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Host choice via skototropism in Neotropical 
hemiepiphyte Monstera tenuis !
!
Skyler Jordan!!
Department of Biology, Denison University!!
!

Abstract	!
	 Monstera tenuis (Araceae) is a Neotropical hemiepiphytic vine that grows towards darkness as a 
seedling in order to find a host tree, a behavior called skototropism. M. tenuis seedlings can grow up to 2 m 
along the forest floor on seed reserves alone before finding a host. Ideal hosts for M. tenuis have buttresses 
and are larger than random trees, but it is unclear whether M. tenuis can choose those trees over other trees 
within its 2 m radius of potential growth. This study aims to discover whether the seedling is able to choose 
larger trees over nearby smaller trees or trees with buttresses over trees without buttresses. Four quadrats 
were set up around each host tree (n = 40), and the diameter at breast height of the host tree and any 
uncolonized trees (n = 126) in the quadrats around it was measured. Each tree was surveyed for the 
presence of buttresses. Mean DBH of M. tenuis host trees was 28.73 ± 2.77 cm, significantly larger than 
that of uncolonized trees, 17.78 ± 1.43 cm. The mean DBH of host trees was significantly larger than that of 
uncolonized trees in quadrats 1, 2, and 3 by more than 10 cm, and was larger than that of uncolonized trees 
in quadrat 4 by 8.73 cm, a statistical trend (p = .1114). However, M. tenuis did not always colonize the 
largest tree in the plot. Fourteen plots contained trees with buttresses, but six M. tenuis host trees in those 
plots lacked buttresses. These results support the conclusion that M. tenuis can choose larger trees as a 
seedling, but the effect of buttresses remains unclear, and chance might still play a role in host choice.	!

Resumen	
!

Monstera tenuis (Araceae) es una hemiepífita neotropical que crece hacia la oscuridad en su estado de 
plántula para encontrar un árbol hospedero, comoportamiento denominado escototropismo.  Las plántulas 
de M. tenuis pueden crecer hasta 2 m a lo largo del suelo del bosque con las reservas de las semillas por sí 
misma antes de encontrar un hospedero.  Los hospederos ideales de M. tenuis tienen gambas y son más 
grandes que árboles aleatorios, pero no es claro si M. tenuis puede escoger estos árboles dentro de su radio 
de 2 m de crecimiento potencial.  Este estudio busca descubrir si las plántulas son capaces de seleccionar 
árboles grandes en la vecindad de otros más pequeños o árboles con gambas contra aquellos sin gambas.  
Cuatro cuadrantes se ubicaron alrededor de cada árbol hospedero (n= 40), y el diametro a la altura del 
pecho de los árboles colonizados y los no colonizados (n= 126) en los mismos cuadrantes.  Para cada árbol 
se notó la presencia o ausencia de gambas.  El DAP promedio de los árboles hospederos de M. tenuis fue de 
28.73 ± 2.77 cm, significativamente más largos que los no colonizados trees, 17.78 ± 1.43 cm.  El DAP 
promedio fue significativamente más grande que árboles no colonizados en los cuadrantes 1, 2 y 3 por más 
de 10 cm, y fue más grande que los árboles en el cuadrante 4 por 8.73 cm, una tendencia estadística (p= 
1114).  Sin embargo, M. tenuis no siempre coloniza los árboles más grandes en las cuadrículas.  Catorce 
cuadrantes contienen árboles con gambas, pero seis hospederos de M. tenuis carecen de gambas.  Estos 
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resultados apoyan la conclusion de que M. tenuis pueden elegir árboles grandes como plántulas, pero el 
efecto de las gambas no es claro, y el azar puede también jugar un papel en la elección del hospedero. !!!!

Introduction	!
Habitat selection is an important part of the life of any organism, but plants have 

particular restraints on their ability to select a habitat due to their immobility. The success 
of plant is often determined by the habitat it colonizes through dispersal (Bazzaz, 1991).  
However, certain plants may be able to choose their habitat to some extent. For example, 
some climbing hemiepiphytes germinate in the ground but grow towards darkness as 
seedlings in search of a host tree, a behavior called skototropism (Ray, 1992). These 
hemiepiphytes use skototropism to acquire essential resources and find a suitable habitat 
for establishment (Ray, 1992). It is also the most effective means of leading a vine 
directly to a host tree. Other potential means include random growth, negative geotropism 
(growth away from gravitational pull), and positive phototropism (growing towards a 
light source) (Strong and Ray, 1975). 	

Monstera tenuis (Araceae) is a common Neotropical hemiepiphytic climbing vine 
with a distinctive leaf morphology (Figure 1). Seedlings of M. tenuis are skototropic, and 
can grow up to 2 m on seed reserves. The seedling will die if it does not find a suitable 
host before running out of reserves, so it must grow directly towards a host (Ray, 1983). 
Monstera tenuis host trees often share particular characteristics. Wider trees are more 
likely to harbor M. tenuis than random trees, as are trees with buttresses, because they 
cast larger shadows (Strong and Ray, 1975; King, 2011). Seedlings will also orient 
themselves towards larger trees at a greater distance than they will towards smaller trees 
(Strong and Ray, 1975). These studies suggest that M. tenuis can use skototropism to 
make a choice, but no study has directly observed the possibility of choice based on the 
characteristics of other trees within the colonizable area. 	

This study aims to determine whether M. tenuis can choose its host from among 
the trees within the colonizable area. If M. tenuis can choose, then the host tree will be, 
on average, the largest tree in a radius of 2 m, representing the maximum distance that M. 
tenuis could have grown to colonize that tree. If M. tenuis colonizes the largest tree in the 
colonizable area, it may be able to assess the entire area as a seedling before beginning 
growth. Also, host trees will be more likely to have buttresses than uncolonized trees in 
the same area. If the seedling can assess the entire growth area, it should always grow 
towards a tree with buttresses.	!!!!!
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� 	!
FIGURE 1: Adult (leftmost, with holes) and juvenile leaves of M. tenuis (image 

from Top Tropicals, 2012). The holes in the adult leaves are the most recognizable 
characteristic.	!

Materials and Methods	!
This study was performed in the pre-montane wet forest of Monteverde, Costa 

Rica, at 1800 m elevation and in a uniform habitat. M. tenuis individuals were identified 
visually. Four quadrats were set up around each host tree in order to more accurately 
survey the possible directions from which the M. tenuis individual could have come and 
the possible hosts that M. tenuis could have colonized. Each quadrat had a diagonal of 2 
m, representing the farthest distance a M. tenuis seedling could have come on its seed 
reserves (Figure 2) (Ray, 1983). Each tree in each quadrat was measured for 
circumference at breast height, which was used to calculate diameter at breast height 
(DBH). Trees were also checked for the presence or absence of buttresses, which I 
defined as any horizontal growth at the roots. 	!! !!

	!
	
	

	!!!!!!
FIGURE 2: Quadrat placement around host tree (designated by the green circle). 

Quadrats are not ordered around compass directions. 	
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!
Results	!
The statistical test used here was an ANOVA General Linear Model, which 

compares each host with each of its respective quadrats individually and provided a 
general comparison between all hosts and quadrats. There was a significant difference 
between the DBH of M. tenuis host trees and uncolonized trees (ANOVA General Linear 
Model; F = 256.32; df = 1, 125; p < .0001) (Figure 3). The average DBH of host trees 
was 10 cm larger than that of uncolonized trees.	!

� 	
FIGURE 3: Average diameter at breast height of Monstera tenuis host trees and 

uncolonized trees surveyed in the Monteverde pre-montane wet forest. Host trees for M. 
tenuis (n = 40) were significantly larger on average than uncolonized trees (n = 126) 
(ANOVA General Linear Model; F = 256.32; df = 1, 125; p < .0001). Error bars represent 
standard error.	!!

The average DBH of host trees was significantly different from uncolonized trees 
even when comparing to each quadrat separately (ANOVA General Linear Model; F = 
3.56567; p = .0087). Mean DBH of host trees significantly exceeded that of uncolonized 
trees in quadrats 1, 2, and 3 in post hoc tests (General Linear Model independent 
contrasts; p < .05). The difference in mean DBH between host trees and uncolonized trees 
in quadrat 4 was trending towards significance as well (General Linear Model 
independent contrasts; p = .1114) (Figure 4). Host trees were more than 10 cm larger in 
diameter on average than uncolonized trees in quadrats 1, 2, and 3. Compared to 
uncolonized trees in quadrat 4, host trees were nearly 9 cm larger in average diameter.	
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� 	!
FIGURE 4: Average diameter at breast height of Monstera tenuis host trees and 

uncolonized trees in four separate quadrats surveyed in the Monteverde pre-montane wet 
forest. Mean DBH of M. tenuis was larger than the mean DBH of uncolonized trees in all 
quadrants (ANOVA General Linear Model; F = 3.56567; p = .0087). Monstera tenuis host 
trees (n = 40) were significantly larger than trees in quadrat 1 (n = 63), quadrat 2 (n = 22), 
and quadrat 3 (n = 29) (General Linear Model independent contrasts; p < .05). The 
difference in DBH between host trees and uncolonized trees in quadrat 4 was trending 
towards significance (General Linear Model independent contrasts; p = .1114). Error bars 
represent standard error.	!

M. tenuis does not always colonize the largest tree in the plot (X2 = .2; df = 1; p 
= .655). Of the 40 plots surveyed, 22 contained trees that were larger than the host tree. 
Quadrat 1 contained a tree larger than the host tree 17 times out of 40 (X2 = .45; df = 1; p 
= .502), while quadrats 2, 3, and 4 only contained larger trees five, three, and two times 
out of forty (Q2: X2 = 11.25; df = 1; p = .00080, Q3: X2 = 14.45; df = 1; p = .00014, Q4: 
X2 = 16.2; df = 1; p = .000057). 	!

14 plots of the 40 surveyed had trees with buttresses within the quadrats. Of those 
fourteen M. tenuis individuals, eight had colonized a tree with buttresses. Six M. tenuis 
colonized trees without buttresses despite the presence of other trees within 2 m that did 
have buttresses. Due to small sample size, the buttress analysis was not done by quadrat. 	!

Discussion	
!
On average, M. tenuis host trees are larger than uncolonized trees that could have 

been colonized. The average DBH of trees colonized by M. tenuis is significantly larger 
than the average DBH of uncolonized trees within 2 m. The comparison of DBH between 
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host trees and uncolonized trees in quadrats 1, 2, and 3 supports this pattern. When 
divided among quadrats, this pattern holds, except for the difference between host trees 
and trees in quadrat 4, which was trending towards significance. These data support the 
conclusion of other studies that wider trees are more attractive hosts than narrower trees 
due to the size of their shadows (Strong and Ray, 1975; King, 2011). However, the data 
presented here show that M. tenuis colonizes trees that are larger on average than the 
other trees it could have colonized. This suggests that M. tenuis can make choices among 
potential host trees. The data also supports the conclusion that M. tenuis does not always 
colonize the largest tree, either in the entire plot or in any given quadrat.  	

Monstera tenuis does not always colonize trees with buttresses. This conflicts 
with data found in previous studies, in which M. tenuis host trees had buttresses more 
often than random trees (King, 2011). Other data suggest that the width of buttress roots 
should make trees with buttresses more attractive to skototropic seedlings than trees 
without buttresses (Strong and Ray, 1975). 	

These conclusions contradict other studies, which suggest that larger trees and 
trees with buttresses are more attractive to M. tenuis seedlings (Strong and Ray, 1975; 
King, 2011). A possible explanation for these contradictory trends is that M. tenuis may 
not be able to assess the entire 2 m-radius area before choosing a direction for growth. If 
this is true, its initial choice would be based on the shadows it can detect when it starts 
growing. Chance would determine whether the direction it chooses would include the 
largest tree in the area. As the seedling grows, it may detect a darker area, indicating a 
larger tree, and change direction if it has enough seed reserves. If it does not have enough 
reserves, it would have to keep growing towards the nearest tree. These potential 
limitations might explain why M. tenuis is found on larger trees, but not always the 
largest tree in the colonizable area. A future study might trace the growth of M. tenuis 
seedlings to their point of germination and measure the DBH of all trees within 2 m of 
that point to find out whether they are growing towards the nearest large tree. This could 
provide answers to the questions posed above and increase our understanding of host 
choice via skototropism in M. tenuis.	!
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!!
Fragment size and edge affect tree-falls in cloud 
forest fragments!
!
Erika Brandt!!
Department of Biology, Department of Environmental Studies, Oberlin 
College !!
ABSTRACT	!
Habitat fragmentation is one of the strongest anthropogenic forces acting on tropical forests. Fragmentation 
exposes forests to greater edge effects, such as wind-exposure, which can increase the density of tree-falls 
within fragments. In this study, I examine the effects of fragment area and edge perimeter on the density, 
distribution, and characteristics of tree-falls within fragments of tropical premontane cloud forest in 
Monteverde, Costa Rica. I found that tree-fall density decreased as fragment area increased and that percent 
of tree-falls within 10 m of fragment edge decreased as fragment area increased, and increased as fragment 
edge : area ratio increased. Percent small tree-falls increased and percent medium tree-falls decreased with 
increasing fragment area and edge perimeter. Relationships between tree-fall density and fragment area and 
between percent of tree-falls within 10 m of fragment edge and fragment area and edge : area ratio are 
consistent with expectations and other studies, but other findings are inconsistent.	!
RESUMEN	
!
La fragmentación de hábitat es una de las mayores fuerzas antropogénicas actuando en los bosques 
tropicales. La fragmentación expone los bosques a un mayor efecto de borde, así como exposición al 
viento, lo que puede aumentar la densidad de caídas de árboles entre fragmentos. En este estudio, examine 
el efecto de las áreas de los fragmentos y el perímetro del borde en la densidad, distribución y 
características de las caídas de árboles entre fragmentos en el bosque premontano tropical en el bosque 
nuboso en Monteverde, Costa Rica. Encontré que la densidad de árboles caídos decrese al aumentar el 
tamaño del fragmento y el porcentaje de caída de árboles dentro de los primeros 10 m del fragmento 
decrese a como el área del fragmento aumenta, y aumenta la proporción borde del fragmento : área. El 
porcentaje de árboles pequeños  aumenta y el porcentaje de árboles medianos disminuye con un aumento 
en el área del fragmento y el perímetro del borde. Las relaciones entre la densidad de caída de árboles y el 
área del fragmento y el porcentaje de caída de árboles en los primeros 10 m del fragmento y la proporción 
áread del fragmento: área son consistentes con las expectativas y otros estudios, pero otros descubrimientos 
son incosistentes.	!
INTRODUCTION	!
In the past few centuries, human impacts on Earth’s environments have reached a global 
scale (Crutzen, 2000). Land use change, such as deforestation for agricultural and urban 
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development, is a major anthropogenic force acting on the natural landscape. 
Deforestation often results in habitat fragmentation, or the transformation of large, 
continuous blocks of habitat into smaller, discontinuous fragments (Franklin et al., 2002). 
Fragmentation has many well-documented biotic and abiotic effects within and between 
habitat fragments, including biodiversity loss on genetic and species levels (Solé et al., 
2004), changes in interspecific interactions, and alteration of habitat structure and 
dynamics (Debinksi and Holt, 2000). Within-fragment effects tend to be greatest at 
fragment edges due to changes in wind, water, and sun exposure (Soulé and Orians, 
2001), with edges generally being windier, drier, and sunnier. These edge effects can 
greatly impact ecosystem dynamics of fragments (Harris, 1988). Studies have found that 
edge effects in tropical forests may be greater than in temperate forests (Fahrig, 2003). 
Considering the rapid deforestation and massive biodiversity loss in the tropics (Dirzo 
and Raven, 2003; Laurance and Peres, 2006), understanding the effects of fragmentation 
in tropical forests is essential to tropical ecology.	
	 Wind is a major force of disturbance in tropical forests (Panferov and Sogachev, 
2008). Tropical premontane cloud forests experience even greater wind exposure due to 
high elevation. Thus, wind might be expected have an especially strong impact on cloud 
forest fragment structure and dynamics. Wind-related edge effects on plants include 
desiccation due to increased transpiration (Taylor et al., 2001) and mechanical stress. 
Mechanical stress from wind is a major cause of tree-falls in high-elevation forests 
(Matelson et al., 1995). Tree-falls can change ecosystem dynamics in fragments by 
causing shifts in species composition, richness, and abundance (Laurance and Curran, 
2008). Such changes are especially pronounced near fragment edges due to increased 
wind exposure (Laurance et al., 1998), which cause more tree-falls. Existing tree-falls in 
fragment interiors may also allow greater wind penetration into the interior (Panferov and 
Sogachev, 2008), meaning new tree-falls may be more likely to occur near existing ones. 
This phenomenon may help explain the clumped distribution that tree-falls tend to have 
(Lawton and Putz, 1988; Lin et al., 2004).	
	 The primary objective of this study is to examine the effects of forest fragment area 
and edge perimeter on the density and distribution of tree-falls within fragments of 
tropical premontane cloud forest. I expected that density of tree-falls, percent of tree-falls 
near fragment edge, and nearness of tree-falls to other tree-falls (clumping) would 
increase with fragment edge perimeter and edge : area ratio, and decrease with fragment 
area. I also investigate the effects of fragment area and edge perimeter on the size and age 
of tree-falls and the percentage of tree-falls that create canopy gaps, with the expectation 
that fragments with smaller area, greater edge, and greater edge : area ratio would have 
more large and more recent tree-falls and increased incidence of tree-falls that create 
canopy gaps.	!
METHODS	!
Study Sites	!
I conducted this study in nine fragments of premontane moist cloud forest in the 
Monteverde-Santa Elena area of northwestern Costa Rica. Fragments were located by 
examining aerial imagery (Fig. 1) and talking to local landowners. Some fragments had 
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changed since aerial images were taken, so fragment shape was ground-truthed during 
field data collection. All fragments have limited connectivity (corridor width < 75 m) to 
other forested areas. Fragment sizes range from 1.37 to 7.43 ha and elevations range from 
1245 to 1473 m. Elevation for each fragment was calculated in Google Earth (version 
6.0.3.2197) by averaging the elevations at the ends of each transect and where transects 
intersect. All fragments are relatively flat, with elevational differences of less than 10 m 
throughout. Fragments are mostly primary forest with some (< 30% in any one fragment) 
secondary forest recovering from clearcutting in the past 50 years. Evidence of selective 
logging, such as sawed-off stumps, is present in most fragments (Fig. 1). 	!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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  B)
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FIGURE 1. A) Satellite image of the Monteverde-Santa Elena area from Google Earth (version 
6.0.3.2197). Imagery date: 3/28/2002. Forest fragments sampled are outlined in white and marked 
by blue boxes. Intersecting transects are marked in white within each fragment. Fragments A, B, D, 
E, F, and I show evidence of selective logging. B) Aerial image of the Monteverde area from the 
Monteverde Institute. Imagery date: 2005. Approximate locations of fragments are marked by blue 
boxes. 	!

Data Collection	 	!
Sampling occurred between April 17 and May 3, 2012. For each fragment, two 
perpendicularly intersecting transects that give a good representation of the shape and 
area of each fragment were generated using Google Earth. Transects were uploaded to a 
Garmin GPSmap 60CSx handheld GPS unit. I used GPSBabel (version 1.4.3) to convert 
transect files from .kml to .gdb format and Garmin RoadTrip (version 2.0.2) to upload 
transects as routes into the GPS. I sampled within a 10 m area on either side of each 
transect, recording locations of tree-falls in the GPS as waypoints. I also recorded general 
information about the age and size of each tree-fall and whether it created a canopy gap. 
If a tree-fall had a DBH < 16 cm, it was classified as “small”.  “Large” tree-falls had 
DBH < 46 cm, and “medium” tree-falls had DBH in between the other categories. Tree-
falls with minimal decomposition, determined qualitatively by examining wood, were 
classified as “new”. “Old” tree-falls were mostly decomposed, and “mid-age” tree-falls 
were somewhat decomposed. 	
	 Forest fragments were outlined in Google Earth and fragment area and edge 
perimeter were calculated using Earth Point Polygon Calculator (accessed May 2012, 
available at: http://www.earthpoint.us/Shapes.aspx). I uploaded GPS waypoints marking 
tree-falls into Google Earth and measured distance from nearest neighboring tree-fall and 
distance from edge for each tree-fall using the Ruler tool in Google Earth. Distance from 
nearest tree-fall was averaged within each fragment. I calculated percent of tree-falls 
within 10 m of fragment edge for each fragment. I chose 10 m as the edge zone based on 
findings by Laurance et al. (1998) that edge effects are strongest within 60 m of fragment 
edges, which I shortened to 10 m due to the small size of the fragments examined in this 
study. Percentages of tree-falls in each age and size category, and tree-falls that created 
canopy gaps were also calculated for each fragment. Data management and manipulation 
was done in iWork Numbers (version 2.0.5) and Excel 2007.	!
Data Analysis	!
The independent variables analyzed were fragment area (ha), edge perimeter (m), and 
edge : area ratio (m/ha). The dependent variables were tree-fall density (number of tree-
falls/ha), average tree-fall distance from nearest neighbor tree-fall (m), percent of tree-
falls within 10 m of edge, percent small tree-falls, percent medium tree-falls, percent 
large tree-falls, percent new tree-falls, percent mid-aged tree-falls, percent old tree-falls, 
and percent canopy gap tree-falls (Table 1). I plotted each independent variable against 
each dependent variable to confirm linearity. I then performed single linear regressions 
for each pairing of independent and dependent variables using R Commander (version 
1.6-3) (R Development Core Team, 2005). A control regression was also conducted 
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between fragment area and fragment edge perimeter for use in interpreting results of 
other regressions.	!

TABLE 1. Independent and dependent variables. Single linear regressions were performed 
between each dependent variable and each independent variable for a total of 30 regressions.	!

!
 
RESULTS	!
Control Regression	!
Fragment edge perimeter was significantly positively correlated with fragment area (F(1, 

7) = 25.39, r-squared = 0.753, p = 0.002).	

!
Tree-fall Density, Average Tree-fall Distance From Nearest Neighbor, and Average 
Tree-fall Distance From Edge	!
There was a negative trend between fragment area and tree-fall density (F(1, 7) = 3.642, 

r- squared = 0.2483, p = 0.1) (Fig. 2). Neither fragment edge perimeter nor fragment edge 
perimeter to area ratio explained tree-falls density with any statistical significance. 
Likewise, average tree-fall distance from nearest neighbor tree-fall did not correlate 
significantly with any independent variable.	!

Independent Variables Dependent Variables

Fragment area (ha) Tree-fall density (number of tree-falls/ha)

Fragment edge perimeter (m) Average tree-fall distance from nearest neighbor tree-fall (m)

Fragment edge: area ratio (m/
ha)

Percent of tree-falls within 10 m of fragment edge 

Percent small tree-falls

Percent medium tree-falls

Percent large tree-falls

Percent new tree-falls

Percent mid-aged tree-falls

Percent old tree-falls

Percent canopy gap tree-falls
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FIGURE 2. Tree-fall density on fragment area (ha) in nine tropical cloud 
forest fragments. Line equation is y = -1.9248x + 19.708. R-squared = 0.2483. 
Correlation is not statistically significant (p = 0.1). 	!

	 I found a negative relationship between percent of tree-falls within 10 m of 
fragment edge and fragment area, but it was not statistically significant (F(1, 7) = 2.815, 

r-squared = 0.1849, p = 0.1373) (Fig. 3). There was a positive but nonsignificant 
relationship between percent of tree-falls within 10 m of fragment edge and edge : area 
ratio (F(1, 7) = 2.826, r-squared = 0.1858, p = 0.1366) (Fig. 4). There was also a negative 

but nonsignificant relationship between percent of tree-falls within 10 m of fragment edge 
and fragment edge perimeter (F(1, 7) = 2.278, r-squared = 0.1378, p = 0.1750). There 

were no significant relationships between average tree-fall distance from nearest neighbor 
and fragment area, edge perimeter, or edge : area ratio. 	!
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FIGURE 3. Percent of tree-falls within 10 m of fragment edge on fragment area 
in nine tropical cloud forest fragments. Line equation is y = -1.9013x + 
16.0142. R-squared = 0.1849. Correlation is not statistically significant (p = 
0.1373).  	

	
FIGURE 4. Average tree-fall distance from edge on fragment edge : area ratio in 
nine tropical cloud forest fragments. Line equation is y = 0.0506x – 5.8166. R-
squared = 0.1858. Correlation is not statistically significant (p = 0.1366).	
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!
Independent Variables vs. Age and Size Category and Canopy Gap Percentages	!
I found a significant positive correlation between percent small tree-falls and fragment 
edge perimeter (F(1, 7) = 5.685, r-squared = 0.3693, p < 0.05) (Fig. 5). The relationships 

between independent variables and percentages of tree-falls in other size categories 
showed distinct trends but were not statistically significant. Percent small tree-falls 
correlated positively with fragment area (F(1, 7) = 5.117, r-squared = 0.3398, p = 0.06). 

Percent medium tree-falls correlated negatively with fragment area (F(1, 7) = 4.764, r-

squared = 0.3199, p = 0.07) and edge perimeter (F(1, 7) = 4.424,  r-squared = 0.2997, p = 

0.07) (Fig. 5). There was no significant correlation between any of the size category 
percentages and edge : area ratio. There was also no significant relationship between 
percent large tree-falls and fragment area or edge perimeter.	

	

FIGURE 5. A) Regression of percent small tree-falls on fragment area in nine tropical 
cloud forest fragments. Line equation is y = 0.0176x + 0.1653. R-squared = 0.3398. 
Correlation is not statistically significant (p = 0.06). B) Regression of percent small tree-
falls on fragment edge perimeter. Line equation is y = 0.0001x + 0.1266. R-squared = 
0.3693. Correlation is statistically significant (p < 0.05). C) Regression of percent medium 
tree-falls on fragment area. Line equation is y = -2.9057x + 61.266. R-squared = 0.3199. 
Correlation is not statistically significant (p = 0.07). D) Regression of percent medium tree-
falls on fragment edge perimeter. Line equation is y = -0.0171x + 66.837. R-squared = 
0.2997. Correlation is not statistically significant (p = 0.07).	
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!
	 There were no statistically or biologically significant correlations between any 
independent variables and percentage of tree-falls in any age category, nor between any 
independent variables and percentage of tree-falls that created canopy gaps.	
	 	
