica que los murciéalagos insectivoros tropicales sufren cambios 
específicos a la especie en el forrajeo en la presencia de luz artificial y con velocidades de viento altas.  Myotis 
nigricans fue la especie más común grabada en las luces flourescentes mientras que Eptesicus brasiliensis tiende a ser 
la más común en luces LED y de vapor de sodio; ambas especies no muestran una preferencia por sitios oscuros o con 
luz.  Esto sugiere que la presencia de luces artificales tiene el potencial de alterar la estructura de las comunidades de 
bosques tropicales y debe ser entendido mejor en orden de tomar mejores decisiones para el desarrollo y la 
conservación!
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INTRODUCTION 
Humans have an ever-increasing impact on the natural world. The world population is increasing, 
and as a consequence urbanization rates are also increasing (Galli et al. 2014). There are many 
environmental impacts associated with growing populations such as land use change, which is a 
major driver of deforestation (Wu 2005). One such impact of growing human populations is an 
increase in light pollution as a consequence of the increased use of artificial lights around the 
world. Increased urbanization and a growing economy are both correlated to increased light 
pollution, specifically by street lights (Lewanzik & Voight 2014). Currently, artificial light at night 
impacts 23% of Earth’s land surface (Azam et al. 2018). The increased use of light has major 
impacts on the brightness of the sky; artificial lights have caused a 20% increase in the nighttime 
sky brightness (Stone et al. 2015).  

It is critical to understand the effects of this increased use of artificial light on ecosystems. 
Negative impacts are expected because for much of geologic and evolutionary history light cycles 
have been naturally occurring phenomena in which native species are adapted to (Gaston 2013). 
The abrupt change in the natural light cycle via the introduction of artificial lights in urban areas is 
a major environmental pressure that spans to the community level (Gaston 2014). The effect is 
likely to be disproportionate on nocturnal species due to increased illumination altering a species 
orientation, which may affect behavior such as foraging which typically occurs in darkness at 
night as well as potentially exposing them to predators (Longcore & Rich 2004). Artificial lights 
heavily alter insect activity (Lewanzik & Voight 2014) and these effects may cascade into growing 
effects on the foraging activity of nocturnal insect predators (Longcore & Rich 2004).  
Insectivorous bats are affected by artificial lights in different ways depending on their foraging 
patterns. Some insectivorous bat species may avoid artificial light sources, which would create a 
fragmented habitat for them as artificial light penetrates various segments of forest (Stone et al. 
2015). Different foraging patterns between bat species may be influenced by the presence of 
artificial light resulting in the dominance of a few species over others that in turn can alter the 
structure of bat communities (Rowse et al. 2016). Many changes in technology have led to a wide 
range of light types used within a given area. The impact of different light types on bat activity 
remains poorly studied (Stone et al. 2015).  

Different light types may have different effects on bat foraging activity. Fluorescent lights 
emit a narrow spectrum of light and may have different effects on native bat species (Rowse et al. 
2016). Light emitting diode (LED) lights emit a blue-white light which have a wider spectrum 
compared to sodium vapor lights; these lights attract fewer insects than sodium vapor and 
fluorescent lights (Stone et al. 2015). Streetlights have long been primarily sodium vapor lights, 
which emit an orange light of a narrow spectrum (Stone et al. 2015). Sodium vapor lights have 
been a predominant artificial light source over time, but as pressures to shift to a more 
environmentally friendly, lower impact light source increases in the use of LED lights (Rowse et 
al. 2016). Technological advances in LED lights have made them more attractive to customers due 
to their increased illuminance as well as lower energy consumption which in turn makes them a 
more cost effective artificial light source in many cases (Rowse et al. 2016). These technological 
advancements are important to understand because newer light technologies may have less of an 
impact on bat foraging activities and should therefore be explored in wildlife conservation efforts.  

Very few studies have assessed the effect of artificial lights on bat activity. Recent studies 
used acoustic monitoring and found that bat activity increases around streetlights in the cloud 
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forest of Monteverde, Costa Rica (Frank 2015; Gabber 2017) and the lowland forest of Gamboa, 
Panama (Jung & Kalko 2010). The study by Jung & Kalko (2010) in Panama determined that bat 
activity was highest at bluish-white lights, corroborating the results of previous studies in 
subtropical and temperate areas. In Monteverde, bat activity also seems to be different in different 
light types (Gabber 2017) but the previous studies conducted in this area (Frank 2015, Gabber 
2017) did not systematically sampled bat activity at different light types to specifically evaluate 
the effect of this variable with sufficient statistical power.  

