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Habitat transformation and bromeliad tank 
communities!
!
Sarah Schooler!!
College of the Environment, University of Washington!!
!
ABSTRACT	
Epiphytic bromeliads have tanks that can serve as habitat for both micro- and macroorganisms. Bromeliad tank 
communities were studied in primary forest, secondary forest, and pasture. Liquid and substrate were collected from 
20 bromeliads in each site to count microorganisms while macroorganisms were collected by hand from bromeliad 
leaves. Leaf number and volume richness, and abundance but did not differ between habitats. Microorganism, but 
not macroorganism diversity was higher in primary forest than secondary forest, and there was no difference 
between pasture diversity and primary or secondary forest diversity for either macro- or microorganisms. However, 
Sorenson’s Quantitative Index showed a high degree of similarity between all three sites in terms of 
microorganisms, and little similarity in terms of macroorganisms between all three sites. Both micro- and 
macroorganism abundance increased in number from primary forest to pasture, most likely due to differences in pH 
of bromeliad communities. It is unlikely that bromeliad tank micro-communities are accurate indicators of the 
diversity of their surrounding ecosystems, and more likely that species composition reflects the abiotic conditions 
inside the bromeliad.	!
RESUMEN	
Las bromelias epífitas poseen tanques que pueden servir de hábitat tanto para micro y macroorganismos.  Las 
comunidades en los tanques de las bromelias fueron estudiadas en bosque primario, secundario y pastizales.  
Líquido y sustrato fueron colectados de 20 bromelias en cada sitio para contar los microorganismos, mientras que 
los macroorganismos fueron colectados a mano de las hojas de las bromelias.  El número de hojas y volumen, 
riqueza y abundancia pero no difieren entre hábitats.  La diversidad de microorganismos, pero no macroorganismos 
fue mayor en el bosque primario que el secundario, y no hay diferencia entre la diversidad del pastizal y el bosque 
primario o secundario tanto para macro como para microorganismos.  Sin embargo, el índice cuantitativo de 
Sorensen muestra una gran similitud entre los tres sitios en términos de microorganismos , y poca similitud en 
cuanto a macroorganismos entre los 3 sitios.  La abundancia tanto micro como macroorganismos aumenta en 
número de bosque primario a pastizal, muy probablemente debido a diferencias en el pH de las comunidades de las 
bromelias.  Es poco probable que las micro-comunidades de las bromelias sean un indicador  exacto de la diversidad 
de los ecosistemas vecinos, y más probablemente la composición es un reflejo que condiciones abióticas dentro de la 
bromelia. !
INTRODUCTION	!
Deforestation generally simplifies community structure, changes abiotic conditions and reduces 
diversity, although specific organisms’ responses to deforestation are highly varied (Lewis 2009). 
Bounded communities, such as phytotelmata, may be relatively independent of their 
surroundings due to their distinct abiotic conditions, in that species occupying them may treat 
them as islands. However, the surrounding habitat may serve as an important nutrient and species 
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pool for the tank, and it is also possible that the surrounding habitat may alter other biotic and 
conditions impacting phytotelmata communities.  
 Bromeliads are largely epiphytic and most have rosette leaves that form phytotelmata 
housing a rich flora and fauna (Ngai et al. 2008). Bromeliad tank communities are affected by 
multiple abiotic factors, such as temperature and pH of the aquatic environment, and species and 
nutrient load, and biotic factors, which include canopy throughfall, size, number of leaves 
composing the rosette, vertical placement of the bromeliad, and species of bromeliad (Ngai et al. 
2008, Geoffredi et al. 2011, Marino et al. 2012).  While it is clear that bromeliad communities 
are impacted by many factors, it is unclear whether land transformation either indirectly or 
directly affects them. 

The few studies examining bromeliad tanks in disturbed habitats find that there are 
conflicting results about bromeliad tank community diversity between pasture and primary forest 
communities (Phaeton 1992, Ngai 2008, Pitkin 2011, Jesseph 2011). However, multiple studies 
have found low species overlap between pasture and forest bromeliad tank micro communities 
on both the micro- and macroorganism level showing that community composition may differ 
(Phaeton 1992, Jorgenson 2004). Thus, due to these partially conflicting results, it is unknown if 
bromeliad tank communities in Cloud Forest communities interact with their surroundings, or if 
they are largely independent, and therefore if land transformation affects bromeliad tank 
communities the same way as their surrounding habitat. 

The purpose of this study is to investigate the differences in community structure, 
composition, and species richness of both macro- and microorganisms in bromeliad tank 
communities between primary forest, secondary forest, and pasture in a Cloud Forest ecosystem. 
I aim to further understand which biotic and abiotic factors influence bromeliad community 
composition and diversity in Cloud Forest and especially if bromeliads “communicate” with the 
habitat around them and reflect it’s diversity in tank composition. 
!
METHODS	!
Three study sites were sampled, all between 1500 and 1600 meters in Costa Rican Premontane 
Wet/Rainforest, with 20 bromeliads from each habitat type. The three study sites were at 
approximately 10 degrees latitude and -84 degrees longitude. All three sites were located in the 
immediate vicinity of the Monteverde Biological Station: primary Cloud Forest, a secondary 
forest of around 25 years, and pasture/clearing nearby. Data were collected from October 20th to 
November 17th, which is the transition from the wet season to the dry season in Monteverde. 
Epiphytic bromeliads were found between zero and three meters from the ground. The majority 
of bromeliads were in forest gaps. Canopy cover varied from closed understory to gaps due to 
recent tree falls. It was not controlled for due to lack of sufficient study organisms to be selective, 
although this variable has potential importance (Jesseph 2011). There are five main genera of 
epiphytic bromeliads in Costa Rica, and though it has been shown that species of bromeliad can 
affect micro- and macroorganisms due to lack of study organisms and lack of expertise, 
bromeliad species or genera was neither recorded nor controlled for (Montero 2010, Marino 
2012).	
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	 I calculated the bromeliad’s tank volume by measuring the width of the bromeliad tank 
and depth of the water. The number of leaves composing the rosette (hereby referred to as leaf 
number) was counted and recorded. Following this, I collected visible arthropods by hand to be 
later identified. The liquid and substrate were mixed sufficiently by repeatedly drawing up liquid 
into a 1 mL pipette and squeezing it out until the substrate was mixed. All liquid was collected in 
order to obtain all possible macroorganisms that exist in the water such as mosquito larvae and 
leeches. Macroorganisms other than larvae and leeches were collected crawling around inside the 
rosette leaves, and therefore were not aquatic. Samples were not collected during heavy rainfall 
or immediately following heavy rainfall; at least 12 hours passed after heavy rainfall before 
collection samples since it has been observed that rainfall can flush out the communities of 
bromeliads and change diversity (Jesseph 2011). 	

Substrate samples were not left alone for more than two hours due to the rapidly 
changing nature of protist communities. First, samples were examined with the naked eye and 
mosquito larvae and other small visible macroorganisms were counted, recorded, and removed 
from the sample. Following removal of macroorganisms, three wet mount microscope slides 
were prepared from each sample and analyzed for five minutes for each slide. During five 
minutes, all microscopic organisms were counted and identified to morphospecies. 
Macroorganisms were identified to family in order to analyze environmental indicators of these 
species. 	!
RESULTS	!
From 60 bromeliads sampled in 3 study sites, a total number of 247 macroorganisms from 19 
identified families were collected and a total of 4235 microorganisms from 15 identified 
morphospecies were recorded. Of the total macroorganism numbers, 11% were found in primary 
forest, 23% were found in secondary forest, and 63% were found in pasture. Of the total 
microorganism numbers, 29% were found in primary forest, 35% were found in secondary 
forest, and 36% were found in pasture [Table 1]. 	!
Table 1. Species richness and abundance of micro- and macroinvertebrates from epiphytic 
bromeliad tanks along a disturbance gradient. Bromeliads were from Cloud Forest areas of 
Monteverde, Costa Rica at 1500 meters altitude. Micro-oranisms include visible bacteria, 
protistis, and multicellular organisms visible at 400X magnification. Macroorgansisms were 
those visible with the naked eye. 	

!!
Leaf Number and Tank Volume	!

 Primary Forest Secondary Forest Pasture Total

Macro Abundance 27 58 162 247

Macro Richness 8 9 11 19

Micro Abundance 1229 1471 1535 4235

Micro Richness 10 10 9 15
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In primary and secondary forest, microorganism richness was positively correlated with leaf 
number (Figure 3), but abundance was not (Pearson Pairwise Comparison: n = 20, Primary R2 = 
0.004, p = 0.87; Secondary R2 = 0.34, p = 0.15). In primary forest volume was positively 
correlated with microorganism abundance (Pearson Pairwise Comparison: n = 20 R2  = 0.53, p = 
0.01) but not richness (Pearson Pairwise Comparison: n = 20 R2 = 0.21, p = 0.37). There were no 
correlations between bromeliad volume and either microorganism abundance or richness in 
secondary forest (Pearson Pairwise Comparison: n = 20 Abundance R2 = 0.12 p = 0.61 Richness 
R2 = -0.03, p = 0.89).  In pasture, no correlation was found with microorganism richness or 
abundance and either leaf number or volume (Pearson Pairwise Comparison: n = 20 Richness: 
Volume R2 =  -0.2, p = 0.35 Leaf Number R2 = 0.15, p = 0.22; Abundance: Volume R2 = 0.13 p = 
0.15, Leaf Number R2 = 0.06, p = 0.67).	

In pasture, bromeliad volume was correlated with abundance, and richness tended to 
increase with volume, but the correlation was not significant. [Figure 4].  No other correlations 
were found with macroorganisms except in secondary forest, abundance and leaf number were 

nearly correlated (Pearson Pairwise Comparison: n = 20 R2 = -0.43, p = 0.06).	!
	
FIGURE 3 (top)	
Positive correlation between leaf number and micro-species richness of bromeliad micro-
communities in primary forest and secondary forest in Monteverde, Costa Rica, between 1500 
and 1600 m in elevation. (all n=20: Primary forest, R2 = 0.61 p = 0.0004; Secondary forest R2 = 
0.71 p = 0.0005). 	

!  4

N
u

m
b

e
r 

o
f 

S
p

e
ci

e
s

0

2

4

5

7

Leaf Number

0 3 6 9 12

Primary Forest
Secondary Forest

N
u

m
b

e
r

0

8

15

23

30

Volume (mm2 )

0 1250 2500 3750 5000

Abundance
Richness



FIGURE 4 (bottom)	
Correlation (all p < .05) between volume and macro-species abundance, and near significant 
correlation between volume and richness in pasture in Monteverde, Costa Rica, between 1500 
and 1600 m in elevation. (all n=20, for abundance, p = .0291, R2 = .49, for richness p = .09, R2 
= .39). Y-axis labeling is number of organisms for abundance and number of species for richness. 	

Bromeliad volume and leaf number were compared for the three sample sites, and found 
to not be significantly different (2-Way ANOVA, n = 60, df = 2, F = .705, p = .498 for volume, 
and n = 60, df = 2, F = .023, p = .977 for leaf number; figure 5) therefore the habitat-related 
differences were not due to either bromeliad volume variation or leaf number variation. 	

!!
 	
FIGURE 5	
Mean leaf number and mean bromeliad tank volume for each of three habitats along a Costa 
Rican Cloud Forest disturbance gradient (PreMontane Wet Forest between 1500-1600 meters). 
Error bars are +/- one standard error.	!
Species Diversity	!

Macro- and microorganism diversity were compared. Only microorganism diversity was 
significantly greater in primary forest than in secondary forest (T-test, df = 2479, t = 2.70 p = .
007) While microorganism diversity in primary forest tended to be higher than in pasture, the 
difference was not significant (T-test, df = 2618, t = 1.76, p = .0778). Macroorganism diversity 
based upon the Shannon-Weiner index values was not found to be statistically significantly 
different between any of the three sites, with primary forest diversity being 1.31, secondary 
forest diversity being 1.44, and pasture diversity being 1.19 (T-test, all p > .05). 	
	 Sorenson Quantitative Indices were then used to determine whether the community 
structure was different between the three sites. All microorganism compositions were found to be 
similar (all Sorenson Quantitative Index values approximately 0.7; see Table 2). Although the 
values for the similarity index were high, the remaining 30% of the communities could be very 
different. Macroorganism compositions were found to be different in all three cases, with the 
greatest difference in community composition between primary forest and pasture.	
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!!!!!!
TABLE 2 Sorenson Quantitative Index values comparing the similarity of bromeliad tank 
community composition for three Cloud Forest habitats between 1500-1600 meters; Primary 
forest (PF), Secondary forest (SF), and Pasture (PA Lower Sorenson Quantitative Index values 
mean that the communities were less similar. 	

!
	 	

Differences were observed in the prevalence of the three most common morphospecies 
found: large bacteria (having three or more pearl-like beads), small bacteria (two small pearl-like 
beads) and flagellates (grouped into a single morphospecies). Primary forest had mostly large 
bacteria, secondary forest had a majority composition of small bacteria, and pasture had a 
majority composition of flagellates (figure 6). Gastrotrichs were observed in primary forest and 
pasture but not secondary forest, water mites were observed in secondary forest and pasture but 
not primary forest, and rotifers were observed in secondary forest, but not in either pasture or 
primary forest. These organisms that were present in one or two of the sites and absent in the 
other(s) comprise the other 30% of the species that were not found to be similar by Sorenson’s 
Quantitative Index (above). 	!

! ! !  
	 Primary Forest		 	 Secondary Forest	 	 	 Pasture	
FIGURE 6	
Composition of macroinvertebrates in bromeliad tanks of Cloud Forest along a disturbance 
gradient. Major composition of all three communities were large bacteria (A), smaller bacteria 
(B), and flagellates (C), with large bacteria dominating in primary forest, small bacteria 
dominating in secondary forest, and flagellates dominating in pasture. Other species: D = 
Gastrotich, E = Rotifer, F = Large Flagellate, G = Large nematode, H = Circular ciliphora, I = 
Water Mite, J = Circular flagellate. !
	 Lack of significant differences in diversity between the three sites for macroorganisms 
were most likely due to the small number of macroorganisms collected, and the dominating 

PF vs. SF PF vs. PA SF vs. PA

Macroorganisms 0.518 0.209 0.478

Microorganisms 0.721 0.647 0.708
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organism in all three sites being Culicidae (mosquito) larvae (Diptera). However, it is clear that 
although the diversity indices are not significantly different, the community composition was 
different for all treatments, with the Sorenson Quantitative Value for all comparisons below 0.5. 
Although Culicidae larvae occurred in all three sites, the numbers drastically increased from 
primary forest to secondary forest, and then from secondary forest to pasture (17 to 33 to 113), as 
did the numbers of Hirundinea (Annelida) (0 to 9 to 16), Anisolabiidae (Dermpatera) (1 to 3 to 
17), Oxyhaloidae (Blattodea) (0 to 1 to 2). Also, harvestmen (Arachnida-Opiliones), although 
only 2 were found, were only found in primary forest.	!
DISCUSSION	!
Significance of leaf number and volume on results	!
Regardless of habitat, larger bromeliads (those with more leaves and/or larger tank volumes) had 
greater diversity, as has been noted in other studies (Shaw 1993, Maltzman 1994, Bernal 2002, 
Jorgenson 2004). As with islands, larger bromeliads offer both more room and resources and may 
be easier targets for colonizers (MacArthur and Wilson 1967). However, bromeliad size did not 
significantly vary between sites. Even if average bromeliad size differed between sites, primary 
forest had the greatest diversity in spite of possibly smaller bromeliads found there.	!
Microorganism Diversity	!
Surrounding habitat disturbance gradients do not explain the differences in diversity for 
bromeliad tank communities. Abundance of microorganisms was highest in pasture and 
decreased to primary forest, and richness was essentially equal for three surrounding habitats 
studied, though less evenly distributed in secondary forest tanks. However, in each case the 
composition of tanks were dominated by different types of organisms. It is possible that 
differences in abiotic and biotic factors favored one group over another along the disturbance 
gradient examined. In particular, abiotic factors such as pH and temperature of bromeliad tank 
communities could explain many of the observations of this study (Geoffredi et al. 2011, Marino 
2012). 

Bacterial diversity increases with tank pH (Goffredi et al. 2011). Standing (2011) found 
that there was higher pH in pasture bromeliads (5.21) than in forest bromeliads (4.72), which 
may result in bacterial exclusion in forest bromeliads, and thus lower micro-diversity and 
abundance in primary forest. This also could account for the high numbers of small bacteria in 
secondary forest. Further research would be beneficial on the particular species of bacteria found 
in primary forest, secondary forest, and pasture and the relationship to pH of the bromeliad tanks. 
Temperature has also been suggested to have an impact on protist community development 
(Pitkin 2011). Although one would assume that temperature in bromeliads in pasture would be 
higher than in primary forest, this has been shown to be incorrect though this was only for a 
specific bromeliad species and not found in cloud forest (Montero 2010). A study on bromeliad 
temperatures in primary forest, secondary forest, and pasture in relation to protist diversity would 
be extremely beneficial to determine if temperature affects protists in the Monteverde area. 
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 The decrease in diversity of microorganisms from primary forest to secondary forest, then 
the small increase to pasture is difficult to explain. It has been suggested that this may be due to 
faster protist multiplication in pasture conditions than forest conditions due to increased sunlight 
and drier environment (Pitkin 2011). Primary forests may have more diversity because the 
environment has more stable abiotic conditions, a greater input of detritus (which would make it 
be more productive), and a greater local species pool to draw from. Pastures may also be more 
productive, but due to autotrophs that are more productive in higher light and higher 
temperatures. 
 For micro-organisms, my study shows that along a disturbance gradient bromeliad micro-
community diversity and composition remain relatively similar despite the biotic differences in 
the ecosystems surrounding them and that any changes in their composition are most likely due 
to abiotic factors. !
Macroorganism Diversity !

For macroorganisms, secondary forest had the greatest diversity, although the difference 
between all three sites was not significant. This may be due to the small number of organisms 
collected, and the dominance of Culicidae larvae for all three sites. While the Shannon-Weiner 
Diversity Index did not indicate that the sites were significantly different, Sorenson Quantitative 
Indices found similarity for macroorganisms between the three habitats to be very low, with the 
greatest similarity between primary forest and secondary forest, and the least similarity between 
primary forest and pasture. 

The vast differences in mosquito larvae numbers between sites were most likely due to 
bromeliad acidity. Lopez et al. (2011) found that mosquito larvae mortality increased with 
acidity found in bromeliads, and given that Standing (2001) found significantly different levels 
of acidity in bromeliad tanks in primary forest (4.72) and pasture (5.21) in Monteverde, the 
differences in mosquito larvae are most likely due to higher acidity in primary forest habitats. It 
has been found that immature stages of aquatic insects are extremely sensitive to pH values 
below 5 (Mitchell and Stapp 1995). This is further supported by a different study that found that 
for a certain species of mosquito larvae (Aedes aegypti) there was significantly increased 
mortality in low pH environments. Differences in pH may also explain the differences in leech 
(Annelida: Hirundinea) numbers at the three sites.	

I found that aquatic macroorganisms were likely to reflect abiotic conditions such as 
temperature and pH than biotic conditions such as a greater species pool, greater productivity, or 
greater stability in primary forest. However, Bromeliad foliage (non-aquatic) macroorganisms 
were very different along the disturbance gradient leading to high differences in community 
composition. These results agree with a previous study that showed that habitat mainly affected 
bromeliad-foliage macroorganisms, but not aquatic macrorganisms (Montero 2010).  !
Conclusions	!
It is likely that most of the changes in bromeliad community composition and diversity from 
primary forest to pasture are due to differences in the abiotic conditions of bromeliads in those 
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environments. For microorganisms, most of the differences in diversity were most likely due to 
differences in pH and temperature between bromeliad communities. The differences in aquatic 
macroorganism diversity can most likely be attributed to acidity of primary forest bromeliads as 
well. Non-aquatic macroorganisms seem to be the group that most reflects the ecology of the 
forest around them, though this may be due to those organisms only “passing through” on the 
bromeliads. 	
	 Although it is clear that both the abiotic and biotic conditions of bromeliads are impacted 
by land transformation, which likely indirectly impacts bromeliad communities.  The biotic 
factors of the bromeliad’s surrounding ecosystem such as increased species pools and increased 
productivity in primary forest seem to have little impact on all aquatic species in bromeliads. 	

It is more likely that habitat transformation somewhat impacts bromeliad community 
abiotic and biotic conditions, though overall bromeliad communities are stand-alone microcosms 
of the ecosystem that they exist in, and do not communicate very much with the ecosystems 
surrounding them.	!
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ABSTRACT	

Aquatic ecosystems around heavy populated areas and farms are being affected by pollution activities. The increase 
of pollution levels causes an affect on macroinvertebrate communities and later affects the food webs of the entire 
ecosystem. In this study pollution levels from agricultural activities such as runoff from cow manure into the 
streams and human activities such as grey water and runoff form roads, were investigated to elucidate whether 
pristine ecosystems differed in diversity relative to ecosystems closely associated with human or agricultural 
pollution. The macroinvertebrates were collected from six sites and identified into families. Then families were 
placed into food webs by their feeding habits to demonstrate the effect of pollution in the macroinvertebrate 
ecosystem. The results indicated that pollution does have an effect of the diversity of macroinvertebrates within each 
of the selected sites between pristine and polluted. This was shown through food webs dominated by pollutant 
tolerant individuals compared to the pristine food webs with a balance sensitive and less tolerant to pollution 
individuals. Concurring that pollution affects the ecosystem as a whole and the stability of the ecosystem decreases 
due to the loss of diversity from macroinvertebrates being sensitive to pollution.	!
RESUMEN	

Los ecosistemas acuáticos alrededor de áreas ampliamente pobladas y con fincas están siendo 
afectadas por actividades contaminantes.  Este aumento en los niveles de contaminación afecta las 
comunidades de macroinvertebrados y efectos posteriores en las cadenas alimenticias del ecosistema 
entero.  En este estudio los niveles de contaminación por actividades agrícolas como el lavado de 
excremento de vacas en las quebradas y las actividades humanas como aguas negras y lavados de las 
carreteras, investigamos si los ecosistemas pristinos difieren en diversidad relativa con ecosistemas 
asociados a contaminación agrícola y humana.  Los macroinvertebrados se colectaron de seis sitios e 
identificados a familia.  Luego las familias fueron ubicadas en cadenas alimenticias por sus habitos 
alimenticios para demostrar el efecto de la contaminación en los ecosistemas de macroinvertebrados.  
Estos resultados indican que la contaminación tiene un efecto en la diversidad de macroinvertebrados 
dentro de cada uno de los sitios seleccionados en las áreas pristinas y contaminadas.  Esto fue 
demostrado a través de las cadenas alimenticias con un balance de especies sensibles y menos 
tolerantes a la contaminación.  Concurriendo que la contaminación afecta el ecosistema como un todo y 
la estabilidad del ecosistema disminuye debido a la perdidad de biodiversidad de macroinvertebrados 
que son sensibles a la contaminación.	
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!
INTRODUCTION	

Tourists and visitors were uncommon in Monteverde Cloud Rain Forest region in 1977, but now 
only two decades later nearly 50,000 tourists walk the trails of Monteverde each year (Nadkharni 
and Wheelwright 2000). With human and agricultural growth within a community, it increases 
pollution within the ecosystem. The aquatic macroinvertebrates are then affected by these types 
of pollution, from the runoff and humans using streams as a way to discard their trash. Aquatic 
macroinvertebrates respond quickly to perturbation, provoking change in the local community 
structure and reducing richness to a few tolerant and generalist groups (Clements, 1994; 
Dickman and Rygiel, 1996; Kulmann et al., 2000). Certain families of macroinvertebrates are 
more tolerant to pollution than others, the ones that are found are considered because they show 
the true level of pollution in the streams.	

The different aquatic macroinvertebrates species have different ecological niches such as 
shredders (eat living or decomposing plant tissue), collectors (eat fine matter), scrapers (eat 
algae, or plant tissue), piercers (live animal tissue), and engulfers (living animal tissues), all of 
them connected in food webs (Nadkharni and Wheelwright 2000). Based on this, 
macroinvertebrates food webs within a stream can be used as indicators of the stream water 
quality. This is because pollution can negatively affect the substrates from the stream, which 
alters the macroinvertebrates diversity (Hanna 2002). Filters, grazers and shredders can be 
eliminated and be absent from a stream due to water pollution (Ferenc 2010), changing 
completely the food webs there.	

Studies showed that communities of macroinvertebrates were lost due to high pollution 
levels flown downstream from banana plantations (Castillo 2006). Along with the pollution 
levels, the chemical content of the water can also affect the macroinvertebrates. It has been 
reported that a decrease in dissolved oxygen content in the water highly affects the insect larvae 
and the gill-breathing insects (Al-Shami 2011). Other forms of pollution can be from agriculture 
and humans, these types of pollution which can be detrimental to the macroinvertebrates 
population since most aquatic insects are restricted to certain types of water (Nadkharni and 
Wheelwright 2000). Agricultural pollution affects the streams by increasing nutrient 
concentrations, increased turbidity and finer bed materials because of more runoff (Brisbois 
2008). Also with the increase of populations and agricultural activities PO4 and NO3 will also 
increase. Fossil-fuel consumption and food production in support of burgeoning human 
population growth have increased significantly the flux of nitrogen and phosphorus to aquatic 
and terrestrial ecosystems with alterations of global cycles of those nutrients (Rabalais, 2002).	

 Overall these factors will reduce the population of intolerant species and increase the 
population of tolerant species altering the population and the food webs of the streams 
ecosystem. Food webs in highly diverse aquatic ecosystems are more complex than they are 
when the number of macroinvertebrates in a community decreases. Thus, the proportional 
number of connections within a food web decrease as well, simplifying the food-web structure 
(Pimm, 2002). Because food webs are good indicators of healthy ecosystems, this study 
evaluates stream macroinvertebrates food webs as indicators of water quality in the Monteverde 
region streams. I hypothesize that pollution from both agricultural and humans will have an 
effect on the food webs of macroinvertebrates within the streams in Monteverde. The pollution 
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impact from agriculture and human pollution will be a decrease in macroinvertebrate diversity 
and overall decrease in the productivity of the ecosystem. Because there will be an unbalance of 
macroinvertebrates that are tolerant to pollution then the ones that are sensitive to pollution. 	!
MATERIALS AND METHODS	!
I collected macroinvertebrates samples from Rio Guacimal, and Rio Sucio from Monteverde, 
Puntarenas, Costa Rica (Fig. 1). For this, three sites were selected from each stream, taking 
samples from the affected areas of agriculture and human activities causing pollution (Figs. 2 and 
3). I have a pristine and two polluted habitats for each of the streams.  The pristine sites were the 
highest point of each stream and it was without agriculture or human activities. The second site 
for each stream were the hypothesized polluted sources within each stream. Within Rio Guacimal 
the second site was Rockwell’s Farm agricultural runoff be the main source of pollution (Fig. 2). 
In Rio Sucio, Johnny’s Pizzeria was the second site and was the main source of pollution within 
Rio Sucio. Because of runoff from the street and organic waste disposed of not properly within 
the stream. (Fig. 1). The third site for Rio Guacimal was Rio Shanti and it was considered 
polluted due to the pollution from Rockwells flowing downstream (Fig. 2). For Rio Sucio, the 
third site was down stream from Johnny’s Pizzeria pollution and it was also next to many homes 
(Fig. 1). The site was named Green House since the collection of macroinvertebrates were done 
next to the green house (Fig. 3). 	
	 For each site, I swept the top of the stream with a net to collect the insects above the 
water for 1 minute. Next, the top of the water was swept for the macroinvertebrates such as the 
Veliidae (water sliders) that are on top of the streams surface for 1 minute as well. Then rocks 
were taken out of the stream and placed in a bucket for 1 minute and macroinvertebrates were 
then picked off from the rocks for 3 minutes with tweezers. A large net with a strong handle was 
then placed in the streams flow for 4 minutes catching anything that was directly in the flow of 
the stream. Lastly for the macroinvertebrates in the substrate the Surber net method was used. 
This method is used to filter the silt from the rocks, leaves and macroinvertebrates from the 
bottom of the stream. I did this for 5 minutes. Macroinvertebrates were placed on a large plastic 
tray where they were then picked out of the streams debris with tweezers and placed in vials with 
80% ethanol. The macroinvertebrates were identified to family level and there feeding. With this 
I built food webs to demonstrate the effect of pollution in the different site food webs.	
 	