DISCUSSION	
!
Independent Variables vs. Tree-fall Density, Average Tree-fall Distance From 
Nearest Neighbor and Average Tree-fall Distance From Edge	!
Although the negative relationship between tree-fall density and fragment area was not 
statistically significant, the observed trend is consistent with expectations. Smaller 
fragments have greater tree-fall density supporting the idea that the strength of edge 
effects like wind exposure increases as fragment size decreases, increasing tree-fall 
density in smaller fragments. More tree-falls per hectare in small fragments may help 
explain biotic differences between fragments of different sizes (Edenius and Sjöberg, 
1997; Mitchell et al., 2002; Guirado et al., 2006).	
	 The negative relationship between percent of tree-falls within 10 m of fragment 
edge and fragment area may not be statistically significant, but the trend is consistent 
with the hypothesis that stronger edge effects in smaller fragments cause clumped tree-
falls near edges. Similarly, the positive, if nonsignificant, relationship between percent of 
tree-falls within 10 m of fragment edges and fragment edge : area ratio is consistent with 
the expectation that fragments with greater edge : area ratios would have more tree-falls 
near edges due to stronger edge effects. I think it is likely that the positive relationship 
between percent of tree-falls within 10 m of fragment edge and fragment edge perimeter 
simply reflects the trend seen with percent of tree-falls within 10 m of fragment edge and 
fragment area, as fragment edge perimeter is strongly positively correlated with fragment 
area. 	
	 The lack of significant correlations between average tree-fall distance from nearest 
neighbor and the independent variables is not consistent other studies that found that tree-
falls tend to be clumped (Lawton and Putz, 1988; Lin et al., 2004). This may be due to 
the fairly narrow range of fragment sizes and shapes examined in this study. Perhaps if 
tree-fall distributions in the studied fragments were compared to tree-fall distributions of 
larger (50 or 100 ha) fragments or less regularly-shaped fragments (greater variation in 
fragment edge : area ratio), a significant trend would become apparent.	!
Independent Variables vs. Age and Size Category and Canopy Gap Percentages	!
The positive relationship between percent small tree-falls and fragment area and the 
negative relationship between percent medium tree-falls and fragment area are consistent 
with expectations. The positive correlation between percent small tree-falls and edge 
perimeter and the negative relationship between percent medium tree-fall and edge 
perimeter are inconsistent, but may reflect the strong positive correlation between 
fragment area and edge perimeter rather than wind-related edge effects. The lack of 
significant correlations between percent large tree-falls and the independent variables and 
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between percent canopy gap tree-falls and the independent variables do not support 
predictions that fragments with greater edge : area ratios would have a higher percentage 
of large tree-falls and of tree-falls that cause canopy gaps. This may be due to differences 
in forest structure and composition based on fragment size. That is to say, it is possible 
that small fragments do not have higher percent large tree-falls and canopy gap tree-falls 
as expected, because they may have fewer large canopy trees. 	!
Future Studies	!
I recommend that future studies re-examine this research question by analyzing a greater 
range of fragment sizes, since the fragments in this study were all under 10 ha. The small 
fragment size range may explain the high number of nonsignificant results in this study, 
as differences in wind-related edge effects between fragments may be too slight to 
produce statistically significant results. Differences in tree-fall density and distribution 
between fragments may become more pronounced if a greater range of fragment sizes 
were examined, perhaps between 1 and 100 ha. 	!
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!
ABSTRACT	
!
Climate change is altering the frequency of dry season mist in tropical montane cloud forests such as 
Monteverde, Costa Rica, and is expected to produce more consecutive dry days. It is expected that 
epiphytes such as orchids will be particularly prone to these drying effects. Orchid growth was higher on 
mossier sides of trees by an average of 4.1 orchids, suggesting epiphytic orchids prefer wetter conditions. 
Additionally, mist frequency was manipulated in terraria to determine effects on the fitness of Stelis sp. 
(Orchidaceae). Mist frequency was found to impact the fitness of Stelis sp., reflected in weight changes, 
changes in number of leaves and number of inflorescences, and changes in leaf width. These findings 
suggest that orchid fitness will suffer under new mist conditions and could be used as an indicator of 
climate change. 	!
RESUMEN	
!
El cambio climático está alterando la frecuencia de la neblina durante la época seca en el bosque nuboso 
montano tropical como en Monteverde, Costa Rica, y es de esperar que se produzcan más días secos 
consecutivamente.  Es de esperar que las epífitas como las orquídeas se vean afectadas por estos efectos de 
sequedad.  El crecimiento de las orquídeas fue mayor en sitios con musgo en los árboles en un promedio de 
4.1 orquídeas, sugiriendo que las orquídeas epifítas prefieren condiciones más húmedas.  Adicionalmente, 
la frecuencia de la neblina fue manipulada en terrarios para determinar los efectos en el exito de Stelis sp. 
(Orchidaceae).  La frecuencia de neblina  se encontró que tenga un impacto en el fitness de Stelis sp. 
reflejando cambios en el peso, cambios en el número de hojas y número de inflorescencias y cambios en el 
diámetro de las hojas.  Estos resultados sugieren que el fitness de las orquídeas puede sufrir bajo nuevas 
condiciones de neblina y pueden ser utilizadas como indicador de cambio climático.	!!
INTRODUCTION	
!
Climate change impacts biological systems (Parmesan and Yohe, 2003). In tropical 
montane cloud forests moisture from orographic clouds and mist is declining (Still et al., 
1999). Since the 1970s, warming sea surface temperatures in the equatorial Pacific have 
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caused an increase in the average altitude of the montane cloud base in tropical montane 
cloud forests such as Monteverde, Costa Rica (Pounds et al., 1999). This effect has 
altered the frequency of dry season mist, increasing the number of consecutive dry days. 
For a tropical montane cloud forest dependent on dry season mist, this change has large 
impacts on the ecosystem (Still et al., 1999), particularly epiphytic plants such as orchids 
(Hammel et al., 2003, Zotz and Bader, 2009).	

Previous studies show that orchids respond to moisture, including mist. For 
example, orchids prefer hosts with greater water holding capacity (Callaway et al., 2002). 
Since moss stores water and moss growth is related to frequency of drying (Busby et al., 
1978), orchids that look for wetter substrates, like moss, could also be impacted 
indirectly. In addition, some orchids may respond directly to mist frequency, since added 
moisture increased the amount of water incorporated into the psuedobulbs of 
Scaphyglottis acostaei, a cloud forest orchid (Lara, 2001). The test of mist on orchid 
fitness, using historic and current mist frequencies, has yet to be done.  

My study examines the effect of varying frequencies of mist on orchid species in 
both the laboratory and field. In the field, I studied moss cover in relation to orchid 
growth. Moss cover is an indication of moist conditions (Busby et al., 1978), therefore it 
is expected that more orchids will grow on areas of trees that have more moss. In the lab, 
I studied individuals of Stelis sp. (Orchidaceae) to determine their response to declining 
mist frequency, to predict how climate change will affect these and other orchids.  !!
METHODS	!
Study Site and Species	!
Laboratory experiments were conducted at La Estacíon Biológica de Monteverde, Costa 
Rica. Monteverde is located on the Pacific slope just west of the continental divide on the 
Cordillera de Tilarán. This area receives on average 2.5 meters of rain per year and 0.675 
meters of mist per year, the latter mostly during the dry season, which is from December 
to April (Nadkarni and Wheelwright, 2000). I conducted my study in April of 2012, the 
driest month of the year in Monteverde. My field sites varied between primary lower 
montane rain forest up to 1800 m, and forest edges and open fields in former lower 
montane wet forest, with an elevation of 1550 m (Nadkarni and Wheelwright, 2000). 	
	 Stelis sp. was the orchid chosen for the laboratory experiment primarily because it 
lacks pseudobulbs and does not have terribly succulent leaves (Hammel et al., 2003), thus 
meaning that it may respond to moisture more quickly. The genus Stelis is composed of 
individuals that grow erect in small clumped formations and have elliptical leaves; there 
are 53 species in Costa Rica (Hammel et al., 2003). 	!
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Figure 1.  An individual of Stelis sp. being measured for leaf width at La Estación Biológica de 
Monteverde. These leaves were measured to determine if there were noticeable changes in leaf width as a 
result of misting frequency and incorporation of water into biomass. 	!
Experiment 1: Coexistence of Moss and Epiphytic Orchids	!
I chose trees with a height between 5 m and 15 m (n = 40), observing the coexistence of 
moss and orchid growth. I discounted the largest canopy trees because moss cover and 
orchid growth occurred near the very top. The mossiest side of the tree was observed first, 
noting the approximate percent moss cover on the tree at breast height, and then the 
number of orchids that occurred. Next I observed the least mossy side of tree, which was 
often directly opposite, again noting approximate percent moss cover and the number of 
epiphytic orchids in a similar area. All orchids were counted but were not identified.  	!
Experiment 2: Mist Frequency on Stelis sp. in Terreria 	!
I collected specimens of Stelis sp. (n = 60) from forest surrounding La Estación Biológica 
de Monteverde. Once all sixty individuals were collected, I numbered and divided the 
individuals into four groups of fifteen, corresponding to four treatments. One Homedics 
and two Repti-Fogger ultrasonic mist generators that were capable of creating cool vapor 
were used for misting the treatments. This experiment was run for twenty days, during 
which the individuals from Everyday (Continuous) received mist from every day 
(generator capacity of twelve hours), the individuals from Alternating (Historical) 
received mist every other day (generator capacity of six hours), and those from Every 
Five (Current) were misted for five days straight (generator capacity of six hours) and 
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then were subjected to five day dry periods. No Mist (Dry) received no mist during these 
twenty days.	

At the start, the bottom of each terrerium was lined with wire mesh that was 
propped up a few inches to separate Stelis sp. from condensing mist that collected at the 
bottom. Each terrerium was also topped with cardboard to trap mist inside. Tubes from 
the misting machines were then threaded through a hole in the cardboard. I assessed 
Stelis sp. individual fitness thirteen days out of the twenty days that the experiment was 
run. This consisted of weighing each individual, counting number of leaves and 
inflorescences, and measuring leaf width to the nearest one-hundredth of a millimeter. 
The latter was calculated by taking a leaf of intermediate size, marking it, and measuring 
its widest part. If the individual had an even number of leaves, the leaf on the smaller side 
of the range was chosen. And if the individual experienced leaf loss, a new intermediate 
leaf was chosen. 	!

� 	
Figure 2.  The set up of the four misting treatments at the La Estación Biológica de Monteverde. Each 
treatment was subjected to different frequencies of mist; everyday, alternating days, every five days, and no 
mist. Each terrerium had fifteen individuals of Stelis sp., and was positioned in a room with large windows 
to allow for some exposure to sunlight. 	!!
RESULTS	!
Experiment 1: Coexistence of Moss and Orchidaceous Epiphytes	!
The presence of epiphytic orchids was strongly correlated with moss cover (Paired t-test, 
t = -6.1175, df = 38, p-value = 3.928e-07). Only 1 tree out of 40 (2.5%) featured more 
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orchids on the less mossy side of the tree, and 2 trees out of 40 (5%) had the same 
number of orchids on both the mossy and less mossy sides. Therefore more orchids were 
found on the mossier side of the trees in 37 out of 40 (92.5%) of the cases (Figure 3). 	!

| � 	
Figure 3.  Coexistence of moss and orchid growth was observed at field sites in lower montane rain 
forest and former lower montane wet forest between 1550 m and 1800 m. Moss cover was approximated to 
determine which tree side was mossier. More orchids grew on the more mossy side than the less mossy side 
in 92.5% of the cases. A total of 40 trees were observed. 	!

The mean number of orchids on the less mossy side of the tree was 1.725 ± 0.318, 
and the mean number of orchids on the more mossy side was 5.825 ± 0.626 (Figure 4). 
The mossy side of the trees had on average 4.1 ± 0.308 more orchids than less mossy 
sides.  !
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Figure 4.  Coexistence of moss and orchid growth was observed in Monteverde at field sites in lower 
montane rain forest and former lower montane wet forest between 1550 m and 1800 m. Moss cover was 
determined by approximation. The mossier side of the trees on average had 4.1 more orchids than the less 
mossy side. Means are based on 40 observed trees. Error bars are one standard error.   !!
Experiment 2: Mist Frequency on Stelis sp. in Terreria 	!
Stelis sp. in each of the four terrerium mist treatments (Continuous, Historic, Current, and 
Dry) was assessed for fitness for four variables: wet weight, number of leaves, number of 
inflorescences, and average leaf width. 	!
Wet Weight	
	 Overall, mean Stelis sp. wet weight was found to differ significantly by day and 
treatment (General Linear Model (GLM), df = 36, F = 18.94, p <.0001). None of the 
mean weights had a significant difference on the first day. By Day 5 the most significant 
weight difference was between Continuous and Dry. (GLM, p  <  0.05). On the last day 
of misting, Day 19, there was a significant difference between Historical and Current 
(GLM, p = 0.0051). Every other treatment had a significant difference when compared to 
Dry, except for Current. 	
	 When comparing the mean weight per treatment over the course of the nineteen 
days (Figure 5), Continuous maintained higher weight than any of the other treatments, 
and Dry was consistently lower than the others and steadily decreased. Historical 
experienced an increase in weight between Days 5 and 9, which was maintained until 
Day 19, and Current fluctuated throughout. 	!
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Figure 5.  Mean Stelis sp. weight was observed as a measure of fitness at La Estación Biológica de 
Monteverde. Misting experiments were conducted for twenty days, and shown here is the data for all four 
misting treatments on five different days throughout duration of the experiment. Mean wet weight varied 
significantly by day and by treatment. Error bars are one standard error. 	!
Number of Leaves	
	 Number of leaves for Stelis sp. individuals was found to vary significantly overall 
by day and treatment (GLM, df = 36, F = 1.60, p = 0.0156). Yet this significance was not 
detected specifically on any of the five days measured.  	
	 Mean number of leaves per treatment during the nineteen days revealed that 
Historical maintained the highest mean number of leaves, and that number stayed nearly 
constant throughout the experiment. Leaf number declined the fastest for Continuous and 
Dry, but all four treatments experienced some level of leaf loss by the end (Figure 6). 	!
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Figure 6.  Mean number of Stelis sp. leaves was observed at La Estación Biológica de Monteverde as a 
measure of orchid fitness. Misting experiments were conducted for twenty days, and shown here is the data 
for all four misting treatments on five different days throughout duration of the experiment. Mean leaf 
number was found to be statistically significant overall, but not on the chosen days. Error bars are one 
standard error. Either the plus or minus value was included to avoid large visual overlap. 	!
Number of Inflorescences	
	 Similar to mean leaf number, the mean number of inflorescences was also found 
to differ significantly by day and treatment overall (GLM, df = 36, F = 1.99, p = 0.0006). 
However, there was no significance detected on any of the days measured, indicating that 
the trend is not very strong. Historical maintained the steadiest mean number of 
inflorescences and actually saw a net gain in mean number of inflorescences, whereas 
Continuous and Current decreased in mean inflorescence number (Figure 7). 	
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Figure 7. Mean number of Stelis sp. inflorescences was observed at La Estación Biológica de 
Monteverde as a measure of fitness. Misting experiments were conducted for twenty days, and shown here 
is the data for all four misting treatments on five different days throughout duration of the experiment. 
Differences between days and all four treatments had an overall significance, but for each of the five days 
measured there was no significance. Error bars are one standard error, either plus or minus to avoid large 
visual overlap. 	!
Average Leaf Width	
	 Average leaf width among individuals did vary significantly by day and treatment 
(ANCOVA, df = 3, F = 2.91, p = 0.034). While there was hardly any variation in mean 
leaf width between Continuous, Historical, and Current, leaf width was a factor that 
became especially noticeable with Dry, where mean leaf width was consistently the 
lowest due to severe leaf shriveling (Figure 8). 	!
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Figure 8.  Mean leaf width of Stelis sp. was observed at La Estación Biológica de Monteverde as a 
measure of orchid fitness. Misting experiments were conducted for twenty days, and shown here is the data 
for all four misting treatments on five different days throughout duration of the experiment. Leaf width was 
found to produce significant differences between days and misting treatments. Best-fit lines show the 
difference between the first three treatments and the dry treatment.	!!
DISCUSSION	!
Results from the field experiment confirm that more epiphytes grow where there is more 
moss growth. Mosses and epiphytes have similar moisture and growth requirements but 
is unknown whether or not mosses promote orchid growth by helping to retain water on 
the tree bark, or if the two are responding directly to water availability.	

Mean wet weight of Stelis sp. was one of the studied variables with a 
significant difference between all four misting treatments, as it responded directly to 
frequency and amount of mist exposure. This is primarily due to increases in pure water 
weight, although there were small amount of water incorporated as biomass. However, 
the raw wet weight data does not relate to a direct increase in Stelis sp. fitness. Mean 
number of inflorescences was found to be significant overall for each treatment, but there 
was no difference between any of the five days. The output of inflorescences is thought to 
be a good measure of fitness, since this parameter is directly related to the ability to 
survive and reproduce. Similarly, leaf number also significantly responded to varying 
frequencies of mist on a per treatment basis, but not between the five specific days. 
Lower water availability during the dry season has been shown to negatively impact leaf 
longevity and production (Mulkey et al., 1996), indicating that leaf number can also be a 
used as a measure of fitness. Leaf width responded significantly to the treatments and on 
a per day basis. This was particularly evident in the absence of mist, where leaves 
shriveled. Epiphytic orchids in general rely on direct leaf absorption of mist (Zheng Y, 
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2006), therefore leaf width may reflect fitness.	
Considering all of the variables that can indicate orchid fitness, individuals on 

average fared better under conditions that resembled the Historical treatment, that is, 
Alternating days of mist. With this treatment regimen, specimens maintained a higher 
weight, a constant number of leaves, and the most constant number of inflorescences 
compared to individuals in other treatment groups. Even though the average Stelis sp. 
specimen in Continuous maintained a higher weight, they suffered a higher rate of leaf 
and inflorescence loss suggesting their fitness was compromised in other ways, most 
likely due to an excess of water. The Current group started out with the highest mean 
number of inflorescences, and by Day 19 it had the second lowest, suggesting that even 
short periods of drought are not well tolerated. As might be expected, the Dry treatment, 
with no mist at all, had a constantly decreasing mean weight and leaf width, and suffered 
leaf loss and inflorescence loss.	

It cannot be ignored that individuals in all of the treatment groups seemed to 
suffer to some degree. This is mostly likely due to lack of nutrients. Monteverde’s 
proximity to both the Atlantic and Pacific Oceans produces mist that is rich in nutrients 
(Masters et al., 2005), a factor that could not be replicated using the mist generators. 
Additionally it is possible that specimens suffered from transplant shock and lack of a 
familiar substrate.	

These results suggest that frequency of mist impacts fitness, and that both 
excesses and deficits of water may be deleterious to orchid health. Rather, conditions that 
produce regular, but not excessive, amounts of mist are favorable for orchid fitness. These 
findings are especially relevant in light of the drying effect of climate change, and suggest 
that the fitness of epiphytic orchids could be used as an indicator of climate change.	!
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!
ABSTRACT 

!
This study investigated forest edge effects on the fitness of the heliophilic plant Clusia multiflora in the 
Montverde Biological Station cloud forest in Costa Rica. The aim was to look at how epiphyll cover and  
herbivory differed along a gradient extending from the road to about a meter into the shaded forest edge. 
This study is the first to look at epiphyll cover specifically on C. multiflora, and to compare C. multiflora’s 
herbivory in open habitat to herbivory in shaded habitat, while considering leaf ages as an important factor 
correlated with herbivory and epiphyll cover. The percent cover of epiphyll and herbivory on 300 leaves (3 
leaves from each of the 100 trees, 50 from sunny, and 50 from shaded habitat) was measured with a 
transparent grid with .5 by .5 cm squares. Epiphyll cover was more abundant on older leaves (44% more 
than young leaves) and in shaded habitat (10%  higher). Herbivory did not significantly differ among 
habitats but was 4% higher on younger leaves than in old leaves. Herbivory did not significantly decrease 
with increased epiphyll cover. The study suggests that the forest edge effect does not decrease C. 
multiflora’s fitness to withstand herbivory. Decreased epiphyll cover in the open habitat possibly benefits 
C. multiflora’s leaf health by letting in more sun radiation for photosynthesis.  

!
!
Resumen  
!
Este estudio investiga el efecto del borde de bosque en el exito reproductivo de la planta heliófita Clusia 
multiflora en la estación biológica de Monteverde en el bosque nuboso de Costa Rica.  El objetivo de este 
estudio fue observar la herbivoría y cobertura por epífilos a lo largo de un gradiente que se extiende a lo 
largo del camino y a un metro del borde del bosque. Este estudio es el primero en observar la cobertura por 
epífilos en C. multiflora y en comparar la herbivoría en C. multiflora en habitat abierto y sombreado, 
considerando la edad de la hoja como un factor importante correlacionado con la herbivoría y la cobertura 
por epífilos.  El porcentaje de cobertura por epífilos y herbivoría en 300 hojas (3 hojas de cada uno de los 

�32



100 árboles, 50 expuestos al sol y 50 de hábitats sombreados) se midieron con una cuadrícula transparente 
con cuadros de .5 x .5 cm.  La cobertura de epífilos fue más abundante en hojas Viejas (44% más que hojas 
jovenes) y en los hábitats sombreados (10% mayor).  La herbivoría no difiere significativamente entre 
hábitats pero fue un 4% mayor en hojas jovenes que en las hojas Viejas.  La herbivoría no decrese 
significativamente a como aumenta la cobertura por epífilos.  El estudio demuestra que el efecto del borde 
de bosque no disminuye el exito reproductivo de C. multiflora debido a la herbivoría.  La disminución en la 
cobertura de epífilos en los hábitats abiertos benefician posiblemente la salud de C. multiflora al dejar más 
espacio para la radiación solar y la fotosíntesis. 

!
!
INTRO 

!
Forest edge effect is a phenomenon that occurs when continuous forest is fragmented, 
bordering an open habitat. The forest edge is influenced by different abiotic factors: wind 
exposure, increased sunlight, and increased dryness among others (Murcia, 1995). Forest 
edge can alter biological interactions between plants and abundances of species in varied 
ways. Forest edge can alter herbivory, epiphyll cover, and species composition (Murcia, 
1995). For example, herbivory differences between the forest and the forest edge has 
been studied frequently in montane forest (Lopez-Barrera et al., 2006; Reynoso and 
Linera, 2007), temperate forest (Meiners et al., 2000), and tropical lowland rainforest 
(Benitez-Malvido and Lemus-Albor, 2005; showing  that herbivory is higher on the forest 
edge. The theoretical explanation for such a trend lies within density dependent 
predation. As plant density increases, insects attack it more severely (Murcia, 1995). 
These studies did not consider plant age, nor are there many studies that tested plants that 
tend to have low herbivory rates. When looking at predation on the forest edge, these 
studies looked at highly predated plants like oak seedlings (Lopez-Barrera et al., 2006) or 
seed predation (Benitez-Malvido and Lemus-Albor, 2005. Although forest edge effect can 
extend as far as 50 meters (for moisture) into the tropical forest (Murcia, 1995), 
oftentimes it is difficult to find individuals of the same species present both in the non-
edge area and on the edge to make a comparison. Plants might have responses to 
microclimate changes in their herbivory level and there are factors such as epiphyll 
growth that are highly sensitive to microclimate differences. A eucalyptus plantation had 
lower abundance of epiphylls than the native forest, which was attributed to sunnier and 
dryer conditions of the plantation (Arnold et al., 2011). Both epiphylls were found in the 
same area, the only difference being in microclimate due to decreased canopy cover in 
the eucalyptus plantation. 

!
Herbivory and Epiphyll cover can both harm plant fitness. Herbivory can reduce 
pollinator visits by making plants less attractive to pollinators (Strauss and Irwin, 2004). 
Furthermore, it reduces leaf surface area for photosynthesis, while epiphylls are assumed 
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not only to reduce photosynthesis, but also take away nutrients like nitrogen and water 
from the host plants (Coley, 1993). For some species from the Clusia genus, herbivory is 
low in comparison to other plants, due to their tough succulent leaf (Reynoso and Linera, 
2007). Studies from Belize and Peru showed that Clusia plants in forest shade suffered 
very low herbivory rates (Watt et al., 1997). 

In this study, I will compare herbivory and epiphyll cover on leaves between  Clusia 
plants in open habitat and plants in shaded habitat. I also want to compare herbivory in 
Clusia on the forest edge to Clusia herbivory in canopy. C. multiflora is a sun loving 
plant and therefore it never grows in completely shaded habitat far inside the forest. It 
prefers to grow in canopy, semi-shaded, or very open habitat. The open habitat and semi-
shaded habitat both exist on the forest edge. On one side, the open habitat is backed by a 
forest while on the other, the disturbed habitat without any vegetation. Plants in semi-
shaded habitat are probably the most protected because they have some canopy above 
and are bordered by the plants exposed to the sun on one side, and the forest on the other. 
Herbivory level will be higher in the open habitat due to density dependent predation and 
the forest edge effect (Murcia, 1995). Having more sun exposure in the open habitat will 
lead to denser patches of C. multiflora with increased leaf biomass and therefore 
herbivores will attack it more in the open habitat. Because lichens and other epiphylls 
thrive in cool moist conditions and do not have organs for retaining water (Alfonso and 
Tenorio, 2002), epiphyll cover  on leaves will be lower in open habitat and will be higher 
in shaded habitat. Finally, because epiphyll cover can be poisonous to herbivores, it 
deters and reduces leaf area for herbivory (Chopra, 1988; Mueller, 1991), epiphyll cover 
will negatively affect herbivory, and leaves with more epiphyll cover will have less 
herbivory. 

  

METHODS 

!
Study Site 

The data were collected on the forest edge of the Monteverde Biological Station cloud 
forest in Monteverde, Costa Rica. This is a premontane moist forest according to 
Holdridge life zone classifications (refer to figure 1.). Elevation ranged from 1690 m to 
1740 m. The forest edge was located along an unpaved clay road. This edge is constantly 
conditioned by direct sun rays that are normal for such elevation and closeness to the 
equator, and strong winds. The high sun and wind exposure results in increased severity 
of dryness during the dry season, during which the study was conducted. The study plant 
grew on the slopes of the road’s edge that ranged from half a meter to 2 meters in height 
above the clay road (Figure 2.). The study was conducted in the span of two weeks during 
the late dry season from April to May. The open habitat was considered to be the very 
edge of the road where Clusia multifolia grew in clusters without canopy above it. It was 
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exposed to the road which is bare of vegetation. The shaded habitat was at least a meter 
away from the road and surrounded by other vegetation including trees that made up its 
canopy. 

!  

 

FIGURE 1. Holdrige Life Zones. http://accessscience.com/search.aspx?rootID=794269 

 

!
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!  

FIGURE 2. Clay Road Study Site. Note the slope, which is about a meter high. 

 

Study Species  

Clusia multiflora (Clusiaceae) grew in dense clusters on the forest edge. Inside the forest, 
C. multiflora behaves as an epiphyte and grows high in the canopy, while it grows as a 
tree on the forest edge. Whether growing on the forest edge or in the canopy, C. 
multiflora tends to be sun loving. Groups of plants grew right by the clay road, 
sometimes leaning over the slope that borders the road, while others grew further away 
and under either the shadow of a taller C. multiflora individual or trees of other species. 
This species has opposite succulent leaves, and it is commonly found in well drained 
soiland moist climates.. It can tolerate high solar radiation if coupled with moist humid 
conditions as in cloud forests (Departamento Técnico Administrativo del Medio 
Ambiente, 2012).  

!
Data Collection 
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I chose to sample leaves from trees that were from half a meter to 3 meters tall, within the 
1690 m to 1740 m elevation range. I collected the leaves using hands, by braking off a 
leaf at its base (where it connects with the stem), or if it was too high, I clipped off the 
leaf with an extendable pruner. I collected 150 leaves of three different ages from 50 trees 
in sunny habitat. I define sunny habitat as locations where C. multiflora grows right by 
the road, with an absent canopy cover (Figure 3.): 

Young: The youngest leaf grew on the top of the tree, but not always on the very 
top. The young leaf viable for sampling had to be fully open. Many times the youngest 
leaves were not fully open on the very top of the tree. A typical young leaf was lighter 
green in color and sometimes had pink tint. Many times however, the collectable young 
leaf already turned a darker green color and looked similar to a medium aged leaf. 

Medium: The medium leaf was usually located two to three leaf pairs down from 
the top, which usually was halfway between the young and the old leaf pairs.  

Old: The oldest leaf was not always collected from the very bottom of the tree 
because those leaves tended to be dried up or dead, and epiphyll cover was difficult to 
detect. The old leaf was the leaf closest to the bottom that was still alive. 

!
The same procedure was used for 50 trees found in shaded habitat, all in the same area 
where the leaves from trees in the sun were collected. Overall, there were six bags with 
300 leaves: three for different leaf ages in sun and three for shaded habitats. Shaded 
habitat had to have at least 60% canopy cover, as estimated by observation, and at least 1 
meter away from the road and further into the forest (Figure 3 (B)). 

!
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!   (A)  

!  (B) 

 

FIGURE 3.  (A) Clusia multiflora in sunny habitat. (B) Clusia multiflora multiflora in 
shaded habitat with tree canopy above it. 
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!
!
!
!

!
The total leaf area was measured, and where the leaf area was missing due to herbivory, 
this area was redrawn by placing the transparent grid above the leaf and redrawing the 
missing leaf part. Furthermore, when I collected a leaf with such high herbivory that it 
was difficult to redraw it, I collected the opposite leaf to have an idea of the original 
shape of this leaf, because most pairs of opposite leaves on C. multiflora are identical to 
each other. 

!
Epiphyll cover:  

!
I placed transparent grid divided with 0.5 cm by 0.5 cm squares, over the leaf and 
counted the squares filled with any type of epiphyll as present (Figure 4.). I counted any 
moss, lichen, or liverwort counts as an epiphyll, including white or bronze colored dots. 
Sometimes epiphylls are spread out very far from each other as tiny dots. In this case, I 
estimated spread out epiphylls to cover a certain number of squares by estimating the area 
they would cover if they were concentrated in one area.  

  

Herbivory:  

!
The same grid was used for herbivory, and missing area was obtained redrawing the 
original leaf edge where necessary to help with counting. I then I recorded the number of 
squares. With these filled squares, I obtained then the percentage of herbivory and 
epiphyll cover. 

!
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!  

 

FIGURE 4. Measuring epiphyll cover with transparent grid. 

 

Statistical Tests 

!
A Wilcoxon test was performed to compare % epiphyll cover and % herbivory on leaves 
from open habitat to leaves from shaded habitat 

A Kruskal-Wallis test was performed to compare % epiphyll cover and % herbivory on 
young leaves to medium and to old leaves. 

!
A Spearman's correlation was performed to relate % epiphyll cover to % herbivory.  

!
!
RESULTS 

!
OCCURANCE OF EPIPHYLL COVER AND HERBIVORY. - Overall, 300 leaves from 
a 100 C. multiflora trees were sampled. Hundred forty four leaves had 0% herbivory 
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(48%) and 75 leaves had 0% epiphyll cover (25%). Thirty of the 300 leaves were missing 
both epiphyll cover and herbivory, which adds up to only 1%.  

!
HABITAT. - The difference between % herbivory in shaded and open habitat is not 
significant (W = 11536.5, p-value = 0.6868; Fig. 5). Epiphyll cover was higher in the 
shaded habitat than in sunny habitat (W = 15046.5, p< 0.0001). In shade, epiphyll cover 
is bigger by about 10% (Fig. 6). 