More studies are necessary to understand the impact of artificial light type on tropical bat 
activity. Using acoustic monitoring, I measure bat activity at three different artificial light types 
(fluorescent, LED, and sodium vapor) in Monteverde, Costa Rica to evaluate the specific effect of 
these three light types on bat activity. I also measured several variables that could confound the 
comparison of activity between light types. These variables were distance form forest edge, time 
after sunset, moon phase and wind velocity, all of which are known to affect bat activity in tropical 
and/or temperate zones (Brown 1968; Jung & Kalko 2010; Saldaña-Vázquez 2012). Wind velocity 
may make foraging activities of insectivorous bats more difficult therefore potentially altering 
their activity levels as wind increases (Santos-Moreno et al. 2010). These known effects of many 
of these variables make them critical to control for in determining insectivorous bat foraging 
activity.  
 
METHODS 

This study was conducted during a 21-day period from April 16, 2018 through May 6, 
2018 consisting of 13 nights of recording. All public street lights in Monteverde are sodium vapor 
lamps but a limited number of fluorescent and LED lights exist in privately owned properties and 
hotels in the area.  For this reason, only one LED site was used for the study due to issues with 
regarding access. Specific lights were chosen in regards to distance from forest edge and reduced 
canopy cover. Sites closer to the forest edge with little to no canopy cover were chosen because 
insectivorous bats activity are typically more active closer to forest edges (Kalko 1998), and to 
avoid microphone interference with above canopy cover. Study sites were within 11.5 m of the 
forest edge and ranged in elevation from 1347 m asl to 1442 m asl (Table 1).  

Bat activity was recorded within 2-5 m of a direct light source at sites one through five 
during the first seven days of the study. Each night, three sites were recorded at for 30-minute 
periods. Sites one, two, three and three, four, five were alternated night by night. For example on 
night one I would record at sites one, two, and three then on night two I would record at sites 
three, four, and five. Each night the order in which site was recorded first was alternated to control 
for time after sunset. Not many bats were detected at the streetlights during these first week of 
sampling. For this reason the rest of the study involved a comparison between streetlights and 
adjacent dark sites where bats seemed to be more abundant during this time of year (R.K. LaVal, 
personal communication). From the eighth night forward I limited the scope of recording sites to 
be at sites one, two, and three with a dark and light treatment at each site. This resulted in five 
nights of recordings containing two 30-minute recordings (one at the light site and one at the dark 
site) for sites one, two, and three as well as one night of recording at both dark and light sites at 
only sites two and three due to inclement weather. Similar to the first eight nights of the study, the 
order in which site was recorded at first was altered each night to control for time after sunset.     
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Table 1. Site specific information regarding each recording site location. Bat activity was 
monitored using acoustic monitoring at five sites in Monteverde, Costa Rica. Recording took place 
over a 21-day period from Aril 16, 2018 through May 6, 2018. Sites were selected based on light 
type (FL = fluorescent, SV = sodium vapor, LED = light-emitting diode). Site coordinates and 
elevation were determined using Google Earth Pro. Three sites had a paired dark treatment site; 
distance to paired site as well as distance from forest edge were measured using a transect tape.  
 
Site Treatment Coordinates Elevation 

(m asl) 
Distance 
to paired 
site (m) 

Distance 
to forest 
edge (m)  