Site Characteristics	
Each site had a  pool with slow moving water and a section of a fast moving water. Each site was 
shaded by canopy cover. Also within the sites they either had a silt substrate or a substrate 
consisting of coarse gravel. Within all the sites the larger rocks had algae among the tops of the 
rocks.	!!
RESULTS	!
Rio Guacimal	
I collected of 220 individuals in total from all three sites along the stream.	
This stream had a cattle and pig farm was located next to the majority of the stream. The 
pollutant of this stream was runoff from cow manure from the fields next to the stream. However 
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the food webs of these sites were more complex because more macroinvertebrates were 
collected.	!
Site 1: Monteverde Biological Station (BS)	!
I collected 83 individuals in total. This site had the family Ephemerellidae, Libellulidae, and 
Chironomidae, which were families absent from Rockwell’s Farm and Rio Shanti (Fig. 6&7). 
Families such as Baetidae, Talitridae, Caenidae, and Hydrobiidae were absent from BS, and they 
have a higher tolerance to pollution (Fig. 6 & 7). This could be due to the fact that Rockwell’s 
farm is adding more pollution to the water causing the species to be different because of the 
tolerant levels of pollution for certain species. 	!
Site 2: Rockwell’s Farm	!
Rockwell’s Farm had a total of 65 individuals. This site was chosen because of the pollution 
runoff from the cow manure being a main pollution source. The food webs within Rockwell’s 
Farm were different from the other two sites within Rio Guacimal. Rockwell’s had Dixidae, 
Caenidae, Taltridae, Blaberidae, Oligoneuriidae and Leptohyphidae that were different from Rio 
Shanti (Fig. 6). These were a mix of pollution tolerant and sensitive to pollution 
macroinvertebrates because they were directly at the source of pollution, which was the runoff 
from the cow manure. So many could flow from above the source of pollution to the source 
where I collected. This affected the food webs because more tolerant families were in the food 
web than sensitive ones (Fig. 7). 	!
Site 3: Rio Shanti	!
Rio Shanti’s site had the lowest number of macroinvertebrates with a total of 60 individuals. 
However, this site showed the families Hydrobiidae, Calopterygidae, and Coenagarioniidae (Fig. 
6). These are more tolerant to pollution than other families and were only found in Rio Shanti. 
Food webs for this site were slightly different because the water was down stream from the farm, 
which has more particles of the cow manure (Fig. 7). This was shown through the families Rio 
Shanti collected because they were more pollutant tolerant. 	!
Species Similarity 	!
Biology Station	!
The biology station shared 54% of similar macroinvertebrates with Rockwell’s Farm and Rio 
Shanti by using the Sorensons Quantitative Index (Fig. 4). This means that 46% of the species 
found between the Biology station and the other two sites will be different. 	!!
Rockwells	!
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Since there was more pollution levels in the water the site had a 54% similarity of 
macroinvertebrates to the Biology station site and a 59% similarity with Rio Shanti’s site (Fig. 
4).  	!
Rio Shanti	!
Rio Shanti had a 59% similarity with Rockwell’s farm and 54% with the Biology Station (Fig. 
4).	!
Rio Sucio	!
I collected a total of 60 individuals for this stream. Throughout the stream homes and restaurants 
polluted the water surrounding it. This stream had a different kind of pollution than the first 
stream with agriculture as the pollutant. The pollutant of this stream was organic material from 
the restaurants, grey water from the homes and restaurant and runoff from the street.  The food 
webs of these sites were less complex because fewer macroinvertebrates were collected (Fig. 7).	!
Site 1: Art House	!
The art house is the pristine site for the second stream because it was far enough to not be 
effected by the pollution activities. The total macroinvertebrates collected from this site was 36 
individuals. The families Ptilodactylidae, Ceratopogonidae, Glossosomatidae, and 
Polycentropodidae are sensitive to pollution, and they were exclusive to this site (Fig. 6). Food 
web for this site was complex and had more macroinvertebrates than any other site within this 
stream (Fig. 7). Also there were more Veliidae than the other two sites within this stream because 
the surface water was not polluted from grey water or runoff from the street (Fig. 6&7). 	!
Site2: Johnny Pizzeria	!
The total number of macroinvertebrates for this site were 12 individuals. The Food web is less 
complex because it had few groups. The families Talitridae and Hirudinea,  collected here are 
extreme pollutant tolerant and were more abundant than any other site (Fig. 6). Veliidae was also 
there but was a major decrease in the individuals were collected (Fig. 6), showing that the water 
is polluted. The food web from this site was significantly different because the water was the 
most polluted  (Fig. 6 and 7).	!
Site3: Green House	!
The green house was down stream from Johnny’s Pizzeria . I collected only 10 individuals in this 
site. The Classes Hirudinea and Oligochaeta, and the families Hydrobiidae and Armadillidiidae 
are extremely tolerant to pollution, and they were most abundant in this site(Fig. 6). Food webs 
from this site was also less complex than the pristine site however it had more of a diversity than 
Johnny’s Pizzeria (Fig. 6&7)	!
Species similarity 	!
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Rio Sucio and Rio Guacimal	!
The Sorenson Quantitative Index was done between the two streams and there is a 27% 
similarity of macroinvertebrates (Fig. 4). The food webs then showed a significant difference 
between the separate species that each stream holds (Fig. 7). The PO4 (Phosphate) and NO3 
(Nitrate) was tested as well and the Rio Guacimal had less PO4 and NO3 within the water than 
the other Stream (Fig. 5)	!!
Art House	!
The Art House had 8% similarity of macroinvertebrates with the Green House site, and a 27% 
similarity with Johnny Pizzeria (fig. 4). 	!
Johnny’s Pizzeria	!
Johnny’s Pizzeria had a 27% similarity with the Green House site, and a 8% similarity with the 
Art House site (Fig. 4). 	!
Green House	!
The Green House had a 27% similarity to Johnny’s Pizzeria and a 8% similarity to the Art House 
(Fig. 4).  	!
DISCUSSION	!
The pollution found within the two streams were agriculture and human activities. Within Rio 
Guacimal the pollution was agriculture, and the main source of pollution was from the site next 
to Rockwell’s Farm. In my research the pollution was from the runoff of cow manure within the 
pastures right next to the stream. The excess manure affects the content of the stream because 
there is more substrate from the cow manure and higher amount of nitrate and phosphate, which 
is in cow manure. Because there are more substrate and pollution in the stream it decreases the 
diversity of macroinvertebrates significantly (Fig. 6). A research was done that found declines in 
habitat heterogeneity in other Midwestern USA regions dominated by agriculture, which have 
been associated with declines in pollution sensitive macroinvertebrates (Dovciak and Perry, 
2002). Within my research fewer macroinvertebrates were collected and the food web were less 
complex because of the pollution from Rockwell’s farm. Not only was the food web different 
from Rockwell’s Farm but Rio Shanti also had a decrease in diversity and the food webs were 
affected as well. These two sites were different from the pristine site because of the pollution 
from the farm. The diversity of the ecosystems were different along with the food webs because 
there are pollutant tolerant macroinvertebrates that can with stand pollution. These 
macroinvertebrates are Oligochaeta, Chironomidae, Psychodidae and Ceratopogonidae 
(Clements, 1994;Dickman and Rygiel, 1996; Callisto et al., 2000; Kulmann et al., 2000; Karr and 
Morishita-Rossano, 2001) (Couceiro 2007). These were also similarly abundant across farming 
systems, which was generally consistent with observations in streams draining agricultural 
catchments (Richards, Host & Arthur 1993; Lenat & Crawford 1994).  Rio Sucio did not have 
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agricultural pollution from cow manure but human pollution. The source of pollution is grey 
water from restaurants and homes, organic waste disposed in the streams and runoff from the 
streets. Also there were many gutters that lead into the stream from the homes that were built 
right above the stream as well as ways for runoff from the street. Johnny’s Pizzeria and the Green 
house sites were affected by this pollution altering the diversity and food webs of these 
ecosystems. The macroinvertebrates collected from these two polluted sites had extreme 
pollutant tolerant macroinvertebrates families. Also, the numbers of individuals were less 
because the pollution from Johnny’s Pizzeria flowed downstream to this site. Within the streams 
Tarlitirdae and Hirudinea were abundantly found within these two sites (Fig. 6&7). 
Demonstrating that this stream was the most polluted out of the two streams tested because there 
was a lack of diversity of overall macroinvertebrates and the food webs only consisted of 
macroinvertebrates that were pollutant tolerant.  	
Overall both polluted sites from each stream had an abundance of macroinvertebrates that were 
pollutant tolerant and pollution affects the populations and reduces the intolerant species and 
increases pollution tolerant populations (Brisbois 2008). Previous studies of these observed taxa 
can be used as indicators of streams that are non impacted, and impacted by and water pollution. 
However, within each stream there were also macroinvertebrates that were sensitive to pollution. 
The macroinvertebrates found to be more sensitive to pollution in other studies were Diptera, 
Ephemeroptera and Tricoptera (Wogram and Liess 2001). The families found in the pristine sites 
were similar to Wogram and Liess study having the order Ephemptera (families: Caenidae, 
Lyptohyphidae, Baetidae, Oligoneuridae and Ephemerellidae), and the families Ptilodactylidae, 
Ceratopogonidae, Glossosomatidae, and Polycentropodidae exclusively being found there (Fig. 
6&7). Then these indicator taxa can be used in water-quality evaluation and in monitoring the 
recovery of streams in the study area (Couceiro 2007).  Even though, Chironomidae is often 
abundant in streams experiencing organic pollution and are identified as pollution tolerant 
(Brisbois 2008). Chironomidae in my study were found in the pristine sites. This is because not 
all Chironomidae species within this family are found in waters with organic pollution. Species 
within this family can also be found in waters that are good quality. Overall, pollution of any 
kind can affect the entire ecosystem altering the balance of food webs with all types of tolerant 
species to food webs that are dominant in macroinvertebrates that are tolerant to pollution.	!!!
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� 	

Fig. 1. Map of Rio Sucio and the three site within the stream. The Art house is the pristine site, 

while Johnny’s Pizza and Green house (GH) are the sites with human pollution. 	

!
!

� 	
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Fig. 2. Map of Rio Guacimal and the three sites chosen for this stream. Biological Station (BS) is 

the pristine site, while Rockwell’s farm and Rio Shanti are the polluted sites from cattle farm.	

!

� 	

Fig. 3. Map of all six sites within the Rio Guacimal and Rio Sucio in Monteverde region, Costa 

Rica.	

!
!
!
!
!
!
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!

Fig. 4: The Sorenson Quantitative Index was used between each of the sites from each stream to 

compare the similarity of macroinvertebrates between each site. This demonstrated how the 

pristine and the polluted sites had a major difference in macroinvertebrates diversity.	

!
!
!
!
!
!
!
!
!
!

Site Sorenson's Quantitative

Biology Station/Rockwell's 54%

Rio Shanti/Rockwell's 59%

Biology Station/Rio Shanti 54%

Art House/Johnny Pizza 8%

Johnny Pizza/Green House 27%

Green House/Art House 8%

Between Stream 1 and 2 27%
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Rio Shanti
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Monteverde Art 
House

Green House
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Fig. 6 (A-F). Abundance of each macroinvertebrate family for each sites within the two streams. 

There are different percentages for each family showing that certain types of macroinvertebrates 

are more tolerant to pollution than other macroinvertebrates at each site.	
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G	

!
Fig. 7. Food webs per site within Rio Guacimal and Sucio (A-G). The Food webs from Stream 1: 

Biology Station, Rockwell’s Farm and Rio Shanti had more macroinvertebrates individuals than 

the other stream because it was less polluted. Whereas Stream 2 (Rio Sucio): Art House, 

Johnny’s Pizzeria and the Green house had less macroinvertebrates individuals that were absent 

from stream one because of human pollution, showing that it is more polluted. The different 

colors also show the feeding habits of the macroinvertebrates.   	

!
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�
Abstract!
Dung beetles (Order Coleoptera, Subfamily Scarabaeoidea) are keystone species in ecosystems around the globe. 
Their services, such as nutrient cycling and disease control, are critically important for wild flora and fauna as well 
as agricultural crops and livestock. These ecologically and economically important insects are undergoing 
population declines and extinctions related to land use change and agricultural operations. This study investigated 
beetle diversity and species turnover between a disturbed pastureland and primary forest in Monteverde, Costa Rica. 
High species turnover occurred and it was found that larger dung beetle species are found only in primary forest 
habitat. Only 17% species similarity was found between the study sites. This study investigated the abundance of 
nematodes between the distinct beetle communities, hoping to discover a possible factor behind beetle declines. 
Results suggest there is no difference between habitat and nematode abundance. Chemical pesticides and fertilizers 
along with veterinary antibiotics are also linked with declines. To test this finding, agriculturally naïve forest beetles 
were experimentally exposed to two treatments of dung: (1) dung provided by cows treated with antibiotics and (2) 
dung provided by untreated cows. Beetle nematode infection loads showed no significant difference between 
treatments. According to this study, it is not likely that nematode infection loads are pushing declines and extinctions 
related to land use change and agriculture.  

!
Resumen 

Los escarabajos coprófagos (Orden Coleoptera, Subfamilia Scarabaeodiea) son especies claves para los ecosistemas 
alrededor del planeta.  Sus servicios, como reciclaje de nutrientes y control de enfermedades, son criíticamente 
importantes para la flora y fauna salvajes, así como para los cultivos agrícolas y la ganadería.  Estos importantes 
insectos tanto ecológica como económicamente estan sufriendo declines y extinciones en las poblaciones 
relacionados con el uso del suelo y operaciones agrícolas.  Este estudio investiga la diversidad de escarabajos y el 
intercambio de especies entre pastizales y bosque primario en Monteverde, Costa Rica.  Hay un gran intercambio de 
especies y se encontró que las especies más grandes se encuentra solamente en bosques  primarios.  Solamente 17% 
de similaridad se encontró entre los sitios estudiados.  Los factores que están causando las extinciones no están 
completamente entendidos.  Este estudio investigo la abundancia de nemátodos entre las diferentes comunidades de 
escarabajos, con la esperanza de dilucidar una causa para los declines.  Los resultados sugieren que no hay 
diferencia en la abundancia de nemátodos enter hábitats.  Pesticidas químicos y fertilizantes junto con antibióticos 
veterinarios están también relacionados con estos declines.  Para comprobar estos resultados, escarabajos sin 
experiencia en áreas agrícolas fueron experimentalmente expuestos a dos tratamientos de excremento: (1) 
excremento proveniente de una vaca tratada con antibióticos y (2) excremento proveniente de una vaca sin tratar.  La 
infección de nematodos en las escarabajos no muestran una diferencia significativa entre tratamientos.  De acuerdo 
con este estudio, no es probable que las infecciones por nemátodos estén provocando los declines y extinciones 
relacionados al cambio del uso del suelo. 

Introduction 

Dung beetles (Order Coleoptera, Subfamily Scarabaeoidea) are excellent decomposers and 
contribute to nutrient cycling in ecosystems around the world (Numa et al., 2012). They are a 
keystone species and maintain soil quality by increasing Nitrogen availability through ammonia 
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(NH3) volatilization (Nichols et al., 2008). These beetles have been reported to increase plant 
growth rates and soil productivity more effectively than chemical fertilizers (Miranda et al., 
2000). In areas lacking beetles, feces decompose slowly (Gillard, 1967). Slow decomposition of 
waste allows for establishment of parasites and pests, which can be detrimental to vertebrate 
communities, including livestock (Horgan, 2005). Economically, dung beetle services, such as 
disease control and nutrient cycling, save American cattle farmers on average $380 million 
annually (Boze et al., 2012).  

Dung beetle dependence on fecal material exposes them to multiple parasitic propagules (Boze et 
al., 2012) and they serve as hosts for several nematodes (Gholamreza et al., 2009).  Nematodes 
are parasitic worms found in various hosts (Durette-Desette, 1985). Beetles that are heavily 
parasitized have displayed drastic decreases in decomposition performance (Boze et al., 2012). 
For example, paracoprid beetles (genera Onthophagus and Phaneaus) experiencing infection 
consume half the amount of waste as uninfected individuals (Boze et al., 2012). Parasitized 
tunneling dung beetles (genera Phaneaus) bury less dung and bury more superficially relative to 
healthy counterparts (Boze et al., 2012). This superficial burial of dung is linked with less 
successful waste decomposition (Lewis, 2009). Given the direct effects of parasitism on beetle 
productivity, abundance of parasitism in populations and the severity of infection could have 
serious impacts on the functionality of ecosystems. 

Dung beetles are found in both tropical forest and pasture habitats and collect waste from a wide 
range of animals (Numa et al., 2012). Land use influences beetle populations (Lobo 2001; 
Carpaneto et al., 2007) and declines could be due to multiple factors (Numa et al., 2012). Such 
factors could include intensification of agriculture. This possible factor has lead to increases in 
the use of chemical substances (e.g., insecticides and fertilizers) and the frequent use of 
veterinary drugs for cattle, which have detrimental effects on dung beetle populations (Lumaret 
et al., 1993) along with dung beetle biodiversity (Hutton and Giller 2003). 	

Given the importance of dung beetles, this study strives to elucidate underlying factors causing 
declines and extinctions associated with land use change and agriculture. It is predicted that high 
species turnover between disturbed pastureland and primary forest habitats will be observed and 
that parasitism is a determining factor in population declines. In order to test these ideas, this 
study investigates the difference in parasitism between two dung beetle communities. To explore 
the effects of diet and parasitism, forest beetles were subjected to two different treatments of 
cattle dung. Understanding the impact of land use change and agriculture on dung beetle 
populations is imperative for ecosystems around the globe. 

Materials and Methods 

This study was conducted in Monteverde and Puntarenas, Costa Rica during the wet season. 
Dung beetles were collected from the primary premontane tropical cloud forest and adjacent 
pastureland of the Monteverde Biological Station (Fig. 1). Dung beetles are excellent fliers and 
have a strong sense of smell (Larsen, 2004). Therefore, specimens can be efficiently obtained 
using baited pitfall traps (Larsen, 2004). Pig dung, obtained from the Monteverde Cheese 
Factory Farm, was used as bait. Forest and pasture sites contained 10 pitfall traps each, 20 in 
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total, and traps were set 10 meters apart. Two experiments were conducted; (1) a survey of dung 
beetle species diversity, turnover and nematode parasite abundance between pasture and forest 
habitats and (2) an investigation of the effects of cattle antibiotics on dung quality. Dung quality, 
in this study, is determined by the amount of parasitism beetles experience after consumption.  

Experiment 1 

Pitfall traps containing soapy water captured 100 beetles, 50 pasture and 50 forest. Specimens 
were identified to species using the Monteverde Biological Station’s insect collection. All 
individuals were identified, measured and dissected. Beetles soaked in 80% ethanol for a 
minimum of one day prior dissection. Dissections required removing the elytra and entering the 
abdominal cavity dorsally. The intestines were removed and smeared on slides. Ripping the 
intestinal tissue is important for revealing internal nematodes. Samples were examined beneath a 
standard compound microscope at 40X magnification.   

Experiment 2 

Pitfall traps were modified for live capture, lacking soapy water, and set in the forest habitat. Pig 
dung was directly placed in the bottom of each plastic cup. To avoid beetles flying out of the cup, 
duck tape covered the majority of the trap’s opening. An entry hole remained on the side of the 
cup, making it easy for beetles to crawl in but difficult for them to exit. Thirty beetles, 15 for 
“regular treatment” and 15 for “antibiotic treatment”, were captured and placed into individual 
plastic containers. Containers held forest soil and the specified cattle dung treatment. Cattle dung 
was used for the feeding experiment to make this investigation more relatable to a past study 
linking cattle veterinary substances with beetle declines. Both treatments of dung were obtained 
from the local Stuckey farm. Collection from a single farm was important for controlling cattle 
factors such as environmental stresses and diet. Dung treatments were collected, placed in a large 
tupperwear and stored in the refrigerator to retain freshness. Beetles were fed for seven days. 
Each day, containers were reviewed to ensure beetles were alive and eating. Every other day, 
dung in the containers was replaced with fresh dung (the 2nd, 4th and 6th day of their 
containment). At the end of the seven days, the beetles were removed and placed in the freezer. 
Identification, dissection and nematode assessment occurred the same as in Experiment 1 
(above).  

Results 

Experiment 1 

Dung beetle species turnover between pasture and forest habitat is high. According to the 
Sorensen Quantitative Index, these habitats share only 17% similarity; implying 83% of 
surveyed species were only found in one of the two habitats (Fig. 2). The habitats shared a 
breadth of 1.3, meaning similar beetle species were found in 1.3 out of the 2 habitats. Beetle 
species size was correlated with habitat (Kruskal-Wallis chi-squared = 27.168, df = 1, p-value < 
1.865e-07), and larger species of beetles were found in the forest. According to Shannon-
Weiner’s Diversity Index, the pasture and forest habitats did not significantly differ in their 
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species diversity (H’ pasture=1.26 and H’ forest=1.39, p-value < 0.403). The pasture habitat had 
an evenness of 0.79, supporting five species of dung beetle. The forest had an evenness of 0.67, 
supporting eight species (Table 1). 

Nematode infection loads were not different when compared with species of beetle (Kruskal-
Wallis chi-squared = 0.4009, df = 3, p-value < 0.940) (Table 2), and size of individual (adjusted 
R-squared= 0.0024 on 1 and 100 DF, p-value < 0.2681) (Fig. 4). Furthermore, habitat was not an 
indicator of nematode abundance (Kruskal-Wallis chi-squared = 0.359, df = 1, p-value < 0.5492) 
(Fig. 5). There was only a single morphospecies of nematode that was frequently found in both 
communities (Fig. 6). There was a nematode morphospecies strictly found within the pasture 
dung beetles (Fig. 7).!

Experiment 2 

Nematode abundance between forest dung beetles under the “regular treatment” and under the 
“antibiotic treatment” did not differ (Kruskal-Wallis chi-squared = 6e-04, df = 1, p-value < 
0.9802) (Fig. 8). 

Discussion  

This study reveals that dung beetles experience significant species turnover between disturbed 
pasturelands and primary forest in Monteverde, Costa Rica. This was an expected finding as 
vegetation structure, soil composition, dung availability and habitat have been previously found 
to influence beetle assemblages (Verdú and Galante, 2004). Beetles in contrasting habitats rely 
on behavioral and morphological adaptations to deal with variation in resources, particularly 
dung (Verdu ́ and Galante, 2004). Differing species functionality allows for dung beetles to 
handle varying resources. For example, pasture dung is subject to low moisture and high 
temperatures, it dries out quickly and is low in nutrients (Numa et al., 2012). Therefore, pastures 
often contain species of dung beetles that can handle this type of dung and these species differ 
from those found in forests. As discussed in Lewis 2009, the specific species compiling a 
community are equally as important as overall richness. In this study, larger beetle species were 
found living only within the primary forest habitat. Perhaps these are the species specialized on 
forest dung, meaning deforestation and fragmentation can be extremely harmful to their niche. 
Larger dung beetles are more efficient decomposers than their smaller counterparts (Lewis, 
2009). Perhaps this is because their body size demands for higher waste consumption. They bury 
waste more efficiently but are also more extinction-prone (Lewis, 2009). If humans continue to 
disturb primary forest, these large dung beetles could be at risk. When the large beetles are at risk 
so is the ecosystems reliant on their services. 

No relationship was found between levels of beetle parasitism and habitat. These results could 
have been due to the close proximity of the study sites. The sites in this study may share very 
similar vertebrates, offering beetles similar dung. For example, coatis living in the forest could 
easily defecate in the pastureland. Coati presence was evident in the pasture because of torn apart 
pitfall traps and the presence of bite marks. Furthermore, there was no relationship between 
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parasitism and the size or species of beetle. This could mean that parasitism is more closely 
related to the quality of dung consumed and the beetles personal immuno competence.  

According to this study, antibiotics had little influence on the parasitism of naïve forest beetles. 
Previous studies suggest that veterinary antibiotics are negatively impacting dung beetle 
populations (Numa et. al., 2012). However, the type of antibiotic used on the cattle in Numa et. 
al. 2012 was not described. Perhaps population declines depend on the antibiotics being utilized. 
It’s possible that some antibiotics negatively impact the beetles, while different antibiotics 
exhibit little or no effect. The cow in this study was treated with antibiotics to prevent post 
pregnancy infections. Meaning, this particular cow was treated with a general antibiotic for 
preventive measures. This antibiotic may not have been as strong as those used in previous 
studies and therefore its impact on the beetles may have differed.  

According to this study, it is not likely that nematode infection loads are pushing declines and 
extinctions related to land use change. However, significantly different species exist between 
pasture and forest habitats with large beetles primarily found in the forest. Dung beetles are 
clearly important organisms. Understanding the consequences of agriculture and land use change 
on their populations is imperative. The drivers behind beetle declines and extinctions need to be 
identified and confronted. Given the data in this study, among others, conservation of forest 
habitats continues to be highly recommended and further investigation of agricultural effects, 
along with the use of antibiotics, is necessary. 
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! !
!
Figure 1. The disturbed pastureland (left) and the primary forest (right) habitats at the Monteverde Biological Station 
were less than a kilometer apart. Twenty pitfall traps were set between the sites, 10 pasture and 10 forest. The traps 
were placed at least 10 meters apart. In the forest habitat, traps were directly adjacent to the trail. The pasture traps 
were adjacent to the trees near the pond.  In total 130 specimens were obtained. Fifty specimens were collected from 
the pasture and 80 from the forest. One hundred specimens were used in Experiment 1 (50 pasture and 50 forest). 
Thirty specimens were used in Experiment 2 (only forest species). 
!  

!
!
Figure 2. Ten dung beetle species found within a primary premontane tropical cloud forest and a pastureland habitat 
of Monteverde, Costa Rica. Species diversity and evenness found within each habitat, according to the Shannon 
Weiner Diversity Index, had no significant difference (p-value=0.403, H’ pasture=1.26 and H’ forest=1.39) in beetle 
diversity when comparing habitats. The pasture had an evenness of 0.79 and the forest 0.67. Also displayed is the 
amount of breadth (1.3 out of 2 habitats) these beetles experienced. There was only 17% species similarity between 
the habitats. This figure supports that there are distinct communities of dung beetles between pastureland and forest 
habitat.
!
Table 1. Dung beetle species abundance surveryed in a primary premontane tropical cloud forest and a pastureland 
habitat of Monteverde, Costa Rica.  
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!
!
Figure 3. Average dung beetle size from a primary premontane tropical cloud forest and a pastureland habitat of 
Monteverde, Costa Rica. Beetles from primary forest are larger than beetles from the pastureland (p-value < 0.0001, 
Kruskal-Wallis chi-squared = 27.1677, df = 1). Bars on the graph represent +/- standard error of the mean (standard 
error forest=0.321 and pasture=0.270).
!  

Table 2. There is no notable difference between the species of dung beetle and their nematode infection loads 
(Kruskal-Wallis chi-squared = 0.4009, df = 3, p-value < 0.9401).  

Pasture Forest

Onthophagus pseudodidymus 8 29

Copris costaricensis 2 10

Onthophagus incensus 11 1

Uroxys dybasi 3 0

Onthophagus anthracinus 26 0

Dichotomius satanas 0 4

Sulcophonaeus velutinus 0 3

Dichotomius carolinus 0 1

Deltochilum mexiconum 0 1

Copris lugubris 0 1
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Onthophagus pseudodidymus 17 20
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!  

!
Figure 4. Relationship between beetle size and nematode abundance. There was no trend between the size of 
surveyed Costa Rican dung beetles and their nematode infection loads (adjusted R-squared: 0.002374, F-statistic:  
1.24 on 1 and 100 df and p-value < 0.2681). 
!  

Uroxys dybasi 1 2

Onthophagus anthracinus 11 15

Dichotomius satanas 3 1

Sulcophonaeus velutinus 2 1

Dichotomius carolinus 0 1

Deltochilum mexiconum 0 1

Copris lugubris 0 1
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!
!
Figure 5. Average number of nematodes in dung beetles collected from a primary premontane tropical cloud forest 
and a pastureland habitat of Monteverde, Costa Rica. This implies that infection does not significantly differ 
between communities (Kruskal-Wallis chi-squared = 0.3588, df = 1, p-value < 0.5492). Bars represent +/- standard 
error of the mean (standard error pasture=0.531 and forest=0.913).
!  

!
!

Observed Parasites 

!  

!  
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Figure 6. The morphospecies of nematode frequently 
found in both pasture and forest beetles. Individuals 
infected with this parasite were commonly infected 
with greater than 3 of the worms.  



!
!
Experiment 2 

!
!
Figure 8. Nematode abundance per beetle between two experimental treatments, “regular” and “antibiotic”. Dung 
beetles that were fed compost provided by a cow treated with antibiotics did not host significantly more parasitic 
nematodes than those fed dung provided by an untreated cow (Kruskal-Wallis chi-squared = 6e-04, df = 1, p-value < 
0.9802). Bars represent +/- standard error of the mean (standard error antibiotic treatment=0.330 and regular 
treatment=0.416).
!  
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Figure 7. Morphospecies of nematode found several times and 
only in pasture species. This photo displays about 14 individuals 
of the nematode morphospecies. It was never found without the 
presence of similar worms. They were frequently clustered, as 
seen in this photo.
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Calls vs sightings in measuring bird diversity for 
different Cloud Forest habitats!
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ABSTRACT !
Birds are often used as convenient indicators of biodiversity in tropical forests. Depending on the openness of the 
sample site and method of detection, measurements of bird diversity can vary. This study compares visual and 
acoustic methods of measuring bird abundance, richness and diversity in 20-year old and five-year old Monteverde 
Pre-montane forest and pastures. Visual and acoustic observations were taken simultaneously in each of the three 
sites to obtain paired data. Acoustic methods consistently detected more abundance, richness and diversity in 20- 
year old and five-year old forests. Abundance in pastures did not differ between visual and acoustic methods, but did 
in diversity.  This was most likely due to the ease of seeing common species in open pastures and the difficulty of 
distinguishing species due to distance. The windy and misty weather in Monteverde also influenced identification in 
both visual and acoustic observations and should be considered when measuring bird diversity in this area.  If a 
study needs to focus on open areas, visual methods may be sufficient. But acoustic methods can account for 
diversity in both open and covered areas. Studies involving bird diversity or conservation therefore will be more 
successful in identifying general diversity if both visual and acoustic methodss are taken into consideration. !
RESUMEN !
Las aves se utilizan con frecuencia como indicadores convenientes de la biodiversidad en los bosques 
tropicales. Dependiendo de la apertura del sitio de muestreo y el método de detección, las mediciones de la 
diversidad de aves pueden variar. Este estudio compara métodos visuales y acústicos para medir la abundancia, 
riqueza y diversidad de aves en bosques premontanos de cinco y 20 años y en pastizales en Monteverde. 
Observaciones visuales y acústicas simultáneas fueron hechas en cada uno de los tres sitios para obtener datos 
pareados. Los métodos acústicos detectaron consistentemente más abundancia, riqueza y diversidad en los bosques 
de cinco y 20 años. La abundancia en los pastizales no difirió entre el método visual y el acústico, pero sí la 
diversidad. Esto probablemente se debió a la facilidad para ver especies comunes en pastizales abiertos y la 
dificultad de distinguir las especies debido a la distancia. El clima ventoso y neblinoso en Monteverde también 
influyó en la identificación, tanto en las observaciones visuales como acústicas, esto debe ser considerado cuando se 
mida la diversidad de aves en esta zona. Si un estudio necesita enfocarse en áreas abiertas, métodos visuales pueden 
ser suficientes. Pero los métodos acústicos pueden dar cuenta de la diversidad tanto en zonas cubiertas como 
abiertas. Estudios de diversidad de aves o conservación serán por tanto más exitosos en la identificación de la 
diversidad general si ambos métodos, visuales y acústicos, se toman en consideración.	! !
INTRODUCTION !
Evaluating biodiversity is vital for conservation and for determining the health of different 
ecosystems (Diestsch 2000). This is especially important in the tropics, which have the richest 
and most endangered habitat on earth (Vielliard 2000). Birds are often used as convenient 
indicators of biodiversity or environmental change (e.g. Vielliard 2000). One reason is because 
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birds have been popular with the biology community and therefore information concerning a 
bird’s range and life history are easy to obtain (Dranzoa and Pomeroy 1997). Additionally, they 
can either be identified by sight or sound, whereas most other taxa are only identifiable by sight 
(Remsen 1994).  
 Although there is more than one method to detect birds, the ease of identification with each 
technique can vary. Sight identification can vary depending on the size and openness of the 
sample site (Sutherland et al. 2004). For example, rainforests usually have a high abundance of 
many species and complex vegetation that is tough to navigate (Riede 1993). In addition, 
Neotropical birds can be hard to identify solely by sight because of their size or cryptic colors 
(Remsen 1994). Acoustic identification of birds can be difficult due to the high variability of 
birdcalls and songs (Cunningham et al. 1999). Other factors such as wind and precipitation can 
also impact identification of birds (Cunningham et al. 1999).  
 As a result of these difficulties, inventories often give low or inaccurate estimates of 
species densities (Riede 1993). Some previous studies have shown that bird counts can vary 
considerably depending on the methods used and area surveyed (e.g. Recher 1984; Ralph et al. 
1997). For example, Freemark and Rogers (1999) witnessed more birds by visual rather than 
vocal cues in unobstructed areas and identified birds by mostly vocal cues in obstructed areas in 
temperate forests. Additionally, Cunningham et al. (1999) detected more birds by calls than sight 
in Southeastern Australia. Studies testing different methods and different areas have not yet been 
done in Pre-montane forests of Monteverde, Costa Rica though several studies have measured 
bird diversity (e.g. Jankowski et al. 2009).  
  This study compares the effectiveness of visual and acoustic methods in measuring bird 
richness, abundance and diversity of birds in three areas of differing degrees of cover: 20-year 
old forest, five-year old forest and pastureland. This type of study is important in Monteverde 
because although the area has a very high diversity of birds its Pre-montane cloud forests are 
dense with lianas and epiphytes that often make bird sightings difficult (Young et al. 1998).  !
METHODS !
Study Area: !
All sample areas were located in Costa Rica on the Pacific slope of the Tilarán Mountain range in 
Pre-montane regenerating wet forest at approximately 1200m. The 20-year old forest was located 
in the Bajo del Tigre sector of the Children’s Eternal Rainforest. The area was made up of 
numerous small trees, large shrubs, and some large canopy trees (approx. diameter breast height 
(DBH) 15 to 30cm) scattered throughout the area. The canopy covered the entire sampled area 
and was about 10 to 25m tall. The five-year old forest was located nearby in a different part of 
the Bajo del Tigre sector. Shrubs, young trees (approx. DBH 5 to 15cm) and saplings dominated 
this recently regenerating area. Low canopy (max. 10m) covered most of the sample sites. Most 
pastures were located adjacent to the Bajo del Tigre area with one near the Monteverde Institute. 
Pasture areas were grass-covered, forest-bordered fields with some small trees scattered 
throughout. It is important to note that from 20-year old forest to five-year old forest to pasture, 
the amount of cover decreased (Fig. 1).  
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!
 Five separate points in each site were chosen approximately 150m apart from each 
other. In the five and 20-year old forests, points were located along the trails of Bajo del Tigre. In 
the pastures, the points were spread out among separate pastures depending on their locations. 
Each of the five points from each site was visited and sampled on five separate days from 
October 27th to November 20th from anywhere between 6am to 9am. Usually, five points from 
one site were sampled per day. Audio recordings and visual observations were taken 
simultaneously for 10 minutes at each point. An iRig Mic was used with the iRig Recorder 
application on an iPhone 4s. The microphone was placed about 20cm off the ground clear of any 
obstructions. Sight observations were done using point counts with a visually estimated radius of 
50m. Birds seen passing high above or through the point without roosting or feeding in the 
immediate area were not counted. Additionally, birds seen leaving and returning to the area were  
counted as one individual. Only birds seen at the same time were counted as more than one 
individual. I then listened to the recordings to identify birdcalls and songs.  