!
LEAF AGE. - The three different age categories differ significantly in epiphyll cover (H 
= 143.3283, df = 2, p-value < 0.0001). The biggest difference being between young and 
old leaves (old leaves on average have 44% more epiphyll cover than young leaves; Fig. 
7). Percentage of herbivory differs between leaves of different ages. (H= 6.1849, df = 2, p 
= 0.045). Young leaves have the highest average percent herbivory, while old leaves, the 
lowest (Fig. 8). 

!
HERBIVORY IN RELATION TO EPIPHYLL COVER. - The regression relating 
herbivory to epiphyll cover did not show a strong significant relationship although a 
slight negative relationship is present. (Spearman's rank correlation rho. S = 4997884, p-
value = 0.05556, rho -0.1106532; Fig. 9).  

!
!
!
!
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!  

 

FIGURE 5. The average percent of herbivory as measured in percent of leaf area missing 
on 300 Clusia multiflora leaves: 150 leaves from shaded habitat and 150 from sunny 
habitat. Standard deviations are shown shown: 10.46 for sun and 1.45 for shade.  
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!  

FIGURE 6. Average percent of epiphyll growth was measured on 300 Clusia multiflora 
leaves: 150 leaves from shaded habitat and 150 from sunny habitat. Standard error bars 
shown. 
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!  

FIGURE 7. Average epiphyll growth as measured by percent area covered on Clusia 
multiflora leaves of three different ages: 100 young leaves, 100 medium leaves, and 100 
old leaves. Standard error bars shown. 

 

!

!  

FIGURE 8. The average % of area consumed by herbivores is compared here between 
three different ages of 300 Clusia multiflora leaves: 100 young leaves, 100 medium 
leaves, and 100 old leaves. Standard error bars shown. 
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!
!

!  

 

 FIGURE 9. The percent of leaf area consumed is plotted against the area of leaf covered 
with epiphylls in 300 leaves. 

 

!
!
DISCUSSION 

!
Herbivory did not significantly differ between habitats. I propose this happened because 
herbivory was not significantly higher in open habitat C. multiflora had a similar growth 
density in both open and shaded habitat and therefore did not attract different amount of 
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herbivores. The density was not quantified in this study which would be helpful in future 
studies. The growth pattern did not differ enough in the short forest edge gradient. The 
forest edge gradient was too short to show a significant pattern. There was also low 
occurrence of herbivory in general (48% of leaves had 0% herbivory) because C. 
multiflora is well protected from herbivory. In a study also conducted during the dry 
season in a cloud forest, herbivory has been shown to be higher in oaks when compared 
to the forest interior (Reynoso and Linera, 2007). The percent area cover showed that 
epiphyll cover was more prominent in shaded habitat. Epiphyll cover was 10% higher in 
shaded habitat. Epiphyll cover probably exhibited a stronger correlation with habitat 
differences than herbivory rates because epiphylls are more sensitive to microclimate 
changes than herbivory, although this has not been shown in studies. Epiphylls depend 
highly on moisture which is less available on the forest edge as a rule (Murcia, 1995). In 
addition, C. multiflora’s tough leaves are well protected from herbivory, have sticky sap, 
and avoid herbivory by synchronizing leaf growth (Ramos and Garcia, 2008).  

Epiphyll cover increased with leaf age. Youngest leaves had the least percentage epiphyll 
cover while the average percent epiphyll cover on older leaves was 44% higher. This is a 
well studied pattern (Coley et al., 1993) which makes sense in that when given more 
time, more epiphylls will grow and cover increasingly more area. C. multiflora’s 
prolonged leaf senescence (Olivares, 1997) sometimes allows for extreme epiphyll 
growth. In some cases one type of epiphyll grew on top of another and some old leaves 
had 100% cover. Young leaves had the most herbivory; while, old leaves, the least. 
However each age category differed from the next category in rank by only 2%. Young 
had only 4% more herbivory than the old leaves. Younger leaves are the most vulnerable 
to predators, while with age they get tougher and, therefore, less predated. There is no 
correlation between percent epiphyll cover and percent herbivory. I believe that the trend 
was not strong because of low occurrence of herbivory. Perhaps focusing only on the 
leaves with herbivory present would show a negative trend where epiphyll cover 
decreases herbivory. 

!
According to my study, such hardy plants like C. multiflora that are well protected from 
herbivory can withstand herbivory even in highly disturbed habitat, without suffering 
significantly more damage from herbivores. A small habitat gradient of one meter does 
make a difference and protects the tree from dryness as shown by increased epiphyll 
cover in the shaded habitat. However, density dependent predation is not apparent within 
such a short range. Perhaps sun loving plants with high herbivory defenses are more 
adapted to negative effects of the forest edge. Decreased epiphyll cover in the open 
habitat possibly benefits C. multiflora’s leaf health by letting in more sun radiation for 
photosynthesis. 

!
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_______ !
ABSTRACT !
Using the Optimal Foraging Theory, scientists have begun to put organism fitness in mathematical 
formulas, showing how effective and efficient an animal is in obtaining and utilizing a food source. This 
study looked at the leaf cutter ant Atta cephalotes throughout Guanacaste and Puntarenas provinces of 
Costa Rica. It explored how the foraging efficiency was affected by leaf nitrogen content. In previous 
studies, longer foraging trails and greater efficiency of ants had been associated with high nutritional return. 
Efficiency was defined as the proportion of ants foraging to those returning with leaf fragments, the speed 
of the ants returning with leaf fragments and the size of the ants foraging. The temperature and humidity 
were also taken into account as confounding factors affecting efficiency. This study showed that nitrogen 
was not correlated with the trail length. Additionally, each efficiency component was dependent on varying 
factors. The proportion of ants foraging was best explained in a positive regression to ground temperature, a 
positive regression with nitrogen content and a negative regression to ground-temperature.  Both speed of 
ants and the size of the ants were best explained by trail length. Overall this study showed that the foraging 
efficiency of A. cephalotes is multifaceted.  !
RESUMEN !
Usando la teoría del forrrajeo óptimo, científicos han empezado a poner el exito reproductivo en formulas 
matemáticas, relacionando que tan efectivo y eficiente es un animal obtenieno y utilizando un recurso 
alimenticio.  Este estudio se basa en las zompopas Atta cephalotes através de las provincias de Guanacaste 
y Puntarenas de Costa Rica.  Explora como la eficiencia en el forrajeo se ve afectada por el contenido de 
nitrogeno.  En previos estudios, largos senderos de forrajeo y una mayor eficiencia han sido asociados con 
un alto retorno nutricional. La eficiencia se definió como la proporción de hormigas forrajeando como 
aquellas retornando con fragmentos de hojas, la velocidad de las hormigas retornando con frgamentos de 
hojas y el tamaño de la hormiga forrajeadora.  La temperatura y la humedad fueron tomadas también en 
cuenta como factores de confusion que pueden afectar la eficiencia.  El contenido de nitrogeno no está 
correlacionado con la longitud del sendero. Adicionalmente, cada componente de eficiencia fue 
dependiente de varios factores.  La proporción de hormigas forrajeando se explica major en una regresión 
positiva con la temperatura del suelo, una regresión positiva con el contenido de nitrogeno y una regresión 
negativa con la temperatura del suelo.  Tanto la velocidad como el tamaño de las hormigas se explican 
major por el tamaño del sendero.  En resumen este estudio muestra que la eficiencia de forrajeo de A. 
cephalotes es multifacética. !
INTRODUCTION !
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For the past decade, scientists have been studying the effect of energy intake on fitness 
(Pyke,and Pulliam. 1977). The more efficiently an organism can obtain, conserve and 
utilize energy the more successful the animal will be. Under this ‘Optimal Foraging 
Theory,’ any energy output must have an equal or greater return. (Pyke and Pulliam, 
1977.) Models for optimality attempt to predict the trade-offs between benefits and costs 
that provide the maximum net intake to the individual (Krebs, 1993). A subset of the 
optimal foraging theory is how the efficiency of the organism changes in relation to net 
gain. Ways to maximize intake and increase efficiency, especially when animals use 
ephemeral or patchy nutrients, is by foraging in groups, increasing the probability of 
finding temporary nutrients abundances (Real, 1994). Group foragers, such as eusocial 
organisms, use trail systems to locate and forage food (Shepherd, 1985). The trail systems 
and possibly the efficiency of these trails may reflect how beneficial the food source is. 
Ants are convenient organisms to study foraging efficiency in trails due to their high 
abundance and common use of discrete trails to forage.   

Leaf cutter ants, specifically, have been suggested to have some of the most 
complex social interactions on trails (Holldobler, 2012). Found mostly in secondary 
forests and disturbed areas, these ants forage the floor in distinct trails for fresh leaves 
(Holldobler, 2010). All harvested plant matter is added to the ‘fungi garden’ that 
embodies a majority of the colony and acts as the ant’s food source. These trails can 
extend up to 250 meters from the nest to the nutritional intake (Holldobler, 2010). Longer 
trials tend to be associated to food sources of higher nutritional value (Holldobler, 2010). 
Under the optimal foraging theory, the Atta cepalotes should have both greater 
productivity and efficiency on these longer trails to make the extra effort of travelling 
long distances for food worth it. Congruently, studies done on the fungus present in most 
leaf cutter colonies have found that the fungus grown with high nitrogen intake has 
accelerated growth compared to the fungus cultivated without it. (Holldobler, 1990). 
Therefore the more nitrogen stored in the polypeptides of the leaves the quicker the 
fungus will grow (Holldobler, 1990) Coupled together these two studies suggest that the 
higher the nitrogen content of the leaves, the further the ants are willing to travel. It is 
unclear, however, how the foraging efficiency of ants is affected by the increase in 
nitrogen content of leaves. In this study, I will evaluate this specific aspect of foraging 
efficiency.  

The efficiency of the ants will be measured by studying how the ants forage on 
varying trail lengths. Following previous studies, efficiency will be defined in three main 
ways (Fried-Petersen, 2010, Jacubec, 2003). The ratio, defined as the number these ants 
foraging vs. the ants returning to the colony will indicate how proficient the ants are at 
obtaining their energy source. Theoretically, if the colony is making the effort of traveling 
further distances and increasing the number of ants returning to the colony with debris, 
the food source must be optimal (Dussutour, 2007). The size of the ant will also be 
studied, knowing bigger ants can carry larger leaf particles (Holldobler, 2010) Studying 
the size of the ants prevalent on the trail could determine the overall productiveness. 
Finally speed of the ants travelling on the trails will be recorded under the assumption 
that the greater the rate of nutrients entering the nest the overall increase of yield for the 
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colony. The speed of the ants should be greater on the longer trails in order to bring in the 
same biomass as smaller trails do, compensating for this greater distance traveled 
(Holldobler, 1990). These three efficiency markers should vary based on the length of the 
trail and the nutritional value of food source, but can be also affected by confounding 
factors. When using eusocial or poikilothermic insects such as ants, external environment 
has a large influence on their internal temperature or energy and thus alters their foraging 
and social patterns. (Crist 1999). Therefore, when applying the foraging theory to these 
organisms, the temperature must be considered to understand their true efficiency. 
Ultimately this experiment may help explain how ants forage and what factors affect this 
foraging.  
  
MATERIALS AND METHODS:  
  
STUDY SITES:  
This study was conducted for one month  in Monteverde area and surroundings, 
encompassing the Puntarenas and Guanacaste regions of Costa Rica (Figure 1). The 
study-area spreads through multiple Holdridge zones, as well as multiple land uses; 
secondary forest, pasture and developed areas.  !

Figure 1: Google image of Atta cephalotes colonies studied throughout the Puntarenas and Guanacaste 
regions of Costa Rica; varying Holdridge zones and land uses.  !
EXPERIMENT !
Seven separate colonies of Atta cepalotes were identified. Identification was conducted 
by looking at the anatomy of the ant, locating three spikes on it’s back characteristic to 
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this species. Within each colony up to two trails were identified, ensuring that there was 
varying length within the trails for each colony. For each individual trail, the length was 
recorded. If there was a split in the trail before reaching the terminal tree, both segments 
of the trail were measured in length, and averaged together.  
 All data was collected 1 meter from the entrance of the nest during the day. The 
air temperature, ground temperature and humidity were recorded. The number of ants 
passing the meter mark heading toward the nest was recorded for 1 minute and 40 
seconds (both ants with and without leaf fragments were recorded). Then only ants 
passing with leaf fragments were counted for 1 minute and 40 seconds. The number of 
laden ants was divided by the total number of ants to calculate the proportion of ants 
foraging to the number returning with debris. The speed was found by measuring time it 
took for 30 ants to pass the stick going towards the colony with debris. For each portion 
of this experiment three trials were run and then an average was calculated. The size of 
20 ant heads was found and recorded using tweezers and a caliper. These procedures were 
repeated twice at varying temperatures on each trail for each colony.  

Leaves were collected from the trees where the ants were foraging to determine 
the nitrogen content.  If there was a split in the trail, the nitrogen content was averaged 
for each tree. The leaves were tested for Nitrogen using La Motta Soil Test Kit by 
following the procedures detailed by the manufacturer’s manual (La Motte Soil 2011). 
The leaves were prepared for sampling by cutting two four cm2 pieces from each leaf that 
were then cut into smaller 1/8cm by 1/8cm pieces. The leaf pieces were shaken in 8ml of 
Universal Extracting Solution for five minutes, and then the pieces filtered out. The 
filtered solution was tested for nitrate content using procedures detailed by La Motte 
SMART2 Colorimeter Operator’s Manual. Five milliliters of the extracted solution was 
mixed with five milliliters of Mixed Acid Reagent and left to settle for three minutes. 
Nitrate Reducing Reagent was then added (0.2grams), the solution inverted and then left 
to stand for ten minutes. The sample was then tested using the SMAET2 colorimeter, 
using the 64 Nitrate-N LR test. The colorimeter recorded the concentration of Nitrate 
Nitrogen in the sample, this value was multiplied by 4.4 to convert the data to Nitrate in 
parts per million. If the reading exceeded the scale of the colorimeter, the sample was 
diluted and the new reading multiplied by the dilution factor before, it was multiplied by 
4.4, as specified in the manuals.  !
RESULTS 
Multiple regression models were used to identify the variables related to efficiency: air-
temperature, ground-temperature, humidity, trail length, nitrogen content of leaves, 
speed, proportion, and head size. The models took into consideration the repeated 
measures conducted on trails and nests. Variance Inflation Factors (VIF) was calculated 
to test for multicollinearity in the models (i.e. strong correlations between explanatory 
variables that can produce spurious coefficients in the regression model). Ideally, VIF 
should be under 2; the higher the VIF the more of a multicollineary problem there was. 
The highest value was found for air-temperature (2.45). Correlation coefficients were 
calculated between air temperature and other abiotic factors to determine the source of 
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multicollinearity. The strongest correlation was found between air-temperature and 
humidity (Table 1). Using a partial correlation test, it was found that air-temperature 
better explained the efficiency of the ants for proportion (air temperature r=0.00001, 
humidity r=0.08), speed (air-temperature r=0.58, humidity=0.00001) and size of ant 
heads (air-temperature r=0.00001, humidity=0.013. Humidity was removed from the 
models to eliminate multicollinearity. 
________________________________________________________________________
______ 
Table 1: Pairwise correlation analysis of abiotic factors that can potentially affect he 
foraging efficiency of Atta cephalotes in the Monteverde area, Costa Rica. Correlation 
coefficients are shown below the diagonal whereas the p-values of significance for the 
respective coreelation coefficients are shown above the diagonal.   !

________________________________________________________________________
_____ 

Correlation analysis was run between each dependent variable to ensure 
independency from each other. It was found that there was no correlation between the 
proportion of ants and the speed of ants, the speed of ants and the head size and the 
proportion of ants and the head size. Based on this each measurement of efficiency 
should be tested as separate entities.  Refer to Table 2. 
________________________________________________________________________
_ 
Table 2: Pairwise correlation analysis of measures of foraging efficiency in Atta 
cephalotes. The upper right cells show the p-values, while the lower left show the 
correlation or R-values. Shows that there is no statistically significant correlation between 
each efficiency factor and thus each should be treated independently from one another.  !

Air-temperature Ground-temperature Humidity

Air-temperature - 0.043 0.0022

Ground-temperature 0.40 - 0.42

Humidity -0.57 -0.16 -

Proportion of ants 
with debris

Rate of ants Size of ant heads

Proportion of ants 
with debris

- 0.80 0.14

Rate of ants -0.052 - 0.47

Size of ant heads 0.30 -0.15 -
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A step-wise approach was used to determine what variables were important in the 
multiple-regressionmodels. Only variables with p-value smaller than 0.05 were retained 
in the model (Appendix A) . Proportion was best described by air-temperature negatively 
(slope= -0.066, df=11, t-value= -2.72, p-value=0.0200, Fig2), ground-temperature 
positively (slope= 0.11, df= 11, t-value=2.49, p-value=0.0301 (Fig 3), and nitrogen 
content of leaves positively (slope=0.039, df=5, t-value=2.97, p-value=0.312 )  !!!
 !!!
 C 

A !!!!!!
 !!
       
        !
       
     B 

________________________________________________________________________
_____ !
Figure 2: Atta cephalotes proportion entering the nest with debris vs. foraging ants 
correlation with Nitrogen content of leaves and air-temperature in Monteverde area, 
Costa Rica. Three-dimensional graph is shown in three different views to emphasize 
pairwise correlations. A: positive correlation between Nitrogen content and Proportion  
(slope=0.039, df=5, t-value=2.97, p-value=0.312). B: negative correlation between Air-
temperature and Proportion (slope= -0.066, df=11, t-value= -2.72, p-value=0.0200). C: 
Shows both relationships simultaneously.  
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 C !

 B !!!!!!!!
 !!!!!!!!

       
A !!!!!!
________________________________________________________________________
_____ 
Figure 3: Atta cephalotes proportion of ants with debris vs. ants foraging in correlation to 
ground-temperature and Nitrogen content of foraged leaves in Monteverde area, Costa 
Rica. The three-dimensional graph is shown at three different views to emphasize 
pairwise correlations. A: Positive correlation of Ground Temperature to Proportion 
(slope= 0.11, df= 11, t-value=2.49, p-value=0.0301). B: Positive correlation of Nitrogen 
and Proportion (slope=0.039, df=5, t-value=2.97, p-value=0.312). C: shows both 
relationships simultaneously. 
________________________________________________________________________
______ 
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!!!!
Speed was only related to trail length, although only marginally (slope=0.028, df=5, t-
value=3.33, p-value=0.089)(Fig 3). (Appendix B) !!!!!!!!
 !!!!!!!!!!!!!!!
________________________________________________________________________
_ 
Figure 4: Positive correlation between Atta cephalotes speed and the length of their trails 
in the Monteverde area, Costa Rica. Although the coreelation is not statistically 
significant  (slope=0.028, df=5, t-value=3.33, p-value=0.089) it provides a trend of 
greater speed of ants on longer trails. 
________________________________________________________________________
______ !!!!
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The heads of the ants was best described by length of the trail as well positively 
(slope=0.00067, 
df=13, t-value=2.70, 
p-value=0.043) (Fig 
4). (Appendix C) 
 !!!!!!!
__________________________________________________________________ 
Figure 5: Postive correlation between Atta cephalotes size of ant heads and the length of 
their trails in the Monteverde area, Costa Rica. (slope=0.00067, df=13, t-value=2.70, p-
value=0.043). P-values shows that this is a statistically significant correlation. 
________________________________________________________________________ !!
Finally, 
trail 
length 
and the 
nitrogen 
content 
of 
leaves 
were 
not 
related 
to each 
other 

(r=0.153, p-value=0.454).  
 
________________________________________________________________________ 
Figure 6: Potential relationship between the nitrogen content of leaves carried by Atta 
Cephalotes and the length of their foraging trails. No correlation was found between 
these variables (r=0.153, p-value=0.454).  
________________________________________________________________________ !
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DISCUSSION:  
 This study tested the positive relationship between the length of the trail and 
foraging efficiency of the leaf cutter ant Atta cephalotes and the nitrogen content of 
foraged leaves. Efficiency was defined as the proportion of ants entering the nest with 
debris to those foraging, the speed of the ants and finally the size of the ants.  Overall, 
there was no statistically significant relationship between the length of the trail and the 
nitrogen content of the leaves. Based on this, the selection and foraging pattern of Atta 
cephalotes must be based on other more prominent factors. Many previous experiments 
have shown the high selectivity of ants (Blanton, 1985).  however it is unclear what 
factors actually drive this selection. Some studies have suggested that while nutrient is 
important, the defenses of plants and higher concentrations of repellent substances in 
plant species is the ultimate driving force (Howard, 1987). While others suggested that 
ants are willing to exert more energy to help protect plants that are close to the nest, 
preserving food sources for the future (Cherrett, 1968). Conversely others researchers 
believe it may be less selective and the worker ants are simply ‘shopping’ around looking 
for any plants with less toxicity and higher nitrogen content in the leaves (Holldobler, 
1990). Based on the results from this experiment, nutritional value alone does not explain 
the longer trails and more energy output by A. cepalotes and thus other varying factors 
must be playing into the ant foraging matrix.  
 The efficiency of the ants is much more complex then originally hypothesized. 
Depending on which aspect of efficiency is being measured, different factors influence 
the result. The proportion of ants entering the nest with debris to those foraging was most 
explained by the air-temperature, the ground-temperature and the nitrogen content of 
leaves. Biologically poikilothermic organisms, such as ants, are greatly influenced by 
their external environment and thus would be greatly influenced by temperature. As the 
air temperature decreased there was an increase in the proportion of ants. This could be 
explained by the negative correlation of air-temperature and humidity, because ants 
forage more intensely at higher humidity levels (Rosengren, 1977). Hence, the increase in 
humidity allows greater foraging and thus a high proportion of ants returned to the nest 
with debris. Similarly, ground temperature had a positive correlation with the proportion 
of ants. This supports previous studies, which demonstrate that ants, as other 
poikilothermic organisms, function at specific temperature ranges (Holldobler, 1990). 
The slight positive correlation between the nitrogen content and the proportion of ants’ 
supports the assertion that because there is a higher net-gain the ants will forage more 
effectively to obtain an ephemeral nutritious food source (Holldobler, 1990).  
 The speed of laden ants tended to increase with the length of the foraging trails. In 
order to bring the same biomass on longer trails, the ants have to move faster to 
compensate for distance. It is not clear why since there was no apparent correlation 
between optimum energy intake and trail length. The purpose of the trails is to increase 
foraging efficiency; no matter what the length, each trail should bring in the same 
biomass. (Holldobler, 1990). In order to bring in the same biomass on longer trails, the 
ants have to move faster to compensate for distance. The last component of efficiency 
was the size of the heads of the ants, under the assumption that the larger the ants the 
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larger the debris they can carry. Head size was best explained in a positive regression 
with length, which could further support the theory that if the trails are longer the ants 
must compensate to equate biomass brought in by shorter trails. Larger ants tend to carry 
larger leaf fragments (Holldobler, 1990), therefore each larger ant entering the colony 
will be bringing in greater biomass.  
 In conclusion when looking at the foraging efficiency of Atta cephalotes many 
different components and factors need to be taken into account. The nitrogen content of 
the leaves alone does not entirely explain how and to what efficiency the ants forage. 
When studying this organism, defining how efficiency is measured is important because 
different components of efficiency are affected by different factors. In future studies this 
should be taken into account to ensure accuracy of results.  !
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APPENDIX  !
Appendix A  
MULTIPLE REGRESSION ANALYSIS USING PROPORTION AS A MEASURE OF 
EFFICIENCE 
Fixed effects: PropAntsFood ~ Length + Temp_air + Temp_ground + Nitrogen  
                 Value Std.Error DF    t-value p-value 
(Intercept) -0.3963554 0.7189774 11 -0.5512766  0.5925 
Length      -0.0005185 0.0015138  4 -0.3425200  0.7492 
Temp_air    -0.0672020 0.0247944 11 -2.7103750  0.0203 
Temp_ground  0.1160162 0.0471725 11  2.4594039  0.0317 
Nitrogen     0.0406873 0.0143740  4  2.8306147  0.0473 !!
FINAL MODEL !
Fixed effects: PropAntsFood ~ Temp_air + Temp_ground + Nitrogen  
                 Value  Std.Error DF    t-value p-value 
(Intercept) -0.3600095 0.7053526 11 -0.5103965  0.6199 
Temp_air    -0.0655509 0.0241134 11 -2.7184456  0.0200 
Temp_ground  0.1113452 0.0447422 11  2.4885971  0.0301 
Nitrogen     0.0392874 0.0132291  5  2.9697754  0.0312 !!!!!!!!!!!!!!!!!!!!!!!!!!!
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Apendix B 
MULTIPLE REGRESSION ANALYSIS USING RATE(SPEED) AS MEASURE OF 
EFFICIENCY !!
Fixed effects: Rate ~ Length + Temp_air + Temp_ground + Nitrogen  
                Value Std.Error DF    t-value p-value 
(Intercept)  8.654319  8.968579 11  0.9649600  0.3553 
Length       0.028027  0.014658  4  1.9120148  0.1284 
Temp_air     0.232056  0.301047 11  0.7708300  0.4570 
Temp_ground -0.550351  0.552034 11 -0.9969504  0.3402 
Nitrogen     0.076397  0.146476  4  0.5215632  0.6295 !
Fixed effects: Rate ~ Length + Temp_air + Temp_ground  
                Value Std.Error DF   t-value p-value 
(Intercept) 10.251533  8.427256 11  1.216473  0.2493 
Length       0.031045  0.013405  5  2.315864  0.0684 
Temp_air     0.302019  0.262591 11  1.150149  0.2745 
Temp_ground -0.703334  0.469988 11 -1.496495  0.1627 !
Fixed effects: Rate ~ Length + Temp_ground  
                Value Std.Error DF   t-value p-value 
(Intercept) 13.328844  8.276444 12  1.610456  0.1333 
Length       0.031553  0.013522  5  2.333458  0.0669 
Temp_ground -0.521067  0.432916 12 -1.203624  0.2519 !
Fixed effects: Rate ~ Length  
               Value Std.Error DF  t-value p-value 
(Intercept) 3.474747 1.0432974 13 3.330543  0.0054 
Length      0.028122 0.0133631  5 2.104488  0.0892 !
Appendix C 
MULTIPLE REGRESSION ANALYSIS USING HEADS AS MEASURE OF 
EFFICIENCY !
Fixed effects: Heads ~ Length + Temp_air + Temp_ground + Nitrogen  
                  Value  Std.Error DF    t-value p-value 
(Intercept)  0.07336879 0.10147382 11  0.7230318  0.4848 
Length       0.00059676 0.00028074  4  2.1256538  0.1007 
Temp_air    -0.00199743 0.00350022 11 -0.5706590  0.5797 
Temp_ground  0.00781537 0.00659628 11  1.1848143  0.2611 
Nitrogen     0.00041249 0.00257758  4  0.1600314  0.8806 !!
Fixed effects: Heads ~ Length + Temp_air + Temp_ground  
                  Value  Std.Error DF    t-value p-value 
(Intercept)  0.07721379 0.09666014 11  0.7988173  0.4413 
Length       0.00061261 0.00025760  5  2.3781343  0.0633 
Temp_air    -0.00175700 0.00324499 11 -0.5414500  0.5990 
Temp_ground  0.00739934 0.00605929 11  1.2211568  0.2476 !
Fixed effects: Heads ~ Length + Temp_ground  
                 Value  Std.Error DF   t-value p-value 
(Intercept) 0.07498014 0.09499745 12 0.7892859  0.4453 
Length      0.00063214 0.00024864  5 2.5423390  0.0517 
Temp_ground 0.00548404 0.00490901 12 1.1171363  0.2858 !
Linear mixed-effects model fit by REML !
FINAL MODEL !
Fixed effects: Heads ~ Length  
                 Value   Std.Error DF  t-value p-value 
(Intercept) 0.17894891 0.018575810 13 9.633438  0.0000 
Length      0.00066688 0.000247228  5 2.697441  0.0429 !!!
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(Mesostigmata: Ascidae) 
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!
Abstract 

Optimal foraging theory says that an organism will display behaviors that maximize net energy intake and 
hence reproductive success. In the case of hummingbird flower mites, this means dispersing to flowers with 
food sources of higher quality and quantity. Species of hummingbird mites that live in large populations, 
such as those that occupy large inflorescences, will experience a more balanced sex ratio. In this study, 
populations of Rhinoseius sp. were given paired-choice tests of different Heliconia latispatha flowers to 
determine which floral components signal a high quality flower, and hence support larger population sizes 
with more balanced sex ratios. Results indicated that mites favored flowers with potential food sources 
(pollen or nectar), as well as younger flowers. However, they did not prefer one type of food source (pollen 
or nectar) over another. Rhinoseius sp. mites were also investigated in the field. In this study, pollen load 
was the only floral characteristic that displayed a noticeable trend with total mite population size per 
flower. Additionally, the average proportion of male mites within a population was ~0.52, indicating that 
sex ratio of mite populations may be a general description for mite populations and floral characteristics. 