Light 
type 

1 Light 10°17'58.62"N 
84°48'24.39"W 

1441.704 55.0 2.5 FL 

1 Dark 10°17'56.78"N 
84°48'25.80"W 

1438.351 ” ” 11.3 FL 

2 Light 10°18'33.05"N 
84°48'45.11"W 

1374.343 30.4 3.2 SV 

2 Dark 10°18'33.26"N 
84°48'45.38"W 

1373.124 ” ” 0.0 SV 

3 Light 10°18'44.87"N 
84°48'55.66"W 

1407.262 17.7 2.5 LED 

3 Dark 10°18'45.01"N 
84°48'55.42"W 

1408.481 ” ” 3.5 LED 

4 Light 10°18'34.87"N 
84°49'8.92"W 

1346.911 N/A 4.7 FL 

5 Light 10°18'49.64"N 
84°49'3.90"W 

1400.861 N/A 6.75 SV 

RECORDING—Acoustic monitoring was conducted using Wildlife Acoustic’s original 
model of the Echo Meter Touch (EMT) attached to an Apple iPad Mini 2 using Wildlife 
Acoustic’s Echo Meter Touch app downloaded from Apple iTunes. The microphone of the EMT 
was restricted to record between 15 to 100kHz because this is the known range of all Monteverde 
bat species. The settings in the app were configured to have a “Medium” Trigger Frequency, 
Nightly Sessions Mode was switched on, with a Audio Division Ratio of 1/20. The settings ‘Save 
Noise Files’ as well as ‘Real-Time Auto ID’ were turned off. By not using the manual recording 
mode the EMT only saves recordings when a sound above a specified frequency is detected—
typically belonging to a bat echolocation call—and will continue to record for three seconds once 
the sound is detected to be over. This setting allows the bat calls to be recorded but not be broken 
up into many different noise files. I stood within 5 m of the light source at each light site and held 
the iPad at chest level with the microphone of the EMT pointing outwards. Recording began 
around 6:30pm each night, which during the study period was 40 minutes after sunset—this is 
typically the point in which bats are most active during the night (Brown 1968).             

BAT PASS AND SPECIES IDENTIFICATION—After recording the .wav files were uploaded 
and converted to zero crossing files using the Wildlife Acoustic’s Kaleidoscope software. The zero 
crossing files were displayed as spectrograms using the AnaLook software. Each spectrogram was 
inspected to identify the bat species and the number of passes. A bat pass was counted as an 
uninterrupted recording of a single bat species on the spectrogram. If there was a break in the 
recording the next bat recording was considered to be a new pass. The species were identified 
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using the frequency and structure of the waveforms in the spectrogram with assistance from Dr. 
Richard LaVal who has been studying bats in the Monteverde area for many years, as well as 
referring to a library of spectrograms of identified species for the area as compiled by Richard 
LaVal.   

CONFOUNDING VARIABLES—Moon phase was recorded as the number of days since 
new moon; this data was obtained from local moon phase tables. Distance from forest edge was 
measured from the point where I stood holding the EMT to the edge of the nearest forest edge. 
Similarly, the distance between sites with light and dark treatments was measured as well. Time 
since sunset was calculated using the time the recording began at each site in comparison to the 
sunset time which was obtained from a local table available online. Wind was measured using a 
handheld anemometer at each site. Wind speed was recorded in 15-minute intervals beginning at 
the time the recording began, 15 minutes into the recording, and during the last minute of the 
recording.  

STATISTICAL ANALYSIS—All variables were log transformed to meet the assumptions of 
normal distributions and linearity. I first ran Pearson Correlation tests in R to evaluate what 
variables better explained variation in the number of passes and in the number of species detected 
per night. After determining that only wind velocity significantly affected, Linear Mixed Models 
(LMM) were used to compare the number of passes and the number of species between light 
types, and between dark and light areas for the samples collected after the eighth night, including 
wind as a covariate. Sampling day was included as a random effect to control for temporal 
dependency.   

 
RESULTS 

During the 13 nights of recording 1120 bat passes were identified across all sites. The final 
species list consisted of 16 insectivorous bat species—14 identified and two unidentified (Table 2).  
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Table 2. Species were recorded using an acoustic detector in 30 minute intervals over a 21-day 
period from April 16, 2018 through May 6, 2018 in Monteverde, Costa Rica. Recording was 
conducted at three different light types (fluorescent, LED, and sodium vapor). Bat species were 
identified based on spectrogram data collected and analyzed in terms of frequency and acoustic 
patterns with assistance from Richard LaVal along with a library of known bat species in 
Monteverde, Costa Rica. List also incudes species codes. 

Species Species code 
Dasypterus ega DASEGA 
Dasypterus intermedius DASINT 
Diclidurus albus DICALB 
Eptesicus brasiliensis EPTBRA 
Eptesicus fuscus EPTFUS 
Eumops auripendulus EUMAUR 
Molossus molossus MOLMOL 
Molossus rufus MOLRUF 
Molossus sinaloae MOLSIN 
Molossus sp.  UNKNOWNMOL 
Myotis nigricans MYONIG 
Myotis oxyotus MYOOXY 
Myotis pilosatibialis MYOPIL 
Myotis riparius MYORIP 
Tadarida brasiliensis TADBRA 
Unknown species UNKNOWN1 

A Pearson Correlation test as shown in Table 3 revealed that the number of bat passes at 
recordings at light sites only has a trend suggesting correlation to wind speed (rho = -3.901, p = 
0.1053, N = 41). The results of this correlation test suggest that wind speed is the largest 
determinant of number of bat passes out of all the potential confounding variables studied. 
Similarly, a Pearson Correlation test comparing the number of bat passes from the recordings at 
sites that had both a dark and light treatment had a significant trend indicating that the number of 
bat passes per night decreases as wind speed increases (rho = -0.5185, p = 0.0003, N = 34) (Table 
4).  
 The Pearson Correlation test results shown in Table 5 indicates that the number of bat 
species present in recordings at light sites has a significant negative correlation with the 
environmental variable of wind speed only (rho = -0.6443, p < 0.0001, N = 41), all other variables 
show no statistical significance. Similarly, the results of the Pearson Correlation test in table 6 
indicate a statistically significant negative correlation between the number of bat passes and wind 
speed (rho = -0.6864, p < 0.0001, N = 34) in terms of the bat species recorded at paired light and 
dark sites. 