FIGURE 1: Sample sites of varying cover in the Bajo del Tigre area. A) Dense cover: 20-year old 
regenerating forest. The site was made up of large shrubs with young trees approximately 15 to 
20cm DBH. Canopy about 15 to 30m tall covered all sample points. B) Medium cover: 5-year 
old regenerating forest. Site had many small shrubs and some young trees 5 to 10cm DBH. 
Sample points covered by a lower  (approx. 10m) canopy. C) No cover: Pasture. Grass-covered 
fields with forest border and some trees scattered in the field. Sites were uniform.  !
 Diversity for each site and each method was calculated using the Shannon-Weiner 
Index. A high estimate of bird species was calculated for richness and diversity using all 
identified morpho species. A low estimate of bird species was also calculated by combining all 
morpho species detected on one day into one species, except for species known to be different. 
This was done for each day. Both high and low estimates were used in the following statistical 
tests to account for possible overestimations of species. Paired t-tests were used to compare the 
abundances and richness of birds between methods after testing the assumption of normality. 
Wilcoxon paired-sample tests were used instead when the assumption of normality was not met. 
A modified t-test was used on diversity between visual and acoustic methods in each site 
according to Zar (1984).  !

A B C

! ! !
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RESULTS !
Abundance  !
Acoustic methods detected significantly more birds than visual methods in 20-year old forest 
(paired t-test t = - 5.14, df = 4, p = 0.0068) and five-year old forests (t = - 2.82, df = 4, p = 
0.048), but not in pastures (t = - 0.26, df = 4, p = 0.80) (Fig. 2). The average number of birds 
observed per day for the pasture was nearly the same for visual and acoustic methods at 19.6 and 
20.4, respectively. Acoustic sampling of the five-year old forest had the least abundance of birds 
compared to the two other sites, though visual observations showed an increasing trend with 
decreasing cover. It is important to note that across all three sites, acoustic methods (mean 19.7 ± 
2.3 standard error) detected more birds than visual methods (9.3 ± 2.3) (t = - 3.5215, df = 14, p = 
0.0034).  Numbers of birds in each area by each method can be see in Table 1.   !
TABLE 1: Number of individuals and species detected using visual and acoustic methods in 
three sample areas in Monteverde, Costa Rica. Visual and acoustic sampling was done 
simultaneously for ten minutes in each of the three sites.   

!

 !  
FIGURE 2: Means of number of birds observed by visual and acoustic methods in the three 
sample sites in Monteverde, Costa Rica. More birds were identified using acoustic techniques 
than visual techniques in 20-year old forest and five-year old forest (p < 0.05). No significant 

20-year forest Five-year forest Pasture

Visual Acoustic Visual Acoustic Visual Acoustic

Abundance 15 123 27 71 98 102
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difference in abundances between methods was seen in the pasture (p = 0.80). Visual and 
acoustic observations were taken simultaneously for ten minutes in each of the three sites. 
Sample size for each mean was five. Error bars represent one standard error. !
Species Richness !
Statistical results were the same in both high and low estimates, so only high estimate results will 
be reported. Acoustic methods detected significantly more species of birds than visual methods 
in 20-year old forest (paired t-test t = - 6.08, df = 4, p = 0.004) and five-year old forest (t = - 
3.19, df = 4, p = 0.03) (Fig. 3). Although statistically nonsignificant, observations in the pastures 
did follow a similar trend of more species detected by sound (Wilcoxon V = 0, p = 0.057). 
Species observed by sight increased as the openness of the area increased, but species observed 
by sound was lowest in five-year old forests (11.2 ± 2.3). A combination of species richness from 
all three sites resulted in acoustic methods (mean 5 ± 0.80), identifying significantly (t = - 5.84, 
df = 14, p = 0.000043) more species than visual methods (13.9 ± 1.4). Numbers of species 
detected in each area by each method can be seen in Table 1.  !

!  
FIGURE 3: Means of bird species richness observed per day per site by visual and acoustic 
methods in the three sample sites in Monteverde, Costa Rica. More species were identified using 
acoustic techniques than visual techniques in 20-year old forest and five-year old forest (p < 
0.05). Differences between methods in the pasture were non-significant (p = 0.057), though the 
trend still suggests acoustic methods identified more species. Visual and acoustic observations 
were taken simultaneously for ten minutes in each of the three sites. Sample size for each mean 
was five. Error bars represent one standard error. !
Diversity:  !
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Statistical results were the same in high and low estimates, so only high estimate results will be 
given. Acoustic methods detected significantly more diversity in all three areas: 20-year old 
forest (Modified t-test t = 18.54, df = 23, p <0.001), five-year old forest (t = 18.50, df = 34, p 
<0.001) and pasture (t = 6.59, df = 185, p <0.001) (Fig. 4). Similarly, when all three sites were 
combined acoustic methods accounted for more diversity than visual methods (t = 17.32, df = 
195, p < 0.001). Combining all three sites, visual techniques resulted in a lower Shannon-Weiner 
index of 3.95, compared to the index of 5.17 resulting from acoustic techniques.  !!!
FIGURE 4: Diversity of birds observed per day per site by both methods in the three sample sites 
measured by Shannon Weiner Index. Acoustic techniques revealed more diversity than visual 
techniques in all three test sites (p < 0.05). Visual and acoustic observations were taken 
simultaneously for ten minutes in each of the three sites. Sample size for each index was five.  

!  !
FIGURE 4: Diversity of birds observed per day per site by both methods in the three sample sites 
measured by Shannon Weiner Index. Acoustic techniques revealed more diversity than visual 
techniques in all three test sites (p < 0.05). Visual and acoustic observations were taken 
simultaneously for ten minutes in each of the three sites. Sample size for each index was five.  !
Additional Observations !
It was windy or misty on several sample days, which made it difficult to identify birds in higher 
cover areas like 20-year old and five-year old forest. The movement of the water drops and 
leaves in the wind may have affected movement detection of the birds. Additionally, these 
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weather conditions made it difficult to hear birdcalls and songs clearly in the recordings, which 
may have made an impact on the number or species of birds acoustically identified. It was much 
easier to see birds in the pasture, though identification of species was often more tricky in 
comparison to perching birds in the forest.   !
DISCUSSION !
Acoustic methods consistently detected more abundance, richness and diversity of birds in 20-
year old and five-year old forests. In pastures, diversity of birds was significantly more when 
observed by sound, while richness of observed birds showed similar but nonsignificant trends. 
This illustrates that in covered as well as open areas acoustic sampling detects more numbers of 
birds as well as more species of birds.  
 Abundance in pastures did not differ between methods, but did in richness and diversity. 
This is most likely due to the increased visibility in pasture areas because birds are easier to see. 
However, richness measured by sight was still less (according to the trend) most likely because 
identification of species was more difficult because birds in pastures were able to be seen at 
farther distances but not necessarily identified as opposed to forests.  Similarly, Freemark and 
Rogers (1994) found more birds when further distances in open areas were sampled, though it is 
not clear if sight or sound identification was used separately. Methods chosen for measuring bird 
diversity will depend on the goal of the study. For example, if the study is located in an open 
area, visual methods may be sufficient. However, acoustic methods will account for diversity 
better in areas of historic high diversity, like primary forest, or in highly covered areas.  
 Though cover was not measured exactly, visibility in 20-year old forest, five-year old 
forest and pasture was considered to increase, respectively. And therefore the slight upward trend 
of bird abundance, richness and diversity from 20-year old forest to pasture in visual methods 
could be attributed to the amount of cover in forested versus pasture areas.  However, in acoustic 
methods (which detected more birds and richness in general), 20-year old forest and pasture had 
more abundance and richness than the younger five-year old forest. This trend from acoustic 
methods could be a result of the amount of diversity in the different areas: older tropical forests 
do tend to have higher diversity of birds than younger forests (Barlow et al. 2007). Additionally, 
in the sampled pastures, there was a high concentration of fruit trees and for this reason the 
pastures may have attracted more birds. Overall, higher cover forests revealed less diversity in 
visual methods, but more diversity in acoustic methods. This illustrates the importance of 
evaluating the age of the forest and amount of cover when sampling bird diversity in pre-
montane wet forest.   
 Some species were easier to see than hear, while some species were easier to hear than 
see. For example, smaller arboreal birds such as Lesser Greenlets, Green Violetears, Yellow-
bellied Elaenias and Yellow-throated Euphonias were heard very frequently, however Lesser 
Greenlets and Green Violetears were never seen in the field. Whereas Black Guans, Squirrel 
Cuckoos and Blue-crowned Motmots were only seen, but never heard in acoustic recordings. 
This illustrates that neither method was able to fully account for all species of birds. Therefore, if 
bird richness or diversity is being measured in any area, it could be beneficial to use both 
methods of bird detection. 
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  Weather played a small role in the identification of birds throughout the sample sites. 
November marks the tail end of the wet season in Monteverde, when the days get more misty 
and rainy (Clark et al. 2000). Many of the sampling days were misty and rainy, which 
compromised identification in both visual and acoustic observations. The recordings often 
recorded the wind and as a result some birdcalls were unidentifiable. The wind and water drops 
also made it difficult to distinguish birds by sight from other foliage movement. Therefore 
weather conditions can affect detectability of the birds in this region of Costa Rica. Other 
attributes of birds that may contribute to detectability by either sight or sound, like body size, 
loudness/distinctiveness of calling and foraging height, were not taken into consideration 
(Cunningham et al. 1999). Further research for bettering methods of measuring bird diversity in 
Monteverde should explore this facet.  
 Another factor to consider when measuring bird diversity is the experience of the 
samplers. Due to the variability of birdcalls, acoustic methods can be more difficult to use over 
visual methods without previous experience with different birdcalls (Cunningham et al. 1999). 
There is also some difficulty in identifying species by sight in the field, though it was easier to 
identify birds using this method in this study (pers. obs.). Because of this variability, I used both 
high and low estimates of species number and obtained the same results. This illustrates that 
even with the possibility of overestimations of species, that acoustic methods still detected more 
species and diversity.  
 I can conclude that acoustic sampling may be better for measuring bird diversity in most 
areas in Pacific Pre-montane wet forest in Monteverde. Results from this study can be applied to 
future studies involving bird diversity or conservation. Depending on the goal of the study, 
certain methods can be used. For example, if a study only needs to determine abundances of 
birds, sight identification may be sufficient in open areas. However, due to the limitations of each 
method, studies will be more successful if both visual and acoustic observations are taken into 
consideration.  !
ACKNOWLEDGEMENTS !
I would like to thank Johel Chaves for always being willing to help me identify birdcalls. I would also like to thank 
John and Sue Trostle, Steve Abbott, and Elias and Mary Newswanger for graciously allowing me to use their 
pastures. Thank you to Bajo del Tigre for allowing me to use their trails. Thanks to the CIEE Monteverde Tropical 
Ecology program professors and TAs for inspiring this project. I would also like to thank Nitin Savant and Meg 
Robinson for taking the time to review my work.  
  
LITERATURE CITED !
CLARK, K.L., R.O. LAWTON, P.R. BUTLER. 2000. The Physical Environment. In: Monteverde: Ecology and 

Conservation of a Tropical Cloud Forest. Oxford University Press, New York, page 16.  !
CUNNINGHAM, R.B., D.B. LINDENMAYER, B.D. LINDENMAYER, and H.A. NIX. 1999. Quantifying 

Observer Heterogeneity in Bird Counts. Australian Journal of Ecology 24: 270-277.  !
BARLOW, J., L.A.M. MESTRE, T.A. GARDNER, and C.A. PERES. 2007. The value of primary, secondary and 

plantation forests for Amazonian birds. Biological Conservation 136: 212-231.  !
!  49



DIETSCH, THOMAS V. 2000. Asssessing the Conservation Value of Shade-Grown Coffee: a Biological Perspective 
using Neotropical Birds. Endangered Species UPDATED, 17: 122-124.  !

DRANZOA, CHRISTINE, D. POMEROY. 1997. Methods of studying the distribution, diversity and abundance of 
birds in East Africa – some quantitative approaches. African Journal of Ecology, 35: 110-123.  !

FREEMARK K., and ROGERS C. 1995. Modification of Point Counts for Surveying Cropland Birds. USDA Forest 
Service General Technical Report PSW-GTR-149: 69-74.  !

JANKOWSKI, JILL E., A.L. CIECKA, N.W. MEYER, and K.N. RABENOLD. 2009. Beta diversity along 
environmental gradients: implications of habitat specialization in tropical Montane landscapes. Journal of 
Animal Ecology 78: 315-327.  !

RALPH, C.J, J.R. SAUER & S. DROEGE. 1997. Monitoring Bird Populations by Point Counts. U.S.D.A. Forest 
Service, General Technical Report PSW-gtR-149.  !

RECHER, H.F. 1984. Use of bird census procedures in Australia: a review. Methods of censusing birds in Australia 
3-13 !

REMSEN, J.V. Jr. 1994. Use and Misuse of Bird Lists in Community Ecology and Conservation. The Auk 111: 
225-227.  !

RIEDE, KLAUS. 1993. Monitoring Biodiversity: Analysis of Amazonian Rainforest Sounds. Ambio 22:546-548.  !
SUTHERLAND, WILLIAM J. and I.N.R. GREEN. 2004. Bird Ecology and Conservation: A Handbook of 

Techniques. Oxford University Press.  !
VIELLIARD, JACQUES M.E. 2000. Bird community as an indicator of biodiversity: results from quantitative 

surveys in Brazil. Anais da Academia Brasileira de Ciencias 72: 323-330.  !
YOUNG, B.E., D. DEROSIER, and G.V.N. POWELL. 1998. Diversity and Conservation of Understory Birds in the 

Tilaran Mountains, Costa Rica. The Auk 115: 998 – 1016.  !
ZAR, J.H. 1984. Biostatstical Analysis. Prentice Hall, 2nd Edition.  !!!!!!!!!!!!!!!!!!!!!!!!

!  50



!!!
Courtship and spermatophore rejection in the tiger 
beetle Pseudoxycheila tarsalis (Carabidae) !
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!
ABSTRACT	 	
!
 Evolution of a given species can be largely impacted by sexual selection. Mating rituals and copulatory 
behavior of the Tiger Beetle Pseusdoxycheila tarsalis provide an opportunity to explore how behavioral differences 
influence reproductive success. Here I examined the behaviors of prying, tapping, rocking, rubbing, and female 
batting to see how they relate to successful spermatophore transfer. In addition, total time of copulation, ratio of time 
spent copulatory riding, and number of intromissions were examined. Results indicate that female selection of male 
spermatophores is largely cryptic. The only significant effect of any behavior was that of prying, although the 
frequency of rocking and tapping during copulation show a trend that they may lead to increased likelihood 
spermatophore transfer. The total time of copulation, number of intromissions, and time spent copulatory riding did 
not have an effect.  Female cryptic selection hides the true explanation for mating success in P. tarsalis, however we 
can rule out some common hypotheses of why these beetles mate in such a unique way. Behavioral differences have 
a larger impact than other hypotheses that predict females testing of male strength, which had no impact. It is 
possible that there may be additional factors that require a closer look such as timing, if the female has recently, or is 
about to oviposit, and female spermathecal morphology.  !
RESUMEN	
!
La evolución de determinada especie puede ser afectada en gran medida por la selección sexual. Los rituales de 
apareamiento y el comportamiento copulatorio de Pseusdoxycheila tarsalis proveen una oportunidad para examinar 
como las diferencias en el comportamiento afectan el éxito reproductivo. Aquí examino los comportamientos de 
forcejeo, golpeteo, balanceo y frotamiento y cómo estos se relacionan con la transferencia exitosa del 
espermatóforo. Adicionalmente, el tiempo total de copulación, la proporción de tiempo empleado en la copulación, y 
el número de intromisiones fueron observados. Los resultados indican que la selección de las hembras por los 
espermatóforos de los machos es ampliamente críptica. El único efecto significativo de cualquier comportamiento 
fue aquel de balanceo, aunque la frecuencia de balanceo y golpeteo durante la copulación mostró una tendencia que 
podría incrementar la probabilidad de transferencia del espermatóforo. El tiempo total de copulación, el número de 
intromisiones, y el tiempo empleado en la copulación no tuvieron ningún efecto. La selección críptica de la hembras 
esconde la verdadera explicación del éxito reproductivo en P. tarsalis. Sin embargo, podemos descartar algunas 
hipótesis comunes de por qué estos escarabajos se aparean en la forma que lo hacen. Las diferencias en el 
comportamiento tienen un impacto mayor que otras hipótesis que predicen que las hembras prueban la fuerza de los 
machos, la cual no tuvo impacto. Es posible que existan factores adicionales que requieran de una mirada más 
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cercana, tales como el tiempo, si la hembra ha ovopositado recientemente o si está a punto de y la morfología de la 
espermateca de la hembra.	!!
INTRODUCTION !
Sexual selection can be a primary driver of evolution and speciation. This type of selection 
differs from natural selection because it occurs when females select males for reasons other than 
overall fitness (Darwin 1859). In essence, sexual selection results in traits that are only useful for 
mates attracting one another. The balance between natural and sexual selection is essential for 
development of mate recognition of a given species (Blows 2002). These two modes of evolution 
can act in concert with one another or on their own. 	!

The mating process of the species Pseudoxycheila tarsalis (a Tiger Beetle) is a complex 
process that includes several behaviors and processes (Pearson and Vogler 2001). The mating 
begins with the male forcibly mounting the female, once mounted there are several behaviors 
that occur during copulation. Prying, tapping, rubbing, female batting, and rocking all occur 
while the female struggles to dismount the male. This process can last up to an hour and includes 
several intromissions by the male. (Rodriguez 1999).  Due to this complicated mating ritual, 
males will often put themselves in direct risk of predations in order to copulate. This happens 
because copulation will occur in the open and it will slow down the beetles when they need to 
escape a predator. There are several hypotheses as to why tiger beetles reproduce the way they 
do, but few of these hypotheses have been tested (Pearson and Vogler 2001).  	!

The mystery of the reproduction of P. tarsalis is further compounded by the female’s 
ability to perform cryptic selection (Eberhard 1985). If a male inserts a spermatophore (a small 
mass or capsule of sperm) into the female spermetheca she can subsequently accept or reject the 
spermatophore. The rejection of the spermatophore will generally occur during the copulation or 
within a few minutes after (Rodriguez 1998), but there is also some evidence that the 
spermatophore may also be rejected much longer after copulation (Rodriguez 1999). 
Additionally, it may also be possible for females to not allow the male to release his 
spermatophore (Pearson and Vogler 2001). This mating process falls under the category of 
cryptic selection because the reason why females will select certain males is unknown. Cryptic 
selection is an important aspect that is often overlooked by biologists. This process is imperative 
for the study of evolution and speciation because it is equally as important as traditional 
reproduction, where males fail to copulate and thus fail to reproduce (Eberhard 1985). On the 
contrary, when cryptic selection is in effect, males are able to copulate but the female can still 
reject their sperm. 	 	!

This study evaluates the Tiger beetles (P. tarsalis) females’ selection of males’ 
spermatophore based on the duration of the copulation and the behaviors displayed by males 
during copulation as a method of determining male fitness. This assumes that stronger males will 
be able to stay on top of the female longer, and thus produce more viable offspring than weaker 
males. In addition, the presence and number of copulatory behaviors displayed by males will be 
important for female’s cryptic selection of the male spermatophore. The behaviors will include 
prying, rocking, tapping, rubbing, and female batting. If the success is more based on copulatory 

!  52



behavior, there will be sexually selected traits passed on to the offspring rather than increased 
fitness from one generation to the next.	!
MATERIALS AND METHODS 	 	
!
I collected P. tarsalis individuals in Monteverde, Puntarenas, Costa Rica. Collection primarily 
occurred on the gravel road between the Belmar Hotel and the Monteverde Biological Station, 
and around Cerro Amigos. Individuals of P. tarsalis were seen mostly on the sides of clay and 
gravel roads. They generally forage in the middle of the day and prefer sunny days. To lessen the 
likelihood of spermatophore transfer during capture, I determined the sex in the field and 
separated males and females into different plastic bags. Males were distinguished from females 
by the increased density of bristles on their front tarsi (Pearson and Vogler 2001). Individuals 
from the same sex were placed into separate terrariums in the lab, where they were fed insects. 
The study was conducted from October to November 2012. In order to allow myself to differ 
between new and old spermatophores, females were kept in captivity for a minimum of 48 hours. 
This time allowed for spermatophores to degrade within the females, thus if spermatophores 
were transferred under lab conditions, I could tell the difference between them. 	!
	 Pairs of a single male and a single female were placed in a plastic container (8 x 23 cm) 
to encourage copulation. When mating occurred I conducted several observations. I timed the 
events of prying, rubbing, rocking, tapping and female batting and noted any other behaviors. 
These behaviors were observed using the following descriptions (Rodriguez 1999, Pearson and 
Vogler 2001, Palmer 1976): Prying: Deep thrust of male aedeagus (penis) into the female 
spermatheca; Rubbing: Male uses front legs to rub female body with in-between copulations; 
Tapping: Male taps female’s abdomen with second pair of legs. Generally starts at the bottom of 
female abdomen and works his way up; Rocking: Male pulls himself forward and then backward 
repeatedly; Female batting: the female taps the male on the head with her first pair of legs. 	
	 I also timed the total duration of copulation, and counted the number of intromissions per 
copulation. Once copulation finished, I observed if the female rejected the spermatophore, she 
was given 5 minutes to either accept or reject the spermatophore (Rodriguez 1999). After these 5 
minutes, females were sacrificed and frozen to preserve them for future dissection.	!
	 I dissected the female individuals of P. tarsalis using an Olympus SZ40 dissecting 
microscope. When dissecting P. tarsalis, I looked for spermathecas and then examined whether 
spermatophores were present.  I distinguished between new and old spermatophores to relate 
them to the most recent copulation. I did this by looking at the shape and level of decay of the 
spermatophores. New spermatophores are more circular, larger, and whiter. Conversely, it was 
clear when old spermatophores were present because they were less defined and smaller 
(Rodriguez 1999). 	!
!
RESULTS 	!
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From observation of several copulations (n=25), I noticed a wide variety in presence, absence, 
and frequency of each behavior. I performed five chi-square tests to assess the how the presence 
or absence of copulatory behaviors affect reproductive success. Four out of the five behaviors did 
not have an effect on reproductive success (Figs. 1-5) (batting; X2 = 0.337, p= 0.56, df=1, 
rubbing; X2 = 0.337, df=1, p = 0.56, tapping; X2 = 1.86, df=1, p = 0.17, rocking; X2 = 0.051, 
df=1, p =  0.82). Prying was the only behavior shown to have a significant influence on 
spermatophore transfer (X2 = 4.59, df=1, p = 0.03,). Of the individuals that performed the prying 
mechanism (n = 8), six had successful transfer of spermatophore. However prying was absent in 
five successful copulations. 	!

The mean total time of successful copulations (n = 11) and non-successful copulations (n 
= 14) were not significantly different (T = .064, df = 23, p = 0.950) (Fig. 7). In addition, 
successful and non-successful copulations did not have a significantly different amount of 
intromissions during copulation (T = -0.8566, df = 22, p = 0.4013) (Fig.8). Lastly, there were no 
differences between successful and non-successful copulations and the ratio of time spent 
performing copulatory riding to total time of copulation (T = 0.653, df = 23, p= 0.520) (Fig. 6). 
Copulatory riding was the time in which the male was mounted on the female but when he was 
not in intromission. 	!
	 The copulatory behaviors varied greatly in frequency per copulation; because of this, I 
examined how differing frequencies of each affect spermatophore transfer using a Kruskal-
Wallis test. Again, only prying was statistically significant (Fig. 9) (batting; X21.158, df = 1, p = 
0.282, prying; X2 = 5.131, df = 1, p =0.023, rocking; X2 = 3.531, df = 1, p = 0.060, rubbing; X2 = 
0.596, df = 1, p = 0.440, tapping; X2 = 2.717, df = 1, p = 0.099). While not statistically 
significant, the frequencies of rocking and tapping in successful copulations show a trend that an 
increase in the frequency of these behaviors during a single copulation may lead to an increase of 
spermatophore transfer.	
!
DISCUSSION	!
This study shows that the tiger beetle P. tarsalis contains large variability in their copulatory 
patterns and successes. This intraspecific variation may have implications in the evolution of the 
P. tarsalis (Blows 2002). It is shown here that the majority of copulatory behaviors do not play a 
significant role in spermatophore transfer. Of the copulatory behaviors, prying and possibly 
rocking and tapping are the only behaviors that influence the female cryptic choice. Given the 
relatively small sample size for this study (n=25), it is possible that these trends are more 
important than the statistics show. However, similar results have been found in a different 
population of P. tarsalis (Rodriguez 1999). Time of copulation and number of intromissions also 
did not have an effect on female acceptance of spermatophores, and thus we can we can rule out 
the hypothesis that males perform copulatory riding in order to demonstrate strength. Thus, 
copulatory riding and multiple intromissions are not means in which males pass on fitness to 
their offspring. 	!
	 In the case of P. tarsalis, females do not get to choose their mates, but they may be able 
to choose which partners’ sperm is accepted and fertilized. Cryptic female selection is an 
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understudied science and there remains a great deal to be discovered in this field. Therefore, 
there are a several explanations for the occurrence of the observed patterns. The presence of 
prying and frequency of male rocking have the largest impact on spermatophore transfer. This 
indicates that male P. tarsalis, to at least a minimal extent, perform these behaviors to increase 
the likelihood of successful copulation. Also, I cannot rule out, however, that it is possible that 
there may some internal processes, which cannot be observed that are affecting spermatophore 
transfer.  One idea is that female morphology and spermathecal shape and form play a role in 
spermatophore transfer (Sirot 2004). This is important because the male aedeagus may not 
always be able to reach the spermatheca, thus eliminating those males’ chances of reproducing. 	!
	 Females in this study are not selecting males by their fitness displayed in the copulatory 
riding. The males may stay attached to mate guard and prevent other males from mating with that 
female (Pearson and Vogler 2001). My results showed that prolonged attachment does not 
increase success in spermatophore acceptance. It is apparent that the primary driver of 
reproduction in P. tarsalis is cryptic female choice, where females accept the spermatophore 
based on male’s copulatory behaviors. However, the exact method of this selection is not entirely 
clear and there may also be internal restrictions that were not observed in this study.	!
	 Timing may play an important role in acceptance of spermatophores. Females have been 
shown be less likely to accept spermatophores when they are ovipositing or just after ovipositing 
(Tigreros and Kattan 2008). If a female individual of P. tarsalis is ready to oviposit she may be 
less likely to accept a spermatophore. This results in the addition of chance as a variable in the 
process.	
	 	

The daily behavior of P. taralis is dominated by mating. On average, they mate 0.47 
times a day, or about once every two days (Pearson and Vogler 2001). This is evidence that there 
may be several more intricacies involved in the process. My results show that their copulation is 
more complicated than either females testing fitness via copulatory riding or being impressed by 
the male copulatory behaviors. While prying, rocking, and tapping may play a role in the 
acceptance of spermatophores, they are not the only factors involved. 	!
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� 	
FIGURE 1. Successful and non-successful copulations related to the presence or absence of 
rubbing behavior. There were no differences in success related to rubbing presence or absence 
(X2 = 0.337, df=1 p = 0.56).	!!

� 	
FIGURE 2. Success and failure of the batting behavior. Copulations with batting are shown in 
black. Chi square analysis shows these differences to be not significant (X2 = 0.337, df=1, p = 
0.56).	!!
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� 	
FIGURE 3. Success and failure of the tapping behavior. Copulations with tapping are shown in 
black. Chi square analysis shows these differences to be not significant (X2 = 1.86, df=1, p = 
0.17).	!!

� 	
FIGURE 4. Success and failure of the prying behavior. Copulations with prying are shown in 
black. Chi square analysis shows these differences to be significant (X2 = 4.59, df=1, p = .03). 	!!!!!!!!!!!
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� 	
FIGURE 5. Success and failure of the rocking behavior. Copulations with rocking are shown in 
black (X2 = 0.05, df=1, p =  0.82). 	!

!  !
FIGURE 6. Rate of successful transfer as a result of time spent copulatory riding. Ratio 
represents time copulatory riding by total time of copulation, and there were no differences.  (T = 
0.653, df = 23, p = 0.520). Standard errors are shown. 	!!!!!!!!!!!
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� 	!!
FIGURE 7. Mean total time of copulation for successful and non-successful copulations. There 
was no difference for total time spent for successful and non-successful copulations (T = 0.064, 
df = 23, p = 0.950). Standard error bars are shown. 	!!!!

� 	
FIGURE 8. Mean number of intromissions for successful and non-successful copulations. There 
were no differences for number of intromissions for successful and non-successful copulations (t 
= -0.8566, p = 0.4013, df = 21.89). Standard error bars are shown.	!!!!
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!!