!
Resumen 

La teoría del forrajeo óptimo dice que un organismo desplegara comportamientos que maximicen la energía 
neta tomada y por lo tanto el exito reproductivo.  En el caso de los acáros de las flores de colibríes esto 
significa la dispersión a flores con recursos alimenticios de mayor calidad y cantidad.  Especies de acáros 
que viven en poblaciones largas, como las que viven en inflorescencias grandes, experimentaran una 
proporción de sexos más balanceada.  En este estudio, poblaciones de Rhinoseius sp. se les dio la elección 
pareada de prueba de diferentes flores de Heliconia latispatha para determinar cuales componentes florales 
son una señal de alta calidad floral, y por lo tanto soportar poblaciones grandes con un mayor balance de 
sexos.  Los resultados indican que los ácaros favorecen flores con potenciales recursos alimenticios (polen 
o néctar), así como flores más jovenes.  Sin embargo, estos no prefieren un tipo de alimento (polen o 
néctar) sobre otro.  Rhisoseius sp. también se estudio en el campo.  En este estudio, la carga de polen fue la 
única característica florarl que mostró una tendencia notable con la población total de ácaros por flor.  
Adicionalmente, la proporción promedio de ácaros machos dentro de la población fue de ~0.52, indicando 
que la proporción de sexos en las poblaciones de ácaros puede ser una descripción general de las 
poblaciones de ácaros y las características florales. 

Introduction 
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Optimal foraging theory states that organisms should forage to maximize net energy 
intake per unit time. This means preferring food but also habitats with higher reward 
(Pyke, 1984). Similarly, habitats with more and better food should sustain more stable 
and larger populations, changing not only population size but also a balanced sex ratio 
(Colwell and Naeem, 1994; Green, 2004). As with many types of arthropods, mites that 
live in small, isolated breeding groups increase reproductive output through a 
disproportionately high female to male ratio (Colwell and Naeem, 1994). Larger 
populations of mites, e.g. with a more balanced sex ratio, may be determined by the host 
flower’s resource availability and corolla size (Colwell and Naeem, 1994). However, 
other factors such as life expectancy of the host flower and resource competition may 
also play a role in mite population size and sex ratio.  

Phoretic mites can use hummingbirds to travel between spatially and temporally isolated 
inflorescences of their host plant, disembarking where conditions are favorable. The 
mites spend the entirety of their lives within a corolla of their host plant consuming 
nectar and pollen (Colwell and Naeem, 1994; Dobkin, 1984). Various studies have shown 
that hummingbird mites selectively inhabit flowers based on microclimate and available 
food resources. For example, newly arrived hummingbird mites will disperse from a 
flower if the temperature exceeds 27˚C given an opportunity (Dobkin, 1985). In 
laboratory choice tests hummingbird mites consistently chose flowers with food sources, 
as opposed to those without, and showed high fidelity for nutrients from their specific 
host plant (Cutraro et al, 2009). Floral age may also play a role in mite dispersal 
depending on how long host flower lifetime is compared to the lifecycle of the mite 
species. Nectar and pollen availability change throughout the life of the flower (Colwell, 
1995; Dobkin, 1984), also potentially affecting mite flower choice. 

Mites have two possible modes of dispersal between flowers: disembarking from their 
host hummingbird’s beak while the bird is feeding or crawling between flowers of an 
inflorescence. The former gives the mite only a few seconds to differentiate between 
flowers while the latter allows more time for choosing an optimal habitat (Colwell, 
1983). The sex-ratio of a mite population could be an indicator of which mode of 
transportation the species uses most: those species of mites that more commonly use 
hummingbirds to travel between flowers are more likely to have female biased 
populations this ratio is more advantageous in small, isolated populations. Conversely, 
larger populations of mites, such as those residing in large inflorescences, will have a 
more balanced sex ratio (Colwell and Naeem, 1994). 

To increase the scope of research encompassing foraging behavior and sex ratios of mite 
populations, I investigated both food preference of mites in the laboratory and the effect 
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of nectar and pollen quality on standing mite populations in the field. Unlike previous 
studies, flowers of Heliconia latispatha were used in laboratory choice-tests and field 
experiments to determine the specific interactions between Rhinoseius sp. and this host 
plant. Flower age was also incorporated into the choice-tests as a potential factor that 
affects mite dispersal and habitat preference. Overall I address the following questions: 1) 
Is H. latispatha nectar or pollen more important to optimal foraging in mites? 2) How 
does floral age affect flower choice of mites? 3) How do nectar concentration, volume, 
and pollen weight affect population size and sex ratio of mites?  

Materials and Methods 

Study Site 
This study was conducted at Bajo del Tigre forest reserve on the Arboretum and Bat 
trails. Bajo del Tigre is a 29 hectare  patch of premontane wet forest at approximately 
1350m elevation (Wu et al., 2009). Bajo del Tigre is composed of primary forest, 
regenerating pasture, and an arboretum (Burlingame, 2000).  

Study Organisms 

Heliconia latispatha 
The type of fragmented habitat found at Bajo del Tigre is ideal for H. latispatha, which 
often grows in full sun conditions where it is exposed to heat and desiccation. H. 
latispatha is a medium sized heliconia that grows up to 2m in seasonal regions and has 
showy inflorescences with yellow flowers contained in 12-17 red bracts. H. latispatha 
flowers have a tubular corolla that (40-45 mm) in length and a swollen nectar cavity at 
the base (Stiles, 1983). The stamens are attached near the base of the corolla and the 
single style is attached to an inferior ovary. 

Each bract of H. latispatha contains about 20 flowers that open sequentially every 1-2 
days, with each flower having a life span of ~1 day. H. latispatha flowers contain high 
volumes of sucrose rich nectar, making these flowers an important source of nutrients for 
visiting and resident nectarivores (Stiles, 1983). Once mites disperse into a single H. 
latispatha flower they are free to colonize new flowers within the inflorescence (Cruz, 
2007), creating a more permanent and stable population of mites within each bract.   

Rhinoseius sp. 
Mites collected from the H. latispatha flowers at Bajo del Tigre are suspected to be 
Rhinoseius sp. Previous studies have reported finding Rhinoseius sp. within the flowers 
of Columnea sp. (Davis, 2007), and Green Hermits (Trochilidae), a potential carrier of 
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Rhinoseius sp., visit flowers of both Heliconia and Columnea flowers in premontane wet 
zones of Monteverde (Stiles and Skutch, 1989; Fogden, 2000).  

Hummingbird flower mites are haplodiploid, allowing female control of brood sex ratios. 
Larger and more stable populations should have more balanced sex ratios as local mate 
competition and other factors favoring biased sex ratios are less likely (Colwell and 
Naeem, 1994). 

Potential Food Source Experiments 

All H. latispatha flowers and Rhinoseius sp. mites used in laboratory experiments were 
collected from Bajo del Tigre H. latispatha flowers. Fruits and floral bracts were 
removed from branch bracts before inflorescences were covered in mesh bags and 
Tanglefoot to exclude hummingbirds and other insects. In choice experiments mites were 
first removed from flowers, different from those presented to the mites, and placed into a 
petri dish covered with Parafilm. The number of mites within each petri dish was 
variable, ranging from 6 to 30. Flowers were presented to reflect various potential food 
sources and placed on opposite sides of the petri dish with the mites before the dish was 
recovered. One hour elapsed before a cotton ball soaked in acetone was added to the 
container to kill mites for ease of counting using a dissection microscope. Mites on each 
flower were counted as well as the mites that did not disperse to a flower in order 
calculate total number of mites in the system. 

In flower treatments without nectaries, the nectar cavity was removed from the base of 
the corolla using a scalpel. Stamens were carefully removed from flowers using forceps 
and scissors to cut them away from their attachment points. When stamens were included 
in a flower they were removed in the same way: cleared of all mites, and then carefully 
returned to the flower. All flowers were washed under pressure (before reassembly in the 
case of stamen inclusion) to completely remove mites from the corolla. In experiments in 
which mites were given a choice between flowers of different ages individual flowers 
were marked the day they opened. The next day these flowers (1 day old) and newly 
opened flowers (0 days old) were collected; both nectaries and stamens were included in 
these flowers for the choice tests. For all experiments one petri dish was considered a 
replicate; experiments presenting mites with nectar and pollen had 10 replicates each 
while the experiment comparing choice of flower age had 9. Because of the varying 
number of mites within each replicate a Friedman test with post-hoc was used to analyze 
the data from each experiment. 
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Three choice experiments were performed that weighed the relative importance of both 
presence of a food source and preference between types of food sources: 

(1) H. latispatha flowers with stamens  and no nectaries versus flowers with neither 
nectaries nor stamens. 

(2) H. latispatha flowers with nectaries and no stamens versus flowers with neither 
nectaries nor stamens. 

(3) H. latispatha flowers with stamens and no nectaries versus flowers with nectaries 
and no stamens. 

One experiment was performed which mites were given a choice between flowers of 
different ages: 

(4) H. latispatha flowers which were one day old versus flowers that had opened that 
day (0 days old). 

Population Size, Available Resources, and Sex Ratio 

I measured nectar volume, nectar concentration, and pollen load, and counted the number 
of male, female, and nymph mites within 17 H. latispatha flowers from the field. I used 
20 µL capillary tubes to measure nectar volume in each flower and a Hand Refractometer 
(Reichert Co.) to determine sucrose concentration. To measure pollen load of the anthers 
within H. latispatha flowers I removed the stamens and weighed them with a balance 
accurate to 0.001g. I then carefully removed pollen from the anthers using a cotton ball 
and weighed them again, taking the difference between the two measurements to 
calculate pollen weight in grams. Mites were counted by placing flowers and an acetone-
soaked cotton ball soaked in a petri dish covered with parafilm. After approximately 
fifteen minutes dishes were uncovered and mites (males, females, and nymphs) were 
counted using a dissection microscope.  

Results 

Potential Food Source Experiments 

Results of paired-choice tests given to mites are displayed in Figure 1. Friedman tests 
showed that mites have a significant preference between different food types in all 
experiments: (1) Χ2=9.89, df=2, p=.0071; (2) Χ2=8.47, df=2, p=.0144; (3) Χ2=10.82, 
df=2, p=.0044; (4) Χ2=6.43, df=2, p=.0400. A post-hoc analysis was applied and 
indicated that mites preferred (1) flowers with stamens but no nectaries (p=.0048), (2) 
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flowers with nectaries but no stamens (p=.0101), (3) flowers with stamens and no 
nectaries, but only compared to the number of mites remaining in the dish (p=.0028), 
there was no significant difference in mite preference between flowers with stamens and 
no nectaries and flowers with nectaries but no stamens (p=.3044), and (4) younger 
flowers (p=.0332). 

!  !
!
FIGURE 1. Mean number of Rhinoseius sp. mites found in Heliconia latispatha flowers 
from Bajo del Tigre reserve, Monteverde, Costa Rica. Choice-tests presented mites with 
flowers containing varying rewards or of differing ages (first versus second day flowers). 
Mites were given an hour to disperse within the petri dish before they were counted. The 
letters on each bar denote the similarity or difference between each location in terms of 
number of mites counted after one hour (Friedman test with post-hoc). N=10 replicates 
for experiments (1)-(3) and N=9 for experiment (4). Error bars are one standard error.  

!
Population Size and Sex Ratio 
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From the data taken from 17 H. latispatha flowers a multiple regression was conducted to 
define the response of total population of mites within a flower to nectar volume (µL), 
nectar concentration (% sucrose by weight), and pollen weight (g); Figure 2). The 
average values for floral characteristics in N=17 H. latispatha flowers were as follows: 
mean nectar volume was 17.58 µL (SE = 2.85 µL); mean nectar concentration was 
26.43% (SE = 0.52%); mean pollen load was 0.0044 g (SE = 0.00039); mean total 
population size was 17.05 mites (SE = 4.80 mites).  No floral characteristics 
demonstrated a significant effect on population size of mites (Multiple regression, R2 = 
0.2405, F = 1.372, p = 0.2951), though there was a trend with pollen weight (t = -1.851, p 
= 0.0871). A single regression was then used to evaluate the relationship between pollen 
weight and total mite population (R2 = 0.2323, F = 4.538, p = 0.05011). 

!  !!!
FIGURE 2. Regression analysis comparing pollen load (g) of H. latispatha flowers and 
Rhinoseius sp. mite population size (includes males, females, and nymphs). Flowers 
containing mites were collected from Bajo del Tigre reserve, Monteverde, Costa Rica, 
and dissected under a microscope to count mite populations. Pollen was measured by 
weighing the anthers before and after pollen removal. Y=-5977.53X+46.08, R2 = 0.2323, 
F = 4.538, p = 0.05011, N=17. 

!
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A single regression was applied to describe the relationship between total number of 
mites per flower and proportion of males within the population (Figure 3). The overall 
relationship between these two variables was not significant in H. latispatha flowers 
(F=1.125, p=.3059). The average proportion of males per flower was 0.52 (SE = 0.044). 

!  

!
Figure 3. Regression evaluating the relationship between the total number of Rhinoseius 
sp. mites  per Heliconia latispatha flower and the proportion of male mites within that 
population; total population includes males, females, and nymphs. Flowers studied were 
collected from Bajo del Tigre forest reserve, Monteverde, Costa Rica and were dissected 
under a microscope to count mite populations. Y=-5.002407X+.577648, R2=.1823, p=.
3059, N=17. 

!
Discussion 

Rhinoseius sp. displayed a preference for both nectar and pollen when confronted with a 
choice between flowers with or without an available food source. Mites also had a 
statistical preference for new rather than old flowers. However, they did not favor one 
type of food source (pollen or nectar) over the other. Overall this indicates that mites are 
able to recognize flowers that contain superior conditions for foraging and consistently 
choose these optimal locations (Pyke, 1984). The decision of mites to choose younger 
flowers may be accounted for by the fact that mites rely on olfactory or perhaps 
morphological cues from a flower to disembark from their carrier hummingbird (Colwell, 
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1983). Choosing to disperse to a younger flower could also be advantageous: flowers of 
have too short of a lifetime for a mite development to be completed in a single flower. 
Moving to a younger flower not only means more and better food, but also minimizes the 
risk of moving between flowers by decreasing the necessity to move.  

No factor investigated in this study could explain total population size per flower of 
Rhinoseius sp. This may only be a factor of small sample size and the trend for pollen 
load to relate to total population size may yield a statistically significant result if more 
replicates were taken into account. The negative relationship between pollen weight and 
population size is notable. According to optimal foraging theory, one would expect a 
larger population size to be present with a larger food resource, e.g. increased pollen 
weight. This negative relationship may be attributed to the consumption rate of pollen by 
hummingbird mites: mites have been known to consume up to 32.1% of the pollen load 
of a Hamelia patens flower (Paciorek et al, 1995). Therefore, a larger population would 
be able to consume more pollen, perhaps reversing the expected trend between pollen 
load and mite population size.  

Larger populations with more foundresses or a stable population with lots of genetically 
dissimilar females should have a balanced sex ratio because each female receives equal 
reproductive success from both female and male progeny (Charnov, 1984; Colwell and 
Naeem, 1994; Colwell and Naeem, 1999). The populations of Rhinoseius sp. examined in 
this study, which had a mean male proportion of ~0.52, are consistent with previous 
findings. This study mimicked the instance of mites dispersing between flowers of an 
inflorescence by crawling rather than phoresy on a hummingbird. By comparing this 
information to the data collected in this study, it is reasonable to conclude that population 
sex ratio of hummingbird mites may be used to infer other characteristics of the mite 
species and their respective host flowers.  

Mite dispersal and foraging behavior is affected by the presence of a food as well as age 
of the flower. Whether this is due to olfactory or morphological floral cues requires 
further investigation. Examining the effect of food quality, such as nectar concentration, 
would be another interesting avenue of research. Additionally, factors impacting 
population size and sex ratio of hummingbird flower mites are complex and may 
potentially be used as a general proxy for other information regarding the natural history 
of mite species. 

!
!
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ABSTRACT	
!
There are many characteristics of the bat pollination syndrome that have been documented throughout the 
tropics. One of these characteristics is flower exposure. While the majority of bat-pollinated flowers are 
unobstructed, there are some examples of bat-pollinated flowers that have obstructed flowers. This study 
examined nectarivorous bats in a simulated habitat and their preference when presented with identical food 
sources while one was semi-obstructed with leaves and the other was left unobstructed. Bats significantly 
preferred unobstructed feeders (Wilcoxon sign-rank, p <.00003). These results support that bats choose 
flowers that provide the greatest net gain in energy. Flowers that are more exposed may allow for less 
energy expenditure, while those that are obstructed may have other methods for attracting bat 
pollinators. ,This may result in natural selection for bat pollinated flowers that have unobstructed flowers or 
flowers that can be located through other traits.	!
RESUMEN	
!
Existen varias características de los síndromes de polinización por murciélagos que han sido documentados 
a lo largo de los trópicos. Una de estas características es la exposición de las flores. Mientras que la 
mayoría de las flores polinizadas por murciélagos no están obstruidas, existen algunos ejemplos de flores 
polinizadas por murciélagos que están obstruidas. Este estudio examina murciélagos nectarivoros en un 
hábitat simulado y la preferencia cuando se les presenta idénticos recursos alimenticios mientras que uno 
era medio obstruido con hojas y el otro se deja sin obstrucción. Los murciélagos prefieren 
significativamente comederos sin obstrucción (Wilcoxon sign-rank, p <.00003). Estos resultados apoyan 
que los murciélagos que proven la mayor ganancia neta de energía. Las flores que están más expuestas 
pueden permitir un menor gasto energético, mientras que aquellas obstruidas pueden tener otros métodos 
para atraer murciélagos polinizadores. Esto puede resultar en una selección hacia flores polinizadas por	
murciélagos que tienen flores sin obstrucción que pueden ser localizados a través de otros rasgos.	!
INTRODUCTION	!
Pollination syndromes are specialist relationships between flowers and their pollinators. 
These relationships are defined by distinct floral characteristics that are desirable to the 
pollinator (Heinrich 1975). This co-evolution involves the minimal expenditure of energy 
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for each organism while still offering an evolutionary advantage in pollination or feeding 
(Heinrich 1975). 	

One such evolutionary relationship is seen in flowers that are pollinated by bats. 
For flowers, this relationship requires a great amount of energy investment in the 
production of large amounts of nectar amongst other things that bats desire in a flower 
(Tschapka and V. Helversen 2007) . The reason to invest such energy is because bats are 
extremely effective pollinators (V. Helversen 1993). Bats offer an opportunity for the 
flower to be outcrossed by spreading pollen at optimal distances (V. Helversen 1993). 
More than 1000 species of flowers in the neotropics depend on bat pollination (Winter 
and V. Helversen 2001).  Many flowers have evolved characteristics that are 
advantageous to be pollinated by this effective pollinator. These traits include flowers that 
are colorless, supply copious amounts of nectar, have high accessibility and exposure, 
and are open at night. Within the field these characteristics are very effective for bat-
pollinated flowers(V. Helversen et al. 2002). For instance, the flower of Burmeistera 
cyclostigmata exhibits many of these characteristics and it is pollinated 84%-100% of the 
time by bats (Muchhala 2003). 	

For bats, their preference is also important. It is assumed that they, like the 
flowers, expend as little energy as possible in finding a food source. Throughout one day 
bats may expend 124kcal and require energy for locomotion, hovering, and warmth 
amongst other things (Arbol 2005). This may restrict their foraging to short periods of 
time and influence their selection of flowers (Arbol 2005). Bats optimally choose flowers 
with a nectar sugar concentration between 14-16% that is sucrose poor, and prefer a 
musky odor (Arbol 2005).  In addition to these factors, it is assumed that bats would 
prefer flowers that are the closest to their roosting site and require the least energy to 
reach (Arbol 2005). 	

A common trait of the bat pollination syndrome is that of flower exposure and 
thus accessibility. The majority of bat-pollinated flowers are found as hanging 
inflorescences below the canopy, or raised on long stems above foliage (V. Helversen 
1993) (Figure 1). The accessibility of flowers of Burmeistera cyclostigmata have a 
significant effect on the level of bat visitation and pollination (Figure 1) (Muchhala 
2003). However, other bat-pollinated flowers, such as Burmeistera tenuiflora (figure 1), 
are semi-obstructed within the foliage and may be pollinated by hummingbirds as well as 
bats (Muchhala 2003). The existence of semi-obstructed bat pollinated flowers is 
interesting, as this does not appear to be their common display. Similarly, flowers found 
within the jungle require bats to navigate through dense vegetation to reach them 
(Helversen et al. 2002) suggesting that flowers within vegetation may be accessible to 
them. Bats can locate both unobstructed and obstructed flowers through the use of 
olfaction and echolocation (V. Helversen et al. 2002). However, it may be more difficult 
to locate nectar sources that are within dense vegetation (V. Helversen et al. 2002). 
Therefore, with their ability to locate and reach such sources, it is unclear how the 
exposure of the flower may affect the preference of the pollinators themselves. A study on 
this preference has not yet been completed without other confounding pollination traits. 
These additional traits found in naturally occurring flowers, such as nectar amounts, 
scent, or floral shape, may differ between species and these factors may be interfering 
with the examination of flower exposure in the preference of their pollinators. Therefore, 
in order to examine the importance of flower exposure and pollinator preference I 
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examined the preference of nectarivorous bats when given the choice between two 
identical food sources, one of which was semi-obstructed.	!

	!!!!!!!!!!
	

!!!!!
!
!
METHODS	!
Study Site	!
This experiment was conducted at the Bat Jungle located in Monteverde, Costa Rica. The 
Bat Jungle is an enclosed bat habitat created to simulate the Monteverde Cloud Forest 
Preserve. The habitat has dimensions of 17m x 2.5m x 2.5m (Figure 2). Nocturnal 
behavioral pattern has been reversed so that bats are active during the day; there is 
minimal red lighting so bats can be observed. The habitat contains 95 bats, 25 of which 
are nectarivorous. There are four hummingbird feeders within the enclosure that hang 
from the ceiling at about 1 m from the ground.  	
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Figure 1-the bat pollinated flowers of 
Burmeistera tenuiflora (left) with semi- 
obstructed flowers and  Burmeistera 
cyclostigmata (right) with unobstructed flowers. 
Bats have been seen visiting and pollinating both 
flowers. http://www.pharmakobotanik.de/gal-dt/
costaric.htm



� 	
Figure 2- Bat jungle simulated habitat as seen from the viewing space. The habitat is 
a 17m x 2.5m x 2.5m space that is meant to simulate the Monteverde Cloud Forest.	

Study Organisms	!
There are 25 nectarivorous bats of three species that live in the habitat. Anoura geoffroyi, 
Hylonycteris underwoodi, and Glossophaga commissaris are glossophagine 
(Phyllostomidae), neotropical bats that have the ability to hover, echolocate, and use 
olfaction (V. Helversen and Reyer 1984). 	!
Experimental Design		
Four hummingbird feeders were located in pairs within the bat habitat. They were hung 
approximately 1.5 meters apart in a linear fashion (Figure 3). All feeders were the same 
color and type with six holes per feeder. Feeders were filled with 200 mL of liquid bat 
nutrient solution that bats are fed everyday. Two feeders, in an alternate pattern, were 
covered with leaves. Each day the feeders with leaves were switched to the other two 
feeders. The leaves hung down from the top of the feeder, but did not completely obstruct 
the holes. Leaves were about 45 cm in length and six cm wide. Six leaves were taped 
together and wrapped about 25 cm above the feeder holes (Figure 4). The other feeder 
was left uncovered (Figure 4). Bats were released from their dormitory at 8:30 am to 
begin feeding, after 3.5 hours the feeders were removed and the volume of liquid 
remaining was measured. Trials were conducted for 13 days, with two trials per day (one 
trial was lost).	!
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� 	
Figure 3-Approximate diagram of the Bat Jungle layout. Feeders that were covered 
and uncovered were placed in an alternate fashion in spots A-D. After 20 trials preference 
was observed for feeders C and D as compared to A and B.  The location of the 
nectarivorous bat roosting spot was located close to feeders C and D. 	

!

� � 	
	!!!!!!!!!!!
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Figure 3- Presentation of bat feeders for observing preference of bats with 
varying food source obstruction. Nectarivorous bats were presented with an 
uncovered (left) and covered (right) feeding source. Leaves were taped above the 
feeder so that feeding holes were partially obstructed, but not completely covered.



RESULTS	
!
The average volume removed from feeders that were uncovered was greater than that 
removed in covered feeders. This result was significant (Wilcoxon paired test, V= 319, p 
< .00003) (Figure 4). 	

�  

Figure 5-The observed preference of nectarivorous bats when simulating the natural 
exposure of bat-pollinated flowers in a controlled bat habitat. The mean volume of 
nectar removed (± 1 SE) was recorded over 25 trials. Feeders were covered with leaves to 
simulate less exposed flowers in a natural habitat, while uncovered feeders did not have 
any leaf cover to simulate exposed flowers. Results were significant (Wilcoxon paired 
sign-rank, p<.00003). 