The Pearson Correlation test results from Tables 5 and 6 suggest that for both dark and 
light sites there is a statistically significant negative correlation between the number of bat species 
recorded and the environmental variable of wind speed. Overall. The four correlation tests suggest 
that for both light sites and at sites with both dark and light treatments wind is the only 
environmental variable that has a significant impact on bat activity (Table 3, Table 4, Table 5, 
Table 6).  
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Table 3. Results from Pearson Correlation test indicating variable correlation between the 
number of bat passes and potential confounding variables. The results in bold indicate trend with 
the most statistical significance  (p ≤ 0.10). The dataset is comprised of 41 recordings at light sites 
including 15 recordings at fluorescent lights, 13 recordings at LED lights, and 13 recordings at 
sodium vapor lights over a 21-day period from April 16, 2018 through May 6, 2018 in 
Monteverde, Costa Rica. Days since new moon and time since sunset were counted based off local 
calendars. Distance from forest edge was measured using a transect tape. Number of bat passes 
were counted using data from spectrograms, a single pass was considered to be a continuous call 
of one bat species without interruption. Wind speed was measured using an anemometer three 
times during the 30-minute recording sessions and averaged per recording session.  Variables 
were log transformed.  
 Days since 

new moon 
Distance from 
forest edge 

Number of bat 
passes 

Time since 
sunset 

Wind 

Days since new 
moon 

1.0000                      

Distance from 
forest edge 

-0.1213                   1.0000           

Number of bat 
passes 

0.2618                  -0.2386        1.0000              

Time since sunset 1.0000                  -0.1213        0.2618            1.0000  
Wind -0.0054                   0.3179       -0.3901           -0.0054   1.0000 
 
Table 4. Results from Pearson Correlation test indicating variable correlation between the 
number of bat passes at light sites and potential confounding variables. The results in bold 
indicate a correlation between variables with statistical significance (p = 0.0003). The dataset is 
comprised of 34 recording sessions were conducted at sites with light and dark treatments over an 
11-day period from April 26, 2018 through May 6, 2018 in Monteverde, Costa Rica. 10 recordings 
at fluorescent sites—5 with light treatment and 5 with dark treatment. 12 recordings at LED 
sites—6 with light treatment and 6 with dark treatment. 12 recordings at sodium vapor sites—6 
with light treatment and 6 with dark treatment. Days since new moon and time since sunset were 
counted based off local calendars. Distance from forest edge was measured using a transect tape. 
Number of bat passes were counted using data from spectrograms, a single pass was considered to 
be a continuous call of one bat species without interruption. Wind speed was measured using an 
anemometer three times during the 30-minute recording sessions and averaged per recording 
session. Variables were log transformed.  
 Days since 

new moon 
Distance from 
forest edge 

Number of bat 
passes 

Time since 
sunset 

Wind 

Days from 
new moon 

1.0000                       

Distance from 
forest edge  

0.0270                   1.0000           

Number of bat 
passes 

0.2206                   0.0668        1.0000              

Time since 
sunset 

1.0000                   0.0270        0.2206            1.0000    

Wind 0.0092                   0.1478       -0.5185            0.0092   1.0000 
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Table 5. Results from Pearson Correlation test indicating variable correlation between the 
number of bat species and potential confounding variables. The dataset is comprised of 41 
recordings at light sites including 15 recordings at fluorescent lights, 13 recordings at LED lights, 
and 13 recordings at sodium vapor lights over a 21-day period from April 16, 2018 through May 
6, 2018. Days since new moon and time since sunset were counted based off local calendars. 
Distance from forest edge was measured using a transect tape. Number of bat passes were counted 
using data from spectrograms, a single pass was considered to be a continuous call of one bat 
species without interruption. Wind speed was measured using an anemometer three times during 
the 30-minute recording sessions and averaged per recording session.  Variables were log 
transformed. The results in bold indicate a correlation between variables with statistical 
significance  (p < 0.0001).    
 Days since 