� 	
FIGURE 9. Frequency of copulatory behaviors on a per-copulation basis. YES refers to the 
successful transfer of spermatophore to female, and NO refers to unsuccessful transfer of 
spermatophore. While prying is the only statistically significant result, the differences between 
tapping and rocking frequencies show a trend (Kruskal-Wallis test: rocking; X2 = 3.531, df = 1, p 
= .060, tapping; X2 = 2.717, df = 1, p = 0.099). Standard error bars are shown.	!!!!!!!!!!!!!!!!!!!!!
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!!
Leaf characteristics assessed by Leafcutter Ants 
(Atta cephalotes) in foraging!
!
Margaret Robinson	!
Department of Biology, Whitman College!!
� 	!
ABSTRACT	
!
Tropical and temperate plants alike tend to experience the most herbivory in young leaves. An exception to this 
trend occurs in plants that display delayed greening, a strategy where young leaves show high amounts of 
anthocyanin pigment instead of chlorophyll. In addition to anthocyanin content, younger leaves in delayed greening 
plants display lower amounts of epicuticular wax and conspicuous red coloration. Unlike young chlorophyll leaves, 
anthocyanin leaves also often display less herbivory than their mature counterparts, which has led to the hypothesis 
that delayed greening has evolved as a defense to herbivores. Atta cephalotes (Order Hymenoptera, Family 
Formicidae) is one such herbivore; a common leafcutter ant that prefers newer, young leaves except in the case of 
delayed greening plants. This study explores color, anthocyanin content, and wax presence as potential indicators in 
leafcutter ant foraging selection. In order to isolate these characteristics, oats were used instead of leaves as a 
substrate due to easy manipulation and being palatable to ants. Oats were treated with food coloring, leaf extract, 
and candle wax to represent leaf color, pigment type, and epicuticular wax, respectively. Ant preferences to these 
characteristics were used to gain insight into the leaf qualities that dictate leaf selection in A. cephalotes. Different 
combinations of color, extract, and wax choices were presented to A. cephalotes on foraging trails near their nest in 
Monteverde, Costa Rica.  Results indicated that color does not serve as a visual cue of anthocyanin content to ant 
foragers, and that pigment content and epicuticular wax play a greater role in selection.  	!
� 	
!
RESUMEN	
!
Tanto las plantas tropicales como de zonas templadas tienden a experimentar la mayor herbivoría en las hojas 
jóvenes. Una excepción a esta tendencia ocurre en plantas que muestran enverdecimiento retardado, una estrategia 
donde las hojas jóvenes muestran gran cantidad de antocianinas en lugar de clorofila. Además del contenido de 
antocianinas, las hojas jóvenes de plantas con enverdecimiento retardado muestran menor cantidad de cera 
epicuticular y una coloración roja conspicua. A diferencia de hojas jóvenes con clorofila, hojas con antocianinas 
frecuentemente también muestran menor herbovoría que sus contraparte maduras, lo que ha llevado a la hipótesis de 
que el enverdecimiento retardado ha evolucionado como una defensa contra herbívoros Atta cephalotes 
(Hymenoptera, Formicidae) es uno de esos herbívoros, una hormiga cortadora de hojas común que prefiere hojas 
jóvenes más nuevas excepto en el caso de plantas con enverdecimiento retrasado. Este estudio explora la presencia 
de color, contenido de antocianina y cera como potenciales indicadores de selección de forrajeo en hormigas 
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cortadoras de hojas. Para aislar estas características se utilizaron hojuelas de avena como sustrato en lugar de hojas, 
dada su fácil manipulación y porque son palatables para las hormigas. Las hojuelas de avena se trataron con 
colorante de alimentos, extracto de hojas, y parfina para representar el color de las hojas, el tipo de pigmento y la 
cera epicuticular, respectivamente. La preferencia de las hormigas por estas características se utilizaron para obtener 
una perspectiva de las cualidades que determinan la selección de hojas en A. cephalotes. Diferentes combinaciones 
de color, extracto y cera fueron presentadas a A. cephalotes en senderos de forajeo cerca del nido en Monteverde 
Costa Rica. Los resultados indican que el color no sirve como una señal visual de contenido de antocianinas a las 
hormigas, y que el contenido de pigmentos y cera epicuticular juegan un papel más importante en la selección.	!
!
INTRODUCTION	
!
Many tropical plants in low-light environments exhibit a phenomenon known as delayed 
greening. In delayed greening, young leaves are transitorily red because of the accumulation of 
anthocyanins, with the redness disappearing as leaves mature (Karageorgou and Manetas 2006). 
Anthocyanins are photosynthetically active, yet demand less energy than chlorophylls, allowing 
young leaves to photosynthesize, though at a lower rate (Steyn et al. 2002, Hoch et al. 2003, 
Pomar and Barceló 2007). Delayed greening allows a plant to invest less energy into young 
leaves, where 60-80 percent of a plant’s lifetime herbivory occurs (Coley & Aide 1991, Coley 
1983). Knowing this, the best defense strategy of plants is to make plants indigestible early in 
their development (Powell & Stradling 1991). It has been proposed that delayed greening 
evolved as a mechanism to minimize herbivory damage by delaying resource input until the leaf 
matures and is better protected (Kursar & Coley 1992).	!

Previous studies with anthocyanins have shown that the conspicuous red color may 
provide a visual cue for generalist herbivores, indicating low leaf quality (Karageorgou and 
Manetas 2006, Lee and Lowry 1980, Close and Beadle 2003). However, this may not be the case 
for insects. Previous studies have indicated that the decreased reflectance in the green spectral 
band and the concomitant leveling of reflectance throughout the 400-570 nm spectral range may 
either make red leaves less discernible to some insect herbivores or make insect herbivores 
foraging on a red background more discernible to predators, or both, (Karageorgou &Manetas 
2006). In addition to their vibrant color, anthocyanins have been shown to have antifungal 
properties that protect leaves from pathogens, as well as less epicuticular wax than mature 
leaves, both of which potentially affect herbivory (Chalker-Scott 1999, Coley and Aide 1989, 
Schieferstein 1956).	!

The leaf cutter ant, Atta cephalotes, is an important insect herbivore in tropical 
understories that avoid plants with antifungal agents, while targeting tender leaves with high 
nutrients (Rockwood 1976, Chalker-Scott 1999, Rockwood 1977, Hubbell et al. 1983). 
Leafcutter ants feed on a fungus from the Lepiotaceae family, and use harvested leaves as a 
substrate for their complex underground fungus gardens (Hölldobler & Wilson 2011). For this 
reason, it is logical to conclude that leaves with antifungal properties are detrimental the success 
of these cultivated fungi, and thus, detrimental to the colony. Indeed, a study of the Atta 
colombica species of leafcutters found that they select against leaves or chemicals containing 
fungicidal properties (Coley and Aide 1989).  Specifically, Coley and Aide (1989) found that in 
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feeding trials with pure anthocyanin on oat flakes, A. colombica ants showed a significant 
preference for lower anthocyanin contents. 	!

Although there are many studies that indicate that immature delayed greening leaves 
display less herbivory (Karageorgou and Manetas 2006, Kursar & Coley 1992, Hubbell et al. 
1983), there is a notable absence of studies that address the specific reasons for this reduced 
herbivory in leafcutter ants. In addition, there is a lack of studies assessing the role of visual cues 
in leaf selection by these ants.  The purpose of this study is to evaluate which of the factors 
discussed above (i.e. vision, chemical composition, and epicuticular wax) have the greatest effect 
on A. cephalotes leaf selection. I manipulated the texture, chemical composition, and color of 
oats offered to the ants to represent different leaf characteristics. 	
!
METHODS	
!
Study site	!
This study was conducted with an A. cephalotes colony on the property of the Las Montañas 
Hotel in Cerro Plano, Monteverde, Costa Rica. This site is classified as premontane wet forest 
under Holdridge Life Zone classification (Haber 2000). Data was collected from October to 
November 2012 one meter from a nest entrance. Unprocessed, steel-cut oats were used as a 
substrate in place of leaves, as they are palatable to leafcutters and easy to manipulate (J. Chaves, 
pers. comm.). 	!
Experimental design	!
Oats were placed in five sets of pairs, arranged in a line five cm apart from each other (Fig. 1). 
Treatments were presented in pairs in a linear arrangement, with one treatment on one side of the 
trail, with the other treatment on the other side. Oats of each treatment were placed on the same 
side of the trail throughout the trial. If an ant selects an oat, it was immediately replaced. 
Selection of an oat is defined as any form of oat movement toward the nest caused by an ant (i.e. 
pushing or picking up). The number of oats selected from each side of the trail was recorded 
respectively. Oats were counted for ten minutes, fifteen times in the same day for each trial. A 
complete list of oat treatments and combinations can be found in Table 1. Red and green food 
coloring were used to simulate different leaf colors. Red oats were intended to mimic the red 
color of young delayed greening leaves, whereas red oats were used to mimic a normal, green 
chlorophyll leaf. In testing if leafcutters show a preference between red and green, it can be 
determined if they use color as a visual cue for leaf selection. Leaf extract was used to test 
pigment preferences, because extract will successfully remove tactile and visual properties 
normally associated with different types of photosynthetic pigment. Unscented, uncolored candle 
wax was melted and used to simulate the epicuticular wax presence, a potential tactile cue to 
leafcutters to different leaf types. After testing for preferences within these three characteristics 
(color, chemical composition, and wax) alone, in was necessary to combine characteristics to see 
if the preferences were maintained in the presence of several leaf characteristics, as leaves never 
occur with a single characteristic in nature. In mixing color and extract, color and wax, and 
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extract and wax I was able to identify which preferences were displayed consistently, indicating 
that they are the most important factors in leafcutter foraging selection.	!
Color preference	!
Red and green Ancla food coloring were added respectively to two bowls of oats. Coloring was 
added and mixed with a metal spoon until all oats were coated in color. Oats were allowed to sit 
and absorb color for one hour, before being placed on a paper towel overnight to dry.	!
Leaf extract	!
Extractions were performed by taking four grams of Zygia palmana (Fabaceae) leaves, which 
were cut up into smaller pieces, and using a mortar and pestle, ground for one minute. Z. 
palmana is a plant known to be plant preferred by leafcutters (A. Masters, pers. comm.). A 
solution of 20 mL of 80% methanol and 1% HCl were added, and the mixture was grounded for 
an additional 8 minutes. Contents were then filtered into a new beaker to remove leaf bits. Oats 
were dipped in the extract using tweezers, then allotted one hour of drying time. When testing 
extract, oats were presented to ants in the same day the extraction was made to ensure that 
extract did not lose its potency.	!
Wax	!
Oats were dipped with tweezers into colorless, unscented candle wax warmed to melting point, 
then allowed and allowed to cool until the wax coat on the oats was no longer liquid.	!
Color/Extract Combination	!
 Oats that had been previously colored were then dipped in the extract using the methods 
described above. Red oats were dipped in mature leaf extract, and green oats were dipped into 
the anthocyanin extract. Oats were allowed an hour to dry.	!
Color/Wax Combination	!
Oats that were previously colored were dipped in candle wax, following the above methods. 
Both red and green oats were dipped into wax, respectively, while some were left plain with only 
the food coloring.	!
Extract/Wax Combination	!
Oats that had been previously dipped in wax were then dipped in mature leaf extract, while clean 
oats were dipped in anthocyanin extract. Oats were allowed an hour to dry.	
!
RESULTS	
!
Color preference	

!  65



!
A. cephalotes did not show a significant preference between oats dyed red and oats dyed green 
(Student’s t-test, t = 0.509, df = 14, p = 0.619) (Fig. 2). Within each trial ants were inconsistent in 
selecting red or green oats, often favoring red in the one trial, then switching to preference green 
oats in the next. 	!
Leaf extract	!
A. cephalotes showed a significant preference for oats that had been dipped in mature leaf 
extract, over oats that were soaked in anthocyanin extract (Student’s t-test, t = 6.082, df = 14, p < 
0.0001) (Fig. 3). Oat selection differed between mature and young extract by an average of 3.13 
oats. 	!
Wax	!
A cephalotes showed a significant preference for clean oats over those that had been dipped in 
wax (Student’s t-test, t = 23.955, df = 14, p < 0.0001) (Fig. 4). Oat selection differed between 
clean and waxy oats by an average of 16.93 oats.	!
Color/Extract Combination	!
A. cephalotes showed a significant preference for between red oats with mature extract over 
green oats with anthocyanin extract (Student’s t-test t = 2.175, df = 14, p = 0.047) (Fig. 5). Oat 
selection differed between the two manipulations by an average of 0.8 oats.	!
Color/Wax Combination	!
A. cephalotes showed a clear preference for green oats without wax over green oats with wax (t = 
10.422, df = 14, p < 0.0001) (Fig. 6). Green oat selection differed between wax and no wax by an 
average of 4.53 oats. When oats were dyed red, the ants showed no significant preference (t = 
1.921, df = 14, p = 0.0752) (Fig. 7). 	!
Extract/Wax Combination	
A cephalotes showed a significant preference for plain oats dipped in anthocyanin extract, over 
oats that were dipped in both mature leaf extract and wax (t = 11.5147, df = 14, p < 0.0001) (Fig. 
8). Oat selection differed between the two combinations by an average of 12.93.	
!
Additional Results 	
In independent variable t-test revealed that ants selected significantly fewer of all oats that 
received a food coloring treatment (t = 5.879, df = 100, p < 0.0001). The average number of oats 
selected without food coloring was 6.92, and the number of oats selected food coloring decreased 
to 2.49 (± 0.365). In addition, for all of the above results, even oats that were avoided (selected 
against) in each trial were never outright refused. For example, in spite of showing a clear 
preference for clean, wax-free oats, a few waxy oats were consistently selected. Biological 
observation also revealed that before selecting any oat, ants consistently used their mandibles to 
examine it thoroughly using a combination of pushing, chewing, and touching.	
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!
DISCUSSION	
!
These results indicate that A. cephalotes do not use visual cues in foraging selection. In addition, 
the observation that ants use tactile examination in foraging suggests that an ant cannot identify a 
desirable leaf simply by looking at it. It appears that other factors, such as anthocyanin content 
and cuticle presence are more influential factors in foraging selection. These preferences reveal 
two potential outcomes: (1) ants select more mature extract because they prefer that extract, or 
(2) ants select more mature extract because of a great dislike for anthocyanin extract. Combining 
these factors allowed me to hypothesize which of these reasons is more likely. 	!

Not only did ants not show a preference between oats dyed red and green, they 
consistently selected for oats with mature leaf extract, except when covered in wax. However, 
this trend still applied when mature leaf extract was on oats that had been colored red, the 
opposite of how this extract appears in nature. These results are consistent with the results of 
both color and extract trials conducted previously; suggesting that chemical composition of the 
leaves is an important factor in leafcutter foraging. In combining wax and colored oats, the 
trends were obvious with green: the ants showed a huge preference for green oats without wax. 
These results were less obvious in the case of red oats: not only were the results not significant, 
but the average number of oats taken was significantly lower than that of green. These results 
suggest that leaf selection was due to a preference for mature extract, and a dislike for thick 
epicuticular wax. This makes sense, since herbivores tend to prefer young leaves, which have 
less epicuticular wax than mature leaves, regardless of anthocyanin content (Coley & Barone 
1996). This suggests that leafcutters may use chemical and tactile cues in foreseeing anthocyanin 
content. 	!

Although this study was the first of its kind in examining color preferences in leafcutter 
ant foraging selection, data analysis revealed potential methodological challenges. Independent 
samples t-test revealed that the average number of oats taken showed a significant decrease any 
time food coloring (green or red alike) was added to the oats. The significance of the differences 
suggests ants were less interested in oats that was soaked in Ancla food coloring. Although this 
does not negate the significance of this study’s findings, it suggests that future studies exploring 
foraging selection and color with leafcutters should explore other methods for coloring the oats. 	!

In addition, previous studies on ant foraging behavior have indicated that not all 
leafcutter exercise the same foraging decisions, and natural selection favors leafcutting ants 
capable of discriminating between plant species which are toxic or nontoxic to fungus (Hubbell 
et al. 1983).  This is consistent with biological observation in this study, which indicated that 
different ants do, indeed, make different foraging decisions. Ants always examined the oat before 
carrying it, often chewing it or pushing it around with their mandibles before making a decision 
on selection. The fact that foraging selection differs among individuals indicates that there may 
not be a universal set of variables that dictate leaf selection within a colony.	!

One unexplained behavior in this study was that in almost every trial, ants did indeed take 
both oat types, in spite of showing a significant preference for one manipulation. This is 
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consistent with the results of leafcutter foraging study conducted in the Guyanese rainforest, 
which found that ants exploited only 30-50% of accessible palatable plants, and although they 
showed a strong preference for a few plant species, the ants continuously foraged outside of 
these preferences to less palatable leaves (Cherrett 1968). There have been several conjectures as 
to explain this behavior. One such conjecture is known as the resource conservation model, 
which predicts that long-lived colonies conserve resources over the colony lifespan by limiting 
damage done on highly preferred or nearby resources, implying that ants avoid blanket foraging 
in order to maintain resources for a longer time period (Cherrett 1982). Other researchers have 
proposed the nutrient balance hypothesis, claiming that the Lepiotaceae fungus grows best under 
a suitable mixture of nutrients best found in a complimentary combination of different leaf and 
plant types (Howard 1991). Furthermore, these oat selections could be attributed to individual 
ants making different foraging decisions, as observed in this study. This could serve as an 
indicator that the individual, not the colony, defines leaf preferences. These models, combined 
with the results of this study suggest that although wax presence and pigment type play a role in 
leafcutter ant foraging selection, there are other influential factors involved. In order to gain a 
complete picture of leafcutter foraging, it is necessary to consider a wider scope of influencers.	
!
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TABLES & FIGURES	
!

� 	
!
� 	
FIGURE 1. Experimental design of leafcutter foraging study conducted in Monteverde, Costa Rica. This study used 
sets of oat manipulations to test preferred leaf characteristics of the leafcutter ant Atta cephalotes. Oats were 
separated by five cm., and arranged on the foraging path that ants could see both oats, and choose one of them. 	

� 	

� 	
TABLE 1. Complete list of oat treatments presented to Atta cephalotes leafcutter ants in foraging study conducted in 
Monteverde, Costa Rica. This study used sets of oat examine the preferred leaf characteristics of leafcutters.	

� 	!

!

5 cm

5 cm

Oat Treatment A Oat Treatment B

Red food coloring Green food coloring

Mature leaf extract Anthocyanin (young) leaf extract

No wax Dipped in wax

Red food coloring with mature leaf extract Green food coloring with anthocyanin leaf extract

Green food coloring with wax Green food coloring without wax

Red food coloring with wax Red food coloring without wax

Red food coloring without wax Green food coloring dipped in wax
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� 	!
� 	
FIGURE 2. Average number of oats dyed red and green selected by Atta cephalotes when presented linearly five at a 
time, with replacement at 10-minute intervals (n=15). Study was conducted on foraging trails of a colony in 
Monteverde, Costa Rica. Ants did not show a significant preference for either color (p=0.619). Error bars represent 
one standard error.	
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!!!!!

� 	!
� 	
FIGURE 3. Average number of oats dipped anthocyanin and mature extract selected by Atta cephalotes when 
presented linearly five at a time, with replacement, at 10-minute intervals (n=15). Study was conducted on foraging 
trails of a colony in Monteverde, Costa Rica. Ants showed a clear preference for oats dipped in mature leaf extract 
over the anthocyanin (p<0.0001). Error bars represent one standard error.	
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� 	!!
� 	
FIGURE 4. Average number of oats dipped in wax and clean selected by Atta cephalotes when presented linearly 
five at a time, with replacement at 10-minute intervals (n=15). Study was conducted on foraging trails of ant colony 
in Monteverde, Costa Rica. Ants showed a clear preference for oats without wax (p<0.0001). Error bars represent 
one standard error.	
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� 	!
� 	
FIGURE 5. Average number of oats selected by Atta cephalotes when presented linearly five at a time with 
replacement at 10-minute intervals (n=15). One group of oats was dyed red, then dipped in a mature leaf extract, 
while the other was dyed green and dipped in an anthocyanin extract. Study was conducted on foraging trails of a 
colony in Monteverde, Costa Rica. Ants showed a preference for red oats with the mature leaf extract (p=0.047). 
Error bars represent one standard error.	
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� 	
FIGURE 6. Average number of oats selected by Atta cephalotes when presented linearly five at a time with 
replacement at 10-minute intervals (n=15). All oats were dyed green, but one group was dipped in wax to simulate a 
cuticle, while the other group was left plain.  Study was conducted on foraging trails of a colony in Monteverde, 
Costa Rica. Ants showed a significant preference for green oats with no wax (p<0.0001). Error bars represent one 
standard error.	
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FIGURE 7. Average number of oats selected by Atta cephalotes when presented linearly five at a time with 
replacement at 10-minute intervals (n=15). All oats were dyed red, but one group was dipped in wax to simulate a 
cuticle, while the other group was left plain.  Study was conducted on foraging trails of a colony in Monteverde, 
Costa Rica. Ants showed no significant preference between the two groups (p=0.075). Error bars represent one 
standard error. 
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� 	
FIGURE 8. Average number of oats selected by Atta cephalotes when presented linearly five at a time with 
replacement at 10-minute intervals (n=15). One group of oats was dipped in anthocyanin extract and left plain, while 
the other group was dipped first in wax, then in mature leaf extract.  Study was conducted on foraging trails of a 
colony in Monteverde, Costa Rica. Ants showed a significant preference for plain oats with anthocyanin extract 

(p<0.0001). Error bars represent one standard error. 
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!
Echolocation, Olfaction and Selection of Solanum 
(Solanacea) fruits by Phyllostomid bats!
!
Alysen Vilhena!
!
Department of Biology, University of Pennsylvania!!!
!
Abstract 
Bats find food through hearing, sight, echolocation, or smell.  Frugivorous Phyllostomidae bats use echolocation, 
olfaction, or both to find food.  I investigated echolocation and olfaction in a colony of captive bats of 5 species of 
frugivorous Phyllostomidae bats.  I conducted three manipulations to investigate echolocation and olfaction using 
Solanum umbellatum berries, a preferred food source.  My manipulations involved a choice between control and 
manipulated berries.  I did one control experiment in order to determine that ripe berries were preferred over unripe 
berries.  I tested preference between unripe berries vs unripe berries with ripe juice and ripe berries vs ripe berries 
covered in wax to determine the importance of olfaction in locating S. umbellatum.  I used ripe juice and ripe berries 
because previous studies have shown that Carollia, a Phyllostomidae bat, locates Piper only through smell (Thies & 
Kalko 1998).  To determine the importance of echolocation in fruit location, I tested preference between ripe berries 
with ripe juice vs ripe square-shaped berries.  Bats took significantly more ripe berries and visited ripe berries more 
than ripe wax-covered berries.  Bats did not prefer unripe berries or unripe berries with ripe juice.  Bats took more 
ripe square-shaped berries than ripe berries but visited both manipulations the same number of times.  Although not 
quantified, the vast majority of bats that visited the manipulations were small bats, signaling that most visits were 
from either Artibeus toltecus or Carollia brevicauda.  Bats tended to respond to S. umbellatum through olfaction, 
because fruit texture is not a significant cue in food location, which would signify echolocation. 