!
!
DISCUSSION	
!
Without the other pollination traits confounding with preference, bats were more likely to 
feed from feeders that were unobstructed than those that were semi-obstructed. As 
mentioned before, bats are high-energy mammals that need to acquire as much energy as 
possible while also expending as little energy as possible. The quest to receive a net gain 
of energy overall is a main predictor of why this preference was observed (Arbol 2005). 
As a pollinator, bats are very large, so their accessibility to the flower will be improved if 
there is no obstruction (V. Helversen et al. 2002). Additionally, their wing movement 
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varies from those of smaller pollinators such as hummingbirds. It occurs in a large arc 
around them, which may interfere with the vegetation (V. Helversen 1993) making the 
flower more difficult to access. The vegetation that obstructed the feeder may have been 
interfering in this way. In nature bat-pollinated flowers are well spaced allowing for 
easier access (Tschapka and V. Helversen 1999). . 	
	 Minimal energy expenditure can also be extended to the bats use of olfaction and 
echolocation. For bats, echolocation is the most important way to locate flowers 
(Helversen et al. 2002). The differing shapes of bat flowers confer an echo that allows for 
recognition of flowers that are desirable (V. Helversen et al. 2002). In the Mucuna, 
flowers are shaped in a way that their echoes allow bats to recognize if they are virgin 
flowers or have already been pollinated (V. Helversen et al. 2002). This may explain why 
bats preferred unobstructed feeders, as the leaf cover may have interfered with their 
ability to echolocate the position of the feeders holes. In addition to the ability to 
echolocate, bats have a spatial memory that helps to identify sources that are the easiest 
to access. The recognition and remembrance of locations and attributes to a food source 
has been observed in nectarivorous bats of the tropics (Thiele and Winter 2004). In the 
case of this experiment, bats may have been able to recognize the difficulty in accessing 
the obstructed feeder and chosen to visit the more accessible feeder instead. In this 
instance, it may work with the identification of easily accessible locations so as to 
optimize energy expenditure by reducing time spent foraging (Thiele and Winter 2004).	
	 Finally, it is necessary to take into account what this means for the flowers being 
pollinated. Both bats and hummingbirds pollinate flowers of B. tenuiflora, as compared to 
the B. cyclostigmata that are mostly pollinated by bats (Muchhala 2003). This indicates 
that greater exposure of the flower may offer a more specified pollination mechanism for 
bats that may exclude other undesirable pollinators. When looking at the bat pollination 
syndrome of flowers it would be expected that flowers should increasingly show a 
modification toward a more exposed flower. However, the persistence of semi-obstructed 
bat pollinated flowers is something to consider. One explanation for their persistence may 
be seen in the positioning and angle of such flowers. In the case of Vrisea gladioliflora 
flowers are inlaid on a stalk with flowers at a 40-degree angle. This may be an adaptation 
allowed for the location of flower as it is angled in such a way that the echo is locatable 
for bats when using echolocation (V. Helversen et al. 2002). Additionally, other traits 
such as amounts of nectar, or attractiveness to other pollinators may aid in the persistence 
of this trait. Further investigation of how the orientation of flowers with and without 
vegetation may impact pollinator preference may help to better understand this flower-
pollinator relationship. It is important to continue to consider these implications as the 
interaction between flowers and bats as pollinators is essential for the two involved in the 
relationship. 	
	 Bat pollination is important to many species of flowers within the neotropics. It is 
important to understand their preference for pollination, as this will maintain essential 
pollinator relationships. The exposure of flowers is one such relationship that appears to 
be a significant factor for bat pollination as it allows the bats to expend less energy to 
reach a food source. Therefore, flower exposure and accessibility is one syndrome of bat 
pollination that will persist in nature.	!
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Phyllostomid bats as seed dispersers of Solanum 
umbellatum!
!
Alayna Dorobek !!
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ABSTRACT !
Seed ingestion by frugivores might strongly affect germinability and seedling distribution. The 
role of frugivorous bats in enhancing or limiting plant fitness as important seed dispersers is 
poorly understood. It has been demonstrated that seed retention time can impact seed viability 
with increasing time in frugivores’ guts, but studies are limited to a few families of bats. This 
study explores the frugivore-plant interaction between five Phyllostomidae bats- Artibeus 
jamaicensis, A. toltecus, A. lituratus, Platyrrhinus vittatus, Carollia brevicauda- and Solanum 
umbellatum to determine the effects of seed retention on germination rates and success.  S. 
umbellatum was fed to these species of bats at the Bat Jungle in Monteverde, Costa Rica. Bat 
guano was collected at time intervals of 30 and 90 minutes. This study attempted to germinate 
seeds in the presence and absence of fecal matter at both time intervals, but samples failed to 
germinate. Significantly more seeds were deposited within the first 30 minutes after ingestion, 
which might suggest some enhancement of plant fitness for seeds dispersed earlier or later. 
Solanaceae plants possess laxative chemicals that can shorten seed retention time in order to 
increase plant fitness. Therefore, plants might have greater control on seedling establishment 
success than solely relying on disperser behavior and physiology, which, most likely resulted 
from a long evolutionary history between Phyllostomidae bats and tropical shrub species like 
Solanum umbellatum.  !
RESUMEN !
La ingesta de semillas por animales frugívoros podría afectar la geminabilidad y distribución de 
plántulas. El papel de murciélagos frugívoros en el mejoramiento o limitación del “fitness” de 
plantas como importantes dispersores de semillas es poco entendido. Se ha demostrado que el 
tiempo de retención de semillas puede afectar su viabilidad a mayor tiempo en el tracto digestivo 
de frugívoros, pero los estudios están limitados a unas pocas familias de murciélagos. Este 
estudio explora la interacción planta-frugívoro entre cinco murciélagos Phyllostómidos - Artibeus 
jamaicensis, A. toltecus, A. lituratus, Platyrrhinus vittatus, y Carollia brevicauda - y Solanum 
umbellatum para determinar el efecto de la retención de semillas en las tasas de germinación y 
éxito. Estas especies de murciélagos se alimentaron con S. umbellatum en el Bat Jungle en 
Monteverde, Costa Rica. El guano se colectó a intervalos de 30 y 90 minutos. Este estudio intentó 
la germinación de semillas en la presencia y ausencia de materia fecal en ambos intervalos de 
tiempo, pero las muestras no germinaron. Significativamente más semillas fueron depositadas en 
los primeros 30 minutos después de la ingesta, lo que podría sugerir algún mejoramiento del 
“fitness” para semillas dispersadas antes o después. Las Solanáceas poseen sustancias laxantes 
que podrían acortar el tiempo de retención de las semillas para incrementar el “fitness” de la 
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planta. Por lo tanto, las plantas podrían tener mayor control en el éxito del establecimiento de 
plántulas que únicamente dependiendo del comportamiento y fisiología del dispersor; lo cual, 
probablemente, es el resultado de una larga historia evolutiva entre entre murciélagos 
Phyllostómidos y especies tropicales de arbustos como Solanum umbellatum.   !
INTRODUCTION !
The effects of frugivore seed ingestion on seed germinability are important for understanding the 
ecology and evolution of plant-frugivore interactions (Traveset, 1998). Capacity of seeds to 
germinate after ingestion by frugivores is important for the population dynamics of some plant 
species. While there have been many studies that have observed the role of frugivorous bats as 
dispersers, little is generalized concerning their role in plant establishment by affecting 
germinability of seeds (Traveset, 1998).   The amount of time it takes for food to pass from 
ingestion to excretion is relatively short for bats. Passage rate is measured at about thirty minutes 
(Tang et al, 2007). A short passage time might limit seed dispersal (Izhaki et al, 1995) but 
increase germination success. 
 The role of bat ingestion on seed germination varies by species studied. Ingested seeds 
might take less time to germinate, but this varies drastically among different organisms. A shorter 
gut-passage time, typically found in species with small body sizes, might accelerate germination 
rates (Traveset, 1998). It has been demonstrated that germination success decreases as retention 
time increases, suggesting more damage from a longer passage time that negatively influences 
germinability (reviewed in Traveset and Verdú 2002). A different review concluded that gut 
passage time after ingestion by frugivorous Pteropodidae and Phyllostomidae bats had little effect 
on most seed species. However, the review did not include studies on interactions between plants 
from the Solanaceae family and Phyllostomid bats (Traveset, 1998). These two families are 
abundant in the neotropics and represent a dominant plant-frugivore relationship that requires 
further research to explain their ecological roles in tropical forests. Interestingly, in 25% of the 
different plant-frugivorous bat interaction, germination was enhanced and in 29% of cases 
germination was delayed with most cases of increased germination rates were found in the 
temperate regions compared to the tropics. The effect of a particular frugivore species is largely 
unpredictable varying from one plant to the next and depending on seed traits and/or 
environmental conditions (Traveset, 1998). Hence, additional research is necessary to determine 
whether tropical frugivorous species are not only seed movers, but also contributors to 
germination success and increased seedling establishment in the Neotropics.  
 Frugivorous bats have long been known as important seed dispersal agents, especially the 
Phyllostomids of the New World (Muscarella and Fleming, 2007). Fruits of Piper and Solanum 
are a major part of frugivorous bat diets; the seeds constitute 70 percent of the fecal samples of 
the two most common frugivorous bats in the Monteverde area, Sturnira ludovici and Artibeus 
toltecus (Dinnerstein, 1986). Yet little is known about how A. toltecus affects germinability. In 
one study, ingestion of Solanum aphyodendron by S. ludovici did not affect germination (Norton, 
1993). This study also did not consider how passage time influences germination success and 
timing. Another study found that seeds of Cecropia obtusifolia ingested and defecated by the bat 
S. mordax germinated later than seeds not ingested by this bat (Brown, 1998), suggesting adverse 
effects of bat digestion on germination rates.  These contrasting results necessitate additional 
research exploring the role of common seed dispersing Phyllostomid bats on plant succession, 
particularly of A. toltecus, about which little is known concerning its effects on germination. If 
germination is enhanced by bat dispersal of this family, it would explain the evolution of 
particular plant characteristics that encourage a tight relationship with Phyllostomid bats. 
 This study compares rate and success of Solanum umbellatum seed germination with 
passage time in the presence and absence of fecal matter. Seeds present in fecal matter represent 
natural dispersal conditions and should therefore increase germination rates (Traveset, 1998) Seed 
ingestion might be advantageous for the plant by increasing the rate of seedling recruitment 
(Traveset, 1998). However, a longer seed retention time could negatively affect the seed viability 
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of Solanum umbellatum. This study explores the importance of Phyllostomidae bats as dispersers 
and, ultimately, how they might affects plant establishment and tropical forest development. The 
recent decline in frugivorous bat populations in Monteverde could have serious consequences on 
forest structure and growth. Discovery of key plant-frugivore interactions would help biologists 
place different stressors on conservation of these species.  
METHODS !
Study Site 
Bat guano collection took place at the Bat Jungle in Monteverde, Costa Rica. The Bat Jungle is a 
live exhibit of approximately 95 bats, 70 of which are frugivorous, on display in a large jungle-
simulated 17 m x 2-3 m x 2.5 m flight cage (Shelley, 2011). A clear, plastic tarp was placed on the 
floor next to the viewing window, comprising a large area under common flying paths and 
roosting sites. The exhibit has four feeding sites that can hold from three to four bowls of food up 
to ten total bowls.  !
Study Species 
There are five species of frugivorous Phyllostomidae bats in the Bat Jungle- Artibeus jamaicensis, 
A.s toltecus, A. lituratus, Platyrrhinus vittatus, Carollia brevicauda. A. toltecus is the most 
abundant species at the Bat Jungle with 50 individuals, followed by C. brevicauda with nine, A. 
jamaicensis with five, and A. lituratus and P. vittatus both with three. Many frugivorous 
Phyllostomid bats specialize on the fruits of second-growth shrubs like Piper, Cecropia, and 
Solanum (Hernandez-Conrique 1997, and Laval and Rodriguez, 2002).  While the bat species 
present in the Bat Jungle eat fruits from a variety of plant species, Solanum spp. is an important 
food source, especially for A. toltecus, the most abundant bat in the bat jungle. The other species 
are also reported to eat fruits from Solanum (Laval and Rodríguez, 2002). All bats are maintained 
on a diet of bananas, papaya, melon, apple, and watermelon and are fed daily at 8:30am, 
12:00pm, and 4:30pm. Occasionally, they are fed S. umbellatum located around the Bat Jungle. 
Species were not differentiated for the experiments. Therefore, the effects of ingestion on S. 
umbellatum seed germination could have resulted from any of the species in the enclosure. !
Experiment 
Three dishes filled approximately half-way with ripe Solanum umbellatum fruits were offered to 
the bats at one feeding site during their first feeding period of the day starting at around 8:30 am. 
The exact number of fruits was not recorded and not constant for each collection day, but 
controlled statistically. All fruits offered to the bats were obtained from one S. umbellatum plant 
located in front of the Bat Jungle. Fruits were picked either the day before or the morning of the 
day that they were offered. All dishes of S. umbellatum fruits removed after 30 minutes and 
replaced with seedless fruits of banana, papaya, melon, watermelon, or apple filling all four 
feeding sites with ten bowls of seedless fruits in order to avoid confusing longer passage time 
with seeds from fruits that were eaten significantly later than the first several fruits. Thirty 
minutes after the seeded fruits were removed at around 9:30 am, I took 19-20 samples of bat 
guano. A sample represented a dropping from an individual bat. In some cases, more than 20 
samples were presented on the tarp at this time. Samples that were relatively close or on top of 
other guano samples were avoided as well as small samples that appeared to be trailing droppings 
that occurred while that bat was flying, but were not discrete enough to imply one sample. I 
collected the samples following the same direction through the Bat Jungle and never going back 
to a previously passed point to collect. If I avoided a sample, it would be removed from the tarp 
to prevent using that sample at the later collection time. Samples were put into individual glass 
vials. I returned at around 10:30 am, 90 minutes after S. umbellatum was removed, to perform a 
second collection of 19-20 samples using similar methods to the first collection. After the second 
collection, the tarp was removed and cleaned to be used at the next collection date. I collected 
twice a day for six days gathering 115 samples at 9:30am and 116 at 10:30am.  
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 Seeds from each sample were counted and recorded. Seeds were either washed with 
distilled water (even collection days) or left in bat guano (odd collection days) before putting 
them in a petri dish lined with filter paper (Norton, 1993 and Brown, 1998). Petri dishes from the 
first four days of collection were placed near a window in Estación Biológica de Monteverde and 
watered with distilled water once a day. The remaining two collections were placed near a 
window in a different room of the Estación Biológica de Monteverde after observing that seeds 
from the first two collections had not germinated within the expected seven to ten days (Norton, 
1993). These samples were also watered with distilled water once a day. Two controls of 
undigested seeds from two ripe S. umbellatum fruits were counted and placed on petri dishes with 
filter paper and watered once daily with distilled water. Seeds were checked daily for signs of 
germination.  !
RESULTS !
All bat species present in the Bat Jungle were observed eating Solanum umbellatum fruits. Most 
bats were seen eating two to three total fruits in the 30 minute period that S. umbellatum was 
offered. When the dishes were replaced with seedless fruits, all of the S. umbellatum fruits had 
been taken. A comparison of seed counts at each collection time was made taking into account 
that each collection day is independent from the others using a general linear model. The general 
linear model compared the samples collected at 9:30 with their respective 10:30 samples within 
each day and provided a general comparison across days. Significantly more seeds were 
deposited within the first 30 minutes than after 90 minutes (F=122.62, numDF=1, denDF=226, 
p<0.0001). On average, there were about three times more seeds after 30 minutes than after 90 
minutes (Figure 1). The maximum number of seeds collected at this time was 530 and the 
minimum number was 11.  !

"  
FIGURE 1. Comparison of the mean number of seeds (± 1 SE) per bat belonging to any of the 
species present at the Bat Jungle in Monteverde  including Artibeus jamaicensis, A. toltecus, A. 
lituratus, Platyrrhinus vittatus, Carollia brevicauda (n=70) counted from excretion samples at 30 
and 90 minutes after feeding on Solanum umbellatum for 30 minutes. 0 minutes represents the 
time at which the S. umbellatum was removed.  !
 The number of seeds ranged from 323 to 6 with a maximum and minimum seed count 
lower than that from samples collected 30 minutes after S. umbellatum fruit removal. With a large 
range of seed number represented for both collection times, seed number per sample was divided 
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into three categories to observe the number of samples from 9:30 and 10:30 distributed into each 
category. The distribution of seeds per category was different between samples collected after 30 
and 90 minutes (Chi-squared test, X2=72.7728, df=2,p<2.2e-16). More samples collected at 
9:30am had greater than 200 seeds whereas a majority of the samples collected at 10:30am 
contained fewer than 100 seeds (Figure 2). Only one sample collected at 10:30 had greater than 
200 seeds that being the maximum seed count for this category of 323 seeds. A similar percentage 
of samples in each seed count range were collected at 9:30amranging from 12 to 19 percent of the 
total samples (Figure 2). In each control, one fruit of S. umbellatum was used and contained 
290-300 seeds.  Of the total 231 samples and two controls, none of the seeds germinated. No 
growth in seed size was observed. !

"

"  
FIGURE 2.  Number of samples collected of the total samples at 30 and 90 minutes after Solanum 
umbellatum  removal containing a number of seeds within a certain range-0-100, 101-200, and 
>200 seeds. Samples were collected at 9:30 and 10:30 represented by 30 and 90 minutes 
respectively. Significantly more seeds were observed in samples collected at 30 minutes 
according to the Chi-squared test.  !
DISCUSSION !
Because seeds of Solanum umbellatum failed to germinate, I was unable to come to any 
conclusions on the effects of seed ingestion by Phyllostomidae bats represented at the Bat Jungle, 
particularly if a longer passage time reduced germination rates and success. The failure to 
germinate may have been caused by some combination of physical factors since the control 
samples did not germinate either.  I used similar materials to a previous study that germinated 
seeds of Solanum aphydendron after ingestion by Sturnira ludovici; however, the description of 
the physical characteristics that the seeds were exposed to were not clearly described (Norton, 
1993). Several other studies were successful at germinating seeds with similar methods (Izhaki et 
al, 1995), but some controlled for lighting and temperature (Tang et al, 2007). Other successful 
germination experiments used soil (Murray et al, 1994 and Wahaj et al, 1998).  It is possible that 
seeds experienced too much sun light or not enough water creating desiccating conditions.   
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 Although I was unable to demonstrate the effects of seed retention times on seed viability, 
I was able to evaluate the effect of retention time on the number of seeds dispersed. My results 
indicate that significantly more seeds are deposited within the first 30 minutes after ingestion, but 
also a fair amount remained to be passed at 90 minutes. This could be the result of some 
physiological characteristic of bats, most likely a short gut (Traveset, 1998). However, Solanum 
umbellatum might influence seed retention time as a way to favor germination after bat dispersal. 
Evidence of tight coevolutionary relationships between plants and frugivore dispersers is lacking. 
Although plants appear to have little control over their seeds after ingestion, they might be able to 
influence disperser behavior in order to maximize their own reproductive success (Murray et al, 
1994). Two studies have demonstrated that secondary metabolites present in the fruit pulp of 
particular species in the Solanaceae family function as a laxative reducing retention times 
(Murray et al, 1994 and Wahaj et al, 1998). Hence, some plants play a role in determining their 
dispersal patterns and germination success.  
 It remains unclear as to how chemical laxatives present in Solanaceae improve plant 
fitness (Murray et al, 1994). Seeds from this plant family that passed through Black faced 
Solitaire guts showed decreased germination success with increased retention time. Decreased 
seed viability might result from chemical and/or mechanical abrasion of the seed coat in the gut. 
Yet, there could be some negative consequences of a rapid passage time for plant reproductive 
success. Seeds that are excreted quickly are deposited nearer the parent plant. These seeds could 
have reduced fitness due to direct competition for resources with the parent plant. A limited seed 
shadow may also experience increased predation risks due to density dependent mortality (Clark 
and Clark, 1984). Thus, seeds with a longer retention time might have a selective advantage 
because of greater dispersal distance. However, the correlation between retention time and 
dispersal distance is not clear as differences in disperser behavior, plant habitat requirements, and 
internal treatment of seeds by frugivores will have varying impacts(Wahaj et al, 1998). Further 
research is needed to describe the trade-offs between seed viability and dispersal distance that 
vary with passage rates.  
 The plant-disperser interaction between frugivorous Phyllostomidae bats and plants of the 
Solanaceae family might be more complex than originally described. Bat dispersal could enhance 
germinability, but this might result from evolved plant characteristics like laxative chemicals. 
Further research should compare the passage rates of various fruits and the consequential 
germination success of plant species commonly eaten by Phyllostomidae bats. Additions to this 
study can be made. The experiment should be repeated with greater attention and control of 
environmental conditions to germinate seeds of Solanum umbellatum. Other common seeded 
fruits like Piper spp. or Cecropia spp might also be considered. Seedling establishment has been 
previously described as random relying on chance dispersal to a suitable habitat, but it appears 
that plant-disperser relationships may play a greater role than once thought. Plant contributions to 
dispersal patterns should be explored to better assess the effects of plant-frugivore interactions on 
plant fitness.  !
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ABSTRACT 

To investigate alternative reproductive strategies in the gregarious bee Crawfordapis luctuosa, I determine 
if oocyte development differs for floating or provisioning females. Provisioning bees enter and exit a single 
nest while floating bees hover above and enter multiple nests. Provisioning bees were more likely to be 
carrying pollen while floating bees were never seen carrying pollen (p< 0.0001). Sixty-nine percent of 
provisioning bees carried pollen (n=29) while no floating bees did (n=29). Floating bees were also found to 
weigh about 10% more than provisioning bees (p=0.02). However, no difference was found in the 
development of oocytes between floating and provisioning bees (p=0.522), as both behaviors showed a 
range of oocyte development. Therefore, there is a physiological reason to expect alternative mating 
strategies in C. luctuosa. Floating and provisioning females both are equally ready to lay eggs. Floaters 
may be cleptoparasitic and avoid costs of digging incurred by provisioning females. 

Para investigar las estrategias reproductivas alternativas en la abeja gregaria Crawfordapis luctuosa, 
determine si el desarrollo de oocitos difiere entre las hembras con comportamiento de provisión o flotante.  
Las abejas provisoras entran y salen del mismo nido mientras que las flotantes flotan y entran en multiples 
nidos.  Las abejas provisoras son más propensas a cargar polen mientras que las flotantes nunca fueron 
vistas cargando polen (p< 0.0001). Sesenta y nueve por ciento de las abejas provisionadoras cargaron polen 
(n= 29) mientras que ninguna de las flotantes (n= 29).  Las abejas flotantes fueron más pesadas en 
alrededor de un 10% más que las provisionadoras (p= 0.02).  Sin embargo, no se encontró ninguna 
diferencia en el desarrollo de oocitos entre abejas provisionadoras y flotantes (p= 0.522), ambos 
comportamientos muestran un rango en el desarrollo de los oocitos.  Así, existe una razón fisiológica para 
esperar estrategias alternativas de reproducción en C. luctuosa.  Hembras flotantes y provisionadoras están 
igualmente listas para depositar huevos.  Las flotadoras pueden ser cleptoparásitas y evita el costo de cavar 
incurrido por las hembras provisoras.     

!
INTRODUCTION 

Social behaviors within the order Hymenoptera range from entirely solitary to eusocial 

colonies (Wilson, 1971). Intraspecific nest parasitism in colonial aggregate wasps and 

bees is a common alternative reproductive strategy (Wuellner, 1999). For several solitary 

wasps and bees, intraspecific parasitism results from the optimal benefits resulting from 
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gregariousness and ease of robbing vs. nest construction. Some individuals may choose 

usurpation over digging a new nest or stealing from a neighbor over foraging for pollen 

or both (Field, 1992). These alterations in behaviors could be inheritable variation that 

selection may act upon, driving evolution. It has been shown that certain species of bees 

can lose their ability to build their own nests and find their own food, which can result in 

obligate parasitism (Wuellner, 1999). Additionally, it has been shown that 

cleptoparasitism has evolved in bees at least 17 times, indicating that this behavior may 

be evolutionarily advantageous (Alexander, 1990).  

For Dieunomia triangulifera, a gregarious, ground-nesting bee, there is a 

behavioral difference between what was described as a “provisioning” and “searching” 

bees (Wuellner, 1999). Some of the female bees collect pollen and make trips back and 

forth from the nest, noted as “provisioning,” while some other females are more often 

found flying around different nests, entering several different nests in a short period of 

time, described as “floating” (Wuellner and Jang, 1996). Here, two female behaviors are 

seen:  females who carry no pollen and search for nests to rob/parasitize, and those 

females that provision, carrying pollen back to a single nest.   

Additionally, female D. triangulifera showed a difference in oocyte development 

between these two behaviors. Provisioning bees were larger, carried pollen, and had less 

developed oocytes (Wuellner, 1999). Searching bees had crops full of pollen and more 

developed oocytes, suggesting that they were eating the pollen but not provisioning and 

were ready to lay eggs. Because searching bees were ready to lay eggs in D. 

triangulifera, it is likely an alternative reproduction strategy to provisioning. In the case 

of D. triangulifera, intraspecific competition as an alternative reproductive strategy was 

likely to be the driving factor behind the behavioral and morphological differences 

between individual females in an aggregation.  

One largely unstudied species of bee, Crawfordapis luctuosa, a large gregarious 

bee that forages year round (Otis, 1982), also exhibits two reported types of female 

behavior: females with high nest fidelity and other females that visit multiple nests, called 

�89



floating and provisioning (Wuellner, 1999) This could mean that there is a possibility of 

intraspecific parasitism between individuals as an alternative reproductive strategy. 

Differences in behavior could have multiple explanations considering oocyte 

development. In one instance, when a female is done provisioning and laying her eggs, 

she seals up her nest and beings to search for a new nest site. Here, provisioning bees 

would have more developed oocytes whereas floating bees would have already laid their 

eggs and are searching for a new nest while their oocytes begin to develop further. 

Alternatively, provisioning and floating behaviors could be exhibited by individuals at 

different times of day due to resource availability during times of the day. In this case 

both females have equally developed oocytes. Finally, there could be alternative 

reproductive strategies occurring where both females are looking to lay eggs and have 

mature oocytes, but one is provisioning for her eggs and nest while the other is 

cleptoparasitic, carrying no pollen, and stealing from her neighbors.  

Because C. luctuosa shows a dichotomy in behavior. It is possible that there may 

also be morphological differences in oocyte development that could lend evidence that 

this species may exhibit intraspecific cleptoparasitism as an alternative strategy to 

provisioning. Therefore, I see if female provisioning and searching C. luctuosa differ in 

size, pollen load and oocyte development. 

METHODS 

I studied C. luctuosa from April 10th, 2012 until May 3rd, 2012 on a service road in 

Monteverde, Puntarenas Province, Costa Rica at approximately 1800m in elevation in a 

lower montane wet forest. This road is made of packed down clay where the bees build 

their nests for about 30 meters along both sides of the road, where they nests generally 

avoid vehicle traffic. 

!
!

�90



Collection 

Collection and dissection protocol was followed similar to that of Wuellner 

(1999). Provisioning bees were categorized by those individuals coming to the nest site 

and entering only one nest. Floating bees were individuals observed hovering around the 

nest site for over ten minutes and entering multiple nests. Provisioning and floating bees 

were captured, weighed, killed in a freezer and stored there until ready for dissection. 

Bees were dissected in ethanol. Oocyte development for the provisioning and floating 

bees was categorized as: well-developed, intermediately developed, and undeveloped 

based on size and clearness of individual oocytes. Well-developed oocytes could be seen 

clearly and individually within a larger, more robust ovary, whereas undeveloped oocytes 

were not distinguishable within a smaller, less plump ovary (Fig 1).  

Field Observation  

Using paint pens, floating females were marked blue while provisioning females 

were marked pink. To mark, bees were netted and put into a small plastic container where 

individuals were easy to corner, and paint was applied to the dorsal thorax (Fig.2). From 

April 10th to April 22 colored bees were followed in the morning hours between eight am 

and 11 am. Thirty individuals were labeled pink and thirty were labeled blue. 

Additionally, bees that exhibited clear floating or provisioning behaviors were 

observed for pollen loads. The frequency of clear cases of provisioning bees with or 

without pollen were recorded as well as clear cases of floating behaviors with or without 

pollen loads. Pollen loads were easily recognizable patches of yellow on the thorax. 

Pollen was scored as present/absent. 

!
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! !  

Figure 1. a) Floating C. luctuosa painted blue and provisioning females painted pink on 
thorax next to unpainted individual (right) b) The inside of a bee abdomen with well 
developed oocytes. The ovary is the large almond shaped organ, indicated by an arrow. 
Three distinct oocytes are visible here. Intermediately developed oocytes would be less 
clearly defined as separate oocytes within the ovary. Undeveloped oocytes are not 
individually distinguishable within the ovary. Just one ovary is seen in C. luctuosa, 
generally with only three oocytes. 

!
!
RESULTS 

There was a significant difference in weight between floating and provisioning bees (t-

Test, t=2.40 p=0.0214, n=40). Floating bees (0.538 grams ± 0.08), weighed more than 

provisioning bees (0.484 grams ±0.01; Fig 3). 

No difference was found in the oocyte development between behaviors (Chi-

square = 0.82, df = 2, p > 0.05). There were no more developed oocytes in provisioning 

bees than in floating bees. Similarly, no one behavior had significantly more un-

developed or intermediate oocytes. Oocyte development did not vary within the 

provisioning or floating behaviors (Fig 5).  

A significant difference was found between the number of floating bees carrying 

pollen and number of provisioning bees carrying pollen (Chi-square analysis, X²= 40, p< 

0.001, n=58). Only provisioning bees were found with a pollen load while floating bees 
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were never observed moving from nest to nest with a pollen load (Fig. 4). Of 29 

provisioning bees observed, 20 were seen carrying pollen and 9 without. Of the observed 

29 floating bees, none of these had pollen. 69% of the time, a provisioning bee was seen 

with pollen. I also found that the earlier I arrived at the aggregation, the more likely I was 

to find females exhibiting clear provisioning behavior; most of the early morning bees 

were carrying pollen loads. 

Of the 60 total painted individuals only 28 were seen again, 13 pink and 15 blue, 

exhibiting a range of behaviors (Fig. 5). Only six individuals were seen provisioning 

again, and only eight blue individuals were seen floating again. In general, only about 

half of the sighted colored bees were seen exhibiting their supposed behavior role. It is 

unclear if the observed colored bees were different individuals, or if the same pink bees 

were seen on different days.  

Additionally, a few aggressive acts were observed. On four different days I 

noticed different incidences of fighting female bees. Whether these bees were 

provisioning or floating was unclear. The bees fought on or near the ground by nest 

entrances, on two occasions the aggression was between three individuals.  

!
!
!
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!  

Figure 2. Difference in mean weight of C. luctuosa between provisioning and floating 
individuals in Monteverde, Costa Rica (n=40). Error bars represent standard error. Mean 
weight was significantly different between each behavior, floating females weigh more 
than provisioning bees (Provisioning=0.484, Floating= 0.538 grams ± 0.08, p=0.0214 
grams ±0.01). 

!  

Figure 3. Frequency of developed or non developed oocytes between floating and 
provisioning behaviors in C. luctuosa in Monteverde, Costa Rica (n=40). No significant 
difference was found between behavior and oocyte development (Chi-square=0.82, df=2, 
p<0.05).  
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!  

Figure 4. Presence or absence of pollen loads between provisioning and floating females 
of C. luctuosa in Monteverde, Costa Rica. Number of individuals observed with/without 
pollen is represented. The presence of a pollen load was significantly more prevalent in 
observed provisioning bees (X²=40, p< 0.001, n=58). 

!  

!
Figure 5. Frequency of provisioning and floating C. luctuosa color labeled based on 
behavior and number of individuals seen again exhibiting congruent behavior in 
Monteverde, Costa Rica. 43 percent provisioning bees were seen again provisioning and 
50 percent floating bees were seen floating again throughout the seven days of labeling 
observation. 

!
!
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DISCUSSION 

This study looked at the morphological and behavioral differences between 

individuals of C. luctuosa. A clear dichotomy in behavior was observed while no 

difference was found between the oocytes of the provisioning and floating individuals. It 

was clear that provisioning bees were more likely to be observed with a pollen load while 

no floating individual was observed carrying a pollen load. From my observations there 

seems to be a clear difference in the defined provisioning and floating behavior; it is clear 

that some bees hover only a few inches from the ground and visit multiple nests while 

other bees with pollen loads directly enter one nest without first floating.  

While these bees are largely unstudied, multiple reasons could explain this 

dichotomy of behavior seen by floating and provisioning bees. Because the sighted 

painted bees were only exhibiting their originally defined behavior about half of the time, 

perhaps the C. luctuosa spends only some part of the day provisioning. More bees were 

carrying pollen in the morning, while later in the afternoon it was more likely to find bees 

that fit the described floating behavior. In a similar vein, because these bees forage and 

reproduce year round in tropical settings (Otis, et al, 1982), perhaps there is no limit to 

resources at some times of the year, where there would be no need to provision a nest 

continually or rapidly. If resources are not limited to one time of the year, perhaps there is 

not a strong enough benefit resulting from cleptoparasitism if resources are plenty.  