new moon 
Distance from 
forest edge 

Number of bat 
species 

Time since 
sunset 

Wind 

Days since 
new moon 

1.0000                      

Distance from 
forest edge 

-0.1213                   1.0000      

Number of bat 
species 

0.0385                  -0.2180    1.0000              

Time since 
sunset 

1.0000                  -0.1213    0.0385            1.0000  

Wind -0.0054                   0.3179   -0.6443           -0.0054   1.0000 
 
Table 6. Results from Pearson Correlation test indicating variable correlation between the 
number of bat species and potential confounding variables. The results in bold indicate a 
correlation between variables with statistical significance (p < 0.0001). This dataset includes 34 
recordings at 10 fluorescent sites—5 with light treatment and 5 with dark treatment. 12 recordings 
at LED sites—6 with light treatment and 6 with dark treatment. 12 recordings at sodium vapor 
sites—6 with light treatment and 6 with dark treatment. Days since new moon and time since 
sunset were counted based on publicly available local calendars. Distance from forest edge was 
measured using a transect tape. Bat species were identified based on spectrogram data and 
analyzed in terms of frequency and acoustic patterns with assistance from Richard LaVal along 
with a library of known bat species in Monteverde, Costa Rica. Wind speed was measured using 
an anemometer three times during the 30-minute recording sessions and averaged per recording 
session.  Variables were log transformed.  
 Days since 

new moon 
Distance from 
forest edge 

Number of bat 
species 

Time since 
sunset 

Wind 

Days since 
new moon 

1.0000                       

Distance from 
forest edge 

0.0270                   1.0000      

Number of bat 
species 

0.0818                  -0.1181    1.0000              

Time since 
sunset 

1.0000                   0.0270    0.0818            1.0000    

Wind 0.0092                   0.1478   -0.6864            0.0092   1.0000 
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The negative correlation between wind speed and number of bat passes as well as species 
per night at each site indicates that as wind speed increases bat activity decreases. This trend is 
seen in Figure 1 and Figure 2, which depicts the downward trend in the number of bat passes and 
species per night as wind speed increases.  
 

 
Figure 1. Scatter plot showing correlation between the log wind speed and the log number of bat 
passes. 41 recordings at light sites were comprised of 15 recordings at fluorescent lights, 13 
recordings at LED lights, and 13 recordings at sodium vapor lights over a 21-day period from 
April 16, 2018 through May 6, 2018. Number of bat passes were counted using data from 
spectrograms, a single pass was considered to be a continuous call of one bat species without 
interruption. Wind speed was measured using an anemometer three times during the 30-minute 
recording sessions and averaged per recording session. Variables were log transformed.     
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Figure 2. Scatter plot showing correlation between the log wind speed and the log number of bat 
passes. 41 recordings at light sites were comprised of 15 recordings at fluorescent lights, 13 
recordings at LED lights, and 13 recordings at sodium vapor lights over a 21-day period from 
April 16, 2018 through May 6, 2018. Wind speed was measured using an anemometer at in 15-
minute intervals (three times) during the 30-minute recording sessions and averaged to calculate 
average wind speed per recording session. Bat species were identified based on spectrogram data 
collected and analyzed in terms of frequency and acoustic patterns with assistance from Richard 
LaVal along with a library of known bat species in Monteverde, Costa Rica.    
 

The number of bat passes at the light sites alone did not significantly vary between each 
light type (Table 7, Figure 3). Similarly, the mean number of species did not vary significantly 
between light types (Table 9, Figure 4). Between each light site, at the nights when only light sites 
were recorded at there was not a statistically significant difference in the number of bat passes or 
bat species recorded.     
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Figure 3. Mean ± SE number of bat passes per 30-min periods for each light type (fluorescent, 
LED, and sodium vapor) at light sites only in Monteverde, Costa Rica. Passes were recorded using 
an acoustic detector in 30 minute intervals over a 21-day period from April 16, 2018 through May 
6, 2018 in Monteverde, Costa Rica. The dataset includes 15 recordings at fluorescent lights, 13 
recordings at LED lights, and 13 recordings at sodium vapor lights over a 21-day period from 
April 16, 2018 through May 6, 2018. A single pass was considered to be a continuous call of one 
bat species without interruption. 
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Figure 4. Mean ± SE number of bat species per night for each light type (fluorescent, LED, and 
sodium vapor) at sites with light treatment only in Monteverde, Costa Rica. 41 recordings at light 
sites were comprised of 15 recordings at fluorescent lights, 13 recordings at LED lights, and 13 
recordings at sodium vapor lights over a 21-day period from April 16, 2018 through May 6, 2018. 
Bat species were identified based on spectrogram data collected and analyzed in terms of 
frequency and acoustic patterns with assistance from Richard LaVal along with a library of known 
bat species in Monteverde, Costa Rica.  
  