Resumen 
Los murciélagos encuentran comida a través del oído, visión, ecolocalización o el olor.  Los murciélagos frugívoros  
de la familia Phyllostomidae usan ecolocalización, olfato o ambos para encontrar el alimento,  Investigué la 
ecolocalización y olfato en una colonia captiva de 5 especies de murciélagos frugivoros de la familia 
Phyllostomidae. Realicé tres manipulaciones para investigar ecolocalización y olfato usando frutos de Solanum 
umbellatum, una fuente de alimento preferida,  Hice un experimento control para determinar si los frutos maduros 
son preferidos sobre los frutos verdes,  Probé preferencias entre frutos maduros y verdes con jugo de frutos maduros  
en frutos maduros y frutos maduros cubiertos por cera para determinar la importancia del olfato en la localización de 
S, umbellatum.  Utilice jugo de frutos maduros y frutos maduros debido a que estudios previos han demostrado que 
Carollia, un murciélago phyllostomido localiza Piper solamente por el olor (Thies & Kalko 1998).  Para determinar 
la importancia de la ecolocalización en la ubicación de frutos, probé las preferencias por frutos maduros con jugo de 
frutos maduros contra frutos con forma cuadrada,  Los murciélagos toman más frutos maduros significativamente y 
visitan frutos maduros más que los frutos cubiertos con cera,  Los murciélagos toman más frutos maduros con forma 
cuadrada que frutos maduros pero visitan ambas manipulaciones el mismo número de veces,  A pesar de no ser 
medido, la mayoría de los murciélagos que visitaron los tratamientos son murciélagos pequeños, señalando que la 
mayoría de las visitas son por Artibeus toltecus o Carollia brevicauda,  Los murciélagos tienden a responder a S, 
umbellatum a través del olfato, debido a que la textura del fruto no es una pista significativa en la ubicación del 
alimento, lo que ayudaría a la ecolocalización. !
INTRODUCTION !
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Bats of the family Phyllostomidae, Neotropical leaf-nosed bats, have a diverse diet.  
Phyllostomids have been known to eat leaves, nectar, fruit, blood, small vertebrates, small 
invertebrates, and pollen (Findley 1993).  Being a nocturnal powered-flight mammal, 
Phyllostomid bats face the problem of being both in the the dark and the air while trying to find 
food.  Phyllostomids have been found to use various methods to locate food. 
 Phyllostomidae bats use echolocation during flight (Howell 1974; Barclay et. al 1981).  
Many microbats bats, bats native to the New World, use echolocation to find prey items 
(Simmons et al. 1979).  Though echolocation is the only way in which many bats find food, it 
has limitations.  Bats must discriminate between echoes, “clutter”, such as the ground, twigs, or 
leaves, and echoes of actual prey items (Schnitzler & Kalk 2001).  Other external noises and 
internal noises and signals from other bats also present a limitation to detecting and locating food 
through echolocation (Schnitzler & Kalk 2001).  Acoustic clutter may mask the acoustic signal 
of prey items (Simmons et al. 1988; Neuweiler 1990; Schnitzler & Kalk 2001).  Given these 
limitations, certain bats must use other sensory cues in locating food such as vision, olfaction, 
and acoustic ques. 
 Phyllostomid bats use visual cues to avoid obstacles in flight (Chase & Suthers 1969; 
Bell & Fenton 1986; Hessel & Schmidt 1994), which may imply that sight is used to forage for 
food as well.  However, only one study has found that vision is important in foraging 
Phyllostomid bats, and only one insectivorous species.  Specifically, the insect-eating 
Phyllostomid bat Insect-eating Phyllostomid bat Macrotus californicus uses sight as its main 
method of locating food, but can also use echolocation when conditions are very dark (Bell 
1985) but I am unaware of other studies evaluating the effect of vision in food location in other 
related species.  Similarly, few studies have documented the effect of hearing on food location in 
the family Phyllostomidae.  Trachops cirrhosus, a frog-eating bat, uses acoustic ques to decipher 
between poisonous and non-poisonous frogs (Tuttle & Ryan 1981; Ryan & Tuttle 1983).  In 
addition, four species of Neotropical foliage-gleaning bats locate katydids by their mating calls 
(Belwood & Morris 1987).  Contrary to the case of vision and hearing, there are more studies 
addressing the effect of olfaction in food location and selection in Phyllostomid bats. These 
studies have been conducted on fruit-eating bats.  Olfactory senses have been found to be 
particularly important for food location and food choice in Phyllostomidae frugivorous bats 
(Flemming 1988), especially in bats of the genus Artibeus and Carollia.  For instance, Artibeus 
jamaicensis primarily uses scent to locate ripe fruit (Kalko et al. 1996) and other Artibeus bats 
can locate mashed banana only using olfaction, and chose stronger smelling mashed banana over 
banana still in the peel (Reiger & Jakob 1988).  Carollia only responded to Piper fruit when ripe 
Piper scent was present, regardless of whether fruit was fake, ripe, or unripe (Thies et al. 1998).  
Furthermore, Mikich et al. (2003) demonstrated that it is possible to attract bats with just 
essential oils of Piper.  Researchers found Phyllostomus hastatus, an omnivorous bat, to use 
echolocation to find Gurania spinulosa, a hanging vine fruit, and then determine fruit ripeness by 
odor (Kalko & Condon 1998).  Few studies have investigated echolocation and olfaction use in 
food foraging in frugivorous Phyllostomidae bats.   
 Few fruits have been used to study echolocation and olfaction in food location, with 
Ficus, Piper, and Gurania spinulosa being the only native fruits investigated (Thies et al. 1998; 
Korine & Kalko 2005; Kalko & Condon 1998) to my best knowledge.  Echolocation and 
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olfaction in food location have also been studied in only a few species of bats.  Artibeus Watsoni 
and Vampyressa pusilla use echolocation and olfaction to locate Ficus (Korine & Kalko 2005).  
Carollia perspicillata and C. castanea were found to only use olfaction in locating Piper fruit 
(Thies & Kalko 1998).  Phyllostomidae bats eat hundreds of species of fruits so clearly more 
studies are necessary to make generalities about fruit location in frugivorous Phyllostomidae bats 
(Fleming 1987).  In this study I investigated the effect of echolocation and olfaction on food 
location and choice in Phyllostomidae bats in captivity using experimental manipulations with an 
important native fruit species that has not been considered in previous studies.  I did not consider 
vision in my experiment because to my knowledge no research suggests vision is important in 
food location in frugivorous Phyllostomidae bats.   
   !
METHODS !
The study took place in Monteverde, Costa Rica at the Bat Jungle, a local exhibit of 95 captive 
bats with 7 different species of locally native fruit and nectar bats.  Most bats have been kept in 
captivity for 8 years, but some were also born in captivity.  Of the frugivorous bats, there were 
50 Artibeus toltecus, 9 Carollia brevicauda, 5 A. jamaicensis, 3 A. lituratus, and 3 P. vittatus at 
the time this study was conducted.  In the rest of this paper, these frugivorous species will 
cumulatively be referred to as “bats”.  The bats are kept in an indoor enclosed flight room 
measuring 17 m x 2-3 m x 2.5 m during the day and a separate dormitory measuring 3.5 m2 to 
roost and sleep at night.  All the bats are simultaneously kept in a single room.  The flight room 
is available for viewing through windows.  The bats are on a reverse day-night schedule.  The 
bats are active from 8:30 am to 8:00 pm and sleep from 8:00 pm to 8:30 am.  The bats do not 
have access to the sleeping room during the day, and do not have access to the flight room during 
the night.  The flight room is observable through glass and has various vines for bats to roost 
upon.  There are also potted trees in the room which are moved to different locations in the room 
once a week.  The flight room is dimly and evenly lit throughout the room.  The bats are fed fruit 
and nectar daily.  Food is not a limiting factor.  
 I used S. umbellatum berries, both a preferred food item (R. LaVal, pers comm), and a 
known bat-dispersed fruit (Hernandez-Conrique et al. 1997), in this experiment.  S. umbellatum 
S. umbellatum is a small green berry that is presented in an upright fashion (Fig. 1).  Berries stay 
green with little variation in color, even when ripe, though overripe berries turn yellow.  Thus, 
ripe and unripe berries to the human eye look extremely similar in color to each other, and 
cannot be distinguished from one another without testing for softness of the berry.  Berries are 
very hard in firmness when unripe and become softer as they ripen.  S. umbellatum berries have 
different scents when ripe and unripe.  1 S. umbellatum berry is between .7 cm and 1 cm in 
diameter.  I picked berries from local bushes around Monteverde.  I picked ripe and unripe 
berries once a week with around 300-400 berries each time, except for the last time I picked 
berries where I picked only 15 berries to complete the experiment. Berries were kept in a 
refrigerator for up to one and a half weeks when not in use.    
 My experiments consisted of manipulations of S. umbellatum berries.  Each experiment 
had one bowl of control berries and one bowl of manipulated berries that were offered 
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simultaneously side by side to bats for a set period of time.  Thus, each experiment always had a 
manipulation and a control offered in pairs, except for experiment 1 which was only a control 
experiment, but still had unripe berries and ripe berries offered in pairs.  The bowls were set side 
by side on a feeder (Fig. 2).  There are 3 feeders in the Bat Jungle and I randomly picked a feeder 
to offer bowls of berries on for each replicate of each experiment, specifically experiments 1, 2, 
and 3.  Bowls were always placed side by side on 1 single feeder. The Bat Jungle has 25 bowls 
that staff offer food to the bats in.  These bowls have varying colors but are all the same size.  I 
used these bowls in my experiments.  I used different bowls at random for all replicates.  Bowls 
were washed with soap and water before each replicate of each experiment.  The number of 
minutes I offered berries to bats varied between experiments.  I determined observation times for 
each manipulation during the first replicate by observing how long bats were receptive to each 
manipulation.  The number of berries I offered per manipulation and control varied between each 
experiment as well.  I did one experiment as a control experiment, two as tests for olfaction, and 
one as a test for echolocation.  For all replicates in all experiments, I removed all bowls of food 
from the flight room before offering experimental food to bats in order to ensure that no other 
feeding options were available to bats.  This was done for each replicate within all experiments. 
 I took all my observations at either 8:30 AM, 12:00 PM, or 3:00 PM which were the 
normal feeding times for the bats.  I counted the number of berries remaining for each control 
and manipulation after each replicate of each experiment.  This was done for all 4 experiments.  
During each set period of time that I offered bats food, I counted visits to each control bowl of 
berries and each manipulation bowl of berries.  For experiment 4, I counted visits to each group 
of control berries and each group of manipulated berries as well as counting the number of 
berries which remained for each group of control berries and each group of manipulated berries.  
I assumed a visit to be a complete attempt at obtaining a berry.  Bats had to be in the bowl for 
their action to count as a visit.  For experiment 4, I assumed a visit to be a bat clearly attempting 
to obtain a berry by grabbing onto it and trying to take it away.   I counted visits by standing 
outside the flight room window and counting the number of visits to each bowl.   
 During my experiment, bats were untagged and so no record was made of which bats 
came to the bowls.  Certain bats could have visited the berries multiple times while other bats 
may have never visited the berries.  Species was also not determined during visits, so no 
quantitative observations were made as to which species of bats visited berries.   Remaining 
berries that were in good condition were used again for following replicates !
Experiment 1: Preparation of Ripe berries  vs Unripe berries !
 I did this control experiment in order to determine that ripe berries were preferred over unripe 
berries.  15 berries of ripe S. umbellatum were placed in one bowl and 15 berries of unripe S. 
umbellatum were placed in a different bowl of equal size for each replicate.  5 replications were 
completed with 15 berries for both ripe and unripe berries for each replicate.  Bowls of berries 
were in the flight room for 35 minutes for each replicate. !
Experiment 2: Preparation of Unripe berries (control) vs Unripe berries with Ripe Juice 
(manipulation) 
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!
This experiment was done in order to determine if olfaction was an important factor in locating 
S. umbellatum because previous experiments have shown that the isolated scent of Piper was 
able to attract Phyllostomidae bats, and thus bats should take the unripe berries with juice just 
because the scent of ripe berries were present (Thies & Kalko 1998).  5 replicates with 20 berries 
for the control and 20 berries for the manipulation were used for each replicate.  In another 5 
replicates, 10 berries for the control and 10 berries for the manipulation were used for each 
replicate.  The sample size on the second set of 5 replicates was reduced because there were 
limitations in number of ripe berries available to make the ripe juice.  S. umbellatum berries were 
mashed up using a mortar and pestle.  The number of ripe berries mashed up was the same 
number of unripe berries to be soaked.  Unripe S. umbellatum berries were kept in the mortar and 
soaked for 2 hours inside a sealed plastic zip-lock bag inside a refrigerator.  After the berries 
soaked, I removed seeds still stuck to the outside of the berries from the soaking treatment.  I put 
unripe berries in one bowl and unripe berries with ripe juice in a different bowl of equal size and 
offered both bowls of berries to bats at the same time for each replicate.  Bowls of berries were 
in the flight room for 20-30 minutes for each replicate.  If more unripe S. umbellatum berries 
with ripe juice were taken, and if bowls of berries with ripe juice were visited more often, these 
results would support the idea that olfaction is more important than echolocation in locating S. 
umbellatum (Thies et al. 1998). !
Experiment 3: Preparation of Ripe berries (control) vs Ripe berries covered with Wax 
(manipulation) !
I did this manipulation in order to determine if scent was an important factor in locating S. 
umbellatum because in experiment 2 there was no significant difference in visits to either the 
control or the manipulation (see results).  Thus, this experiment was to test response by olfaction 
when scent was absent from the manipulation, but present for the control.  I coated 65 ripe 
berries with non-scented candle wax.  I melted candles until they were completely liquid and 
then quickly dipped each berry into the hot wax.  Berries were dipped too quickly for them to be 
cooked in any significant way.  The wax also dried within 10 seconds.  I ensured that each berry 
was completely coated in a light even coating of wax and that no holes were present where smell 
could leak out.  I put 10 ripe berries into one bowl and 10 ripe berries covered with wax into a 
second bowl for each replicate.  I offered both bowls of berries to bats at the same time.  Bowls 
of berries were offered to bats for 20 minutes per replicate.  If scent was the most important 
factor in locating S. umbellatum, then I expected bats to take more of the ripe berries without 
wax and visit the bowl of ripe berries with out wax more often than they took ripe berries 
covered with wax or visited the bowl of ripe berries covered with wax (Thies et al. 1998). !
Experiment 4: Preparation of  Ripe berries with Ripe Juice (control) vs Ripe berries in a 
Square Shape (manipulation) !
This experiment was to test if echolocation was more important than olfaction by manipulating 
shape.  I used 5 berries for the control and 5 berries for the manipulation per replicate.  I did five 
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replicates of this experiment.  All berries had a 15 cm piece of black yarn sewn using black 
sewing thread to the top of the berry where the pedicel met the berry.  For ripe S. umbellatum 
with a square shape, I cut 1mm slices off four sides of each berry.  In order to match the smell of 
the square S. umbellatum, I soaked the ripe S. umbellatum in inside contents of ripe berries.  I 
squeezed the contents of unused berries and leftover berries from other experiments of S. 
umbellatum coated with wax into a mortar and pestle and mashed up the contents. I ensured that 
no wax was in the mashed-up contents that could change the smell.  I soaked the unmanipulated 
ripe S. umbellatum in the mashed-up berry contents for twenty minutes.  I picked seeds off 
berries after berries had soaked.  I hung all berries from a vine in the flight room that was 
accessible to all bats.  I divided the vine into two sections.  I hung ripe berries with ripe juice on 
one side of the vine and hung ripe berries in a square shape on the other side of the vine so that 
the berries were hung in groups.  The control and the manipulation were always offered to bats at 
the same time and in the same general location.  I offered berries to bats for 40-45 minutes, 
depending on how receptive bats were to berries.  I counted the number of berries remaining on 
the vine after the allotted time and also counted the number of visits to the control berries and the 
number of visits to the manipulated berries.  The floor was inspected beneath the vine as well to 
ensure that no berries had just fallen and were not actually taken by bats.  I assumed a visit to be 
a complete attempt to obtain a berry.  Bats are used to eating S. umbellatum berries in the Bat 
Jungle, and so if these bats use echolocation to find food then they should take more of the ripe 
S. umbellatum with juice and visit the ripe berries with juice more times than they visit or take 
the ripe S. umbellatum in a square shape.  Bats should take berries that are in a familiar shape if 
they are using echolocation to find their food (Kalko & Condon 1998). !!!
RESULTS !

In experiment 1, bats visited ripe berries significantly more than they visited unripe bowls 
of berries (paired t-test=3.708, df=3, p-value=0.03408; parametric paired t-test were used in this 
and subsequent comparisons after confirming the assumption of normality using Shapiro-Wilks 
test and visual inspections of the data, see figure 3).  Berries taken by bats were consistent with 
the visits, and ripe berries were taken more often than unripe berries (See figure 4 df=4, t=6.32,  
p=0.003).  This control experiment confirmed that bats significantly preferred ripe berries over 
unripe berries.  

In experiment 2, a manipulation designed to test the effect of olfaction, bats visited 
similar numbers of berries soaked in ripe juice and untreated unripe berries (See figure 5, df=9, 
t=0.81, p-value=0.44).  Bats also did not take either bowl of berries more than the other (Figure 
6, df =9, t=1.43, p-value = 0.19).  Hence, soaking unripe fruits with the fruit of ripe fruits does 
not attract more bats. 

In experiment 3, another manipulation designed to test olfaction, bats visited bowls of 
ripe berries significantly more often than they visited ripe wax-covered berries (See figure 7, 
df=7, t=3.42, p-value=0.01).  These results were consistent with the number of berries taken.  
Bats took ripe berries significantly more than they took ripe wax-covered berries (See figure 8, 
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df=7, t = 13.10, p-value=<0.0001).  Altogether, the results of this experiment show that covering 
ripe berries with wax made the fruits less attractive to the bats.  

In experiment 4, a manipulation designed to determine if echolocation was more 
important than olfaction, bats did not significantly visit either manipulation over another (See 
figure 9, df=4, t=1.36, p-value=0.25).   However, these results were not consistent with the 
number of berries bats took to each manipulation type.  Bats took significantly more ripe square 
shaped berries than ripe berries in their natural shape (See figure 10, df=4, t=4.47, p-value=0.01).      

Though not quantified, the vast majority of bats that visited the manipulations were small 
bats, indicating that most visits were from Artibeus toltecus and/or Carollia brevicauda. !
!
!
DISCUSSION 
!
The vast majority of visits to berries were from Artibeus toltecus and Carollia brevicauda so 
most likely these results do not apply to the larger bat species in the Bat Jungle.   

 Bats did not prefer either unripe berries or unripe berries with ripe juice and visits 
corresponded with this result as well.  Experiments have shown that if olfaction is a primary cue, 
then just the scent of ripe fruit should attract bats (Thies et al. 1998).  Thus, according to these 
results, olfaction may not be the primary cue used to locate S. umbellatum.  The texture of unripe 
berries may be different from a ripe berry.  Certain Microbats are able to detect texture through 
echolocation (Bradbury 1970; Simmons et al. 1974; Schmidt 1988), and this could have been 
why the bats did not prefer the control or the manipulation.  However, the only Phyllostomid bat 
known to locate fruit through echolocation, Phyllostomus hastatus, does not use fruit texture as a 
cue to locate food, only shape (Kalko & Condon 1998).  This same bat may use olfactory cues at 
a close range to distinguish between ripe fruit and unripe fruit.  Therefore another possibility is 
that the bats may use a combination of olfaction and echolocation to locate the fruit, as other 
species of frugivorous Phyllostomid bats do (Korine & Kalko 2005).  If this were the case, bats 
may have located the berries from afar using echolocation, and then once they were closer 
decided not to visit because the berries did not smell exactly right.  Another possibility is that the 
ripe juice used on the unripe berries was not strong enough to disguise the unripe scent, which 
would indicate olfaction.  In either of these scenarios, olfaction would have been an important 
cue in deciding whether or not to visit or take the fruit. 

 Bats preferred ripe berries and visited bowls of ripe berries significantly more than wax-
covered berries.  The texture may have been blocked and the bats did not recognize the texture as 
being a ripe berry.  However, for P. hastatus, which uses echolocation to locate food, textural 
cues are of no importance (Kalko & Condon 1998).  Thus, from this evidence, echolocation was 
probably not a main sensory cue involved in locating the ripe fruit.  The smell of the ripe berry 
was completely disguised, and the bats would not have smelled it or the wax had its own smell. 
Both Carollia and Artibeus jamaicensis bats recognize ripe Piper and Ficus by scent (Reiger & 
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Jakob 1988; Korine & Kalko 2005) and this may have been the case for the ripe berry vs ripe 
wax-covered berries.  Thus, olfaction cues were probably the main sensory cue in locating ripe S. 
umbellatum berries.   

 In experiments where bats took unripe and wax-covered berries and visited bowls of 
unripe and wax-covered berries, the results are a little harder interpret.  Since species were not 
recorded, and five species of frugivorous bats are in the Bat Jungle, it is possible that the less 
abundant species and the larger bat species locate food through other sensory cues and that these 
less abundant bats took and visited these less desirable berries.  Thus, these exceptions may not 
even apply to A. toltecus or C. brevicauda.  Another possibility is that since bats have been in 
captivity for 8 years or been born in captivity, they are used to eating food from the feeders and 
out of bowls.  This may make them more likely to investigate the feeders despite other sensory 
cues, thus in turn just by chance making them more likely to take less desirable food.  Another 
possibility may have been the hunger level of the bats.  Since all other food was removed from 
the flight room, if only undesirable food was available, the hungry bats may have taken it 
because they had no other choice for food.   

 Bats took significantly more ripe square shaped berries than ripe berries with ripe juice.  
However, the visits to each manipulation were not significantly different from each other.  The 
berries may have smelled the same from a distance but close up the ripe square shaped berries 
may have smelled more appealing because they had pieces cut off, which may have allowed 
more odor to be detected by bats.   These results also may signal that echolocation was not 
involved in detecting fruit, because if echolocation was involved, bats would have only chosen 
berries with a familiar shape, as previous studies have found (Kalko & Condon 1998).  However, 
it should be considered that the bats I used in my experiment have been in captivity for 8 years or 
have even been born in captivity, and are used to eating non-native fruit in square shapes.  This 
may have affected how likely they were to approach fruit in different shapes.  This would 
indicate that bats would use vision to locate the berries, because they would choose a square-
shape, a shape they are also used to.  However, vision is not a probable possibility for S. 
umbellatum location because only one Phyllostomid insectivorous bat has been reported to use 
vision to locate food (Bell 1985), and no frugivorous Phyllostomid bats have been known to use 
vision to locate food.   Thus, olfaction was probably used by A. toltecus and C. brevicauda, 
because echolocation and vision are improbable, and previous studies point towards odor as a 
main cue (Thies et al. 1998; Korine & Kalko 2005; Bianconi et al. 2007). 

 From these results, I conclude that most likely Artibeus toltecus and Carollia brevicauda 
use olfaction as their primary cue to find and choose S. umbellatum.  Though A. toltecus and C. 
brevicauda were not attracted by the scent of ripe berries in the unripe vs unripe with ripe juice 
experiment, it is unlikely that echolocation was used as a primary cue because fruit texture has 
not been found to be used as a cue by Phyllostomid bats (Kalko & Condon 1998).  With this 
same information in mind about fruit texture, the ripe berries in the ripe vs ripe wax-covered 
experiment were probably preferred because of their scent, and not because the texture was that 
of a ripe berry, or because the wax-covered berries texture was blocked.  In the final experiment, 
olfaction is the best explanation as well because bats did not choose berries with a familiar 
shape, which would have signaled used of echolocation (Kalko & Condon 1998), but instead 
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chose a shape which probably had a stronger scent.  Thus, all experiments point to olfaction in S. 
umbellatum location, and Artibeus toltecus and Carollia brevicauda may only use echolocation 
for orientation and direction in space as many Phyllostomidae bats do (Howell 1974; Barclay et. 
al 1981).   !
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FIGURES !
 !!!!!!!!!!!
Figure 1  Solanum umbellatum berries on the plant.  S. umbellatum berries are a bat-dispersed fruit.  S. 
umbellatum was used in this experiment because it is a preferred food source.  Berries were offered to bats 
with various smells and textures.   !!

!  
FIGURE 2 Bowl-holding feeders in the flight room.  Each feeder can hold up to four bowls.  In each 
manipulation that used bowls of Solanum umbellatum, 2 bowls of fruit were used on one feeder with the bowls 
being on the bottom two bowl holders.  All feeders are accessible to all bats.  There are 3 feeders total in the flight 
room.  Feeders are where bats typically obtain food from. !!
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!  
FIGURE 3 Average number of visits to bowls of Unripe Solanum umbellatum  Berries vs Ripe  S. umbellatum 
Berries.  5 replications were completed.  Berries were offered to bats over a period of 35 minutes.  Bats visited the 
bowl of ripe berries more often than they visited the bowl of unripe berries.  Standard deviation for ripe berries was 
18.1.  Standard deviation for unripe berries was 9.9.  Error bars represent one standard error. !!

!  
FIGURE 4 Average number of Solanum umbellatum  berries remaining for control bowls of Unripe Berries vs 
Ripe Berries.  5 replications were completed.  Berries were offered to bats over a period of 35 minutes.  15 berries 
per manipulation were used for each replicate.  Bats preferred Ripe berries over unripe berries. Standard deviation 
for ripe Berries was 1.4.  Standard deviation for unripe berries was 4.2.  Error bars represent one standard error. !!
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!  
FIGURE 5 Average number of visits for manipulation unripe Solanum umbellatum  berries vs unripe S. 
umbellatum  berries with ripe juice.  10 replicates were completed.  Bats were offered berries for 20-30 minutes.  
10-20 berries per manipulation were in each replicate.  Bats did not significantly prefer visiting one manipulation 
over another.  Standard deviation for visits to unripe berries was 7.0.  Standard deviation for visits to unripe berries 
with ripe juice was 5.0. Error bars represent one standard error.  !!

!  
FIGURE 6 Average number of Solanum umbellatum berries remaining for manipulation of unripe berries vs 
unripe berries with ripe juice.  10 replicates were completed.  Berries were offered to bats for a period of 20-30 
minutes. 10-20 berries per manipulation were in each replicate.  Bats did not significantly prefer either manipulation.  
Standard deviation for unripe was 4.7.  Standard deviation for unripe with ripe juice was 5.9.  Error bars represent 
one standard error. !!
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!  
FIGURE 7  Average number of visits for manipulations ripe Solanum umbellatum berries vs ripe  wax-covered S. 
umbellatum  berries.  8 replications were completed.  Bats were offered berries for 20 minutes with 10 berries for 
each manipulation per replicate.  Bats visited bowls of ripe berries more often than bowls of wax-covered berries.  
Standard deviation for ripe berries was 6.6.  Standard deviation for ripe wax-covered berries was 5.8.  Error bars 
represent one standard error. !

!  
FIGURE 8  Average number of Solanum umbellatum berries remaining for manipulation ripe berries vs ripe wax-
covered berries.  8 replications were completed.  Bats were offered berries for 20 minutes with 10 berries for each 
manipulation per replicate.  Bats significantly preferred ripe berries over ripe wax-covered berries.  Standard 
deviation for ripe berries was 1.9.  Standard deviation for ripe wax-covered berries was 1.7.  Error bars represent one 
standard error. !!!
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!  
FIGURE 9  Average number of visits for ripe Solanum umbellatum  berries with ripe juice vs ripe square shaped 
S. umbellatum  berries.  5 replications were completed.  Bats were offered 5 berries for each manipulation per 
replication.  Bats were offered berries for 40-45 minutes per replication.  Bats did not significantly visit one 
manipulation over the other.  Standard deviation for ripe control berries was 25.6.  Standard deviation for ripe square 
shaped berries was 30.6.  Error bars represent one standard error. !

!  

FIGURE 10  Average number of Solanum umbellatum  berries remaining for ripe berries with Ripe Juice vs ripe 
square shaped berries.  5 replications were completed.  Bats were offered 5 berries for each manipulation per 
replication.  Bats were offered berries for 40-45 minutes per replication.  Bats preferred ripe square shaped berries 
over ripe control berries.  Standard deviation for ripe control berries was 1.6.  Standard deviation for ripe square 
shaped berries was 1.1.  Error bars represent one standard error. !!!!
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Habitat, dewlap and anatomical location of Norops 
lizard predation using clay models!
!
Britney Vazquez!!
Department of Biology, University of Pennsylvania!!!
ABSTRACT !

Secondary forests are becoming more common than old-growth forests and it is important 
to analyze how organisms are affected by this change. The predation rate using lizard clay 
models was studied in old-growth and secondary forests. In addition, the comparative predation 
rate of males and females was studied. Predation was quantified by noting the location of the 
mark on the clay model, which was on the head, body, tail, or dewlap (for males only). There 
were two sites, one secondary forest and one old-growth forest in Cañitas, Guanacaste, Costa 
Rica. Old-growth forests had a greater number of attacks than secondary forests. The tail of the 
clay models had a significantly higher attack rate than the head, body, and dewlap for males. The 
dewlap of males had a significantly higher attack rate than the body. Males had a greater number 
of attacks than females. There were more attacks directed towards the body of females and more 
attacks directed towards the head of males. It appears that birds have not learned to avoid 
autotomous tails and they tend to direct their attacks towards areas of coloration. Tropical lizards 
may not be negatively affected if they were forced to inhabit a secondary forest since there are 
higher abundances and lower predation rates in secondary forests. Although it is important to 
conserve the remaining old-growth forests for those species that are restricted there, tropical 
secondary forests may be an important and suitable habitat for lizards and other fauna. !
RESUMEN 
Los bosques secundarios se están volviendo más comunes que los maduros y es importante 
analizar el efecto de estos cambios en los organismos. La tasa de depredación usando modelos de 
plasticina de lagartijas se estudiaron en bosque maduro y secundario.  Además se comparo 
también la depredación entre machos y hembras. La depredación se cuantificó notando la 
localidad de las marcas en los modelos de plasticina, siendo en la cabeza, cuerpo, cola o papada 
(solo para machos). Se realizó en dos sitios, un bosque secundario y otro maduro en Cañitas, 
Guanacaste, Costa Rica. El bosque maduro tuvo un mayor número de ataques que el bosque 
secundario. La cola de los modelos de plasticina tiene significativamente un mayor número de 
ataques que la cabeza, cuerpo, y papada para los machos. La papada de los machos tiene 
significativamente más ataques que el cuerpo. Machos tienen mayor número de ataques que las 
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hembras. Hubieron más ataques dirigidos hacia el cuerpo de las hembras y más ataques hacia la 
cabeza de los machos. Parece que las aves no han aprendido a evitar las colas autótomas y 
tienden a dirigir sus ataques a las áreas de mayor coloración. Las lagartijas tropicales pueden no 
verse afectadas a habitar bosques secundarios ya que hay mayor abundancia y menor tasa de 
depredación en bosque secundario. Sin embargo, es importante conservar el bosque maduro 
remanente para las especies restrictas a esta área, el bosque secundario tropical puede ser un 
hábitat importante  para las lagartijas y otras especies de fauna. !
INTRODUCTION !
As urbanization increases rural populations are beginning to decrease. This decrease is resulting 
in more abandoned agricultural lands as more people leave rural areas and move into urban areas 
and many of these lands are now covered by tree plantations or secondary forests (Wright 2006). 
As a result, secondary forests are becoming more common than old-growth forests. Degraded 
forest, which includes secondary forest, constitutes about 60% of the world’s tropical forests 
(Chazdon 2003). Secondary forests are ecologically very different from old-growth forests, and 
they usually have more canopy openness than old-growth forests (Clark and Clark 1987).  

The species composition also varies significantly between old-growth and secondary 
forests. For example, species richness, abundance, and diversity of lizards were higher in 
disturbed forests compared to conserved forests in Mexico (Suazo-Ortuño et al. 2008). Norops 
lizards in particular tend to prefer more open habitats because there are more basking sites 
(Suazo-Ortuño et al. 2008). However, lizards may be more at risk in open areas because they are 
more visible to predators. Studies with lizard clay models have shown that birds tend to be the 
main predators of lizards, so this study will focus mostly on birds as the predators (Steffen 2009). 
Conversely, bird species are also less abundant in open habitats (Loures-Ribeiro et al. 2011), but 
there are a few species that increase in abundance in secondary forests (Mallari et al. 2011). In 
terms of predation rate of tropical lizards, not many studies have been conducted in secondary 
forest. Most of these studies have been conducted in old-growth forest (Steffen 2009). 

Due to their colorful dewlap and displays for interactions with other males and female 
attraction, lizard males are usually preyed more than females (Husak et al. 2006). However, one 
of the strategies shown to avoid predation is the ability of some species (e.g. Norops) to perform 
autotomy or self-amputation, which is the capacity to lose its tail at will when predators catch 
them (Lovely 2010). On the other hand, a recent study found that birds showed a preference for 
attacking the lizard by its head, suggesting that they are learning to avoid the autotomous tail 
(Vervust et al. 2011). Another study found that birds direct their attacks towards sites of 
coloration (Husak et al. 2006; Watson et al. 2012). It is possible that birds direct their attacks 
towards the head of males due to their bright dewlaps. 

In this study I evaluate the predation rate of Norops lizards using clay models in old-
growth versus secondary forests. I also evaluate the location of attack mark to determine if birds 
are actively targeting or avoiding a specific part of the lizard. I predict that lizards are more 
heavily predated on in secondary forests due to more openness in the habitat. In addition, males 
will have higher predation rates than females due to their bright dewlaps used for displays. I also 
predict that there will be more attacks directed to either the head or body because birds are 
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directing their attacks towards areas of bright coloration (in the case of males) or they have 
learned to avoid attacking the tail to ensure that they have a higher efficiency rate of capturing 
prey. !
MATERIALS AND METHODS !
Study Site !
This study was performed in the lowlands of Cañitas, Guanacaste, Costa Rica (N 10°19.945' W 
084°49.915'; Pacific slope) and there were two sites of study. According to the Holdridge Life 
Zone Classification System, these two sites are located in a Premontane Wet Forest. One site 
consisted of a 25-year-old secondary forest, which had an elevation range of 1389-1412 m (Fig. 
1). The other site was an 85-year-old old-growth forest, which had an elevation range of 
1422-1450 m (Fig. 1). Both sites were about five hectares in size. The openness of both forests 
was measured using a spherical densitometer, taking ten measurements for each site. These 
values were averaged to determine the amount of canopy openness.  !
Clay Models !
It is difficult to directly observe predation on lizards, to account for this I used plasticine clay 
models mimicking Norops lizards. Plasticine clay models have been proven to work well in 
many previous studies because the material is soft and easily imprinted (Steffen 2009; Vervust et 
al. 2011; Watson et al. 2012). In both sites, 100 clay models were placed vertically on trunks at 
about 1.3 m height, which is believed to be the average perch height of anole lizards according to 
Patterson (1999). The models were attached to the trunk of a tree using wire. To control for tree 
size, only trees 8-12 cm in diameter at breast height (DBH) were chosen. The models faced 
upwards because anole lizards are generally found facing upwards on tree trunks (pers. obs.). 
The models were placed at least five meters apart from one another and in uniform shade. Each 
site contained 50 clay models of males and 50 of females. The male models have an orange 
dewlap under its head, and both male and female models were brownish in color (Fig. 2). The 
clay models were all 100 mm snout-to-tail length (head: 10 mm, body length: 40 mm, tail: 50 
mm, mid-body width: 10 mm, male dewlap: 10 mm in diameter). These measurements were 
derived from Hayes et al. (1989). !
General Approach !
Because it is not possible to set up all models in a single day, each model was exposed to 
predators for ten days within each site. The study sites were visited every two or three days, to 
check for predatory marks on the models, which would include beak, scratch and teeth marks 
(Fig. 3). The position of the mark, whether it was on the head, body, tail, or dewlap, and the sex 
of the model were also noted. If an attack occurred on a limb, it was considered to be part of the 
body. It was not necessary to check each model daily since models perched on tree trunks have a 
low daily attack frequency of 0.003 (Steffen 2009). One mark was counted as one attack 
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because, theoretically, the predator should realize that the lizard was not real and avoid attacking 
it again. I smoothed down the mark after every check so that the model may be used again.  !
RESULTS !
Study Site !
The old-growth forest has more canopy openness than the secondary forest, indicating that the 
secondary forest has more light coming to the ground (T-test, t = -5.083, df = 12.688, p-value = 
0.0002) (Fig. 4). The secondary forest had more shrubs and hence greater visual obstruction of 
vegetation than the old-growth forest (pers. obs.) From an hour visual survey in each study site, I 
observed lizard predators like Brown Jays, Toucanets, Keel-billed Toucans, and Great Kiskadees. 
A few lizards were observed in each site and almost all observed lizards had regenerated tails. 

The old-growth forest had a greater number of attacks than the secondary forest (Table 1; 
Fig. 5). However, there was no significant difference between males and females in old-growth 
versus secondary forests (Table 1; Fig. 6). There was no significant difference between mark 
location and forest age as well (Table 1; Fig. 7).  !
Clay Models !
Bird beak marks were the most frequent types of marks left on the clay models. Of 597 marks 
identified, only two were scratch marks. When looking at marks alone, head versus body and 
head versus dewlap comparisons were not statistically different (Table 1). For comparisons made 
with the dewlap, only the values of male models were used since females did not have a dewlap. 
The tail of the clay models had a significantly higher attack rate than the head, body, and dewlap 
for males (Fig. 8). The dewlap of males had a significantly higher attack rate than the body.  
 In terms of sex, males and females were significantly different (Table 1). Males had a 
greater number of attacks than females (Fig. 9). When comparing mark location and sex, only the 
head versus body and body versus tail of each sex were statistically significant (Fig. 10). There 
were more attacks directed towards the body of females and more attacks directed towards the 
head of males (Fig. 10). There were more attacks directed towards the tails of both males and 
females compared to attacks directed towards the body (Fig. 10).  !
DISCUSSION !
This study found that lizard clay models were predated significantly more in old-growth forests 
than in secondary forests. It seems that canopy openness does not affect the predation rates of 
lizards since the secondary forest was more open compared to the old-growth forest or it could 
be that birds favor less open habitats to forage in. More canopy openness may not make it easier 
for predators to spot their prey and it could be that other factors are influencing the predation 
rates as well. The shrub layer may be one of those factors that affect predation rates since the 
shrub layer could be a visual obstruction. Secondary forests were observed to have more shrubs 
than the old-growth forest. Perhaps, the high predation in the old-growth forest was due to bird 
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species being more abundant in old-growth forests compared to secondary forests (Loures-
Ribeiro et al. 2011). It is also possible that there are bird species more successful at capturing 
prey in old-growth forests. Since secondary forests had less diversity but higher abundances in a 
few species, it is possible that the few species in the secondary forest were not as efficient as the 
birds in the old-growth forest, which could indicate why old-growth forests had a higher 
predation rate (Mallari et al. 2011). There were no significant differences between forest sites 
with sex and mark locations, indicating that birds behave or attack the models, and so do lizards, 
similarly in both sites. 