Additionally, floating bees could be looking for a new, suitable nest site. For some 

bees, it may be advantageous to lay multiple eggs in multiple nests not close together to 

increase the likelihood of offspring survival. For this reason, perhaps the females 

observed floating were actually provisioning bees looking for available or abandoned 

nests sites that could be suitable to lay more eggs. 

In contrast to other studies on C. luctuosa (Wuellner, 1999 and Otis et al, 1982), I 

did see a few acts of aggression between female bees. On the four occasions I saw bees 

fighting I could not tell if these were confrontations between floating or provisioning 
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bees. The difference in size between the floating and provisioning bees could be evidence 

towards usurpation; a larger bee would be more likely to win in a fight if a floating bee 

was indeed looking to provision a new nest (Wuellner, 1999). If usurpation is a trend 

amongst C. luctuosa, then perhaps these floating bees are looking for a new, suitable nest 

to begin provisioning for, and are only floating, or acting as an intraspecific parasite, for 

short period of time. 

However, there was no difference in oocyte development between these two 

female behaviors. This may suggest that while both behaviors are exhibited at the same 

time within a population, there may be alternative reproductive strategies. While both 

behaviors have equal amount of oocyte development, one of these bees is provisioning 

while the other is not. This could be the result of cleptoparasitism; the floating bees that 

are laying eggs could be stealing their pollen from the provisioning bees. This seems like 

the most likely conclusion; both provisioning and floating bees develop oocytes and lay 

eggs, but the floating bees are generally larger and can get away with stealing the pollen 

from their smaller provisioning neighbors instead of provisioning themselves. Both 

provisioning and floating females reproduce, but with different strategies. This study 

lends evidence to possible intraspecific cleptoparasitism within aggregations of the 

gregarious C. luctuosa.  
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ABSTRACT !
Leaf-cutter ant societies are intensively studied in part because of their parallels with human societies. 
Little is known about how these ants communicate trail productivity (the amount of incoming food). In this 
study I evaluated whether a disturbance that causes a sudden decrease in trail productivity affects trail 
activity rates of Atta cephalotes and how the ants may be communicating this decrease in food intake. I 
disturbed 25 trails from ten nests in Cañitas, Costa Rica, by taking food from incoming ants and measured 
the activity rates before and after this disturbance and then determined individual ant reactions to the 
disturbance. On average, outgoing trail rates significantly decreased from 20.9 ± 2.59 (SE) ants within 30 
seconds to 16.0 ± 2.04 ants while incoming trail rates remained similar; 17.7 ± 1.96 ants before, 18.1 ± 2.02 
ants after. There was a mixture of individual responses including clustering at the site of disturbance as a 
result of “dizzy-izzy running” (circling in search of food), having no preference to go to the nest (49%) or 
back to the food source (51%), communicating via antennae contact, and communicating via the release of 
alarm pheromones. Individual responses varied because ants are likely attempting to enhance their 
individual functioning for the success of the colony. The decrease in the number of outgoing A. cephalotes 
can be explained as an indirect effect of the disturbance. I hypothesized it to be a direct effect of the lack of 
inactive forager stimulation within the nest.  !
RESUMEN !
Las colonias de zompopas son estudiadas intensivamente en parte debido a sus paralelos con las sociedades 
humanas. Poco es conocido sobre como estas hormigas comunican la productividad de senderos (la 
cantidad de comida entrando).  En este estudio, evalué si una perturbación que crea una disminución 
repentina en la productividad del sendero afecta la tasa de actividad en los senderos por parte de Atta 
cephalotes y como las hormigas pueden estar comunicando esta disminución en la toma de alimento.  
Perturbé 25 senderos de diez nidos en Cañitas, Costa Rica, tomando alimento de hormigas en retorno y 
midiendo las tasas de actividad antes y después de estos disturbios y además determine las reacciones 
individuales a los disturbios.  En promedio, la tasa actividad en los senderos salientes disminuye de 20.9 ± 
2.59 (DE) ants within 30 seconds to hormigas en 30 segundos a 16.0 ± 2.04 hormigas mientras los senderos 
entrantes permanecen similares 17.7 ± 1.96 hormigas antes, 18.1 ± 2.02 hormigas después.  Existe una 
mezcla de respuestas individuales incluyendo agrupamiento en el sitio de disturbio como resultado de 
corridas de mareo (circulando en busca de alimento), no muestran preferencias de ir hacia el nido (49%) o 
de vuelta al recurso alimenticio (51%), comunicación vía contacto entrea antennas, y comunicación vía 
liberación de feromonas de alarma.  Las respuestas individuales varían debido a que las hormigas tratan de 
mejorar su función individual por el exito de la colonia.  La disminución en el número de hormigas 
salientes A. cephalotes puede ser explicado como un efecto indirecto de los disturbios.  Yo predije un efecto 
directo a la falta de estimulación de forrajeo dentro del nido. !!!!
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INTRODUCTION !
Leaf-cutter ants form some of the most complex eusocial insect societies on the planet. 
There are a total of 47 leaf-cutting ant species in just two genera, Atta and Acromyrmex 
(Speight et al. 1999). Part of their success is due to their large colonies and division of 
labor; leaf-cutter colonies can have up to 8 million ants with three distinct castes being 
the minims, workers, and soldiers that are generally meant for inner nest maintenance, 
food retrieval, and defense, respectively (Stevens 1983; Wilson 1980). All of these 
species are endemic to tropical regions of South and Central America, Mexico and parts 
of the southern United States (Ross 2007) and they all use plant vegetation (leaves, 
flowers, fruits, etc.) to feed the fungus they use for food (Schultz and Brady, 2008). Due 
to their colony size, leaf-cutter ants have remarkable foraging systems in which they clear 
“high-ways” from their nest to their food source and have foraging trails that can stretch 
more than 250 meters (Sunjian 2003). Thus, one aspect that has been extensively studied 
is their trail systems and how they perform and function with varying abiotic factors such 
as temperature and biotic factors such as plant nutrient levels (Hölldobler and Wilson 
2011) another aspect that goes hand-in-hand is their means of communication system.  

The leaf-cutter ant Atta cephalotes (Hymenoptera: Formicidae) can be found up to 
2,000 meters above sea level and in variable habitats, from primary growth forests to 
pastures (Stevens 1983).  Much is known about their eusocial communication through 
smell, touch, and vibration. A. cephalotes are known to keep a trail by lining it with 
pheromones while in the nest pheromones are mainly used by the queen so that she is 
properly cared for and the colony is able to continue functioning successfully (Jaffe and 
Howse 1979; Littledykea and Cherretta 1978). Communication on the trails and in the 
nest also occurs through the use of the ants’ antennae to interact with one another via 
head-on encounters (Farji-Brener et al. 2009). Communication can even vary depending 
on what caste an ant is part of such as the foraging workers that are able to recruit the 
smaller minims, who are the first line of defense against parasitic flies, onto the leaves 
they cut by creating stridulating vibrations while cutting (Roces and Hölldobler 1995).  

Little is known about how the ants communicate with each other about individual 
trail productivity. In this case, productivity refers to the amount of food a trail is 
providing to the nest (Shepherd 1982). Leaf-cutter ants communicate trail productivity to 
influence their numbers on them (Shepherd 1982) using mainly pheromones from their 
poison gland sacs (Hölldobler and Wilson 2011; Jaffe and Howse 1979), yet there is a 
lack of knowledge as to how ants respond or communicate after a disturbance that lowers 
trail productivity.  

I evaluated whether a sudden decrease in trail productivity affects the trail activity 
rates of A. cephalotes and how the ants may be communicating this sudden decrease. I 
manipulated ant trails with a disturbance; the main goal was to decrease food intake and 
in turn attempt to understand how this affects trail activity rates. I then determine how 
individual ants reacted to being deprived of food to help me better hypothesize how A. 
cephalotes may be communicating with each other. A study performed on A. cephalotes 
found decreases in trail activity as naturally occurring debris increased on trails, yet these 
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rates were only measured for incoming ants carrying food and did not include outgoing 
ant rates (Nishimura-Gasparian 2011), thus this study did not really measure a decrease in 
trail activity but rather a decrease in the amount of food intake due to vegetative 
obstructions. Here, I attempt to first determine the actual effects of a disturbance and then 
determine the probable means of communication about this disturbance.  !
MATERIALS & METHODS !
Study Site and Time:  
My experiment was in the moist premontane forests of Cañitas, Costa Rica at an 
elevation of 1350 meters on the Pacific slope of the Tilarán mountain range and with an 
average rainfall of 3000mm per year (Nadkarni and Wheelwright 2000). More 
specifically, it was on a 35-hectare plot that was a mosaic of intact forests, coffee fields, 
and pastures. Data were collected during the months of April and early May of 2012 on 
days without precipitation because rainfall causes decreases in activity (Lugo et al. 1973). 
Data were obtained at any time between 8:00 am and 5:00 pm because A. cephalotes 
typically forage during the day at the onset of the rainy season (Rockwood, 1975), which 
was when this study was conducted. I never conducted more than one test in a given day 
per nest and never reused a trail already studied.  !
Experiment 1: Disturbance Test 

All nests were in the intact forests but within ten meters of a pasture or coffee 
field. A trail of the nest was then located and a position two meters from the entry point 
of the trail was assumed. At this position the ants’ trail activity rates were determined by 
counting the number of ants that were going in the direction away from the trail entrance 
and towards the food source (outgoing) and separately counting those coming towards the 
entrance in the opposite direction with or without food (incoming).  

Using methodology adapted from another study (Nishimura-Gasparian 2011), on 
each trail studied the outgoing and incoming ants were counted for three 30-second 
independent intervals within a time frame of about six minutes; this obtained six activity 
rates, three for outgoing and three for incoming ants. These trail activity rates were 
measured for both before and after the disturbance was performed. These rates were then 
averaged separately for outgoing and incoming ant rates to obtain both outgoing and 
incoming average trail activity rates for each trail before the disturbance test was 
conducted. The after-disturbance average trail activity rates were then obtained in the 
same manner. Thus with 50 average trail activity rates (50 for outgoing and 50 for 
incoming), 25 for before-disturbance and 25 for after-disturbance, I compared them and 
determined if the rates increased or decreased. Overall, ten nests were used with a total of 
25 trails; I studied three trails of five nests and two trails of the other five nests. 

Immediately after initial trail rates were measured, a disturbance was created in 
order to determine how this affected the trail activity rates if at all. In the same location 
two meters away from the trail entrance, the food (leaf, flower, fruit, etc.) was pried from 
as many of the incoming ants mouths as possible using tweezers. The best way not to 
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injure the ants was using two tweezers, one to first grab the food material and the second 
to grab the ant by its thorax, pry it from the food, and place it on the trail within an 
estimated ten centimeters from where it was picked up. This disturbance test was 
performed for 30 minutes followed immediately by measuring the ant activity rates on 
the trail using the same methods and location as used before the disturbance was started.  !
Experiment 2: Where do the ants go after being disturbed?  
Following the same time frame and location requirements of experiment one, I performed 
a type of disturbance test in which I evaluated whether the ants go choose a particular 
direction after their food was taken from them. I pried food from incoming ants’ mouths 
following methods from experiment one except I only disturbed one ant at a time so that I 
could visually determine the direction each ant went after, either to the nest or back to the 
food source. I did this by placing the disturbed ant back in the same location where I took 
it from and watching it until I saw it go either into the trail entrance (the nest) or at least 2 
meters away from where I placed it and in the direction of where the food source was. I 
only did this experiment for 15 incoming ants on one trail of a given nest (three nests). I 
chose the largest three nests of the ten nests used in experiment one and experimented on 
trails previously used on other days.  !
RESULTS !
Experiment 1: Disturbance Test 
The disturbance had a different effect on the average outgoing and incoming trail rates. 
The majority of the ants outgoing rates decreased while a majority of their incoming rates 
increased, yet more outgoing rates decreased than the number of incoming rates that 
increased (Table 1). 
  

Table 1. The number followed by the total percent of Atta cephalotes trails that 
increased or decreased in their activity rates after the disturbance. This was performed in 
the moist premontane forests of Cañitas, Costa Rica using a total of 25 outgoing and 25 
incoming trail rates from ten nests, each trail rate averaged from three 30 second rates. 
The number of outgoing (to the food source) trail rate changes are on the left, the 
incoming (to the nest) changes are on the right, and the percentages are the percent that 
increased or decreased out of a total 25 trails. The three trails that increased in their 
outgoing rates did not exceed an average of ten outgoing or incoming ants within 30 
seconds before or after the disturbance and were actually the lowest rates obtained. 

!

Outgoing Trail Changes Incoming Trail Changes

Increase 3 – 12% 17 – 68%

Decrease 22 – 88% 8 – 32%

�102



The disturbance typically caused a decrease in the number of outgoing foraging 
ants. Yet, the same was not true for the incoming ants; the disturbance did not cause any 
significant change in the number coming back from their food source.  The average 
incoming rate for all trails was 17.7 ± 1.96 ants within 30 seconds before the disturbance 
and increased to 18.1 ± 2.02 ants afterward, but this difference was not statistically 
significant (general linear model; df: 1, 74; T: 0.2163; p = 0.643; Fig. 1). On average, all 
of the outgoing rates decreased significantly following the disturbance (general linear 
model; df: 1, 74; T: 40.56; p  < 0.0001; Fig. 1A), whereas incoming rates did not change 
(general linear model; df: 1, 74; T: 0.2163; p = 0.643; Fig. 1B). I used a General linear 
model to compare all the before replicates averages with their respective after averages, 
which provided a general comparison across all trails and colonies. !!
Figure 1. The average number of ant species Atta cephalotes on all foraging trails 
combined separately for before and after a disturbance test was performed in a moist 
premontane forest of Cañitas, Costa Rica (± SE). A total of 75 rates were obtained in 30 
seconds using 25 trails (three rates for each) from ten nests which make up each before 
and after average; the number inside each bar is the average number of ants on a trail in 
30 seconds. A. The outgoing ants average trail rates before and after the disturbance 
(general linear model; df: 1, 74; T: 40.56; p  < 0.0001). B. The incoming ants average 
trail rates before (17.7 ± 1.96) and after (18.1 ± 2.02) the disturbance (general linear 
model; df: 1, 74; T: 0.2163; p = 0.643). !
Experiment 1: Additional Observations 
Upon first picking up the incoming ants, some would produce a yellow-brown liquid 
droplet from their abdomen. Then, after no more than five minutes for any trail after the 
disturbance test had begun, the ants (not recorded whether these ants were disturbed ants 
or non-disturbed as well) began to noticeably cluster at the disturbance site and this 
cluster was at a visually greater size by the end of the 30 minute disturbance. By cluster I 
mean that certain ants were not outgoing or incoming from/to the nest, but going all over 
the trail (estimated maximum of 0.5 meters from the disturbance location) near where the 
disturbance was occurring and in some cases going off the trail and finding the food I had 
taken from them and taking it back.  !
Experiment 2: Where do the ants go after being disturbed?  
I recorded the direction of a total 45 incoming workers after being disturbed from three 
trails of three different nests (15 ants per trail). Overall, the 45 disturbed workers did not 
favor going to the nest (49%) or back to the food source (51%). Individually, in nest one 
they favored going into the nest (67%), in nest two they favored neither, and in nest three 
they favored going back to the food source (73%; Table 2). Thus, the direction chosen by 
disturbed ants showed no clear pattern. 
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Table 2. The number and the percent total of incoming Atta cephalotes that went to the 
nest or back to their food source after being disturbed (food taken from mouth). A total of 
45 ants were observed using three trails, 15 per trail, of three different nests in a moist 
premontane forest of Cañitas, Costa Rica. 

!
Experiment 2: Additional Observations 
In experiment one I could not accurately observe what the ants were doing after being 
disturbed because I was more focused on the disturbance test itself. With experiment two, 
I could track ants individually and see the interactions of each one. All 45 disturbed 
incoming workers made at least momentary contact with minims who also reciprocated 
contact using their antennae and in some cases (number not recorded) would even 
completely stop and become surrounded by minims touching and feeling them with their 
antennae. When I placed the disturbed ants back on the trail, I did not notice any outgoing 
or incoming undisturbed ants on the trails change their direction because of this disturbed 
ant. I also recorded a range from 0 seconds to 10 minutes of how long it took a disturbed 
worker to choose a direction and 42% took 1 minute or longer to choose a direction. The 
ants not choosing a direction would go in every which direction possible all over the trail 
and sometimes on the outskirts of the trail and would sometimes even find a new food 
item close by. This is what I call “dizzy-izzy running” and occurred at an estimated 
maximum of 0.5 meters from the location where they were placed after being disturbed; 
they dizzy-izzy ran until they either found a new food source found or chose a direction. 
This dizzy-izzy running of several ants reinforces the observations of experiment one 
where the ants seemed to cluster at the disturbance site.  !
DISCUSSION !
When a disturbance occurred to A. cephalotes, they responded in several distinct ways. 
Most notably, they decreased their outgoing trail activity rates and did not change their 
incoming trail activity rates. In addition, because some ants dizzy-izzy ran in search of 
easily accessible food they created growing clusters at the site of disturbance and whether 
they dizzy-izzy ran or not, the ants had no preference to go to the nest or back to the food 
source. In relation to their overall response, the disturbed ants communicated in two 
variable ways; they always made at least momentary reciprocal antennae contact with 
minims and only sometimes observably released liquid from their abdomen. 

Nest To Nest To Food Source

1 10 5

2 8 7

3 4 11

Total 22 – 49% 23 – 51%
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All outgoing trail rates decreased except for three that increased due to the 
disturbance having an insignificant effect on enough ants or the fact that these trails could 
have been newly formed and still in the process of increasing ants on the trail (Hölldobler 
and Wilson 2011). In another eusocial ant, Pogonomyrmex barbatus, the return of 
successful foragers (those with food) stimulates inactive foragers to leave the nest 
(Gordon et al. 2007); thus the lack of successful incoming (returning) ants may lead to a 
lack of foraging recruitment. A similar mechanism may be acting with A. cephalotes in 
which some ants are not stimulated to forage if there is a shortage in some of the 
incoming ants with food, as was a result of the disturbance. Therefore, the outgoing trail 
rate decrease could have been an indirect result of disturbance instead of a direct effect. 
This also supports the lack of change in incoming trail rates. At the time the disturbance 
was started there were already a number of foraging ants on their way to the food source 
beyond the disturbance site and they could have been out an hour or more depending on 
the length of the trail (Burd 2000). Thus, there was no change in the incoming trail rates 
for two main reasons; 1) there was already a large number of ants on their way back from 
foraging and 2) whether they communicated with disturbed ants or not, there would be no 
logical reason for them to stay out when many are carrying food and could die from 
predation or desiccation (Hölldobler and Wilson 2011).  

I also observed an increase in the number of antennae contact and liquid release 
following the disturbance. Ant communication via antennae contact and the release of 
secretions from their poison sacs is well documented. The liquid released from their 
abdomens was most likely a chemical mixture for an alarm signal; their pheromone 
glands in their abdomen contain several chemicals and communication using pheromones 
is known to vary based on the chemical make-up and/or concentration of the secretions 
(Hölldobler and Wilson 2011). The number of ants initially recruited to a food source 
depends on the quality of the food, the duration of starvation of the colony, and the 
concentration of trail pheromone 4-methylpyrrole-2-carboxylate (pyrrole) on the trail; 
higher quality food, longer starvation periods, and higher concentrations of pyrrole on the 
trail all increase A. cephalotes’ activity rates (Jaffe and Howse 1979). However, antennae 
contact and chemicals from the poison sac other than pyrrole are not essential in the 
recruitment process (Jaffe and Howse 1979). Furthermore, I did not observe any outgoing 
foraging ants change their direction upon contact with disturbed ants that released an 
alarm signal meaning the decrease in trail rates were most likely not due to the release of 
pheromones or antennae contact. While pheromones are the primary communication 
method involved in new trail laying and keeping a trail distinguishable (Hölldobler and 
Wilson 2011), my observations suggest that pheromones may not play that much of a role 
in changing the number of ants on an already established trail.  

The observation that A. cephalotes favored no particular direction after being 
disturbed and instead were observed dizzy-izzy running is consistent with the two forms 
of communication previously mentioned. While leaf-cutter ants are typically thought of 
as superorganisms that are not focused on the survival and reproduction of the individual, 
but that of the whole colony (Hölldobler and Wilson 2011), leaf-cutter ants such as those 
of my study do act individually to try to maintain their own productivity, which in turn 
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acts for the overall success of the colony. What I am saying is that the ants act 
individually in the best way they see fit and thus create the enhanced superorganism. For 
one, what a disturbed ant did varied from one ant to another because they act as 
individuals and most likely are attempting to enhance their individual productive success 
in the best way they see fit; as to how they individually determine what is best for them 
may be beyond the scope of current research techniques.  

Most ants dizzy-izzy ran in search of easily accessible food and upon no success 
would eventually choose a direction. Some may have been scared or disoriented, but the 
majority of evidence supports the former statement. This goes hand-in-hand with the fact 
that they had no preference to go to the nest without food or back to the food source in 
search of food. As to why they chose one way or another, I can only speculate that this 
was again because they were choosing the direction which they thought was best for their 
productive success for the entire success of the superorganism. How long has an ant been 
out? How far did an ant travel?  What caste is an ant in and how much energy does it 
have? Questions like these will be important in understanding why an ant makes a 
distinct individual choice because as science has proven time and time again, nothing is 
random and everything happens for a reason. 

My study has shown that a disturbance affects trail activity rates in that it 
decreases the number of outgoing ants. The decrease is most likely an indirect effect of 
the disturbance and could possibly be a direct effect of the lack of inactive forager 
stimulation within a nest. This mechanism can explain how ants communicate natural 
disturbances such as rain and are able to decrease trail activity significantly. To my 
knowledge it is not known if A. cephalotes do or do not maintain trail activity rates via 
stimulation of inactive ants in the nest by successful returning ants with food, yet my 
study has found partial evidence for this that can help to further understand how this 
particular species of leaf-cutter ants are communicating between one another about trail 
productivity.  !
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ABSTRACT !
Frugivorous butterflies consume ethanol in fermenting fruit. Previous studies have demonstrated that 
ethanol can impair mobility and response to threats of predation. Here, I determine how long impairment 
lasts and whether butterflies encountered flying are as impaired as butterflies that have recently fed on 
fermented baits.  Morpho peleides in the Monteverde Butterfly Garden fed 20 minutes on rotting fruits and 
were then tested for flight ability up to 3 hours after. Wild butterflies were captured in flight (not feeding) 
and were compared to recently fed garden individuals. Wild M. peleides displayed better anti-predator 
responses (time perched on a branch, flight time, distance traveled, and flight speed), and results were 
especially significant when related to time spent on a branch time after placing them there (Two-sample t-
test, F = 4.338, df = 19, p = 0.000348). Additionally, the butterfly garden population decreased their time 
spent perching on branches (Friedman analysis, χ2(4) = 14.56, p = 0.0.00571). Even 3 hours after feeding, 
butterflies did not have the flight acuity of wild caught individuals. Therefore, it appears that ethanol 
intoxication influences anti-predator responses, which is most pronounced shortly after feeding but can 
impair for hours. Wild M. peleides are not as impaired, suggesting they do not feed often or for long 
periods.   !
RESUMEN !
Las mariposas frugívoras consumen etanol en las frutas fermentadas.  Estudios previos han demostrado que 
el etanol puede impedir la movilidad y la respuesta a peligros por depredación.  Aquí, determino cuan largo 
es este impedimento y si las mariposas que se encuentran volando son tan impedidas como aquellas recien 
alimentadas en cebos fermentados.  Morpho peleides en el jardín de mariposas de Monteverde fueron 
alimentadas por 20 minutos en frutas podridas y después se provó su capacidad de volar hasta 3 horas 
después.  Mariposas silvestres se capturaron (no alimentaron) y se compararon con las mariposas recién 
alimentadas en el jardín.  Las mariposas silvestres de M. peleides demuestran mejores respuestas anti-
depredadores (el tiempo de percha en las ramas, tiempo de vuelo, distancia recorrida y velocidad de vuelo) 
y los resultados son significantes cuando se relacionan con el tiempo en las ramas despues de ser colocadas 
ahi (t-test de dos muestras, F = 4.338, gl = 19, p = 0.000348).  Adicionalmente, la población del jardín de 
mariposas disminuyó su tiempo perchadas en las ramas  (Friedman, χ2(4) = 14.56, p = 0.0.00571).  Aún 3 
horas después de alimentadas, las mariposas no poseen la agudeza para volar de los individuos silvestres.  
Así, parece ser que la intoxicación por etanol infuencia las respuestas anti-depredadoras, lo que es más 
pronunciado seguidamente después de la alimentación y puede permanecer por horas. M. peleides silvestres 
no son tan impedidas, sugiriendo que estas no se alimentan por largos períodos de tiempo. !
INTRODUCTION  !
Animals may be at greater risk of predation if their mating or feeding behaviors make 
them more apparent, makes them less attentive to their surroundings, or impairs evasive 
action. For animals feeding on rotten fruits, like some bats and butterflies, ethanol 
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intoxication results from feeding and can limit both their awareness and ability to escape 
predators (Orbach et. al, 2010). For fruit feeding butterflies, ethanol is an expected 
component of their food, as fruit only liquefies with fermentation and adult butterflies are 
restricted to a liquid diet (Young, 1979, Knopp and Krenn, 2003). Given the necessity of 
feeding and its inherent risk of ethanol intoxication, natural selection should act to 
detoxify ethanol as quickly as possible in such species. 

M.peleides is well-known fruit feeders that never visit flowers (Knopp and Kren, 
2003). In a lab setting, it has been found that morphos have a high preference for a sugary 
solution with no ethanol, but this option is not available for them in the wild (Reichert, 
2011). Instead, they feed on rotting fruits with natural concentrations of 1-3% ethanol that 
impairs motor skills (Omura and Honda, 2003, Orbach et. al, 2010). When they drink the 
rotten fruit juices, initially they display hurried erratic wing movements followed by 
walking and flight (Young, 1979). The longer they feed the slower their reaction time 
becomes: remaining motionless with a delayed flight attempt, or when they are very 
intoxicated, they remain immobile even after a net is placed on top of the individual 
(Young, 1979). When adult morphos are uninterrupted while feeding, they become more 
intoxicated which is displayed in the impairment of escape. The longer they feed, the 
longer it takes for motor skills to recover from the effects of alcohol, which makes them 
an easy prey option because of their inability to quickly react. 

 As more time passes after feeding, the effects of inebriation should diminish. Using 
captive M. peleides, I measure levels of impairment for different times after feeding on 
fermenting fruits.  I then compare flight ability in these individuals to Morphos in the 
wild to see if they are similarly impaired while performing non-feeding behaviors. !
MATERIALS AND METHODS !
Study Site !
This study was conducted over two weeks at the Monteverde Butterfly Garden (MBG) in 
Santa Elena, Costa Rica and at various outdoor locations in Monteverde, Costa Rica.  The 
Butterfly Garden was a stiff mesh structure with dimensions12m x 40m x 5m, which 
allowed abiotic factors to influence the garden. It was planted with many flowering plants 
including Lantana spp., Impatiens spp., Passiflora spp., and Heloconia spp., but also host 
plants of Morpho, including Monstera spp., Mucuna spp., Lonchocarpus spp., and 
Ficus  . Within the garden were two platforms that were 14 in x 10 in and 1 m off the 
ground containing rotting fruit. The rotting fruit was composed of mangos and bananas, 
which was added daily at 8:30 in the morning. Approximately 3 halves of bananas or 
mangos were added each day, and the old fruit was not removed.  The rotting fruit was 
likely about 2.36% ethanol (Omura and Honda, 2003).  The garden was stocked with 
thirty hand-reared M.peleides but also contained other species of butterflies, including the 
fruit feeding Calig spp.  
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Wild Morphos were captured in multiple land use areas (e.g.  open pastures, banana 
plantations, and in the forest) at the Santa Maria Farm in Cañitas, Costa Rica and along 
the path to the Monteverde Biological Station. Both locations are at 1500-1600 meters on 
the Pacific slope of Costa Rica in Premontane Moist Forest (Nadkarni et. al, 2000).  All 
butterflies captured were in flight or resting on vegetation. None of the wild butterflies 
were caught while feeding or around areas were Morphos were seen feeding.   !
Duration of Impairment after Feeding !
Twenty young Morphos from the MBG were tested. Each individual at the MBG was 
observed for five trials performed at different intervals after feeding on rotting fruit for at 
least twenty minutes: 0 minutes, 30 minutes, 1 hour, 2 hour, and 3 hours. Butterflies were 
removed from the feeding station by hand or, rarely, using a butterfly net if they flew 
before they could be picked up. Next, thorax length, forewing length and weight were 
measured, followed by a unique marking to avoid resampling (Figure 1). Individuals 
were handled by pressing the forewings to the hind-wings and holding them along the 
veins on the coastal margin of its body.  