When adjacent dark sites are taken into consideration there is a trend between the number 
of bat passes and the light type. This trend can be seen in Figure 5, LED lights have the most 
number of passes with an average of 51.67 ± 16.46 (N = 6) at the dark sites and 19.54 ± 7.15 (N = 
6) per night. Followed by fluorescent lights which have an average of 26.8 ± 17.81 (N = 5) at dark 
sites, and with the lowest number of passes sodium vapor lights had an average of 6.17 ± 2.98 (N 
= 6) passes at the dark sites per night.  
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Figure 5. Mean ± SE number of bat passes per night at three light types (fluorescent, LED, and 
sodium vapor) between light and dark treatments at each site in Monteverde, Costa Rica. 34 
recording sessions were conducted at sites with light and dark treatments. 10 recordings at 
fluorescent sites—5 with light treatment and 5 with dark treatment. 12 recordings at LED sites—6 
with light treatment and 6 with dark treatment. 12 recordings at sodium vapor sites—6 with light 
treatment and 6 with dark treatment. Recordings took place over an 11 day period from April 26, 
2018 through May 6, 2018. The number of bat passes were counted using data from spectrograms, 
a single pass was considered to be a continuous call of one bat species without interruption. 
Marked differences indicate trends in differences between dark and light treatments (p < 0.10).  
   

In terms of the number of species recorded at each light type there is no significant 
difference between the number of species recorded between the light and dark sites but as is shown 
in Figure 6 there is a slight trend suggesting that more species were recorded at the LED sites 
compared to sodium vapor and fluorescent light types. The highest number of species recorded on 
average was at the dark sites of LED lights with an average of 3 ± 1.09 bat species per night.  
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Figure 6. Mean ± SE number of bat species per night at three light types (fluorescent, LED, and 
sodium vapor) between light and dark treatments at each site in Monteverde, Costa Rica. 34 
recording sessions were conducted at sites with light and dark treatments. 10 recordings at 
fluorescent sites—5 with light treatment and 5 with dark treatment. 12 recordings at LED sites—6 
with light treatment and 6 with dark treatment. 12 recordings at sodium vapor sites—6 with light 
treatment and 6 with dark treatment. Recordings took place over an 11-day period from April 26, 
2018 through May 6, 2018. Bat species were identified based on spectrogram data collected and 
analyzed in terms of frequency and acoustic patterns with assistance from Richard LaVal along 
with a library of known bat species in Monteverde, Costa Rica. No significant trends between 
treatment types (p > 0.10).   
 
 Due to the statistical significance indicated between the number of bat passes at both light 
sites and sites where a dark and light treatment was used I ran chi-squared tests to understand the 
interaction between these variables. Table 7 indicates that the number of bat passes is significantly 
different as a function of wind speed (X2 = 9.89, df = 1, p = 0.0017). This test also indicates that 
the wind speed does not significantly interact with the number of bat passes per night at the light 
sites only  (X2 = 1.77, df = 2, p = 0.41). Additionally, the chi-squared test (Figure 8) to determine 
significant interaction between number of bat species passes in relation to wind speed and 
treatment type indicated that the number of bat passes does differ significanly based on light type 
(X2 = 6.60, df = 2, p = 0.037), wind speed (X2 = 12.84, df = 1, p = 0.00033) and an interaction of 
treatment and light type (X2 = 7.11, df = 2, p = 0.029) for the sites that were sampled with a light 
and dark site.       
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Table 7. Results from a linear mixed model comparing number of bat passes between three light 
types (fluorescent, LED, and sodium vapor) and wind speed. Passes were recorded using an 
acoustic detector in 30 minute intervals over a 21-day period from April 16, 2018 through May 6, 
2018 in Monteverde, Costa Rica. The dataset includes 15 recordings at fluorescent lights, 13 
recordings at LED lights, and 13 recordings at sodium vapor lights. A single pass was considered 
to be a continuous call of one bat species without interruption. Wind speed was measured using an 
anemometer three times during the 30-minute recording sessions and averaged per recording 
session. Variables were log transformed.  
 X2 df P 
Light type 2.99   2 0.22    
Wind 9.89   1 0.002 
Light type*Wind 1.77   2 0.41    
 