Males were found to have a higher predation rate than females. Several other studies have 
also found that males tend to have higher predation rates (Bateman and Fleming 2011; Husak et 
al. 2006). Males could have a higher predation rate due to their colorful dewlaps. By displaying 
their dewlap, males are putting themselves at risk to predation since it is much easier for 
predators to spot them when they are displaying. Two other studies have found that birds direct 
their attacks towards sites of coloration (Husak et al. 2006; Watson et al. 2012). The heads of 
males also tend to get attacked more than the bodies of females, suggesting that birds are 
targeting the heads of males due to their dewlaps. Females may be receiving more attacks 
towards the body because the body has a greater surface area than the head, so it is more likely 
that attacks would land on the body. For males, the dewlap had a significantly higher attack rate 
than the body, which further supports the notion that birds are targeting areas of bright 
coloration. It should be noted that, since the dewlap was exposed 100% of the time, it could have 
influenced the predation rate towards males and towards the dewlap or head. Anole lizards can 
have a dewlap display rate anywhere from 0.1-1.4 dewlap extensions per minute (Johnson and 
Wade 2010). 

The tail of the clay models had a significantly higher attack rate than the head, body, and 
dewlap for males. This finding suggests that birds have not learned to avoid autotomous tails, 
which contradicts Vervust’s (2011) study. He found that most of the attacks occurred on the head 
and relatively few on the tail, indicating that birds could be actively avoiding tails. Perhaps the 
birds that inhabit these two sites are un-experienced predators against tail autotomy or they 
simply have not learned to avoid the tail. Since it is not costly to learn to avoid attacking the tail, 
it could be that this particular trait has not been selected for (Vervust et al. 2011). The fact that 
lizard populations are currently low in the surrounding Monteverde region could also explain 
why birds have not learned to avoid autotomous tails since lizards are not an important 
component of their diet here. Whereas Vervust’s (2011) study site, islets in the Adriatic sea, had a 
dense population of wall lizards, which could be why he found that birds were actively avoiding 
tails. Another possible explanation could be that the tail has a greater surface area than the head 
or the body, so it is more likely that attacks would land on the tail. It is interesting to note that 
almost all lizards observed in both sites had regenerated tails. This could possibly be an indicator 
that birds have not learned to avoid attacking the tail because the rate of tail autotomy seems to 
be high in both habitats. However, many more lizards would have to be observed before making 
this conclusion. 

Even though the amount of secondary tropical forests are increasing, tropical lizards may 
not be affected by these changes because it has been found that lizards prefer open habitats 
(Shepard 2007) and that the species richness, abundance, and diversity of lizards are higher in 
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disturbed forests compared to preserved forests (Suazo-Ortuño et al. 2008). One reason why 
lizards may prefer disturbed forests could be that the predation rate is lower there. It is also 
possible that many lizard species have adaptations to live in secondary forest. However, the 
importance of old-growth forests should not be forgotten. There are many species that can only 
live in old-growth forests. But, it has also been found that disturbed forests may have more 
diversity than undisturbed forests in some cases (Lewis 2009). Although it is important to 
conserve the remaining old-growth forests for those species that are restricted there, tropical 
secondary forests may be an important and suitable habitat for lizards and other fauna. !
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!  !
Figure 1. A map of the two study sites located in Cañitas, Guanacaste, Costa Rica. One site 
consisted of a 25-year-old secondary forest and the other consisted of an 85-year-old old-growth 
forest. Fifty male and 50 female clay models were placed in each site to study the predation rate 
in old-growth versus secondary forest. !

!  !
Figure 2. Male and female clay models. The only distinguishing characteristic between males 
and females is that males have an orange dewlap. Clay models will be used to study the 
predation rates of lizards in old-growth and secondary forests in Cañitas, Guanacaste. 
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!  !
Figure 3. Male clay model showing several beak marks by a bird on the dewlap. One mark was 
counted as one attack because, theoretically, the predator should realize that the lizard was not 
real and avoid attacking it again.  !

!  !
Figure 4.  Mean canopy openness (± 1 SD) of the old-growth and secondary forests in Cañitas, 
Guanacaste. Canopy openness was measured using a spherical densitometer, taking ten 
measurements for each site. The old-growth forest has a mean canopy openness of 4.6 while for 
the secondary forest it is 6.4. 
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!!

!  !
Figure 5. Total number of predatory marks found on lizard clay models in old-growth and 
secondary forests in Cañitas, Guanacaste. Out of a total of 597 marks, the old-growth forest 
contained 325 marks while the secondary forest had 272 marks, indicating that the old-growth 
forest had a higher predation rate than the secondary forest. !!!!!!!!
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!  !
Figure 6. Total number of predatory marks found on male and female clay models in old-growth 
and secondary forests in Cañitas, Guanacaste. Although the marks found in old-growth and 
secondary forests differed significantly, they did not differ significantly when comparing male 
and female predation rates in these forests. !!!!!!!!
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!  !
Figure 7. Total number of predatory marks found on the head, body, tail, and dewlap of each clay 
model in old-growth and secondary forests in Cañitas, Guanacaste. Although the marks found in 
old-growth and secondary forests differed significantly, they did not differ significantly when 
comparing mark location in these forests. !

!  !
Figure 8. Total number of predatory marks found on the head, body, tail, and dewlap of each clay 
model in Cañitas, Guanacaste. Of the 597 marks, the head received 140, the body received 155, 
the tail received 211, and the dewlap received 91. For comparisons made with the dewlap, only 
the values of male models were used since females did not have a dewlap.  
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!

!  !
Figure 9. Total number of predatory marks found on male and female lizard clay models in 
Cañitas, Guanacaste. Out of a total of 597 marks, males received 355 marks while females 
received 272 marks, indicating that males had a higher predation rate than females. !

!  !
Figure 10. Total number of predatory marks found on the head, body, tail, and dewlap of male 
and female clay models in Cañitas, Guanacaste. Only the head versus body and body versus tail 
of each sex was significantly different. There were more attacks directed towards the body of 
females and more attacks directed towards the head of males. 
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!
TABLES !!
Table 1. Chi-square test results for predatory marks between sex, mark location, and forest age of 
lizard clay models. I compared forest age versus sex (Fig. 6), mark location versus sex (Fig. 10), 
old-growth versus secondary (Fig. 5), males versus females (Fig. 9), mark locations (Fig. 8), and 
forest age versus mark location (Fig. 7). For the comparisons made with the dewlap, only the 
values of male models were used. Significant findings are marked with an asterisk (*). 

!!!!!!!!!!!

Chi-Square value df p-value

Forest Age vs. Sex 0.085 1 0.7706

Head/Body vs. Sex 6.299 1 0.0121*

Head/Tail vs. Sex 0.284 1 0.5941

Body/Tail vs. Sex 4.935 1 0.0263*

Forest Age 4.705 1 0.0301*

Sex 21.389 1 0.0000038*

Head vs. Body 0.763 1 0.3824

Head vs. Tail 14.362 1 0.0002*

Body vs. Tail 8.568 1 0.0034*

Head vs. Dewlap 0.581 1 0.4459

Body vs. Dewlap 3.646 1 0.0562

Tail vs. Dewlap 3.019 1 0.0823*

Forest Age vs. 
Mark Location

1.38 3 0.7102
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!
Mycorrhizal abundance for terrestrial vs 
epiphytic Cloud Forest Ericads. !
!
Georgia Seyfried!!
Department of Biology, University of Washington!!
!
ABSTRACT !

Mycorrhizal fungi play an important role for many plants by providing nutrients in 
exchange for carbohydrates. Ericads rely on mycorrhizae and grow both epiphytically and 
terrestrially in tropical Cloud Forest ecosystems. Here, 20 epiphytic and 20 terrestrial samples 
from two Cloud Forest Ericaceae species, S. cordifolium and D. humboldtii, were collected to see 
if growth form impacted mycorrhizal abundance on their roots. Samples were cleaned, cleared 
and stained before being examined via micro and macro methods of quantifying mycorrhizal 
cover. Mycorrhizal abundance was higher in epiphytic roots than terrestrial roots for both 
species. These results seem to be in direct opposition to the study of Rains et al (2003), which 
found terrestrial Ericads had more mycorrhizal hyphae. Epiphytic individuals sampled in this 
study were close to the ground, unlike the canopy plants sampled by Rains et al. (2003). Close 
proximity to the ground may increase the ease of spore dispersal, decreasing restrictions to 
mycorrhizal colonization. Therefore it appears that epiphytic ericads rely more heavily on 
mycorrhizae for nutrient transfer and that spore dispersal restraints are the most important factor 
determining the success of mycorrhizal colonization. These findings have important implications 
for epiphytic community composition and function. !
RESUMEN !

Los hongos micorrizicos juegan un papel importante para muchas plantas ya que proveen 
nutrientes a cambio de carbohidratos. Las Ericaceas dependen en las micorrizas y crecen tanto 
epífita como terrestremente en los ecosistemas de Bosques Nubosos Tropicales. Aquí, 20 
muestras epífitas y 20 terrestres de dos especies de Ericaceae del Bosque Nuboso, S. cordifolium 
y D. humboldtii, se colectaron para determinar si el tipo de crecimiento impacta la abundancia de 
micorrizas en sus raíces. Las muestras se limpiaron, aclararon y tiñeron antes de ser examinadas 
por medio de métodos micro y macro para la cuantificación de cobertura micorrízica. La 
abundancia micorrízica fue mayor en raíces epífitas que en las terrestres para ambas especies. 
Estos resultados parecen esta completamente opuestos al estudio de Rains et al. (2003) en el cual 
se encontró que las ericaceas terrestres presentan más micorrizas. Los individuos epífitos 
colectados en este estudio estaban cerca del suelo, al contrario de las plantas en el dosel 
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colectadas por Rains et al. (2003). La proximidad al suelo puede aumentar la facilidad de 
dispersión de esporas, disminuyendo la restricción de coloniazción micorrízica. Sin embargo, 
parace que las ericaceas epífitas dependen más fuertemente en micorrizas para la transferencia de 
nutrientes y que las restricciones a la dispersión de esporas son los factores más importantes en 
determinar el éxito de la colonización micorrízica. Estos resultados tienen implicaciones 
importantes para la composición y función de las comunidades epífitas. ! !
INTRODUCTION !

Mycorrhizal associations have been found in 86% of flowering plant species (Brundrett, 
2009), proving the essential role they play in increasing nutrient uptake efficiency in canopy and 
terrestrial plants (Luteyn, 2002). Through such associations host plants receive mineral nutrients 
captured and decomposed by fungi in exchange for photosynthesized carbohydrates (Rains et al. 
2003). Mycorrhizal associations are well studied for many terrestrial plants, but little is known 
about the relative importance of mycorrhizae to their epiphytic counterparts (Janos, 1993). 
Epiphytes lack direct contact with the ground and therefore receive nutrients and water from the 
atmosphere and canopy litter fall (Rains et al. 2003). Mycorrhizal associations are especially 
important to plants growing in nutrient poor substrates, and would therefore be expected in 
epiphytic plants where soil is scarce or absent (Rains et al. 2003). Although nutrient shortages 
may lead epiphytes to a reliance on mycorrhizae, spore dispersal restraints could keep 
mycorrhizae from colonizing the canopy, possibly limiting epiphytic access to fungal 
associations (Janos, 2002; Nadkarni et al. 2000). Given that dispersal is such an important 
consideration in mycorrhizal spore distribution, not only nutrient access but also location of 
epiphytic specimen could play an important role in mycorrhizal presence and abundance. 
Ericaceae species can be both epiphytic and terrestrial and both forms have consistently been 
found to support mycorrhizal populations (Janos, 1993; Lesica and Antibus, 1990; Luteyn, 
2002). Therefore, Ericads provide the ideal system for testing whether nutrient availability or 
dispersal restraints are more important in determining mycorrhizal abundance.  

Common to high altitude cloud forests, the plant family Ericaceae thrives in habitats 
supporting well drained, acidic and nutritionally deficient soils (Luteyn, 2002). Terrestrial 
Ericaceae success is linked with improved Nitrogen uptake through mycorrhizal populations 
(Luteyn, 2002) dominated by Ericoid mycorrhizae (ERM’s).  ERM’s produce little growth 
external to the root because of their unique use of enzymatic degradation as a mode of nutrient 
acquisition (Cairney and Burke, 1998). This morphological note is valuable in recognition of 
mycorrhizae for purposes of quantification throughout the study. On a larger scale, Ericad root 
morphology differences can be seen between plants supporting significant mycorrhizal 
populations and those acquiring nutrients from soil through their roots (Figure 1). Past studies 
have shown that nutrient poor substrates support coarse root systems with few root hairs 
(Hetrick, 1991). With this information, taking note of root morphology throughout sampling 
provided a means of identifying nutrient availability in terrestrial vs epiphytic substrates. Other 
abiotic conditions, such as light exposure, have also been found to have significant effects on 
mycorrhizal abundances (Matsuda et al., 2012). Ericaceous plants are mixotrophic in nature, 
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referring to their reliance on a mixture of photosynthesis and mycorrhizal populations for Carbon 
acquisition (Matsuda et al., 2012). Differing access to sunlight therefore leads to shifts in the 
ratio of Carbon acquired from photosynthetic versus mycorrhizal sources (Matsuda et al., 2012). 
Given that terrestrial and epiphytic habitats differ in light exposure, these findings are important 
in interpretation of reported mycorrhizal abundance. Previous comparisons of epiphytic and 
terrestrial mycorrhizal abundances of Cloud Forest Ericaceae have shown mycorrhizal presence 
in both habitats, but greater abundances in terrestrial individuals (Rains et al., 2003). Identifying 
whether these results are due to a decreased need for mycorrhizae in epiphytic habitats, 
limitations caused by spore dispersal or other abiotic factors such as light availability was the 
main focus of my study. 

In my study, two Ericad species were identified at Cerro de Los Amigos in the Cloud 
Forest of Monteverde Costa Rica as species living in both terrestrial and epiphytic habitats. 
Comparing terrestrial and epiphytic individuals within each of these species removed any species 
effect that could be driving patterns of mycorrhizal abundance. Epiphytic samples taken in this 
study were near to the ground, therefore decreasing spore dispersal restraints that limit 
mycorrhizal colonization of high canopy individuals. Comparing epiphytic and terrestrial 
individuals under these conditions allows us to identify if spore dispersal is the main determinant 
of mycorrhizal abundances in epiphytic environments. Support of abundant mycorrhizal 
populations in close to the ground epiphytic samples from my study would indicate that nutrient 
limitations make mycorrhizal associations beneficial for epiphytic individuals but spore dispersal 
keeps many epiphytes from mycorrhizal colonization. Determining the main influences of 
mycorrhizal establishment and abundance in epiphytic communities will aid in future 
understanding of the role mycorrhizae play in determining epiphytic community composition in 
the immensely diverse and important Cloud Forest ecosystem (Janos, 1993).   !
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!  !!
MATERIALS AND METHODS !

I gathered ericaceous epiphytic and terrestrial root samples for two species from Cerro de 
Los Amigos, located above the Estación Biológica in Monteverde, Costa Rica, at 1700 meters 
elevation. This area is open, exposed to high levels of wind, rain and mist and has several Ericad 
species that live both terrestrially and epiphytically. Cerro de Los Amigos has been disturbed by 
the creation of roads for human access. Terrestrial samples were found on exposed areas such as 
road cuts while epiphytic samples were generally in more shaded, less disturbed areas defined by 
reduced sun exposure. Trees in this elphin habitat tend to be less dense and shorter, allowing 
access to epiphytic individuals without the use of tree climbing. At this study site, I located 20 
epiphytic and 20 terrestrial Ericaceae individuals (Figure 1) from Sphyrospermum cordifolium 
and Disterigma humboldtii species (Figure 2) for a total of 80 samples. Plant samples from each 
of these four categories were separated into plastic bags for transport. Samples were taken with 
careful consideration to plant age, and root morphology. Individuals sampled were young 
(identified by small size) with at least 3 root hairs (enough to have multiple backups in case of 
root hair destruction during the root clearing and staining process) of at least 10 mm in length. 
Substrate and corresponding root morphology was noted while sampling.   

Each plant sample was first washed carefully to remove excess debris. I then isolated a 
section of root containing as many root hairs as possible to later stain and check for the presence 
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and abundance of mycorrhizae. After all samples were carefully cleaned and isolated, the roots 
were cleared and stained.  

   Root clearing is a means of removing the cytoplasmic contents of the root cells. Root 
samples free of soil debris were cleared using Philips and Hayman (1970) method (modified by 
Koske and Gemma 1989: Bagyaraj and Sturmer, 2008). Through experimentation with this 
process I made a few important modifications. Because I was unable to maintain a KOH 
temperature of 90° C using a water bath, root samples were soaked for 90 minutes rather than an 
hour. I soaked all roots for additional 30 minutes in the prepared alkaline H2O2 solution to ensure 
complete clearing. Rather than staining roots by soaking them in the prepared acidic glycerol 
solution with trypan blue at 90° C for 90 minutes, they were soaked overnight (approximately 18 
hours) at room temperature. Each set of 20 samples was submerged in a petri dish full of the 
acidic glycerol solution mixed with 2.5 pipettes full of .05% trypan blue. It is essential to treat 
the roots delicately throughout this process as the outer root layer is essential for mycorrhizal 
observation and can easily be removed if roots are handled roughly.   

Directly after the staining process was complete, I made slides of each sample. This step 
involved isolating a section of the root, consisting of one or multiple root hairs that at least 10 
mm long. I then taped a clear grid made up of 1mm x 1mm grid sections on the back of the slide 
and looked at it under the compound microscope (Figure 3). For each sample two modes of 
quantification were used. These are described below.  !
Macro Quantification !

Macro quantification involved noting the presence or absence of mycorrhizae in 10 
continuous 1mm root segments using the applied grid. Root samples were positioned 
horizontally along the slide and as parallel to the edge of the slide as possible. By aligning the 
root segment parallel to the edge of the slide, it was divided into 10 equal 1mm segments by the 
perpendicular gridlines (Figure 3). Each 1mm segment of the root could then be examined in 
detail beneath the compound microscope. Presence or absence or mycorrhizae was noted for 
each of these segments. Sometimes presence could be noted using 10X magnification but it was 
often necessary to view root sections at 100X magnification to be sure of mycorrhizal presence 
or absence. !!
Micro Quantification !

Micro quantification involved visually locating the section of root with the highest 
density of mycorrhizae, zooming in to 400X magnification and then taking a picture of this root 
view using a digital camera and microscope attachment (Figure 4). It was important to zoom in 
the same amount for each picture taken. Pictures were then uploaded to my computer and copied 
to Microsoft Powerpoint where each picture was sized to fit exactly on one slide 26. This step 
assured that all pictures were sized exactly the same before making percent cover calculations. In 
order to make percent cover calculations, a grid prepared in Powerpoint was placed over all 
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pictures. Grid squares were 1/26 of the photographs. An 8 X 14 rectangular area representative of 
the entire photograph’s mycorrhizal cover was then placed over the grid (Figure 4). Each grid 
square within the 8 X 14 area was noted for presence or absence of mycorrhizae. From these 
counts, percent cover was calculated by dividing the number of grid squares with mycorrhize 
present by the total number of grid squares (112).   !!!!!!

!  !!!!!
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!  !
RESULTS !

Data were not normally distributed, and therefore a series of Kruskal-Wallis tests were 
run. Results can be divided into four major comparisons.  !
Comparison of Ericad Species (S. cordifolium and D. humboldtii)  !

The first comparison is between Ericaceae species regardless of terrestrial versus 
epiphytic habitat. Based on the 400X magnification photograph (micro quantification), 
significantly higher mycorrhizal cover was found in S. cordifolium, 58.84% ± .031 (standard 
error) than in D. humboldtii, 42.73% ± .035 (Figure 6, Kruskal-Wallis chi-squared = 5.1383, df = 
1, p-value = 0.0234). There was a 16.11% difference cover between Ericad species. The same 
results are shown based on the presence or absence of fungi in 10 continuous 1mm root 
segments; macro quantification (Figure 10; Kruskal-Wallis chi-squared = 4.4428, df = 1, p-value 
= 0.03505).  S. cordifolium had a mean cover 94% ± .013 and D. humboldtii had a mean cover of 
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85% ± .031. Macro quantification showed 9% more cover in S. cordifolium than in D. 
humboldtii.  !
Comparison of Habitat (Terrestrial and Epiphytic) !
The next comparison looks at the difference in mycorrhizal cover between epiphytic and 
terrestrial habitats without taking species into consideration. Based on micro quantification 
methods, significantly higher mycorrhizal cover was found in epiphytic (60.02% ± .029) than 
terrestrial individuals (41.55% ± .032) (Figure 7; Kruskal-Wallis chi-squared = 15.0096, df = 1, 
p-value = 0.000107). 18.47% greater cover was shown in epiphytic than terrestrial individuals 
through micro quantification. The same pattern is seen in the results of macro quantification 
(Figure 9; Kruskal-Wallis chi-squared = 9.3474, df = 1, p-value = 0.002233).  Epiphytic 
individuals had a mean cover of 94% ± .017 while terrestrial individuals had a mean cover of 
85% ± .029. 9% greater cover was seen along epiphytic root samples though macro 
quantification.  !
Comparison of Habitat Within S. cordifolium !

Epiphytic and terrestrial individuals were compared within S. cordifolium. Micro 
quantification showed significantly higher percent cover in epiphytic samples, 71.65% ± .029 
(standard error) (Figure 8; Kruskal-Wallis chi-squared = 17.1382, df = 1, p-value = 3.476e-05) 
than in terrestrial samples which had a mean cover of 46.03%± .038. Epiphytic samples  showed 
25.62% greater mean cover than terrestrial samples through micro quantification methods. 
Macro quantification showed the same trend although results were not significant (Figure 11; 
Kruskal-Wallis chi-squared = 3.2062, df = 1, p-value = 0.07336). Mean cover was 97% ±.01 in 
epiphytic samples and 91% ±.023 in terrestrial samples. A 6% difference in cover along 
epiphytic and terrestrial S. cordifolium roots was shown through macro quantification.  !
Comparison of Habitat Within D. humboldtii !

Micro quantification showed a trend of increased mycorrhizal cover in epiphytic D. 
humboldtii (Figure 8; Kruskal-Wallis chi-squared = 3.3885, df = 1, p-value = 0.06565). Epiphytic 
samples had a mean cover of 48.39% ± .044 and terrestrial samples, 37.07% ± .052. Micro 
quantification showed a difference of 11.32% cover between epiphytic and terrestrial D. 
humboldtii individuals. Macro quantification also showed significantly higher cover in epiphytic 
D. humboldtii, 92% ± .031, than in terrestrial D. humboldtii, 79% ± .05 (Figure 11; Kruskal-
Wallis chi-squared = 6.0889, df = 1, p-value = 0.0136). There was 13% greater cover along 
10mm root sections of  D. humboldtii epiphytic individuals than D. humboldtii terrestrial 
individuals.   !
Additional Observations !
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 Many important observations concerning the root morphology and surrounding 
substrate were made while sampling. Terrestrial individuals supported larger, more concentrated 
clumps of fine roots while epiphytic roots tended to have long, thick solitary roots with 
infrequent root hairs. It was also noted that true terrestrial individuals were challenging to locate 
due to the fact that much of the ground surface was covered by intertwined roots and mosses, 
creating mats of epiphytic substrate. Ericaceae individuals found growing in such mats didn’t 
have roots reaching into the soil below and were therefore classified as epiphytic. Samples were 
taken from locations such as these as well as directly off tree trunks or branches at a height of 2 
meters or lower (Figure 5).  !!

!  !!!!
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!  !!
DISCUSSION !

Results from this study give insight into mycorrhizal functioning and how these functions 
enable and restrict mycorrhizal interactions with plants living in different environments within 
the Cloud Forest ecosystem. Both macro and micro quantification methods show significantly 
higher mycorrhizal cover in epiphytic Ericad root samples. Significant differences were also seen 
between Ericaceae species S. cordifolium and D. humboldtii. This result highlights the 
importance of considering Ericaceae species as a variable. To accurately compare mycorrhizal 
cover between habitats, epiphytic and terrestrial individuals must be compared within each of the 
sampled species to account for species effects on mycorrhizal cover.  

Comparisons within S. cordifolium and D. humboldtii showed higher mycorrhizal cover 
in epiphytic individuals through both micro and macro quantification methods. These results for 
micro quantification show that where mycorrhizae has colonized on epiphytic individuals, it is 
more dense. Macro quantification results show that along the lengths of sampled roots there is 
more consistent mycorrhizal cover on epiphytic than terrestrial roots. Therefore, epiphytic roots 
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support denser and more consistent mycorrhizal populations in both Ericaceae species 
considered.  

A past study looked at mycorrhizae on Ericaceous roots in the Monteverde Cloud Forest 
(Rains et al., 2003). Findings showed no difference in intracellular hyphal coil abundance 
between epiphytic and terrestrial samples and significantly higher hyphal mantle (unique to the 
Ericaceae species) abundance on terrestrial species (Rains et al., 2003). Given that only general 
mycorrhizal cover was considered in the current study, results found by Rains et al. (2003) seem 
to be at odds. This difference may be explained by differing epiphytic distances from the ground. 
Epiphytic samples in our study were gathered from root mats near the ground or from tree 
substrates within two meters of the ground. Rains et al. (2003) collected epiphytic samples from 
the canopy through the use of single rope tree climbing techniques. Therefore, spore dispersal 
may have been less limiting here. Considering conditions optimal for mycorrhizal establishment 
and growth may also be an important in aligning current and past results. Canopy is an extreme 
environment for mycorrhizal survival due to high exposure to wind and large variations in 
moisture availability (Janos, 1993). These adverse conditions for mycorrhizal survival may be 
less severe at our study site due to constant moisture and low to the ground epiphytic 
establishment allowing for more successful mycorrhizal populations. 

Morphological root differences noted between epiphytic and terrestrial roots while 
sampling provide support for the conclusion that dispersal restraints, not a lack of need for 
mycorrhizal aid in nutrient acquisition, limit mycorrhizal abundance in the canopy. Terrestrial 
samples tended to be dense clumps of roots hairs while epiphytic ones were thick solitary strands 
supporting infrequent root hairs. This distinct difference in morphology indicates poorer nutrient 
availability for epiphytic individuals (Hetrick,1991).   

Another important consideration is light exposure variations between epiphytic and 
terrestrial samples of our study. Past studies show a relationship between high mycorrhizal 
colonization and shaded environments (Matsuda et al., 2012). Epiphytic samples were taken 
from ground and arboreal sites and were therefore beneath canopy cover more frequently than 
terrestrial samples, which existed only on forest edges and road cuts (Figure 3). Light exposure is 
limited for all individuals living in the cloud forest, but epiphytic individuals experience even 
less exposure, limiting their access to Carbon through photosynthesis and perhaps necessitating a 
higher abundance of mycorrhizae to compensate.  

From the results obtained in this study it can be concluded that mycorrhizal associations 
with epiphytic plants are beneficial in increasing nutrient uptake efficiency. Due to specific 
sampling conditions, it can also be concluded that colonization is limited by harsh canopy 
conditions and spore dispersal restraints, not a lack of nutrient limitation in epiphytic substrates. 
These findings mean that epiphytes located in different parts of the canopy are at an advantage as 
far as mycorrhizal colonization and abundance, perhaps leading to epiphytic fitness variability 
throughout the canopy. Therefore, mycorrhizae and the conditions limiting their host plant 
interactions could play a significant role in the determination of overall epiphytic community 
composition, having greater implications for Cloud Forest functioning. !
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Extrafloral nectaries and antiherbivore tradeoffs in 
montane Inga sierrae (Fabaceae: Mimosoideae)!
David Ho!

Department of Biology, University of Puget Sound 
!
ABSTRACT 

Toughness is a leaf’s best defense against herbivory. Until leaves tough, a plant can allocate limiting resources to 
other defenses such as extrafloral nectaries (EFNs) that attract ants or wasps to defend the plant. However, at higher 
altitudes, ant abundance decreases but there are many plant species with active EFNs. The role of EFNs at high 
elevations, therefore, is unclear. In this study, I investigated tradeoffs between toughness and EFN output in relation 
to leaf size and the role of EFNs in deterring herbivores in Inga sierrae (1500 – 1550 m). There was no relationship 
between leaf size and toughness or EFN output as the leaf expanded over a 19 day period. By the end of the 
sampling period, about 46% of EFNs eventually scarred over. EFN output over time did not correlate with percent 
herbivory and the amount of EFN output was not consistent from day to day, with a range of 0 to 2.156 µL. 
Decreasing EFN output by covering them with wax resulted in a trend of greater herbivory, on average by two-
thirds, compared to control leaves. However, artificially increasing EFN output by adding sugar water did not affect 
herbivory. These results suggest that EFNs of I. sierrae at higher elevations are still important, despite variable 
output.   !
 
RESUMEN 

La dureza es la mejor defensa de una hoja contra la herbivoría. Hasta que las hojas se endurecen, una planta puede 
distribuir recursos limitantes a otras defensas tales como nectarios extraflorales (NEFs) que atraen hormigas o 
avispas para defender la planta. Sin embargo, a mayor altitud, la abundancia de hormigas disminuye, pero hay 
muchas especies de plantas con NEFs activos. El papel de NEFs en tierras altas, por lo tanto, no está claro. En este 
estudio, yo investigué el intercambio entre dureza y producción de NEFs en relación al tamaño de la hoja y el papel 
de los NEFs en la inhibición de herbívoros en Inga sierrae (1500 – 1550 m). No hubo una relación entre el tamaño 
de la hoja y la dureza o la producción de NEFs mientras la hoja se expandía por un periodo de 19 días. Al final del 
periodo de muestreo, cerca del 46% de los NEFs había cicatrizado. La producción de NEFs a través del tiempo no se 
correlacionó con el porcentaje de herbivoría y la producción de NEFs no fue consistente de un día a otro, con un 
rango de 0 a 2.156 µL. Una disminución en la producción de los NEFs cubriéndolos con cera resultó en una 
tendencia de mayor herbivoría, en promedio, de dos tercios, comparada con las hojas control. Sin embargo, al 
incrementar artificialmente la producción de los NEFs al añadir agua de azúcar, no se afectó la herbovoría. Estos 
resultados sugieren que nos NEFs de I. sierrae en tierras altas continúan siendo importantes, a pesar de su 
producción tan variable. 