I then placed the butterfly on a branch facing an open area. Once the individual 
clutched the branch, I stood approximately one meter away from the individual and timed 
how long the butterfly remained perched.  Once the individual left the branch, I measured 
subsequent flight time: until the individual landed on an object or flew out of sight. This 
distance was also measured. Flight speed was then calculated by taking the distance 
traveled divided by the flight time. This was repeated four more times for each individual 
at aforementioned times. Between trials, individuals were kept in a 2.5 ft x 1 ft cylindrical 
mesh cage.  !
Behavior of Morphos in the Wild 
  
Wild butterflies were captured on either vegetation or in flight, but not while feeding. 
After body size measurements were taken, I placed the butterfly on a branch facing an 
open area. Once the individual grasped the branch, I stood approximately one meter away 
from the individual and timed perch duration of the butterfly.  Once the individual left the 
branch, I measured subsequent flight time: until the individual landed on an object or 
flew out of sight. This distance was also measured. Flight speed was then calculated by 
taking the distance traveled divided by the flight time. !!!!!!!!
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!
A                                                                               B 

!  
C                                                                               D 

Figure 1. Morpho peleides body size measurements. Forewing length (A) and thorax length (B) were recorded to later 
determine if weight(C) will have an effect on the experimental outcome.  A caliper was used to obtain the 
measurements to the nearest mm. Individuals were given various paint-pen markings to insure there would not be 
recapture, and to distinguish individuals from one another, such as the three purple dot combination seen here (D).  !!!!!!!!!!!!!!

�111



RESULTS !
Duration of Impairment after Feeding !
Longer time after feeding resulted in less time perched on a branch (Friedman test, χ2(4) 
= 14.56, p = 0.0.00571; Figure. 4). Friedman Post –hoc analysis show that 3 hours after 
feeding differed from 30 minutes after feeding (p = 0.00139). There were no significant 
differences between any of the other trials for branch time, despite an overall increase in 
performance (p>0.05).  !!!!

"  
Figureure 2. Morphos spent more time perched 30 min after feeding on fermented fruit containing alcohol than up to 
three hours later.   Time increments were 0 minutes (initially after feeding), 30 minutes, 1 hour, 2 hours, and 3 hours 
after feeding (n = 100). Data only reflects that of MBG M.peleides. Letters represent significance; only different letter 
combinations constitute a significant difference (30 min compared to 3 hours).  Each error bar represents a standard 
error.  !!
There was a longer flight time after 3 hours of feeding compared to immediately after 
feeding, although there was not a statistically significant difference observed (Friedman 
test, χ2(4) = 2.0952, p = 0.7182; Figure. 5). Friedman Post –hoc analysis was applied, 
indicating that there were no significant differences between any of the trials for time in 
flight (p > 0.05).  
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"  
Figureure 3. Morphos were in flight for less time immediately after feeding on fermented fruit containing alcohol than 
up to three hours later.   Time increments were 0 minutes (initially after feeding), 30 minutes, 1 hour, 2 hours, and 3 
hours after feeding (n=100). Data only reflects that of MBG M.peleides. Each error bar represents a standard error. !
Distance traveled immediately after feeding did not differ from 3 hours after feeding, as 
indicated by the non-statistically significant difference (Friedman test, χ2 (4) = 6.7789, p 
= 0.148; Figure. 6). Friedman Post –hoc analysis was applied, resulting in a non-
significant result of p > 0.05) indicating that there were no significant differences 
between any of the trials for time in flight.  !!!!!!

"  
Figureure 4. Morphos traveled approximately the same distance immediately after feeding and three hours after 
feeding. Time increments were 0 minutes (initially after feeding), 30 minutes, 1 hour, 2 hours, and 3 hours after feeding 
(n=95). A MBG M.peleides distance data was omitted from the set because there was an immeasurable distance 
traveled for 1 hr and 3 hr after feeding. Each error bar represents a standard error. 
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!!
Flight speed of the Morphos were relatively consistent among time intervals after 
feeding, indicating there was not a statistically significant difference observed (Friedman 
test, χ(4) = 5.2211, p = 0.2654; Figure 7). Friedman Post –hoc analysis was applied, 
resulting in a non-significant result of p > 0.05). !!

"  
Figureure 5. Morphos had the approximately the same flight speed immediately and 3 hours after feeding. Increments 
were 0 minutes (initially after feeding), 30 minutes, 1 hour, 2 hours, and 3 hours after feeding (n=95). A MBG 
M.peleides distance data was omitted from the set because there was unmeasured flight speed because of the 
unmeasured distance for 1 hr and 3 hr after feeding.  Data only reflects that of MBG M.peleides. Each error bar 
represents a standard error.  !!
Behavior of Morphos in the Wild !
Recently fed garden Morphos perched longer and flew shorter distances more slowly than 
wild Morphos (Figure 2). Wild caught Morphos spent far less time perched after 
placement on a branch compared to recently fed butterflies (Two-sample t-test, F = 4.338, 
df = 19, p = 0.000348; Figure 2A). MBG M.peleides spent an average of 180.3 seconds ± 
101.3 S.D. on a branch, which was about thirty six times longer than the wild M.peleides 
average of 5.02 seconds ± 18.35 S.D. M.peleides individuals were in flight about as long 
in both cases, 6.9 seconds ± 11.45 S.D. on average for MGB compared to wild 
M.peleides at 10.9 seconds ± 10.6 S.D. (Two-sample t-test, F = -1.0672, df = 31, p = 
0.294; Figure. 2B). Wild M.peleides on average flew 21.1 meters ± 18.4 S.D., which was 
3.5 times as far as the MBG M.peleides (5.97 meters ± 5.35 S.D.; Two-sample t-test, F = 
-3.0882, df = 16, p = 0.00714; Figure 2C). Lastly, wild M.peleides flew on average 2.15 
m/s ± 0.64 S.D., approximately 1.4 times faster than garden M.peleides, with an average 
of 1.54 m/s ± 0.85 S.D. (Two – sample t –test, F = -2.4394, df = 33, p = 0.0202; Figure 
2D). 
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!!

!  !
Figure 6. Anti-predator behaviors of recently fed (Butterfly Garden) and Wild Caught (Wild) Morpho butterflies.  
Recently fed butterflies imbibed fermented fruit juice with an estimated 1.5% alcohol.   Recently fed Morphos show 
impaired anti-predator behavior compared to wild individuals. MBG M.peleides stayed on the branch significantly 
longer (A), had shorter flight time (B), and had a slower flight speed (D) (n = 35). There was not a significant 
difference in flight time. Each error bar represents a standard error.  !
  
Three hours after Morphos were fed in the garden, they perched longer, were not in flight 
as long, and flew shorter distances more slowly than wild Morphos (Figure 3). Wild 
caught Morphos spent far less time, 5.02 seconds ± 10.4 S.D., perched after placement on 
a branch compared to 3 hours – post feed butterflies, 76.5 seconds ± 91.7 S.D., 15 times 
longer than the wild Morphos (Two-sample t-test, F = 3.37, df = 19, p = 0.00329; Figure 
3A). M.peleides in the wild were in flight for 10.9 seconds ± 10.6 S.D. on average, 2.4 
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times longer than the 4.52 seconds ± 4.28 S.D. flight time of the butterflies in the garden 
after 3 hours (Two-sample t- test, F = -2.23, df = 18, p = 0.392 ; Figure. 3B).  Wild 
M.peleides on average traveled 3.3 times farther than MBG M.peleides, with averages 
6.45 meters ± 4.9 S.D. and 21.1 meters ± 18.3 S.D. respectively (F = -2.9996, df = 16, p 
= 0.00867; Figure 3C).  Ultimately, wild M.peleides had a faster average flight speed of 
2.15 m/s ± 0.64 S.D., which was about 1.3 times faster than the MBG M.peleides, with an 
average of 1.63 m/s ± 0.53 S.D. (Two – sample t –test, F = -2.53, df = 27, p = 0.0175; 
Figure. 3D). These data are contrary to what was predicted; as time increases, the effect 
of ethanol on the M.peleides should decrease.  !!
A                                                                         B 

!  
C                                                                               D 
Figure 7. Anti-predator behaviors of butterflies fed 3 hours ago (Butterfly Garden) and Wild Caught (Wild) Morpho 
butterflies.  Morphos fed three hours prior still showed impaired anti-predator behavior compared to wild individuals. 
MBG M.peleides stayed on the branch significantly longer (A), had shorter flight time (B) , did not travel as far (C) and 
had a slower flight speed on average (D) (n= 34).  Each error bar represents a standard error.  !!!!
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Other Observations !
When I would release the M.peleides at the beginning of a trial, it was atypical for the 
subject to immediately take flight. A few times (not during the trial) I would slightly tap 
or lightly blow on an individual to see if I could evoke a flight response, it did not. For 
wild populations of M.peleides it was rare for the individual to stay on the branch for 
more than six seconds before taking flight. Wild individuals were much more agitated 
and active than those that had recently fed.   !!
DISCUSSION !

With more time, it is thought that garden Morphos would display anti-predator 
responses more similar to the wild Morphos. The differences between 0 min after feeding 
and 3 hours after feeding indicate the garden butterflies were becoming less intoxicated. 
Feeding on fermenting fruits makes butterflies groggier (branch time), slows them down, 
and decreases their flight distance.  Some of this delay in anti-predator responses may be 
due to the small size of the garden and the familiarization of it. Even disregarding flight 
speed and distance because of a possible familiarity bias, branch time demonstrates that 
butterflies that feed are less likely to fly away, preferring to perch even when prodded or 
otherwise disturbed.   

The difference in time remaining on the branch was significant in the trials of the 
MBG M.peleides. The only significant trials regarding branch time were 30 min 
compared to 3 hours after the twenty minutes of feeding on rotting fruit containing 
ethanol. The ethanol may require 30 minutes to reach peak impairment, after which the 
performance improved. Butterflies were still perching longer than wild individuals even 
after 3 hours.  Despite this, performance did improve over time.  This indicated that the 
butterflies were sobering up, but relatively slowly, which is not beneficial for Morpho 
survival. Obviously, Morphos need to eat to survive, but it is necessary to consume the 
right proportion of food so that the associated ethanol effects still allows for predator 
avoidance. 

Butterflies having fed on rotting fruits containing alcohol, even three hours later, were 
more impaired than those in the wild.  After being handled by a predator, it is thought that 
the prey item would distance itself from the threat. Wild M.peleides reacted better (i.e. 
higher fitness) to the threat of a predator than the captive M.peleides. It was thought that 
after 3 hours,  the wild and captive M.peleides would display more similar results, but 
this was not the case (Figure 6 and 7). Wild individuals were not as impaired as 
butterflies that fed within the last 3 hours.  This suggests that wild butterflies may not 
feed that long or that frequently. Furthermore, this indicates a tradeoff between feeding 
and predator avoidance. Wild Morphos need to remain alert and aware of their 
surroundings to avoid predation. If they consume rotting fruit for a long time, this would 
increase their ethanol intake, which causes a delayed reaction to a threat. Garden 
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Morphos are in a closed system with no predators in the garden, so the butterflies can 
consume a large quantity of rotting fruit and not suffer the consequences of inebriation. 
Garden Morphos were also relatively young, which only increased the predator naiveté 
syndrome of garden Morphos. Wild Morphos cannot afford to have delayed anti-predator 
responses whereas garden Morphos can.  

In conclusion, there is an obvious difference in the performance of wild M.peleides 
compared to recently captive Morphos that have been feeding on rotten fruit recently. 
Further studies should investigate if more time is needed for the complete detoxification 
of the individual, and if there are alternative influences that impact the lackadaisical 
behavior of captive M.peleides. !!
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!!!
Reward, learning and visit duration to Lantana 
camara by Heliconius charitonia butterflies. !
!
Genevieve London!!
Department of Ecology and Evolutionary biology, University of Colorado !!!!
ABSTRACT 	 	!
Pollinating butterfly color preference may increase efficiency but innate may constrain flower choice.  
Heliconius charitonia (Nymphalidae:Heliconiinae) innately prefer yellow flowers,  though not all butterfly 
flowers are yellow.  If non-yellow, more-rewarding flower is available, will H. charitonia switch color 
preferences or continue to prefer yellow? Presented a grid of nectar filled 15 yellow and 15 orange Lantana 
camara (Verbenaceae) inflorescences (approximately 10 flowers per inflorescence), H. charitonia preferred 
yellow flowers 59%.  After five days, orange inflorescences had their natural sucrose concentration 
increased to 30% wile yellow inflorescence remained at their natural levels.  Butterflies continued to prefer 
yellow inflorescences ( p=0.0781).  However, short visits to orange flowers increased ( p=0.05933), this 
could mean that the butterflies were beginning to switch from orange to yellow.  Noneless, H. charitonia 
spent most time on yellow flowers even though they offered inferior reward.  This suggests that strong 
innate color preferences may cost butterflies at times when yellow flowers do not offer the best reward. 	!
RESUMEN 	!
La preferencia de color por mariposas polinizadoras puede incrementar la eficiencia  pero el aprendizaje 
innato puede restringir la selección florarl. Heliconius charitonia (Nymphalidae:Heliconiinae) innatamente 
prefiere flores amarillas, aunque no todas las flores para mariposas sean amarillas. Si flores no-amarillas, y 
con más recompensa están disponibles, cambiara H. charitonia el color de preferencia o continuara 
seleccionando las amarillas? Presente una cuadrícula de inflorescencias llenas de nectar con 15 amarillas y 
15 anaranjadas de Lantana camara (Verbenaceae) (aproximadamente 10 a 15 flores por inflorescencia), H. 
charitonia prefiere flores amarillas en un 59%. Después de cinco días, a las infloresncencias anaranjadas se 
les aunmento su condición natural de sucrosa a un 30% mientras que las flores amarillas permanecieron a 
sus niveles naturales. Las mariposas continauron con una preferencia por inflorescencias amarillas 
(p=0.0781). Sin embargo, las visitas cortas a flores anaranjadas aumentaron (p=0.05933), esto puede 
significar que las mariposas empezaron a cambiar de amarillo a anaranjado. Así, H. charitonia pasa la 
mayoría del tiempo en flores amarillas aún cuando estas ofrecen una recompensa menor. Esto sugiere que 
un comportamiento innato fuerte puede ser costoso par alas mariposas en tiempos donde las flores amarillas 
no ofrecen la mejor recompensa.	!
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INTRODUCTION	!
Optimal foraging theory predicts pollinators will forage to maximize net energy intake. 
Data suggests that a decision of an organism to leave an inflorescence is a function of the 
number of flowers visited, the number of flowers available on the inflorescence and the 
amount of nectar obtained from the last flower (Pyke, 1978). This theory can be divided 
into four different components: choice by animal of which food to eat, choice of which 
patch type to feed in, optimal allocation of time to different patches and optimal patterns 
and speed of movements (Pyke et al, 1977). Floral color is one cue that may aid in floral 
recognition Innate color preferences may optimize foraging so long as the preferred color 
is common and offers the best reward. Butterflies are potentially capable of exerting 
selection on color other floral traits ( Pohl, 2011).   A capacity for rapid and flexible 
associative learning behavior can allow for butterflies to change their foraging to respond 
to floral rewards. Though innate color preferences may evolve to direct foraging 
decisions, learning should supercede innate color preferences when a different color 
offers a better return.	

Many butterflies use color as a cue for foraging.  In over 50 angiosperm families 
they undergo localized color changes, where a specific part of the flower changes color 
while the rest of the flower is maintained.  Pre change flowers provide rewards for their 
pollinators, unlike post-change flower color (Weiss, 1997).  Many pollinators actively 
discriminate between color phases, in order to seek the highest reward. In the butterfly 
pollinated Mussaenda frondosa (Rubiaceae) flowers attract pollinators a short distance 
using white conspicuous non rewarding bracts.  When bracts were removed the butterflies 
visited the flower much less (Borges, 2003).  Although it is not known if more rewarding 
flower can alter color choice, unpalatable components in the nectar, like alkaloids, can 
override innate color preferences, causing butterflies to switch to flowers of another color.   
Evolutionarily some flowers may use this mechanism to deter butterflies from drinking 
their nectar and wanting only specialist to drink from their flowers (Masters, 1991). This 
emphasizes the relationship between plant and pollinator and also how increases 
specialization will increase with time.    	

In contrast to innate responses, learning is thought to provide behavioral 
flexibility in a variable environment (Weiss, 1995).  In the field, over 23 species of 
butterfly actively discriminate between the yellow and red inflorescences in Lantana 
camara (Weiss 1995). Using Heliconius charitonia butterflies I would like to see if they 
have the ability to discriminate between rewarding and non rewarding flowers.  
Heliconius sp. can live up to eight or nine months (DeVries, 1987).  With such a long life 
span it would be beneficial for them to learn to prefer a better, more rewarding flower.  
Here I see if innate color preference is so strong that it costs a butterfly when a flower of 
non preferred color offers a higher nectar quality reward.  	!
!
MATERIALS AND METHODS 	!
This study was done at the Monteverde Butterfly Garden. This garden imitated a lowland 
forest where Heliconius sp. are commonly found. This garden is an enclosed garden 
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where few abiotic factors need to be accounted for.  It is seven meters by ten meters in 
size and had an abundant amount of three species of butterflies most commonly the H. 
charitonia as well as the Dryas julia and Heliconius melponmene. In the garden there 
were several species of plants also offering nectar including Lantana camara, Impations 
wallariania, and Heliconia sp, and Passiflora spp.   In the garden there was an employee 
that fed the flowers on a daily basis with a specialized form of plant food with a 20% 
sucrose concentration. He did not feed any of the L. camara that I acquired from outside 
the garden. 	

I began with 100 chrysalis provided by Cooperatives de Productivos de 
Mariposas.  Out of 100 I released 85 into Garden Two.  I had no way of differentiating 
between the H. charitonia that were already in the garden and that I had just released.  All 
together there were around 200 butterflies flying in Garden Two. In the center of the 
garden I designed a grid of stakes and vases.  I had 15 stakes that were 1-1.5 meters in 
height with two vases large enough to hold a flower of either orange or yellow 
inflorescences attached to the top of the stake.  I picked 15 yellow and 15 orange flowers 
from outside the garden were there were abundant L. camara shrubs.  I tried to choose a 
flower with a majority of either color.  If there were some inflorescences with the 
opposite color I picked them off.  This was done to achieve a uniform color throughout 
the flower as not to confuse the butterflies.  Each flower had about ten to fifteen 
inflorescence of that specific color in it.  The orange and yellow flowers were placed in 
the vases throughout my five by three grid.  They were placed in a checkerboard 
throughout the grid.   	!
	!!!!!!!!!!
	!!!
My study lasted 
for eleven days.  For the first five days the nectar concentration in the yellow and orange 
was not altered from what it is in nature.  This means the orange flowers had no nectar 
while the yellow ones did (Janzen, 1983).  On the second set of observations, days six 
through eleven, I added a 30% sucrose concentration to the orange L. camara using a 
syringe. On days six through eleven, the yellow flowers had their natural sucrose 
concentration while the orange flowers had a 30% sucrose concentration.  On all days, I 
took data between 8:30 and 11:30 in the morning.  I found this time to be the best for 
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Figure 1: Inflorescences in vases of Lantana camara in Garden 2 at 
the Monteverde Butterfly Garden. 15 orange and 15 yellow 
inflorescences. 



butterfly activity based on earlier observations.  I observed butterflies visiting the 30 
flowers,(15 of each color) by either landing on them for more than eight seconds or less 
than eight seconds.  This threshold was determined by earlier observations as well. Less 
than eight seconds showed that the butterfly was not drinking but merely probing the 
inflorescence, more than eight seconds means that the butterfly was drinking from the 
flower.  I used a data sheet with two columns of long or short visits. Once a butterfly 
landed on an inflorescence I would mark what color the inflorescence was then categorize 
it into either long or short visit.  	
 	
RESULTS	!
Results were calculated by using proportions of each color to the total amount of visits 
there were on a specific day.  I used proportions for all days of observations. Using a 
proportion allowed me to see the percentage of time on a day to day basis the butterflies 
visited a specific flower and for the duration of the visit. Proportions done on a daily basis 
make it easier to factor out aboitic factors like rain, sun, and wind.  Although I conducted 
my study in an enclosed garden these aboitic factors did matter because they played a 
role in butterfly visitation. I used a nonparametric Mann-Whitney Wilcoxon statistic test 
to determine which visits (yellow or orange) were greater when nectar concentrations 
were altered or natural.	

In the first set of observations, days one through five, I found that the H. 
charitonia preferred to drink from the yellow flowers For long visits in natural nectar 
days was 70% of the time the H. charitonia landed on yellow inflorescences while only 
30% of the time they landed on orange inflorescences (SE = ± 0.028) (Figure 2). 	!

� 	
Figure 2: Average % of long visits to yellow and orange L. camara by H. charitonia 
during days with natural nectar concentrations. The H. charitonia significantly preferred 
yellow.  (Mann U Whitney test chi-squared = 6.8182, df = 1, p-value = 0.009023).  One 
SE is represented here.   !
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For short visits to yellow and orange inflorescences, the H. charitonia visited the orange 
inflorescences more often than for long visits. They visited the orange inflorescences 
about 65% of the time while visiting the yellow inflorescences 35% (SE = ± 0.0141 and 
0.049).  (Figure 3).    !!!

!  
Figure 3: Average % of short visits to yellow or orange L. camara by H. charitonia 
during days of natural nectar concentration. (Mann Whitney U chi-squared = 3.5561 df = 
1, p=0.05933) One SE represented.   !

On days six through eleven nectar was altered by putting a 30% sucrose 
concentration into the orange flower, after this alternation the butterflies started to show 
different foraging habits.  For long visits the H. charitonia started to prefer the orange 
inflorescences to the yellow ones (Figure 4) and for short visits the butterflies tended to 
prefer visiting the yellow flowers (Figure 5). The average percent of long visits to yellow 
was about 58% while visits to orange flowers were 42% (SE ± 0.0029).   !
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!  
Figure 4: Average % of long visits to yellow and orange L. camara flowers when flowers 
were altered from natural nectar levels to increased levels of nectar by injecting a 30% 
sucrose concentration into the orange inflorescences. (Mann Whitney U chi –squared = 
3.1026, df =1, p-value = .07817).	!

The butterflies significantly preferred to drink from the orange flowers for shorter 
amounts of time then they had when nectar was not altered.  After the nectar alteration 
the butterflies showed a tendency to drink from the yellow flowers for shorter amounts of 
time instead of the orange flowers.(Figure 5).  During short visits on nectar altering days 
the butterflies drank from the yellow flowers about 70% of the time while they drank 
from the orange flowers 30% (SE = ± 0.029).   I noticed that when the H. charitonia 
butterflies visited the L. camara they would drink for a prolonged period of time.  

!  !
FIGURE 5. Average % visits to yellow and orange flowers in L.camara by H. charitonia 
butterflies when nectar concentration of the orange inflorescences were altered using a 
30% sucrose concentration and injecting that only into the orange flowers while keeping 
the yellow flowers at natural levels.  (Mann Whitney U chi-squared = 8.3007, df=1, p-
value = .003948). One SE is represented.	
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!
DISCUSSION 	!
H. charitonia has a strong innate preference for yellow over orange flowers.  However 
the H. charitonia did show a trend towards orange inflorescences when the nectar 
concentration was altered to the 30% sucrose concentration.  This suggests that learning 
behaviors were developing.  

Although this is a different species, the Battus philenor, demonstrates learning 
behavior. The Battus philenor has been found to learn to prefer a different color flower 
with a higher reward (Weiss 1997).  This supports the hypothesis that with flexible 
foraging ability butterflies can adjust their foraging habits to receive the highest rewards 
that could potentially vary with space and time (Weiss 1997).  With changing habitats and 
climates it could be beneficial for H. charitonia to learn to choose flowers with higher 
nectar rewards in times of evolutionary and ecological change.  

Even though there was a trend to prefer orange flowers there was not statistical 
evidence that H. charitonia were learning quickly enough to prefer flowers with higher 
nectar reward.  This means that they may have been losing out on nectar acquisition.  In 
light of climate change it would be beneficial for the H. charitonia butterfly to learn to 
prefer the higher nectar rewarding flower.  In this species especially this would be 
beneficial because of their long life spans. Organisms that have the ability to learn new 
preferences will maximize their foraging potential because these flowers would offer 
more of a reward. 

The Heliconia spp. have a specialized relationship with vines in the Cucurbitaceae 
family, Psiguria, and Gurania  in that they receive protein from the pollen through amino 
acid manufacturing.  The long lifespan of the Heliconius butterflies largely depends on 
their ability to find pollen on Psiguria and Gurania flowers.  The yellow stamens provide 
a greater source of nutrition than nectar and therefore are usually the limiting factor in 
foraging behaviors of Heliconius butterflies (Gilbert, 1972).  This highly specialized 
relationship between Heliconius sp. and vines in the Cucurbitaceae family may be of 
greater importance than learning to change foraging habits based on color preference. !
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!!
Wing color and mate choice in the polymorphic 
butterfly Laparus doris (Nymphalidae: 
Heliconiinae)!!
Amber Datta!!
Environmental Analysis Program, Pomona College!!!
ABSTRACT	!
In Costa Rica three color morphs of Laparus doris, with a red, blue, or green patch on the hindwing, come 
from a single clutch. The outcome of this polymorphism is unknown. This study determines if the 
polymorphism impacted mate selection. This study was conducted at the Monteverde Butterfly Garden in 
Monteverde, Costa Rica and looked at approach, chase, courtship, and mating between 148 L. doris over 
eight days. Approach and mating behaviors were not seen often enough to be analyzed statistically, but 
mating between many combinations of male and female were seen, suggesting females show no color 
preference. Males of the red morph showed a preference for red females during chase (Chi-squared test of 
independence with Yate’s correction, χ2 = 61.21, df= 8, p < 0.001) and for green and blue females during 
courtship (Chi-squared test of independence with Yate’s correction, χ2 = 37.34, df= 8, p < 0.001). In 
general, there were no strong trends that would suggest directional selection toward one color.  Rather, the 
polymorphism may be maintained by inconsistent combinations of one color preferring another in a 
stabilizing way, or if there was largely random mating.   	!
RESUMEN	!
En Costa Rica tres formas de diferentes colores de Laparus doris, con un parche de rojo, azul o verde en el 
ala trasera, que vienen de una misma camada.  El resultado de este polimorfismo es desconocido.  Este 
estudio determina si el polimorfismo influye en la selección de pareja.  Este estudio se realizó en el jardín 
de mariposas de Monteverde, Costa Rica y observó el acercamiento, persecución, cortejo y reproducción 
entre 148 L. doris durante 8 días.  Acercamiento y reproducción fueron comportamientos no vistos con 
mucha frecuencia para ser analizados estadísticamente, pero la reproducción entre combinaciones de 
machos y hembras fueron observados, sugiriendo que las hembras no tienen preferencia por ningún color.  
Machos de la forma roja muestran una preferencia por hembras rojas durante la persecución (Chi cuadrado 
con la corrección de Yates, c2 = 61.21, df= 8, p < 0.001) y por hembras verdes y azules durante el cortejo 
(Chi cuadrado con la correción de Yates, c2 = 37.34, df= 8, p < 0.001). En general no hay una tendencia 
fuerte que sugiera una selección direccional hacia un color.  Más bien, el polimorfismo puede ser 
mantenido por una combinación inconsistente de un color prefieriendo otro en una manera estabilizante, o 
si existe un apareamiento aleatorio.	!!!!
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INTRODUCTION	!
Aposematic butterflies use bright wing colors to warn predators that they are unpalatable 
(Prudic et al. 2007) but also use wing color in mate choice (Jiggins, 2001; Kronforst et 
al., 2006). Mimetic butterflies converge on common aposematic coloring to enhance 
protection (Mallot and Barton, 1989). However, sexual selection may impede or even 
counter such convergence  (Jiggins et al., 2001; Lowe, 2007). 	
	 Heliconiine butterflies are chemically protected and aposematic, often converging 
on similar color patterns as Mullerian mimics (Jiggins et al., 2001). Several species are 
polymorphic over their range, switching color patterns several times to join mimetic rings 
in different locations, but the color pattern of a given population in each location is 
uniform (Sheppard et al., 1985). Heliconiine butterflies use color patterns for mate choice 
(Jiggins et al, 2001; Mallot and Barton, 1989; Sheppard et al., 1985), as well. In at least 
one case, sexual selection constrains color switching from one mimetic model to another 
in some species. Females of the Atlantic subspecies of H. sara prefer males of their own 
color over those with a yellow hindwing stripe, like those of the Pacific subspecies 
(Lowe, 2007).	
	 In one heliconiine, Laparus doris, color polymorphism occurs not only within a 
single population but within the same egg clutch (DeVries, 1987). In some parts of its 
range there are two color morphs, but in others, including Costa Rica, there are three to 
four (Constantino, 2005; Turner, 1968; pers. obs.).  In Costa Rica the color of L. doris 
hindwing patches can be red, blue, green, yellow, or any mixture of these traits (DeVries, 
1987). In this study the L. doris red morphs larger color patches on their hindwing than 
blue and green morphs (Fig. 1). The combination of the size and brightness of their patch 
made red morphs easier to spot than the other color morphs. The unpalatability of this 
species is unknown, but whether Mullerian or Batesian, this species joins mimicry rings 
throughout its range (Turner, 1968). Furthermore, the frequency of the red and blue 
morphs is shown to increase with the presence of their mimetic co-models, H. 
clysonymus and H. sara, respectively, while they disappear completely when these co-
models are absent. The green morph is not known to mimic another species (Constantino 
et al., 2005). 	
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� 	!!
	 One explanation for the maintenance of this polymorphism is that natural 
selection or sexual selection, or both, assure that some offspring match an unpalatable 
model somewhere in L. doris’ geographic location. On the other hand, given that sexual 
selection for color has prevented changes to new mimicry models in other heliconiines, it 
is unclear whether or not sexual selection constrains, promotes, or acts at all to maintain 
polymorphism in L. doris. In this study I examine patterns of mate choice between 
different color morphs in order to see how sexual selection might affect the maintenance 
of polymorphism in this species.	!
METHODS	!
Study Site	!
This study was conducted at the Monteverde Butterfly Garden in Monteverde, Costa 
Rica. Butterflies were released into a 12m x 40m garden with a 5m high roof. The walls 
and roof were made of netting that allowed garden conditions to match the surrounding 
environment. The area has been disturbed by humans but generally falls into the pre-
montane moist forest life zone (Nadkarni & Wheelwright, 2000). The garden was filled 
with plants preferred by butterflies like Lantana camara, Impatients walleriana, and 

!
                  