Table 8. Results from a linear mixed model comparing number of bat passes between three light 
types (fluorescent, LED, and sodium vapor) with dark and light treatments and wind speed. Passes 
were recorded using an acoustic detector in 30-minute intervals over an 11-day period from April 
26, 2018 through May 6, 2018 in Monteverde, Costa Rica. This dataset includes 34 recordings at 
10 fluorescent sites—5 with light treatment and 5 with dark treatment. 12 recordings at LED 
sites—6 with light treatment and 6 with dark treatment. 12 recordings at sodium vapor sites—6 
with light treatment and 6 with dark treatment. A single pass was considered to be a continuous 
call of one bat species without interruption. Wind speed was measured using an anemometer three 
times during the 30-minute recording sessions and averaged per recording session. Variables 
were log transformed.  
 X2 df P 
Treatment 1.27  1 0.26     
Light type 6.60   2 0.04 
Log wind 12.84   1 0.0003 
Treatment*Light type 7.11  2 0.03 
Treatment*Wind 0.10   1 0.76     
Light type*Wind 4.30   2 0.12     
Treatment*Light 
type*Wind 

2.75   2 0.25     

 
 The chi-squared tests regarding the interaction between the number of bat species and light 
type at light sites only as well as wind as shown in Table 9 indicates that the there is a significant 
difference between the number of bat species recorded at a site as a function of light type (X2 = 
15.14, df = 2, p = 0.0005) and as a function of wind (X2 = 38.80, df = 1, p = 4.699e-10), but not in 
terms of those two variables interacting (X2 = 1.89, df = 1, p = 0.39). Table 10 indicates the results 
of the chi-squared test in terms of number of species recorded interacting with treatment type, light 
type, and wind speed. The results suggest that there is only a significant interaction between the 
number of species recorded and wind speed (X2 = 39.40, df = 1, p = 3.454e-10).      
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Table 9. Results from a linear mixed model comparing number of bat species between three light 
types (fluorescent, LED, and sodium vapor) and wind speed. Bat passes were recorded using an 
acoustic detector in 30 minute intervals over a 21-day period from April 16, 2018 through May 6, 
2018 in Monteverde, Costa Rica. The dataset includes 15 recordings at fluorescent lights, 13 
recordings at LED lights, and 13 recordings at sodium vapor lights. Bat species were identified 
based on spectrogram data and analyzed in terms of frequency and acoustic patterns with 
assistance from Richard LaVal along with a library of known bat species in Monteverde, Costa 
Rica. Wind speed was measured using an anemometer three times during the 30-minute recording 
sessions and averaged per recording session.  Variables were log transformed.  
 
 X2 df p-value 
Light type 15.14   2 0.0005 
Log wind 38.80   1 4.699e-10 
Light type*Wind 1.89  2 0.39     
 
Table 10. Results from a linear mixed model comparing number of bat species between three light 
types (fluorescent, LED, and sodium vapor) with dark and light treatments and wind speed. 
Species were recorded using an acoustic detector in 30 minute intervals over an 11-day period 
from April 26, 2018 through May 6, 2018 in Monteverde, Costa Rica. This dataset includes 34 
recordings at 10 fluorescent sites—5 with light treatment and 5 with dark treatment. 12 recordings 
at LED sites—6 with light treatment and 6 with dark treatment. 12 recordings at sodium vapor 
sites—6 with light treatment and 6 with dark treatment. Bat species were identified based on 
spectrogram data and analyzed in terms of frequency and acoustic patterns with assistance from 
Richard LaVal along with a library of known bat species in Monteverde, Costa Rica. Wind speed 
was measured using an anemometer three times during the 30-minute recording sessions and 
averaged per recording session.  Variables were log transformed.    
 X2 df P 
Treatment 0.006   1 0.94     
Light type 4.83   2 0.09 
Log wind 39.40   1 3.454e-10 
Treatment*Light type 2.98   2 0.23     
Treatment*Wind 0.79   1 0.37     
Light type*Wind 1.23   2 0.54     
Treatment*Light type* 
Wind 

2.41   2 0.30     

 
 Additionally, the breakdown of species recorded between each light type and light 
treatment varied. Figure 7 displays pie charts showing how each light type and treatment varied in 
species composition. Overall Myotis nigricans was the predominant species recorded at both the 
light and dark sites for fluorescent light types, while Eptesicus brasiliensis was the predominant 
species recorded at both the light and dark site for LED and sodium vapor lights. 
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Figure 7. Pie charts depicting species composition at each site recorded at. Data consists of 58 
recordings from 41 light sites consisting of three light types (15 fluorescent, 13 LED, and 13 
sodium vapor), and 17 dark sites (5 fluorescent, 6 LED, and 6 sodium vapor). Each pie chart 
represents either a dark or light site for each of the three light types (A) fluorescent light sites, (B) 
fluorescent dark sites, (C) LED light sites, (D) LED dark sites, (E) sodium vapor light sites, (F) 
sodium vapor dark sites. A total of 14 identified and 2 unidentified species were recorded at all 
sites over the 21-day recording period from April 16, 2018 through May 6, 2018. 
 