 
!
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INTRODUCTION 

Herbivory is costly to plants in reducing growth, reproduction, and competitive ability (Coley & 
Barone 1996). To counter herbivory, plants have structural defenses (toughness, thorns, hairs, 
etc.) and chemical defenses (Coley et al. 2005; Bazzaz et al. 1987; Lankanu 2007). For some 
species, there are also mutualistic insects, like ants and wasps, which defend the plant in return 
for carbohydrates from extrafloral nectaries (EFNs; Janzen 1969a; Bentley 1977a). However, 
there are life history tradeoffs for plant defenses. By allocating resources into defense, fewer 
resources are used for reproduction and growth (Bazzaz et al. 1987). There are tradeoffs between 
defenses as well, because plants have to allocate limited resources to EFNs, chemical defenses, 
or structural defenses (Bazzaz et al. 1987; Ballhorn et al. 2011; Rudgers et al. 2004). Leaf 
toughness is the best defense against herbivory, but since toughness is a function of time, a leaf 
has to have other defenses while it is young, expanding, and toughening (Coley 1983; Choong et 
al. 1992). 

 For most Tropical plants, younger leaves have higher risk of herbivory because they are 
higher in nutrition and more palatable (Coley & Barone 1996). Younger leaves take up to three 
weeks to expand and 70% of a leaf’s lifetime damage occur during this time (Coley & Barone 
1996). Therefore, in the Tropics, more plants use chemical and EFNs (Coley & Barone 1996; 
Bentley 1977a). In a study from an Australian humid forest, 29 species, or 85%, of plants with 
EFNs were found in just a 1-ha plot (Blüthgen & Reifenrath 2003). In the Neotropics, the best 
documented cases of ant-plant mutualism are between members of the genus Vachellia and 
Pseudomyrmex ants and between Cecropia and Azteca ants (Janzen 1969a; Janzen 1969b; Fáveri 
& Vasconcelos 2004). Although protective ant abundance decreases in montane tropical areas, 
there are still reports of many species still having active EFNs (Janzen 1973; Koptur 1985). 
Whether these EFNs are functional and whether they actually protect the plant from herbivory 
are poorly studied. 

Members of the genus Inga (Fabaceae: Mimosoideae) are either sub-canopy or canopy 
trees that have parapinnate leaves with EFNs between leaflets (Koptur 1983; Koptur 1984). 
Previous studies have shown that in lowland habitats, facultative mutualisms of different species 
of Inga and ants saw significant reduction in herbivory against saplings (Koptur 1984). Koptur 
(1985) showed that over an elevation gradient of 600 – 1650 m, all Inga species in Costa Rica 
had at least some active EFNs. However, she also noted that herbivory is greater at higher 
elevations even though there was no difference in herbivore abundance (Janzen 1973; Koptur 
1985). Tough Koptur (1985) attributed this to lower ant densities, it could also be that fewer 
active EFNs at higher elevations or that their output is lower there. 
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In this study, I investigated tradeoffs between toughness and EFNs and the function of 
EFNs of Inga sierrae in montane areas. Since ants are less abundant at higher elevations, it is 
unclear if EFNs of I. sierrae are functional and if they play a role in recruiting ants or wasps to 
protect them. If not, plants should allocate resources to other defenses, like more rapid 
toughening or chemical defenses. The goals of this study were to: (1) quantify production of 
nectar from EFNs and leaf toughness in relation to leaf size and area, (2) look at how EFN nectar 
production is related to herbivory, and (3) examine if manipulations to EFN outputs translate to 
differences in herbivory.  

METHODS 

STUDY SITE.—The study was conducted between 27 October 2012 and 15 November 2012. All I. 
sierrae leaves were found on 20 trees, mostly on forest edges and regenerating pastures of a 
tropical lower montane cloud forest (Holdridge Life Zone) between 1500-1550 m in 
Monteverde, Costa Rica, near the Estación Biológica Monteverde. Only leaves that had three 
pairs of leaflets and were less than 2 m off the ground were chosen.  

EXPERIMENT 1. LEAF GROWTH.—To observe the growth of I. sierrae leaves, I monitored and 
measured new leaves (n = 13) for 19 days. All leaves chosen were bagged to eliminate visitors. 
Over the 19 days, I measured the length of the leaf and estimated the area of one leaflet by 
measuring the leaflets’ length and width. To calculate the area of one leaflet, the length of the 
primary vein and the width at the widest part of the leaflet was measured and used in the 
equation for the area of an ellipse. I also measured the amount of EFN nectar by placing a 1 µL 
microcap on each EFN to draw up the nectar.  

EXPERIMENT 2. LEAF TOUGHNESS.—Leaves of various lengths were collected (n = 45) and 
measured for length, area of one leaflet, and toughness using a penetrometer. The penetrometer 
was composed of two metal plates, one with a small hole in the middle to fit a needle. Leaflets 
were placed in between the plates. Toughness was measured as the minimum mass needed for 
the needle to penetrate the leaf. Water was poured into a container on the top plate until the 
needle penetrated the leaf blade. Mass was then the weight of the container plus 1 gm for each 
mL of water. 

EXPERIMENT 3. HERBIVORY & EFN PRODUCTION.—For 16 days, new leaves (n = 18) were 
monitored to evaluate the amount and timing of herbivory and amount and timing of nectar 
produced from EFN. To measure herbivory, a grid composed of 1 cm2 sampling units was 
overlaid on the leaf and I estimated the percent of missing parts of the leaf. EFN production was 
measured by drawing nectar from EFNs using 1 µL microcaps. 
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EXPERIMENT 4. EFN MANIPULATIONS.—From EXPERIMENT 3, I saw that after 7 days, over half 
of the leaves had herbivory. In order to look at how EFN production impacted herbivory, I 
bagged new leaves to eliminate visitors and waited 7 days before I removed the bags and 
manipulated the EFNs. There were three treatments: no manipulation to the EFNs (“control”, n = 
16), “enhanced” EFNs by adding 1 µL of 20% sucrose solution to each EFN (n = 17), and “no” 
EFNs covered using wax (n = 16). The amount of herbivory was measured daily for 7 days by 
estimating the percent of missing parts of the leaf using a grid composed of 1 cm2 units. 

RESULTS 

EXPERIMENT 1. LEAF GROWTH.—Overall, there was no relationship between leaf length or 
leaflet area and EFN output during the 19-day sampling period. For both leaf length and leaflet 
area, there was only one day each where there was a significant relationship between the 
variables (Day 10 and Day 2, respectively), but all other sampling days showed no relationship 
(Figure 1).  !
!
!
!
!
!
!
!
!
!
!
!
!
!
!
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Overtime, the amount of EFN output varied from day to day. The majority of leaves did not have 
EFN output every sampling day and there were even days where no leaves (n = 13) produced any 
nectar (Table 1). When leaves did produce extrafloral nectar, the amount ranged from 0.031 to 
0.938 µL. There was only one day where one leaf that produced 2.156 µL of nectar. I observed 
during the sampling period that some leaves had scarring over their EFNs, which indicated no 
further EFN output. By the end of 19 days, 46% of the bagged leaves had all of their EFNs 
scarred (Table 1).  !
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FIGURE 1. Spearman coefficients for associations between leaf length 
and leaflet area of I. sierrae leaves and EFN output over time. Lines 
represents the critical value (ρ = ± 0.560) of Spearman rank correlation 
for significance at α = 0.05 for n = 13. Points above and below the lines 
represent significant correlations between leaf length or leaflet area and 
EFN output for that day.
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EXPERIMENT 2. LEAF TOUGHNESS.—Leaf length was not associated with leaf toughness 
(Spearman rank correlation, ρ = -0.038, p = 0.805; Figure 2a). Similarly, an increase in leaflet 
area did not increase leaf toughness (Spearman rank correlation, ρ = 0.225, p = 0.137; Figure 
2b).  

!

Table 1. Percent of I. sierrae leaves over (n = 13)  that had EFN 
output and percent of leaves that had their all their EFNs 
scarred on days sampled for 19 days.

Day Percent of leaves that had 
EFN output

Percent of leaves that had all 
EFNs scarred

1 15.38 0

2 23.08 0

5 46.15 7.69

7 15.38 23.08

10 7.69 23.08

14 0 38.46

16 12.5 46.15

19 0 46.15
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EXPERIMENT 3. HERBIVORY & EFN PRODUCTION.—After 7 days, 50% of leaves saw some 
amount of herbivory. At the end of the 16-day sampling time, 22% of leaves had all of their 
EFNs scarred (Figure 3).  There was no significant relationship when looking at how EFN output 
and time combined affected percent herbivory (Multiple regression, F = 4.795, df = 2, 4, p = 
0.087; Figure 3). However, looking at the variables independently showed that over time, 
herbivory increases (regression, F = 11.02, df = 1,5, p = 0.021; R2 = 0.688, Figure 3a). Nectar 
output independently did not relate to amount of herbivory (Spearman rank correlation, ρ = 
-0.324, p = 0.478).  !

!
!

FIGURE 2. Association between (a) leaf length and (b) leaflet area with toughness of I. sierrae leaves. 
Each point (n = 45) represents the toughness (measured as the average minimum mass necessary for the 
needle of the penetrometer to penetrate the leaf) for a leaf of a given length or leaflet area. (a) There was 
no significant relationship between leaf length and toughness (p = 0.805). (b) There was no significant 
relationship between leaflet area and toughness (p = 0.137).

FIGURE 3. Association between time and EFN output and percent herbivory of I. sierrae 
leaves (n = 7). Percent herbivory was measured with a grid with 1 cm
16 days. (a) Each point represents that average amount of herbivory for that day of sampling. 
(b) Each point represents the average amount of nectar from EFNs of a particular day and the 
average amount of herbivory of the leaves sampled. There was no relationship between EFN 
output with time and herbivory (p = 0.648).Independently, however, there was greater 
herbivory over time (R
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EXPERIMENT 4. EFN MANIPULATION.—The relationship between time and average percent 
herbivory did not differ between manipulations to EFNs (ANCOVA, F = 0.723, df = 2,337, p = 
0.484; Figure 4). For all treatments, herbivory increased with time (ANCOVA, F = 10.269, df = 
1, 337, p = 0.001). Even though there was no significant interaction between time and 
manipulations to EFN, there was a trend showing the rate of herbivory, on average, for leaves 
with covered EFNs (slope = 1.369% herbivory/day) was almost two-thirds more than control 
leaves (slope = 0.48% herbivory/day; Holm’s post-hoc, t = 1.703, df = 1, 224, p = 0.089). !

 
ADDITIONAL OBSERVATIONS.—I observed the following arthropods on or near the leaves of I. 
sierrae: black ants of varying sizes, small red ants, wasps, flies, and spiders. The presence of 
these visitors was not consistent everyday and their abundance range from 0 to 3 on or near any 
given leaf on any day. 

 
DISCUSSION 

Inga growing at high elevations still have active EFNs, though not all EFNs were functional and 
even functional EFNs did not always produce nectar consistently. The majority of leaves of did 
not have active EFNs every day. The amount of extrafloral nectar varied daily and there were 
individual leaves that did not produce any nectar throughout the sampling period. The EFNs 
become scarred over time, as well, suggesting that at some point the plant stops allocating 
resources to EFNs. Fully expanded and toughened leaves (those older than the 19 days followed) 
had EFNs that were full scarred and not capable of producing nectar. Bentley (1997b) saw that 

FIGURE 4. Percent of herbivory over time of I. sierrae leaves with manipulations to 
EFNs:  “enhanced” with 1 µL of 20% sucrose solution, controlled, or covered using 
wax. Each point represents the average percent herbivory (± SE) measured with a grid 
with 1 cm2

replicates that were used to calculate means. There was no difference in herbivory 
between treatments over time (p = 0.484). However, leaves that had EFNs covered with 
wax saw a trend of greater herbivory than control (p = 0.089).
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nectar flow rates were greatest during the earliest and, hence, most vulnerable stages of leaf 
development. As leaves remained tender over the 19-day sampling period and EFNs were only 
sporadically active, I. sierrae may have other defenses that were not tested for, like chemical 
defenses that were not considered here. Koptur (1985) showed that Inga in higher elevations had 
higher levels of phenols that could deter herbivores and pathogens. Coley et al. (2005) suggests 
tradeoffs in Inga’s defenses: I. goldmanii relies on more EFNs and chemicals while I. 
umbellifera relies on rapid leaf expansion and quick toughening. Perhaps I. sierrae is more like I. 
goldmanii of Coley (2005) where leaves expand and toughen slowly but have chemical defenses 
to compensate. 

My manipulations to EFNs did not yield significant differences. However, this does not 
suggest that EFNs are not important. There was a trend showing that EFNs covered in wax 
resulted in almost two-thirds greater herbivory. This is consistent with the hypothesis that 
covering EFNs and making them nonfunctional should reduce defensive ant/wasp abundance 
because extrafloral nectar is now unavailable and there is no incentive for ants or wasps to 
defend the plant.  

The results from enhancing the EFNs differed from expected. Increasing nectar available 
should lower herbivory because it would attract more defending ants, but herbivory did not differ 
from control leaves. Increasing nectar production in I. sierrae does not have an additive effect, 
suggesting the small and sporadic amounts of nectar produced by EFNs are enough to attract 
defending ants and wasps. These results could also reflect low ant densities at high elevations. 
Enhancing EFNs could have not recruited more ants just simply because there is such a low 
abundance. 

Ultimately, there was no consistent trend with leaf size that allowed me to evaluate the 
tradeoffs in EFN output and toughness as defense mechanisms for I. sierrae in the first 19 days 
of expansion. Although the leaves do become very tough and the EFNs stop secreting nectar, this 
occurs at least after 19 days. For this population, there is much variation between individuals in 
EFN output and toughness. This variability is interesting and could signify a relaxation of natural 
selection to maintain expensive EFNs that are not as important in defense. At the very least, I 
was able to show that at the population level, there has not been a loss in the EFN trait and some 
leaves retain them for long time, at least 19 days in many cases. Furthermore, the EFNs can 
lower herbivory at higher elevations, as well. 

!
!
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ABSTRACT 

Hawkmoths (Sphingidae) are important pollinators of many tropical flowers in the tropics. Proboscis length may 
coevolve with corolla length to increase specialization, and thus, efficiency. Spingid moths were collected from three 
sites in Neotropical Premontante Moist Forest at the end of the wet season. Slides containing individual moth 
proboscides were made from 18 species of moths collected. Pollen morpho species were counted per moth. Body 
size, forewing length, and weight were also measured along with proboscis length. Pollen richness did not differ 
with proboscis length, but correlated closely with body size. All sized hawkmoths display a more generalist 
behavior, indicating that they are not specializing to flowers, while the flowers they visit are specializing for 
different sized hawkmoths. This should benefit hawkmoths with long proboscides because they can access nectar in 
a wide range of flowers relative to counterparts with short proboscides, but was not represented in the data collected. 

RESUMEN 
Las polillas de la familia Sphingidae son importantes polinizadores de muchas flores en el trópica.  El largo de la 
proboscis puede coevolucionar con el largo de la corolla para aumentar la especialización, y así, la eficiencia.  Las 
polillas esfíndias se colectaron de tres sitios en el Bosque Humedo Premontano Neotropical al final de la época 
lluviosa.  Se realizaron diapositivas con proboscis individuales de 18 especies de polillas recolectadas.  Las 
morfoespecies de polen por polilla fueron contadas.  El tamaño corporal, largo del ala anterior y peso fueron también 
medidas con el largo de la proboscis.  La riqueza de polen no difiere con el largo de la proboscis, pero se 
correlaciona cercanamente con el largo del cuerpo.  Todas las polillas medidas muestran un comportamiento más 
generalista, indicando que ellos no están especializadas en el tipo de flor, mientras que las flores que ellas visitan 
están especializadas en diferentes tamaños de polillas.  Esto puede ser beneficioso para las polillas con proboscis 
largas porque pueden accesar a néctar en una amplia variedad de flores contrario a sus contraparte con proboscis 
corta, pero no se representó en los datos recolectados.  

INTRODUCTION   

Coevolution occurs when one species adapts to another (Janzen 1980). In plant-pollinator 
interactions coevolution often leads to increased specialization to increase the efficiency of 
conspecific pollen transfer (Waser et al. 1996). The result is pollinator syndromes where certain 
flower morphologies are associated with certain taxonomic groups of pollinators (Bawa 1990). 
For example, hummingbird flowers have red to orange tubular corollas that offer sucrose-rich 
nectars (Futuyma & Slatkin 1983). Within syndromes there can be further specialization, like the 
curved beaked hermit hummingbirds that visit particular flowers with curved corollas. The 
curved corolla restricts hummingbirds with straight beaks so hermits receive greater reward 
while increasing conspecific pollen transfer (Futuyma & Slatkin 1983). 
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Hawkmoths (Lepidoptera: Sphingidae), are important pollinators of many tropical 
flowers with long corollas that open at night (Bawa 1990). Smaller hawkmoth flowers emit a 
pleasant odor and are normally white, but allow a very wide range of visitors compared to long-
tubed flowers (Haber & Frankie 1989). Long-tubed hawkmoth flowers are white and fragrant, 
secreting large amounts of nectar while their corolla lengths only allow few hawkmoth species to 
visit, making it energy efficient for long proboscis hawkmoths to search for these flowers, 
resulting in a higher fruit set (Haber & Frankie 1989). Plants such as some orchids establish 
specialized interactions with hawkmoths by providing greater rewards (Martins & Johnson 
2007). In Madagascar five of such orchids were found to be pollinated by one species of 
hawkmoth (Bawa 1990). 

Long flower tubes restrict nectar to only long proboscis hawkmoths. However, 
hawkmoths with long proboscides do not necessarily restrict their visits to long-tubed flowers, 
having access to shorter corollas or flowers that are open (Haber & Frankie 1989). Hawkmoths 
are generalists visiting many generalist species of flowers whose nectaries are accessible 
regardless of proboscis length (Haber & Frankie 1989). Long corolla flowers restrict visitors to 
make sure they give their pollen to a moth that will transfer it to their conspecific (Haber & 
Frankie 1989). Hawkmoth-pollinated Aquilegia pubescens demonstrates that although spur 
length had no effect on visitation by moths, it had a large effect on pollen removal, where only a 
certain sized hawkmoth would remove pollen from the stamen (Fenster et al. 2004). 

Hawkmoths with longer probosicides, therefore, might be more specialized or may have 
access to nectar of more species and be more general.  Hawkmoth proboscis length and pollen 
richness has not been studied in Cloud Forest ecosystem to establish the level of plant-pollinator 
specialization here. Here, pollen samples were taken from hawkmoths to determine if there is a 
relationship between pollen richness and proboscis length. Long-tubed flowers are visited mostly 
by long proboscis hawkmoths mainly because short proboscis hawkmoths could not reach the 
nectar (Haber & Frankie 1989). Hawkmoths with long proboscides therefore should have the 
highest number of species of pollen found because they can visit a wider range of flowers. If they 
are specializing to long corolla flowers they will have few species of pollen, different from short 
proboscis hawkmoths. Small proboscis hawkmoths should have the lowest number of pollen 
species because their proboscides would be too short for many flowers. If they are specializing to 
small corolla flowers then few pollen species should be found from only these species. 

MATERIALS AND METHODS  

 Three study sites were used, collecting Sphingid moths from the same valley on the Pacific 
slope of a Premontane Wet Forest in Monteverde, Costa Rica from 1550 meters and lower 
between the dates of October 23 to November 15 2012. 

Study Sites 

The first site was the Monteverde Butterfly Garden which had a very bright light inside 
of a cage which was turned on at night and kept on until about five in the morning when one of 
the employees turned it off and shut the gate so that the moths did not escape and birds did not 
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eat the hawkmoths (FIGURE 1). The second site was at the lower lab of the Monteverde 
Biological Station where a black light was set up with a white sheet behind it, collecting the 
moths early in the morning (FIGURE 2). The third site was at Alan Masters’s house, he had 
black lights on his porch and collected the moths off of his house in the early morning, freezing 
them until I picked them up.  

I would arrive at the butterfly garden around seven or eight in the morning to collect the 
moths in the cage, retrieving with a bug net off of the wall and then transferred into a kill jar with 
chloroform. After the moths died, I put them in ziplocs and a fanny pack to keep from squishing 
them. For processing the 51 moths captured, I noted which site they were from, what species 
they were, body length, forewing length, weight, and proboscis length. 

 Pollen slides were made following the methods described by Kislev et al. (1974) except 
once a proboscis relaxed it was removed and discarded, and then cover slips were added to seal 
the slides (Kearns & Inouye 1993). A microscope was used to count the different types of pollen 
present. I attempted to identify the different species to genus using Roubik & Moreno (1991). 
During slide examination I took pictures of every morpho species and made a table describing 
them and marked their frequency on the slides. Many pollen species were impossible to describe 
to genus, so many were left at morpho-species (Appendix 1).  

RESULTS  

Eighteen different hawkmoth species were found and the range of the 51 hawkmoth proboscides 
collected is from 15 – 105 mm and were divided into three equal categories small, medium, and 
large (Table 1). The number of hawkmoths in each category is extremely skewed. There were 
just two large proboscis hawkmoths of two different species. In the medium range, there were 
five hawkmoths, all of the same species. The majority of hawkmoths collected fell into the small 
category but with a large species richness, of the 44 collected there were 15 different species 
identified. 

 As body length increased, so did proboscis length (LINEAR REGRESSION, Adjusted 
R-squared = 0.4299, F = 38.7, df = 49, p < 0.0001; FIGURE 3). Body length ranged from 24 mm 
– 64 mm while proboscis length increased from 15 mm – 105 mm. The relationship between 
body and proboscis length resulted in the most clumped and linear distribution where a doubling 
in body size normally resulted in a doubling in proboscis length as well. 

As forewing length of hawkmoths increased, proboscis length did, as well (LINEAR 
REGRESSION, Adjusted R-squared = 0.1547, F = 10.15, df = 49, p = 0.002; FIGURE 4). The 
forewing length ranges from 26 mm – 72 mm while proboscis length increases from 15 mm – 
105 mm. The observed clusters indicate moths of the same species seem to be very similar in 
size. 

The relationship between weight of hawkmoths and proboscis size was statistically 
significant (LINEAR REGRESSSION, Adjusted R-squared = 0.2974, F = 22.16, df = 49, p < 
0.0001). As weight increased proboscis length also increased (FIGURE 5). Weight ranged in 
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hawkmoths from 0.356 grams – 3.429 grams while proboscis length increased from 15 mm – 
105 mm. Five heavy hawkmoths with medium length proboscides were clumped together and of 
the same species. 

The relationship between pollen richness on each moth and the length of the proboscis 
was not statistically significant (LINEAR REGRESSION, Adjusted R-squared = 0.01777, F = 
1.905, df = 49, p = 0.174). When looking at the size of the proboscis related to pollen richness 
there was not a visible pattern (FIGURE 6). Pollen richness ranged from none to six different 
morpho species while proboscis length ranged from 15 mm – 105 mm. Two exceptionally long 
proboscides are found, but did not carry different or more species of pollen. As proboscis length 
got longer than 32 mm, there was always pollen on proboscides.  

DISCUSSION 

The relationship between pollen richness and hawkmoth proboscis length was not statistically 
significant. Pollen loads of different hawkmoths in Cloud Forest consisted of mixed pollen types 
as found by Haber and Frankie in Costa Rican Dry Forest (1989). Body length, forewing length, 
and weight of hawkmoths compared to their respective proboscis lengths were all found to be 
statistically significant which was consistent with previous work (Agosta & Janzen 2005). 
Bigger moths simply meant longer proboscides.  

Small hawkmoth species were more commonly found than large. Small species can 
partition resources better than large species because they are subject to higher levels of 
competition which could explain this higher number of small size species (Agosta & Janzen 
2005). Also, in general hawkmoths do not appear to be specializing by going to specific flowers, 
regardless of proboscis size. In fact, there was an observable lack of specificity among 
hawkmoths which has been also found in hawkmoths for Tropical Dry Forest (Haber & Frankie 
1989). The data suggests most hawkmoths are generalists as similar pollen was found on all 
sized proboscis hawkmoths. 

 Some plants may specialize to the morphology of hawkmoths, but apparently this does 
not happen the other way around (Martins & Johnson 2007). Many flowers are open and can be 
visited by any sized proboscis. Short-tubed flowers were visited by hawkmoths from all sizes 
and proboscis lengths showing a more generalized pollination approach (Haber & Frankie 1989). 
From the perspective of the flower, if there are many short, open flowers in the community that 
attract many different moth visitors, the flowers may get pollinated eventually without the need 
to specialize (Agosta & Janzen 2005). It appears that hawkmoths visit a wide array of flowers, 
including many flowers adapted for other pollinator groups (Haber & Frankie 1989). 

The lack of pollen unique to long proboscis species may reflect few or no long corolla 
flowers, at least in flower during the study. As a result, Cloud Forest hawkmoths do not seem to 
specialize. A lack of long corolla flowers may have forced long proboscis hawkmoths to be 
generalist pollinators (Haber & Frankie 1989). Smaller flowers have a less efficient pollinator 
system as a result of such a wide range of visitors, but are more likely to get pollinated in an 
unpredictable system (Haber & Frankie 1989). With low abundance of long flowers in this 
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system, all moths visit short corolla or open flowers. Longer flowers prevent many shorter 
proboscis visitors from reaching nectar, however from the data collected this was not happening 
in the Cloud Forest. Hawkmoths are not evolving in response to flower corolla length, but 
flowers are evolving in response to different sized hawkmoths, thus having a one sided 
specialization which explains why a correlation between proboscis length and pollen richness 
was not found in the Cloud Forest. Many factors such as stability of the system, hawkmoth 
abundance, flowering time, and other biotic and abiotic factors also may play a large role in the 
evolution of these flowers with their pollinators.  
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TABLES 

Table 1. Sphingid moth proboscis length ranged in the study from 15 – 105 mm from 
which three equal size categories were constructed. A high number of moths were found 
falling in the small category with few hawkmoths found in the medium and large range. 
Interestingly the medium sized hawkmoths were all from the same species. The small 
hawkmoths differed greatly in species richness. These hawkmoths were captured on the 
Pacific slope of premontane moist forest in Monteverde, Costa Rica. 
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FIGURES 
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Small (15 - 44 mm) Medium (45 - 74 
mm)

Large (75 – 105 
mm)

Moth Number 44 5 2

Species Richness 15 1 2
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FIGURE 2. Collection site 2 for Cloud Forest 
Sphingids was outside the lower lab of 
Monteverde’s Biological Station pointing out 
to premontane moist forest at 1550 meters. A 
blacklight was used on a white sheet backdrop 
and moths were collected early morning 
perched on the sheet.

FIGURE 1. Collection site 1 for Cloud Forest 
Sphingids was the butterfly garden near 
premontane moist forest in Monteverde, Costa 
Rica. The cage was opened at night and a bright 
light was turned on to attract the moths. The light 
was turned off and the gate was closed around 5 
a.m. every morning until moth retrieval.
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FIGURE 3. Body length and proboscis length of Cloud Forest hawkmoths (n = 51, p < 0.0001). 
Body length impacts proboscis length for Cloud Forest hawkmoths captured in Premontane 
Moist Forest in Monteverde, Costa Rica. 
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FIGURE 4. Measured forewing length and proboscis length of Cloud Forest hawkmoths (n = 51, 
p = 0.002). Forewing length impacts proboscis length for Cloud Forest hawkmoths captured in 
Premontane Moist Forest in Monteverde, Costa Rica. 
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FIGURE 5. Body weight measured in grams and proboscis length of Cloud Forest hawkmoths (n 
= 51, p < 0.0001). Body weight impacts proboscis length for Cloud Forest hawkmoths captured 
in Premontane Moist Forest in Monteverde, Costa Rica. 
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FIGURE 6. Noting the different totals of morpho species of pollen on each hawkmoth and 
proboscis length of Cloud Forest hawkmoths (n = 51, p = 0. 174). Proboscis length does not 
impact pollen richness load for Cloud Forest hawkmoths captured in Premontane Moist Forest in 
Monteverde, Costa Rica. 
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APPENDIX 1 (40x unless otherwise noted) 
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10x. Morpho Species 5 
identified as Polypodiaceae, but 
more likely to be pollen because 
of its high frequency.

Morpho Species 6 
identified as Fabaceae, 
either Mimosoideae or 
Caesalpinioideae.

Morpho Species 7 
identified as 
Smilacaceae.

Morpho Species 8.

10x. Morpho Species 
10.

10x. Morpho Species 
15.

10x. Mopho Species 
13.

Morpho Species 11.

Morpho Species 15 
identified as 
Convolvulaceae.

Morpho Species 14 
identified as 
Convolvulaceae.

Morpho Species 12.Morpho Species 9.
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Morpho Species 20.
Morpho Species 21.

Morpho Species 19.Morpho Species 18.Morpho Species 17 
identified as 
Annonaceae.

Morpho Species 16.
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Climate and altitudinal changes to the distribution of 
the Landhopper Cerrorchestia hyloraina (Crustacea: 
Amphipoda)  !
 Jeremiah A. Wetherby!
Department of Biology, Arizona State University!
!
Abstract  
Climate change is causing tropical montane species to move up in elevation. The landhopper Cerrorchestia 
hyloraina, however, appears to be moving down in elevation. Here, I repeat and extend a 1984 census (Lindeman, 
1991) to document elevational changes in their distribution.  Berlese funnels were used to extract the landhoppers 
from leaf litter gathered at 15 different sites along an elevation gradient. Further, a sample of leaves at each site were 
weighed and dried to measure water content. It was found that the landhoppers are, indeed, moving further down in 
elevation, from a lower elevational limit of 1450 meters to a new lower limit of 1100 meters. This is not strictly 
related to water content in leaf litter, at least during the period of the study.  Climate change may be the reason for 
the change but there are still other unknown proximate factors affecting their distribution. This is the first reported 
case of an animal moving down instead of up in elevation in Monteverde, Costa Rica. !
Resumen 
El cambio climático está provocando que las especies se muevan a elevaciones más altas.  Sin embargo, el 
camaroncillo Cerrorchestia hyloraina parece estar moviendose a elevaciones más bajas.  Acá, repito y extiendo un 
censo realizado en 1984 (Lindeman, 1991) para documentar los cambios elevacionales en su distribución.  Trampas 
Berlese se usaron para extraer los camaroncillos de la hojarasca colectada en 15 sitios diferentes a lo largo de un 
gradiente altitudinal.  Además, una muestra de hojas en cada sitio se pesó y secó para medir el contenido de agua.  
Se encontró que los camaroncillos, en efecto, se están moviendo a elevaciones más bajas, de un límite bajo de 1450 
metros a un nuevo límite de 1100 metros.  Esto no está estrictamente relacionado al contenido de agua en la 
hojarasca, al menos durante el período de este estudio.  El cambio climático puede ser la razón para este cambio 
pero pueden existir también otros factores proximales afectando la distribución.  Este es el primer caso reportado en 
animales moviendose a elevaciones más bajas en lugar de más altas en Monteverde, Costa Rica. !!
Introduction 
Climate is changing globally as the result of human interaction and this is causing a change in 
ecological systems (Pounds et al 2006). Around the world animals have been changing their 
behavior (Walther et al 2002). These behaviors include change in Phenology, breeding times, 
latitudinal range, or in the tropics their altitudinal range changes (Walther et al 2002). One 
example is that amphibians are breeding earlier (Walther et al 2002). Another example is that the 
distribution of the Arctic fox range is diminishing from Canada (Walther et al 2002). In the 
Tropics, montane habitats are impacted by changes in mist and rain frequency, as well as 
temperature (Pounds, pers. comm).  