DISCUSSION 

Similar to Jung & Kalko (2010) I found that distance to forest edge did not play a 
significant role in the number of bat passes or species present at each site. However, all sites were 
relatively close to the forest edge which may indicate that in order to see a larger difference in bat 
activity the sites would need to vary more in distance from forest edge and move farther into more 
open areas (Kalko 1998). Additionally, time since sunset did not play a significant role in 
impacting insectivorous bat passes and species at each site, this could be attributed to the fact that 
the overcast nights during the full moon mitigated the brightening effect of the full moon. On 
nights where the sky was darker it would be expected that time since sunset played a larger role in 
bat activity. Wind speed turned out to be the most significant environmental variable that impacted 
insectivorous bat activity, in terms of number of passes and number of species detected. This is 
consistent with the results of Santos-Moreno et al. (2010), which found a significant negative 
correlation between bat activity and wind speed. Wind velocity can have an impact on foraging 
patterns of bats which may alter the when and where a specific bat species may forage for food. 
The previous study did (Gabbert 2017) did not find wind to be a significant factor influencing bat 
activity. Gabbert (2017) conducted the study during the wet season which in which there is little 
variation in wind velocity. Therefore the time of the year must be taken into consideration in terms 
of monitoring bat activity.  

Number of passes and species were similar between light types but the type of light seems 
to affect the number of passes and species detected in dark sites adjacent to the lights. The largest 
difference between the number of bat passes between dark and light sites occurs at fluorescent 
light sites, followed by LED lights and then sodium vapor lights with the smallest difference in the 
number of species passes between dark and light sites. The lights may increase the number of 
passes due to either an increased number of insects that are found at lights that produce more UV 
radiation such as fluorescent lights (Stone et al. 2015) or some bats may be deterred from light 
sites due to the artificial light source (Stone et al. 2015). However, an increased number of bat 
passes was not observed at the fluorescent light sites. This may be due to the specific site location 
as well as the added variable of wind.  

Two main species that were observed were Myotis nigricans and Eptesicus brasiliensis. M. 
nigricans was the most abundant species at the fluorescent sites while Eptesicus brasiliensis was 
the most abundant species at both LED and sodium vapor light sources. Additionally, there are no 
bat species found at the dark site for any light type that is more abundant than that species at a 
light site. However, there is the exception of M. nigricans having a large presence in the dark site 
only of the sodium vapor light compared to the light site. I encountered the largest number of bat 
species at the fluorescent light site compared to any other site, this was followed by the light and 
dark sites at the LED light site as well as the light site at the sodium vapor light type which all had 
10 species recorded. Overall, foraging activity appears to be dominated by a select few species at 
each light type—meaning there is one clearly dominant species at each light type and others that 
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are present but not as active. This is interesting because although there are different average 
number of passes and also species between dark sites the average numbers for passes and species 
are similar between light types. It would be difficult to determine whether or not these species 
compositions are directly related to the light type or if they have more of a relation to the 
geographic location of each site within Monteverde. All sites fall within a close elevational range 
(95 m), however, there may be other environmental variables which impact the bat species found 
within a given area that are outside the scope of this analysis. These results may be a factor of the 
continuity of each forest patch, traffic (especially at the sodium vapor street lights), or even levels 
of human activities in each area (Jung & Kalko 2010). Additionally, there is a low abundance of 
sites sampled for each light type indicating that although we see these species-specific trends, 
there may be outside factors influencing the specific species composition of each site. Despite the 
low number of sites sampled there is a slight trend in the species found between each light type, 
which may indicate that the species-specific interactions are impacted by light type.  

Monteverde, Costa Rica has undergone a huge land transformation over the past 50 years 
as they shifted from an economy based more in agriculture to one focused on ecotourism  (Nakarni 
& Wheelwright 2000). This shift has led to an increase in human population. Increased 
urbanization and a growing economy are both correlated to increased light pollution, much of this 
expansion is occurring in tropical countries (Lewanzik & Voight 2014; Jung & Kalko 2010). As 
this development continues to occur, it is critical that proper decisions are being made in terms of 
what light sources are used on new and existing buildings. If we can better understand that 
different light sources impact different insectivorous bat species differently we can act accordingly 
and select light sources that minimize the impacts, our development has on native wildlife. 
Switching to a lower impact light source could minimize the growing impact that artificial lights 
have on native insectivorous bat foraging activity and help preserve the community structure in 
tropical forests.  
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