In all cases of documented distributional change, species are moving up in elevation in 
Monteverde, Costa Rica (Pounds et al. 2006).  A study done in Monteverde, Costa Rica, shows 
that many lowland birds are moving up, with some highland endemics becoming more restricted 
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and at greater extinction risk (Gasner et al. 2010).  Another study found lowland birds were 
moving up in elevation and the decline of highland endemic lizards and amphibians (pounds et al 
2006). The trend for animals in Monteverde, Costa Rica is to move up in elevation. However, if 
an animal is endemic to the highland they tend to disappear.    
 Cerrorchestia hyloraina are terrestrial amphipods, or landhoppers, that live in leaf litter 
on moist ground (Lindeman 1991). According to the last distribution done on them in 1983-84, 
they were found no lower than 1400 m. Recently people in the Monteverde are have been talking 
about how they find these landhoppers around their houses that are lower than 1400 m. This 
species is bound by moisture and requires a moist environment to live (Fasulo 2001). While mist 
has been declining in Monteverde, rainfall is increasing (Alan Pounds, pers comm). If this causes 
leaf litter to remain wetter longer on the seasonal Pacific slope, the distribution range could be 
expanding to lower elevations there. So the question that this paper tries to answer is are C. 
hyloraina moving down in elevation and if so what factors are causing it. If they are found at 
lower elevations this will be the first time that a species has been documented moving down in 
elevation in Tropical montane areas. !
Materials and Methods  
I studied the elevation gradient of C. hyloraina in the Lower Montane Rainforest of Monteverde, 
Costa Rica leading into the Tropical Moist Forest and Tropical Moist Forest, Premontane belt 
transition forest of San Luis, Costa Rica. The Holdridge life zones include Tropical Moist Forest 
and Tropical Moist Forest, Premontane Moist belt transition 690 m-1300 m, Tropical Premontane 
Wet Forest 1300 m-1470 m, Tropical Lower Montane Wet Forest 1470 m-1600 m, and finally 
Tropical Lower Montane Rainforest 1600 m (Hayes et al. 1989). I revisited the same sites as 
Lindeman (1991) did in 1983 and 1984 from 1600 to 1350 meters altitude on the Pacific slope of 
Monteverde (Figures 1 and 2). I also extended the transect downhill by adding six more sites. 
The first new site was located within the Fonda Vella’s forest at 1450 m, the Trostle Farm Woods 
at 1314 meters, Bajo Del Tigre preserve at 1259 meters, Invu site, secondary forest, and the 
forest of the Biological Reserve San Luis with elevations of 1314 m, 1259 m, 1118 m, 1040 m, 
and 736 m respectfully (Figure 1 and 2).  
 At each site I took the altitude and leaf litter depth. Then I took 11 25 cm by 25 cm plots 
of leaf litter just scraping the top soil and placed all leaf litter into zip lock bags. I made sure that 
each plot was about four cm or more away from each other. Each site was secondary or primary 
forest, not fields or gaps (Figure 3). I then put the samples into Berlese funnels and left them 
there until the leaf litter was dry. After it was dry I counted how many C. hyloraina were present 
in that sample. The 11th sample I would measure the weight and then place it in a drying rack 
over night. The Drying rack used five 60 Watt light bulbs that glows at 3,000 degrees Celsius.  
The next day I would take that same leaf litter and reweigh it to calculate its water content. Then 
I took those data and compared abundances with elevation, water content, and leaf litter depth. I 
also took the raw abundances and multiplied them by 16 to project what I would have found if I 
sampled one meter2. I did not sample one square meter because there would have been too much 
leaf litter to sift through. After a quick run through I found that 25 cm2 would give me adequate 
number of landhoppers when present in the area. This was done to be able to compare 
abundances to those found by Lindeman (1991). 
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Results 
The averages of each site were calculated and there was a general trend of there being a few 
landhoppers in the higher altitudes then in the mid altitudes starting at 1450 m there were many 
until they disappeared below 1110 m (Figure 4). There was no linear relationship found between 
elevation and number of C. hyloraina using a regression test (R2 = 0.001819, p-value: 0.8801, n 
= 15). It was also found that there is a linear relationship between leaf litter depth and the 
number of C. hyloraina ( R2 = 0.09431, p-value = 0.02464, n = 15). It seems that the deeper the 
leaf litter the less landhoppers there are (Figure 5). There was no correlation found between 
number of C. hyloraina and percentage of water contained in the leaf litter (R2 = 0.1094, p-value 
= 0.2284, n = 13). There was a decrease in percent water content in leaf litter with elevation (R2 
= 0.5908, p-value = 0.000813, n = 15; figure 6).  
 There was a difference in abundance of C. hyloraina at different elevations (Kruskal-
Wallis Chi-square = 104.6669, df = 14, p-value = 6.011e-16; Table 1). The number of C. 
hyloraina was multiplied by 16 to compare it to the averages found by Lindeman (1991). 1984 
and current abundances were compared to the original sites from Lindeman (1991) and each site 
was found to be statistically different in the number of C. hyloraina then and now, compared 
through one sample t-tests (Figure 6). 

 The most notable difference between the averages found here and those from 1984 are 
the sites of Rockwell Farm Woods and Guindon Farm Woods. In 1984, there were none at these 
two sites. However, in 2012 they were found in great abundance (Site Rockwell t = 3.9847, df = 
9, p-value = 0.003183, Site Stuckey t = 3.8093, df = 9, p-value = 0.004158; Figure 4). The 
difference was large Rockwell Farm had 174 C. hyloraina in 2012 and in 1983-84 there were 
none. In 2012 Stuckey Farm had 299 C. hyloraina and in 1983-84 there were none found. (Site 
Rockwell t = 3.9847, df = 9, p-value = 0.003183, Site Stuckey t = 3.8093, df = 9, p-value = 
0.004158). Not only were they found at elevations 1379 m and 1347 m but they were found at 
every elevation studied down to the INVU site at elevation 1118 m (Figure 4). In 1983-84 C. 
hyloraina were not found lower than 1450 m (Lindeman 1991) and now they can be found down 
around 1110 m, but they cannot be found lower than 1000 m. !
Discussion  
The distribution of the C. hyloraina has indeed moved down the Pacific slope of Monteverde 
Costa Rica. This is most likely from climate change. Increased rainfall at lower altitudes may 
make the leaf litter wet enough to create a suitable environment for them. As the temperature 
increases the amount of rainfall does, as well (Pounds, pers. comm.). This is likely to make the 
leaf litter wetter longer. This could be reason for why landhoppers are moving down in elevation. 
They are just expanding their range based on where abiotic factors are allowing them to go. The 
C. hyloraina do not follow the trends of other animals. They are responding to climate change 
but they are moving down in elevation instead of up in elevation. !
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This project has risen the question about what is the reason for their densities being low 
in the higher regions and then half way down the densities explode. This research also showed 
that leaf litter and percent water content in that litter do not have a linear relationship with 
abundances in the different altitudes. Therefore, that abiotic factor does not explain this 
abundance trend.   
 One possible explanation for this is that there are new biotic or abiotic pressures placed 
on the C. hyloraina in the higher elevations were either light or nonexistent back in 1983-84. For 
example, they may have an unknown predator that is keeping the population in check. If this is 
the case then the predator may not have moved into the lower elevations, causing the population 
to spike in the 1450 m range.  

 The uncontrolled population could have positive and negative consequences to the 
environment they inhabit. Cerrorchestia hyloraina are decomposers and feed on leaf litter 
(Lindeman 1991). These organisms play an important role in the cycling of nutrients. The 
process of decomposition of leaf litter is extremely important in sustaining life in forest 
ecosystems (Parsons and Congdon 2008). These decomposers create nutrient pools in the soils in 
tropical forest for plants to use (Parsons and Congdon 2008). Therefore, the more C. hyloraina 
there are the more leaves that are decomposed and the more fertile the soil can become. So they 
can help to improve the fitness of some flora by reintroducing the nitrogen from organic matter 
back into the soil faster and thus improving the local ecosystem. On the other hand, they could 
harm some other decomposers within that area. Interspecific relationships can change the 
structure and function of an ecosystem (Bellard et al 2012). They could become an 
overwhelming competitor with the other decomposers and act as an invasive species at lower 
altitudes. This could drop the biodiversity of decomposers in that area.  !
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!

!  !
Figure 1:   Sites representing an elevational gradient from 1660 m to 700 m on the Pacific slope of Monteverde, 
Costa Rica.  From each site, leaf litter was collected to assess water content and population size of the landhopper 
Cerrorchestia hyloraina.  The sites with the yellow tacks are the original sites that Lindeman sampled in 1983-84. 
The red tacks are those that I added in 2012.  
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!  

Figure 2: This shows all the sites by name were samples of leaf litter were taken along an elevation gradient. It 
includes the sites of Monteverde to the top and the three sites in San Luis. The pins that are yellow are the spots that 
Lindeman sampled in 1983-84 when she did the natural history of the C. hyloraina. 

! !  

Figure 3 a and b: Different sites where leaf litter was sampled in the Premontane Wet Forest in Monteverde Costa 
Rica. Picture a the one on the left is that of the site sampled in the Elfin Forest at 1580 m. The picture on the right 
picture b is that of one of the lower sites, the Secondary Farm Woods at 1040 m. the sites were tried to be kept as 
similar as possible when sampling. 
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!  

Figure 4:  Shows the average number of C. hyloraina (landhoppers) and elevation in the Monteverde Costa Rica and 
San Luis Costa Rica areas. The error bars show ± 1 SE.  Elevation is in meters. The elevations 1655 m thru 1259 m 
correspond with the Monteverde area in Costa Rica. Elevations 1118 m thru 736 m correspond with the San Luis 
Valley in Costa Rica.  The average number is per 25 cm2 plots.  Elevation is in meters.     

!!!!!!!!!!!!!!!!!!

A
ve

ra
g

e
 N

u
m

b
e
r 

o
f 

 
C

. 
h

yl
o

ra
in

a

-7.5

0

7.5

15

22.5

30

Elevation in Meters 

73
6

10
40

11
18

12
59

13
14

13
47

13
79

14
50

14
60

15
07

15
24

15
34

15
47

15
80

16
55

!  153



!
Table 1: This table shows percent water content in leaf litter and leaf litter depth in relation to the elevation in which 
they were sampled. Elevations are in meters. The elevations 1655 m thru 1259 m correspond with the Monteverde 
area in Costa Rica. Elevations 1118 m thru 736 m correspond with the San Luis Valley in Costa Rica. 

!
!
!
!

Elevation % Water content Leaf Litter depth

1655 70.7 10

1580 82.5 0.5

1524 57.7 10

1547 86.3 4

1534 69.2 8

1507 88 10

1460 63.5 30

1450 53.3 1

1379 52 7

1347 49.1 3

1314 42.4 5

1259 4.5 14

1118 34.1 1

1040 33.4 20

736 22.9 9
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!  

Figure 5: This graph shows landhopper, C. hyloraina, abundance and leaf litter depth along an elevational gradient 
from 1660 m to 770 m for the Pacific slop forested areas un Monteverde, Costa Rica. Error bars represent one 
standard error.   
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!  

Figure 6: Shows the comparison of current C. hyloraina (landhoppers) abundances (My Avg) those from the 1980’s 
(Lindeman Wet and Dry). Lindeman sample twice:  once during the wet season and then once during the dry season. 
Error bars represent ±1 SE. The elevations 1655 m thru 1259 m correspond with the Monteverde area in Costa Rica. 
Elevations 1118 m thru 736 m correspond with the San Luis Valley in Costa Rica. 
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Resilience of Cloud Forest hummingbird communities 
to elevational changes in climate!
!
Laura Barry!!
Department of Environmental Analysis, Pomona College!
!
ABSTRACT !
Climate change in the tropics is altering the habitat of highland hummingbird communities, 
increasing the likelihood of movement upslope. Neotropical weather patterns are changing and 
mist frequencies are decreasing. These changes have the potential to change the abundance of 
hummingbirds living in highland communities and the altitudes at which they live. To assess the 
range and abundance of these species, hummingbird feeders were set up at eight different 
elevations between 1490 m and 1800 m on the Pacific slope of Monteverde, Costa Rica. The 
species present and number of individuals observed were then compared to studies that reported 
the distribution and abundance of hummingbird species in Monteverde 11 years ago. Overall, 
there was no change in mean elevation for all species observed between years, except a slight 
decrease in mean elevation of the Green-crowned Brilliant. In 2001, the Violet Sabrewing’s mean 
elevation was lower than that of other species, but this is no longer the case, yet the change in 
mean elevation was not statistically significant. In addition, the overall distribution and 
abundance of each species did not differ significantly from the results reported 11 years ago, with 
the exception of the Stripe-tailed Hummingbird whose distribution and abundance increased. 
Currently, in terms of altitudinal range and abundance, it appears that climate change has not 
affected these hummingbird communities in the categories that were monitored; this does not 
mean climate change has not had an effect, as it may be expressed in different ways. 
  
RESUMEN !
En los Trópicos, el cambio climático está alterando el hábitat de las comunidades de colibríes de 
tierras altas, aumentando la posibilidad de movimiento a mayores alturas. Los patrones 
climáticos neotropicales están cambiando y las frecuencias de neblinas se están reduciendo. 
Estos cambios tienen el potencial de modificar la abundancia de colibríes que viven en 
comunidades de tierras altas y la altura en la que se encuentran. Para evaluar la distribución y 
abundancia de estas especies, se colocaron comederos de colibríes en ocho diferentes alturas, 
entre 1490 m y 1800 m en la vertiente del Pacífico de Monteverde, Costa Rica. Las especies 
presentes y el número de individuos observados fueron comparados con estudios que reportaban 
la distribución y abundancia de colibríes en Monteverde hace 11 años. En general, no hubo 
cambio en la elevación promedio para todas las especies observadas entre años, excepto una 
ligera disminución de la elevación promedio de Heliodoxa jacula. En el 2001, la elevación 
promedio de Campylopterus hemileucurus era menor que la de las otras especies, pero este no 
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fue el caso, sin embargo, el cambio en la elevación promedio no fue estadísticamente 
significativo. Adicionalmente, la distribución general y abundancia de cada una de las especies 
no difirió significativamente de los resultados reportados hace 11 años, con la excepción de 
Eupherusa eximia cuya distribución y abundancia aumentaron. En la actualidad, en términos de 
rango altitudinal y abundancia, parece que el cambio climático no ha afectado a estas 
comunidades de colibríes en las categorías que fueron estudiadas, lo que no significa el cambio 
climático no ha tenido un efecto, ya que puede expresarse de diferentes maneras !
INTRODUCTION !
Global climate change is altering weather patterns around the world. From 1906 to 2009, a 
0.74°C rise in average global temperature has been recorded (IPCC 2007). As well as recorded 
changes in temperature, frequency, amount, intensity and type of precipitation have changed 
(IPCC 2007). Past trends and projected trends guarantee that human-caused climate change will 
continue (Karl and Trenberth 2003). Anthropogenically induced frequency changes of the North 
Atlantic Oscillation and El Niño Southern Oscillation events alter traditional global climate and 
weather patterns (Stenseth et al. 2002).  These changes lead to changes in phenology of 
germination, flowering and fruiting for many plant species as well as changes in reproduction 
and predation for animal species, which are expected to have widespread ecological effects 
(Stenseth et al. 2002). Many of the ecological effects of climate change, however, remain 
unknown.  

Climate change affects ecological trends on the global scale, but its effects can also be 
seen at the level of specific organisms (Stenseth et al. 2002). These climate trends have been 
observed, in the tropics where over half of the world’s biodiversity lives, making ecological 
changes extremely probable (Pounds et al. 1999; Wright 2005). Marine species have been 
affected by rising ocean temperatures, and declines in bird, amphibian and reptile populations 
have been documented and correlated with decreasing mist frequencies (Hughes 2000). Mist 
frequencies have decreased in neotropical mountains since the mid-1970s and cloud formation 
heights have shifted upwards (Pounds et al. 1999). Many montane species will be especially 
vulnerable to these changes due to their specific elevational ranges (Karmalkar et al. 2008). In 
the tropics, a decrease from 5.2°C to 6.5°C can be seen with every 1000 m elevation gain 
(Colwell et al. 2008). This temperature variance creates microclimates that account for specific 
species ranges (Sekercioglu 2008). As temperatures increase, many plant and animal species may 
be pushed up the mountain slope to reach regions containing similar temperatures to the 
temperatures where this species lived before the climate changed (Buermann 2011). This could 
lead to the reduction of a species’ range and for high elevation species, potentially a complete 
loss of habitat. These upward range shifts are therefore very threatening for highland species, and 
could push them to extinction (Sekercioglu 2008).  
 Climate change can pose a serious threat to montane birds with specific altitudinal 
ranges, as variations in temperature and precipitation may impact the distribution and abundance 
of these avian communities (Gasner et al. 2010). These changes are especially important for 
montane hummingbirds because an upward shift could not only lead to extinction of species 
already found on mountain tops but also affect communities of other organisms that interact with 
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hummingbirds (Sekercioglu 2008). Hummingbirds are important pollinators for many plant 
species, and many plants have developed tubular flowers specifically for hummingbird 
pollination as a mechanism for eliminating other organisms as pollinators; in return, the 
hummingbirds are able to take the nectar from these plants (Deliso 2007). If hummingbirds shift 
their range, then these species will have to follow, thereby altering the range of entire 
ecosystems. Changes in elevation ranges are occurring already.  In Monteverde, Costa Rica’s 
well characterized community of highland hummingbirds, slight upward shifts of the Green-
crowned Brilliant’s altitudinal range were observed in from 1993 to 2001, potentially due to a 
change in the climate in Monteverde (Fogden 2000; Lynn 2001). Fogden (2000) reports the 
common range to include lower montane wet forest (1450 m -1600 m) and lower montane 
rainforest (1600 m – 1850 m), but the species was most commonly seen in the lower montane 
rainforest and less commonly seen in lower montane wet forest (Lynn 2001). The distribution of 
these montane hummingbird communities has not been documented for the past 10 years. 
Monitoring the changes in these communities will provide insight into how changing weather 
patterns are affecting the hummingbirds, and consequently, the surrounding ecosystem.  
 This study will determine the current altitudinal ranges of hummingbird communities in 
lower montane forest in Monteverde to see if the predicted upward shifts in elevation and 
distribution have already taken place in several, if not all, of the species observed by Lynn (2001) 
and if the Rufous-tailed Hummingbird and Canivet’s Emerald have become common in lower 
montane wet forest. Premontane avian communities in Monteverde have already shown an 
upward shift over the course of 19 years (Pounds et al. 1999). The results from this study allow 
me to determine whether climate change has forced hummingbird communities in lower montane 
to expand their ranges upslope or if the highest elevation has becoming unsuitable habitat in the 
past 10 years.  !
MATERIALS AND METHODS !
This study was conducted in Monteverde, Costa Rica at different elevations around the 
Monteverde Biological Station. Sites were chosen in the forest at 1490 m, 1500 m, 1550 m, 1600 
m, 1650 m, 1700 m, 1750 m, and 1800 m, matching the elevations used by Lynn (2001). These 
elevations include two Holdridge life zones: lower montane wet forest (1450 m-1600 m) and 
lower montane rainforest (1600 m-1850 m) (Haber 2000). An altimeter was used to find sites at 
the specified elevations on or near trails surrounding the Monteverde Biological Station. 
 One feeder was set up at each of the elevations and remained at each site for the duration 
of the study. Six additional feeders were set up at 1490 m and six additional feeders at 1500 m. 
They were hung approximately five feet off the ground. Each feeder was filled with a 20-percent 
sugar solution, prepared by combining water and sugar. The solution in each feeder was refilled 
as necessary. The number of feeders used and nectar concentration were chosen to match that 
used by Lynn (2001). After two hours of observation at 1490 m and 1500 m, the feeders were 
moved up to 1550 m and 1600 m. This rotation of the six additional feeders continued until all 
eight elevations were observed for two hours each, typically over the course of two days.  
 Data collection took place between October 29 and November 14, 2012. Observation did 
not take place on days with heavy rain and wind. Each site was observed for one hour at a time 
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typically between 8 and 10 AM. Two exceptions occurred: the 1490 m and 1500 m feeders were 
both observed for 30 minutes between 2 and 4 PM in addition to an hour and a half between 8 
and 10 AM on separate days for a total of three days of observation and the 1750 m and 1800 m 
feeders were both observed for one hour between 2 and 4 PM in addition to one hour between 8 
and 10 AM for a total of two days of observation. These exceptions were due to weather 
restrictions. The hummingbirds were identified to species, and the number of individuals of each 
species that visit the feeders at each elevation during the observation period was recorded. If one 
species of the same sex returned to the feeders multiple times during observation, it was recorded 
as one individual. In order to count multiple individuals of the same species, a bird of the 
opposite sex must visit the feeders or two or more of the same species must be seen at the same 
time.  !
RESULTS !
During observational periods Purple-throated Mountain Gems, Violet Sabrewings, Green-
crowned Brilliants, Green Hermits, Stripe-tailed Hummingbirds, and Coppery-headed Emeralds 
were recorded. No statistical difference was found between the mean elevations where each 
species was recorded of the six species in 2012 (Kruskal-Wallis, χ2= 8.50, df = 5, p = 0.13, Fig. 
1).  

The data from Lynn (2001) was used for the following analyses. For all species, 
excluding the Green-crowned Brilliant, there was no statistical difference between the mean 
elevation where each species was recorded in 2012 and 2001 (Table 1). In 2012, the Green-
crowned Brilliant had a significantly lower mean elevation than it did in 2001, shifting down 
approximately 70 m (Fig. 1). Violet Sabrewing’s mean elevation rose by approximately 22 m in 
2012, but this difference was not statistically significant. !

!

TABLE 1.Summary of statistics from Welch Two Sample t-test for difference between the 
elevations of each species recorded at hummingbird feeders in 2012 and 2001 in Monteverde, 
Costa Rica. MG: Purple-throated Mountain Gem, VSW: Violet Sabrewing, GB: Green-crowned 
brilliant, GH: Green Hermit, ST: Stripe-tailed Hummingbird and CHE: Coppery-headed 
Emerald.

Hummingbird Species

MG VSW GB GH ST CHE

t 0.25 0.56 -2.12 -1.39 -0.61 -0.63

df 21 15 19 18 5 1

p-value 0.80 0.59 0.047 0.18 0.57 0.62

!  160



  
For all species, with the exception of the Stripe-tailed Hummingbird, there was no 

statistical difference in the distribution of abundances along the elevation gradient between 2012 
and 2001 (Table 2). While most species were found at the same elevations and the abundance 
remained similar, the Stripe-tailed Hummingbird was found at all of the elevations in 2012 
compared to only two sites in 2001, increasing its range by 100 m upslope, despite no difference 
in mean elevation (Fig. 2). Additionally, while there was no statistical difference in mean 
elevation, the Violet Sabrewing and the Green Hermit were observed 50 m higher in 2012 than in 
2001 (Fig. 2).  !!!!!

FIGURE 1. Mean elevations where six montane hummingbird species were recorded at 
hummingbird feeders in 2012 and 2001 in Monteverde, Costa Rica. Hummingbird feeders were 
set up approximately every 50 meters in elevation from 1500 to 1800 meters above sea level. 
MG: Purple-throated Mountain Gem, VSW: Violet Sabrewing, GB: Green-crowned Brilliant, 
GH: Green Hermit, ST: Stripe-tailed Hummingbird and CHE: Coppery-headed Emerald. Error 
bars represent one standard error. The only statistical difference is seen between the mean 
elevations of the Green-crowned Brilliant in 2012 and 2001 (t = -2.12, df = 18.6, p-value = 
0.047).

!
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!

TABLE 2. Summary of statistics from Kolmogorov-Smirnov test for differences in distribution 
of abundance of each species recorded at hummingbird feeders in 2012 and 2001 in 
Monteverde, Costa Rica. MG: Purple-throated Mountain Gem, VSW: Violet Sabrewing, GB: 
Green-crowned Brilliant, GH: Green Hermit, ST: Stripe-tailed Hummingbird and CHE: 
Coppery-headed Emerald.

Hummingbird Species

MG VSW GB GH ST CHE

D 0.5 0.38 0.38 0.25 0.75 0.13

p-value 0.27 0.63 0.63 0.96 0.02 1.00
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!
Additional Observations !
Both the Rufous-tailed Hummingbird and Canivet’s Emerald were expected to colonize lower 
sites if species were moving up in elevation. Fogden (2000) reported the Rufous-tailed 
hummingbird as fairly common in lower elevations and as known to occur in lower montane wet 
forest (1450 m-1600 m). Canivet’s Emerald was classified as common in lower elevations and as 

FIGURE 2. Elevational distributions and abundance of highland hummingbirds were recorded 
at hummingbird feeders in 2001 and 2012 in Monteverde, Costa Rica. Hummingbird feeders 
were set up approximately every 50 meters in elevation from 1500 to 1800 meters above sea 
level. Abbreviations as in Fig. 1 (a) VSW, (b) ST, (c) GH, (d) CHE, (e) MG and (f) GB . The 
only statistical difference seen is in the distribution and abundance of the ST between 2001 and 
2012 (D = 0.75, p-value = 0.02).

!
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known to occur in lower montane wet forest (1450 m-1600 m). These classifications made them 
likely to be seen at the lower feeder sites, but they were never observed.  
 The Purple-throated Mountain Gem, the Green-crowned Brilliant and the Violet 
Sabrewing were observed to be aggressive throughout the observational period. 

Additionally, four species observed by Lynn (2001) were never sighted in 2012. Lynn 
(2001) observed three Green Violet-ears at 1490 m and one at 1550 m, one Scintillant 
Hummingbird at 1600 m, one Volcano Hummingbird at 1700 m and one Magenta-throated 
Woodstar at 1490 m. The Volcano Hummingbird has never been known to reside in the 
Monteverde regions, so this was likely misidentified (Garrigues and Dean 2007).  
  
DISCUSSION !

The results show that there is no difference in mean elevation between hummingbird 
species, meaning that none of the species currently specialize at a specific elevation. Fogden 
(2000) reported that the six species recorded during this study were common in lower montane 
wet forest (1450 m -1600 m) and lower montane rainforest (1600 m – 1850 m) twelve years ago 
in Monteverde. Lynn (2001) reported that the mean elevation of the Violet Sabrewing was lower 
than that of the Green-crowned Brilliant and the Purple-throated Mountain Gem. While the 
Violet Sabrewing’s rise in mean elevation is not significant, it is no longer lower than the Green-
crowned Brilliant or the Purple-throated Mountain Gem. Also, it is now more abundant at higher 
elevations. This slight rise in mean elevation may be due to the changing climate. However, the 
Violet Sabrewing is an elevational migrant whose elevations descend November to April, 
therefore the higher mean elevation in 2012 may be accounted for by seasonal differences, as 
data collection in 2001 took place in April (Lynn 2001; Garrigues and Dean 2007).   

Upward shifts in elevation for birds have already been observed, and a continuing upward 
shift is predicted (Pounds et al. 1999). While the climate in Monteverde has changed in the past 
11 years (A. Masters pers comm), no shift occurred in montane hummingbird ranges in 
Monteverde, excluding the Green-crowned Brilliant. One difference between this study and that 
of Lynn (2001) is the time of observation. In 2012, the data was collected in early November 
during the wet season, while in 2001 the data was collected in late April during the dry season 
(Lynn 2001). Hummingbirds depend on flowering plants for food, so with seasonality they must 
adjust their ecology and behavior by changing their foraging locations to that of currently 
flowering plants (Wolf 1970). This has the potential to change the optimal foraging altitude 
between spring and fall. Additionally, the Green-crowned Brilliant’s breeding season is from July 
to January, so depending on altitude of nest sites the mean altitude may change between seasons 
(Stiles et al. 1989). No statistical difference was found in abundance and distribution of the 
Green-crowned Brilliant despite the change in mean elevation; this change in mean elevation 
may be due to seasonality causing a slight difference in preferred habitat, or aggressive behavior 
seen by the Purple-throated Mountain Gem, Violet Sabrewing or Green-crowned Brilliant in the 
fall of 2012, which could keep the Green-crowned Brilliant at one site or push the Green-
crowned Brilliant to a different feeding site.  

Declines in highland avian communities due to increased temperature and decreased 
precipitation have been projected (Gasner et al. 2010). Despite these predictions, this has not yet 

!  164



occurred with highland hummingbirds in the Monteverde region. Statistically, the abundance and 
distribution of montane hummingbird species in Monteverde has remained the same over the 
past 11 years. The Stripe-tailed Hummingbird is the lone exception. The increase in distribution 
and abundance of the Stripe-tailed Hummingbird since 2001 may be climate induced. In 2012, 
the Stripe-tailed Hummingbird was seen at all observed elevations, while it was scarcely seen in 
2001. The additional 100 m upslope in the Stripe-tailed Hummingbird’s range in 2012 may be 
due to warming in temperature and decrease in precipitation which pushed the bird upslope. The 
decrease in abundance from lower to higher elevations seen is the expected trend in a species that 
is expanding its range and abundance from the lowlands. However, while the 2012 abundance 
and distribution differs from the 2001 distribution and abundance, the Stripe-tailed Hummingbird 
was previously reported as commonly found from 1450 m to 1850 m (Fogden 2000). The Stripe-
tailed Hummingbird is an elevational migrant with movement up to 500 m up or down from its 
standard range, therefore this difference may be accounted for by seasonal differences during the 
collection periods in 2012 and 2001(Garrigues and Dean 2007).  

Both the Violet Sabrewing and the Green Hermit were observed at 1800 m in 2012, but 
not in 2001. This 50 m increase, while not statistically significant may be the beginning of an 
upward shift. The change is not yet severe, but as climate change worsens this shift may become 
more pronounced.  

Additionally, several species reported in 2001 were not observed in 2012. The Green 
Violet-ear, the Scintillant Hummingbird, Volcano Hummingbird and Magenta-throated Woodstar 
were all observed in 2001, and absent in 2012. While the Green Violet-ear was never seen at the 
hummingbird feeders, it is still present in the Monteverde region and has been sighted at other 
locations around the Monteverde Biological Station. Its territorial nature may account for 
sightings around the Station, but not at nearby feeders (Stiles et al. 1989). In 2001, the Scintillant 
Hummingbird and the Magenta-throated Woodstar were only observed once each, so this small 
abundance in the region may account for lack of sightings in 2012.  

The results reported here do not necessarily mean that climate change is not affecting 
these highland hummingbird communities. This study only looked at elevation and abundance of 
each species, and assumes that changes will be due to local changes in climate. Factors such as 
adaptation to changes in temperature and precipitation were not accounted for, nor were other 
biotic factors such as interspecific competition which may force species to remain at their 
existing elevations. Climate change may also alter the birds’ phenology, such as breeding season 
which is dependent on flower availability and weather, which was not studied (Wolf 1975). 
Finally, climate change is becoming more severe, so changes in highland hummingbird 
communities may become more pronounced in coming years.  !!!!!!!
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