               (a)                               (b) 
                
   (c)                                           (d) 
Figure 1. Hindwing color patches of Laparus doris in Costa Rica come in several 
shades that are here grouped into four categories: (a) red, (b) blue, (c) green, and (d) 
yellow. Photo (d) from http://www.flickr.com/photos/35110249@N05/5708156162/.
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Passiflora sp., and had a fountain for a water source at one end. Larger plants like 
Heliconia sp. and a few small palms were also present, suggesting the conditions of a tree 
fall gap. Flowers were supplemented with sugar water every morning and fruit was also 
provided for Morpho peleides and other frugivorous species present, although one L. 
doris was seen feeding on bananas. This study was conducted during the start of wet 
season in Monteverde; mornings were generally sunny while afternoons were overcast or 
rainy. 	!
Procedure	!
Two hundred and eight L. doris pupae were obtained and attached to Styrofoam so that 
they hung at the back of a glass aquarium enclosed by fine netting, which prevented the 
escape of hatched butterflies. Upon eclosure the sex of each butterfly was determined and 
their color was noted before they were released into the garden. Of the initial 208 pupae, 
148 survived to adulthood and were released into the garden. 	
	 Observations of butterfly interactions were taken for three hours each morning, 
generally between 9:00am and 1:00pm. The color and sex of butterflies involved in each 
interaction were noted to determine the relative frequencies of each combination.  	
	 Four types of behaviors were observed: approach, chasing, courtship, and mating. 
Approach was considered the direct flight of a male towards a female, while chasing was 
his continued pursuit of a female. Courtship occurred when a male approached an already 
landed female and proceeded to flap his wings rapidly to create a breeze towards her, 
often with the female flapping her wings in response. Mating was counted as a pair with 
their wings closed, facing opposite directions while in copula (see Lowe 2007). 	!
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RESULTS	!
General Observations	!
Color preference varied between behavioral categories and between both males and 
females of different colors. In the chase category interactions were nonrandom (Chi-
squared test of independence with Yate’s correction, χ2 = 61.21, df= 8, p < 0.001). 	
	 Of 292 total observed chases, more than half were chases of red females by red 
males (Fig. 2). Additionally, red males chased blue females less than the expected number 
of times. Blue males made only 28 out of an expected 54 chases of red females and only 
2 out of 18 expected chases of green females (Fig. 2). 	!!

� 	
________________________________________________________________________
______	
FIGURE 2. Red males chased red females at the Monteverde Butterfly Garden more than 
expected. Blue males chased all females less than expected. Male hindwing color is 
indicated on the x-axis. Female hindwing color is indicated by the color of the bar. 
Lighter shades represent observed values while darker shades represent expected values.	

	
	 In the courtship category blue males again had less than the expected number of 
interactions with red, blue and even green females, but red males no longer preferred red 
females and in fact showed a preference for green and blue females (Fig. 3). Of 140 total 
courtship interactions, nearly half were between red males and green or blue females, 
with 34 and 33 interactions, respectively. There were few green males and in both chase 
and courtship their interactions did not deviate much from expected values. Due to the 
interactions of the red and blue males the courtship category interactions were 
nonrandom overall (Chi-squared test of independence with Yate’s correction, χ2 = 37.34, 
df= 8, p < 0.001).	!
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________________________________________________________________________
_____	
FIGURE 3. More courtship interactions occurred between red males and blue and green 
females at the Monteverde Butterfly Garden than expected. Blue males courted all 
females less than expected. Male hindwing color is indicated on the x-axis. Female 
hindwing color is indicated by the color of the bar. Lighter shades represent observed 
values while darker shades represent expected values.                                                                     	

!!
There were only sixteen recorded approaches and only seven recorded mating 

pairs, which did not provide enough data for analysis of these two categories. It is 
however interesting to note that of the seven mating pairs only two were between the 
same color morphs (Table 1).	!

!!!!
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TABLE 1. The seven mating events observed during this study in Monteverde, 
Costa Rica suggest that sexual selection for color is random.

Male color

Female color Red Green Blue

Red 1 1 1

Green 0 0 1

Blue 1 1 1

Yellow 0 0 0
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Additional Observations	!
The garden into which L. doris was released contained a variety of other butterfly species, 
several of which interfered with interactions between the L. doris. Those species that 
interfered included H. clysomynus montanus, H. charithonia charithonia, and H. sapho, 
which were patterned black/blue and white/yellow in a manner very similar to H. sara. 
Blue L. doris females were approached several times by H. sapho, while red L. doris of 
both sexes were seen to approach and chase H. c. montanus, who would approach and 
chase L. doris in return. Both H. sapho and H. c. montanus also interacted with other 
color morphs, but I observed the above-mentioned interactions most frequently. H. c. 
charithonia interacted with all of the L. doris color morphs but did not interfere as often 
as the other species. In several instances butterflies of other species would interfere to the 
point of breaking up chases or courtship between members of L. doris.  	!
DISCUSSION	!
There is no clear sexual selection for color by either sex in this study. Mate choice is 
mostly random or is too weak to be picked up with the number of observations collected 
here. Given that a color morph is known to increase in frequency when its co-mimic is 
present, it is likely that natural selection is the main driver of wing color change in 
populations of L. doris (Constantino et al., 2005).	

Chasing was observed twice as often as courtship in this study and was also the 
behavior that revealed the strongest color preference, although even this was limited to 
only red male preference. The preference of red males for red females during chase may 
indicate the presence of a larger-scale mate choice pattern that can only be picked up by a 
larger data set. The fact that this preference switched to a negative assortative preference 
for green and blue females further suggests that more approach, courtship, and mating 
data may be necessary to reveal other trends.	

Chase and courtship behaviors are initiated by male Heliconiines and are thus 
thought to indicate male choice. Courtship and chase behaviors may alternate, but the end 
goal of a male chasing a female is to get her to land on a leaf to be courted until mating 
occurs. Whether or not mating actually occurs is largely under female control (Lowe, 
2007). That red males initially showed a preference for red females during the chase 
phase but did not show this preference during courtship may therefore indicate that red 
females may escape males and thus prevent positive assortative mating even if red males 
prefer this.  	

Although red males in some cases show assortative preferences, the type of 
assortative mating preferred changes depending on the behavior, and the behavior of 
males of other color morphs were never seen to promote assortative mating. Preferences 
shown by red males were thus inconsistent and weak. In general there is no clear 
indication that sexual selection favors one color over another. That mating occurred 
between all colors further suggests that color is not an important component of mate 
choice. 	

Polymorphism in this species thus has no clear or strong effect on sexual 
selection. Mate choice may instead be based on size, activity, or some other factor. This 
sets L. doris apart from the many Heliconiines known to respond to color during sexual 
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selection (Jiggins et al, 2001; Mallot and Barton, 1989; Sheppard et al., 1985). The lack 
of sexual selection for color is adaptive because it allows natural selection to work 
towards mimicry without interference. This suggests that sexual selection and natural 
selection for color in Heliconiines are not always in opposition to each other as they are 
in species like H. sara. 	!
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Monteverde freshwater stream crabs!
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!
ABSTRACT!
!
 Freshwater crabs represent one of the largest and most important aquatic species in the streams 
and rivers surrounding the cloud forest of Monteverde, Costa Rica. As detritivores, they play an important 
role in the functioning and diversity of the riparian ecosystem. Previous studies have already examined 
behavior, sexual dimorphism, and some species interactions within this species. In this study, I attempt to 
expand the natural history knowledge of the freshwater crab population by confirming sexual dimorphism 
and examining substrate differences in the habitat of these crabs compared to control areas. Crabs were 
surveyed over a 1.5k section of the Quebrada Máquina stream. Male crabs tended to be more common than 
females and were significantly larger. Crabs were observed preferring deeper areas of the stream with lower 
flow rates. They are more commonly found in areas with more leaf coverage than control areas. They tend 
to also avoid exposed areas consisting of small rock and sand substrate types. !
RESUMEN!
!
 Los cangrejos representan uno de los grupos acuáticos más importantes en quebradas y ríos 
alrededor del bosque nuboso de Monteverde, Costa Rica.  Como detritívoros, juegan un papel importante 
en el funcionamiento y diversidad de los ecosistemas riparios.  Estudios previos han examinado el 
comportamiento, dimorfismo sexual y la interacción de algunas especies dentro de la especie.  En este 
estudio, trato de expandir el conocimiento en la historia natural de las poblaciones de cangrejos de agua 
dulce confirmando dimorfismo sexual y examinand las diferencias en sustrato en le hábitat de estos 
escarabajos comparado con áreas de control.  Los escarabajos se muestrearon en una sección de 1.5 km en 
la quebrada Máquina.  Los escarabajos machos tienden a ser más comunes que las hembras y son 
significativamente más largos.  Los escarabajos se observaron prefiriendo áreas más profundas de la 
quebrada con una menor corriente.  Estos son encontrados más frecuentemente en áreas con más cobertura 
de hojarasca que las áreas de control.  Estas tienden también a evitar áreas expuestas consistentes de 
sustratos como piedras pequeñas o arena. !
INTRODUCTION!
!
 There are over 1,300 described species of exclusively freshwater crabs 
(Crustacea: Decapoda: Brachyura) worldwide, but as with many other arthropod orders, 
the field is still rapidly expanding (Yeo et al., 2008). Because they are often partially 
terrestrial, many of these species play important roles in the riparian systems that regulate 
runoff water. Because these systems are so variable, they harbor a diverse and fragile 
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array of life (Gregory et al., 1991). Tropical riparian systems often consist of small 
streams that deliver rainfall from mountainous areas into major rivers. In the riparian 
stream systems of Monteverde, Costa Rica, one species of freshwater crab represents the 
largest aquatic organism present. As large detritivores (Yau, 2003), these crabs have an 
important role in ecosystem functionality. They also impact the diversity of other 
invertebrates and possibly terrestrial predators as well. At least one commensal organism 
has been reported which relies directly on these crabs for a living space (Wasserman, 
2000), and other parasites have also been observed (Yau, 2003). Previous studies have 
shown that this organism, like other arthropods and invertebrates, may be responsive to 
human-related changes in water quality (Osterneck, 2003). This makes it a potential 
macroscopic indicator of human impacts on Monteverde’s water systems. 

As important as these organisms are to the functionality of the riparian ecosystem, 
they have not been extensively studied. One study attempted to characterize some aspects 
of the life history of this organism (Yau, 2003), but it was limited in scope to a few large 
pools on a river. The study also focused primarily on the feeding strategies and sexual 
dimorphism of the crabs. Because it focused on six pools only, the previous study did not 
provide an adequate sampling of crab habitat that could be compared to other areas of the 
stream. The crabs occur along the length of the stream, so the simplest approach to 
assessing habitat preferences is to compare areas where crabs are found to control 
sections. In this study, I evaluate crab preferences for depth, surface flow rate, and 
substrate, because these factors are among the most variable over different sections of the 
stream. Areas with crabs were compared to control plots from all areas of the stream. I re-
evaluate sex ratio and average sizes of male and female crabs to lend support to an 
interesting trend previously reported (Yau, 2003). !
METHODS!
!
 I surveyed a 1.5 km stretch of the Quebrada Máquina stream (Figure 1) in 
Monteverde, Costa Rica between April 11 and May 3, 2012. The study area consisted of 
lower montane moist forest (Holdridge, 1967) between 1450m and 1600m in elevation. 
The length of this stream section was surveyed five times over this time period. Two 
areas, marked on the map, were ignored because they were inaccessible due to steep 
terrain. 

Freshwater crabs were located and captured either by hand or with a net in deeper 
areas. For each crab, individual depth, carapace width, carapace length, and sex were 
recorded. Each crab was marked with two colored spots with a water proof paint pen on 
the top of the carapace as a unique identifier to examine territoriality and prevent re-
sampling. Sites where crabs were captured were marked to see if crabs could be re-
sighted in the same areas. If a crab could not be captured, the depth and activity were 
noted. If a crab was subsequently captured in the same area as an un-captured crab, 
original data was discarded to prevent re-sampling.  
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For each crab, substrate data was also collected. Two areas were examined for 
each crab, because the exact territory size of these crabs is not known. The previous study 
has indicated that crabs rarely move more than 5m up or downstream (Yau, 2003). The 
area immediately surrounding the crab’s capture location was assessed using a 50cm x 
50cm grid divided into nine sections (an estimate on the small end of possible territory 
size). The grid was centered over the area where the crab was captured, and substrate for 
each section was categorized into large rock, small rock (the size of gravel), large wood 
(logs and branches), small wood (sticks and twigs), sand, mud, and leaf litter. Substrate 
was also assessed over a larger territories of 10m of stream length centered on the area 
where the crab was captured. This represents the most conservative estimate for crab 
territory, assuming they do indeed range up to 5m as suggested (Yau, 2003). Depth for the 
territory was found by averaging 10 data points from the middle of the stream along the 
entire length of the territory. The surface flow rate for each of these territories was also 
determined by timing a small piece of Styrofoam as it floated along the 10m territory. In 
many cases the surface flow was so slow that it could not be measured, and a maximum 
value of 180 seconds was assigned to these areas. 

For each crab collected, a control 10m territory was also sampled to establish 
average depth, flow rate, and substrate for the entire stream. Control plots were selected 
systematically every 20m to represent an unbiased sample of the entire study site. Often 
these sections overlapped with areas where crabs had previously been captured. !
RESULTS!
!
 Of the 59 crabs captured, 35 were male and 24 were female. This does not 
represent a significant difference in the number of individuals of each sex (X2=2.051, 
df=1, p =0.15). Crab size, as defined by carapace width multiplied by length, was also 
significantly higher for males (Figure 2). 
 Crabs were caught in areas that were deeper, on average, than the control plots 
(Figure 3). Average depth did not vary between males (19.89+/-2.42cm) and females 
(21.13+/-2.16cm) (W=445, p = .41). Crabs also prefer areas of the stream that have a 
slower flow (Figure 4). 
 Substrate differences were most pronounced when considering the crabs’ 
individual location rather than the entire territory. For individual data, crabs preferred 
more leaf litter (W=4441, p =.0000001), less small rock (W=1083, p =.0000001), less 
sand (W=1507, p =.001), and less large wood (W=1223, p =.000001). There was also a 
strong trend crabs to be found in areas with more small wood (W=1879, p=.058) Means 
and significance of these data are summarized in Figure 5. In comparing territory 
substrate to random plots (Figure 6), the only significant difference was in leaf litter 
composition, with crabs preferring territories with more leaves than average for the 
stream (W=3228, p =.00001). 
 Only two crabs were re-sighted over the course of the study, and both were within 
the territories where they were originally captured. Multiple crabs were frequently 

�139



observed close proximity to each other, sometimes as many as 3 within a square meter. 
Only one confrontation was observed between two crabs, when a larger individual chased 
a smaller crab away from a food source. !
DISCUSSION!
!
 I found slightly more males than females but this difference was not statistically 
significant. This is similar to previous findings of the sex ratio of this cloud forest crab 
species (Wasserman, 2000; Yau, 2003), although still the opposite of other crab species 
where there are more females than males (Donnay and Beissinger, 1993). Males were 
larger than females in both width and length. This contradicts another study that found a 
trend for females to be larger than males (Yau, 2003). The difference could be explained 
by differences between the two study sites, especially human-impacted abiotic factors. 
Results of another study suggest that male crabs are larger at higher elevations (such as 
the area I surveyed), possibly because of human-related changes downstream (Osterneck, 
2003). 
 Crabs prefer deeper territories, and can most often be found in the deeper areas 
within these territories as well. This could be explained by crabs trying to avoid terrestrial 
predators by remaining in less accessible areas of the stream. One crab was observed out 
of the water with a cracked shell, possibly the victim of a predator. Crabs are often 
observed to be missing appendages, another potential sign of predation. A different 
hypothesis is that crabs prefer the deepest areas of the stream because detritus is most 
likely to accumulate in these locations. The same explanations can be applied to the fact 
that crabs are more common in areas with low flow. Deeper areas naturally have a lower 
flow rate, and detritus is most likely to accumulate in these areas. 
 Most of the crab substrate preferences I found are consistent with what is known 
about the life history of this crab species. Crabs preferred territories with more leaf litter, 
and were also more likely to be found with leaf litter in their immediate proximity. This 
agrees with a previous finding that crabs spend more of their time feeding than engaging 
in any other activity (Yau, 2003). Crabs can also hide among leaf litter, so this habitat 
type affords them some protection as well. I observed crabs feeding in detritus buildup 
which includes small wood, so the trend for more small wood in the immediate proximity 
can be explained by foraging behavior as well. Areas where crabs were found also had 
less sand and small rocks than control plots, probably owing to the fact that these 
substrates are very exposed and offer little accumulation of potential food. 
 The finding that crabs have less large wood in their immediate area was 
unexpected, and may be an artifact of a sampling bias. Large wood is common in many 
areas where trees have fallen into the stream. However, it is usually impossible to 
investigate beneath the log where crabs might be hiding or foraging. A 10m territory for 
the crabs may also have been too large to properly represent their true range. Many of the 
crabs live in pools, which are frequently no more than 4-5m long, and surrounded by fast 
flowing areas of sand and small rock. This may have led to an over-representation of 
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some substrates and also a decreased depth relative to the true territory of the crabs. Since 
only two crabs were recaptured, and both within the same territory, it is difficult to 
definitively suggest a better territory size for future experiments, however it might be 
possible to choose the largest pool size in the sample area as a rough estimate (in this case 
5m). 
 Though there is a preferred habitat for these organisms, they do not appear to be 
aggressively territorial (pers. observation). The population of crabs in just a single stream 
is vast, and largely clumped into a series of preferred pools. Crabs were frequently 
observed foraging within 10 cm of one another, and only a single confrontation was 
observed during the entire duration of the study.  
 Information about the sexual dimorphism and habitat preferences of freshwater 
crabs is an important aspect of the natural history of this organism. Examination of 
mechanisms impacting the sex ratios and sizes (especially any human-related causes) is a 
promising course of future study. Any additional studies of this organism can also benefit 
from knowing the most likely depth, flow rate, and substrate that characterize good 
habitat for Monteverde freshwater crabs. !
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!  
Figure 1: The study site on the Quebrada Máquina. Total stream distance was 
approximately 1.5k. Two areas marked were ignored because they were inaccessible due 
to steep terrain and tree falls. The area was surveyed five times over the course of the 
study. Whenever a crab was found, size, sex, depth, flow rate, and substrate were all 
collected. This was compared to control plots assessed every 20 meters of the stream. !
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!  
Figure 2: Average size (length x width) for male and female crabs. Bars represent 
standard error. Asterisk represents significant difference. Mean male size (10.88+/-.60cm) 
is significantly larger than female size (8.84+/-.37cm) (Independent samples Wilcoxon 
test, W=238, p =.006). !

!  
Figure 3: Mean depth of crab captures (21.01+/-1.60cm) was greater than mean depth of 
control plots (11.31+/-.79cm (W=3374, p =.000001). Mean depth of 10m crab territories 
18.55+/-1.65cm) was also significantly greater than control plot depth (W=3188, p =.
0001). Bars represent standard error. Both capture depth and territory depth are 
significantly greater than stream depth, suggesting that crabs prefer the deeper areas of 
the stream. 
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!  
Figure 4: Crabs prefer areas that have slower moving water (W=3186, p =.0001). Flow 
rate was measured for up to 180 seconds over a distance of 10 m. The average 10m flow 
time for areas with crabs was 148.7+/-5.7 seconds, while the average for the stream in 
general was 106.6+/-6.9 seconds. Bars represent standard error. !

!  
Figure 5: Substrates of the area immediately around the crab (measured by proportion of 
a 50x50cm grid) compared to stream averages. Bars represent standard error. Small rock, 
large wood, sand, and leaf litter substrate proportions are all significantly different from 
the average for the stream (marked by *). !!
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!  
Figure 6: Substrates of 10m crab territories as compared to stream averages. Bars 
represent standard error. Leaf litter substrate proportion is the only type that is 
significantly different from the stream average. !!
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Toxicity and the selfish herd in Rhinella marina 
(Anura: Bufonidae) tadpoles!
!
Vera Hoang!!
Department of Biology, Department of Community, Environment, and 
Planning, University of Washington!!
!
ABSTRACT 
Predation risk is an important factor that can influence prey behavior such as defense strategies. The selfish 
herd strategy, or defense in numbers, is an effective defense mechanism, but it has never been studied based 
on toxicity. In addition to being easily visible, hardy, and toxic, Rhinella marina, or cane toad, tadpoles are 
both toxic and use the selfish herd hypothesis. This study examined how size as a proxy for toxicity 
affected cane toad tadpole dispersion pattern, habitat preference, and time elapsed after the introduction or 
absence of generalist dragonfly predator chemicals. Small and large tadpoles were tested under predaceous 
and non-predaceous conditions in an indoor, experimental aquarium and photos were taken after short and 
long period of time elapsed to measure tadpole distances from nearest neighbor and number of tadpoles per 
habitat type. Results suggest that R. marina tadpoles remain aggregate despite habitat type, time elapsed, 
presence of predators, and size, tadpole toxicity level, or developmental stage. Therefore results suggest 
that R. marina tadpoles use the better safe than sorry defense strategy, which may explain why R. marina is 
such a successful invasive pest.  !
RESUMEN !
El riesgo de depredación es un factor muy importante que puede influir la conducta de las presas como la 
estrategia de defensa. La estrategia de rabaño egoísta, o defensa en grupo, es un estrategia de defensa 
eficaz, pero nunca ha sido estudiada basada en la toxicidad. Además de (ser fácilmente visible), vivaces y 
tóxicos, los renacuajos de Rhinella marina, o el sapo grande, son tóxicos y utilizan la estrategia de rabaño 
egoísta también. Esta investigación examinó como el tamaño en lugar de toxicidad afectó la distribución, 
preferencia de hábitat y  tiempo transcurrido después de la introducción o ausencia de un depredador 
generalista, una libélula. Renacuajos pequeños y grandes fueron probados en condiciones con y sin 
depredadores en un acuario interior y experimental. Fotos fueron sacadas después de que un tiempo corto y 
un tiempo largo transcurrieron para medir las distancias entre cada renacuajo a su vecino más cercano y el 
número de renacuajos por tipo de hábitat. Los resultados sugieren que los renacuajos de R. marina  se 
agregan a pesar del tipo de hábitat, el tiempo transcurrido, presencia de depredadores y tamaño, nivel de 
toxicidad o estado de desarrollo. Por consiguiente, los resultados sugieren que los renacuajos de R. marina 
utilizan la estrategia “más vale prevenir que lamentar” que puede explicar el éxito de R. marina como una 
peste invasiva. !
INTRODUCTION 

Predation risk modifies different aspects of animal life such as behavior (Sih, 1987). 
Toxicity and defense in numbers can serve as important defense mechanisms to avoid 
predation (Hamilton, 1971). The selfish herd strategy, where individuals are less likely to 
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be predated upon in large groups, has long been considered a legitimate defense strategy 
but it has never been studied as a function of toxicity (Hamilton, 1971). 

Cane toad (Rhinella marina) tadpoles use both toxicity and the selfish herd 
strategy as defense mechanisms (Wasserug, 1971, DeVito, 2003). They have been 
observed in large aggregations despite their visibility to predators (Wasserug, 1971). 
Older tadpoles that are closer to metamorphosis were observed in larger aggregations 
(Wasserug, 1971, DeVito, 2003). R. marina is an abundant, and in some cases invasive, 
species of toad whose tadpoles are conspicuously black, hardy, and become more toxic as 
they grow towards metamorphosis (Lawler and Hero 1997, Fig. 1). However, mature 
tadpoles are more toxic but also more vulnerable because they can neither swim nor walk 
(Lawler and Hero, 1997, Laurila et al. 1997). Strategies to avoid predators in bufonids 
include spatial avoidance and less activity (Laurila et al., 1997), as well as large 
disorganized activity of disturbed aggregations (Wasserug, 1971). 

I studied dispersion pattern of R. marina tadpoles as a function of toxicity in the 
absence and presence of very predaceous dragonfly larvae (Odonata: Libellulidae, 
Babbitt and Jordan, 1997, Brodie et al., 1978, Brockelman, 1968). Additionally, I studied 
the habitat preference of R. marina tadpoles as a function of toxicity.  

I predicted that more developed stages of R. marina tadpoles will aggregate more 
densely than less developed, less toxic tadpoles. In terms of habitat preference, the less 
developed tadpoles would prefer habitats to hide from predators because they are less 
toxic. Finally, in the presence of predators, I proposed that the selfish herd hypothesis 
would be reinforced with even more distinct clumping and a greater preference for 
covered as opposed to open habitat (Laurila et al., 1997). !
MATERIALS AND METHODS 
This experiment took place in a laboratory at the Estación Biológica Monteverde, 
Monterverde, Puntarenas, Costa Rica. Two hundred R. marina tadpoles and 20 dragonfly 
larvae were collected at 1550 m elevation from a pond in Monteverde, Puntarenas (Fig. 
1). One hundred tadpoles without hind legs were collected and categorized into the small, 
less toxic category and 100 tadpoles with hind legs were collected and categorized into 
the large, more toxic category (Gosner, 1960). Small and large tadpoles were kept in two 
separate aquaria and fed a few pellets of dog food every two days. The aquaria water was 
also changed every two days. Ten dragonfly larvae each were placed in two plastic 
containers for 12 hours to allow chemical signals to permeate the water. 
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FIGURE 1. A) Uniformly black R. marina tadpoles studied. Photocredits to Government of 
Western Australia Department of Agriculture and Food. B) Generalist dragonfly 
(Odonata: Libellulidae) larva predator. Photo credits to C.Y. Choong. !

A square 72 x 72 cm aquarium was used for the experiment. Corners were 
excluded by taping plastic sheets to simulate a natural-shaped environment. The 
aquarium represented three habitats: 1) see-through, plastic was floated in 1/3 of the 
experimental aquarium to represent a closed habitat; 2) strips of transparent plastic bag 
were floated in another third to represent medium covered habitat, and 3) the remaining 
1/3 was free of objects to represent an open habitat. The aquarium was filled with tap 
water to a height of 8 cm (Fig. 2). !
Experiment 1: Dispersion Pattern and Habitat Preference in Absence of Predator !
Twenty small (0.92-1.25 cm length), less toxic tadpoles were chosen from the small 
tadpole aquarium and placed in the experimental aquarium. They were free to move from 
habitat to habitat. A digital camera on a tripod was set up alongside the pool and an aerial 
picture was taken after ten minutes of placing the tadpoles in the aquarium, which 
represented early amount of time elapsed time period, and after 20 minutes, which 
represented late elapsed time period. Rulers were placed at the bottom of the aquarium 
for the first trial to provide a scale for the pictures. The number of tadpoles in each of the 
three habitats was counted and each tadpole’s distance from its nearest neighbor was 
measured using each picture. The 20 tadpoles were then removed and placed aside. The 
pool was emptied for Experiment 2. !
Experiment 2: Dispersion Pattern and Habitat Preference in Presence of Predators !
The 10 dragonfly larvae were removed from one of the containers and the water was 
poured into the pool to simulate the presence of predators. The jar was refilled water and 
the larvae were placed inside for future experiments. 

The experimental aquarium was refilled with water, the three different habitats 
were the same, and the tadpoles from Experiment 1 were reintroduced to the aquarium. 
Similarly, aerial pictures were taken after ten minutes and after 20 minutes. Once again, 
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the number of tadpoles in each of the three habitats was counted and each tadpole’s 
distance from its nearest neighbor was measured using the photos. The tadpoles were 
returned to the small tadpole aquarium. !
 Experiments 1 and 2 were repeated with 20 large (2.23-3.48 cm length), more 
toxic tadpoles and using the water from the other plastic container with the dragonfly 
larvae for Experiment 2. The four experiments with 20 tadpoles each took place on the 
same day and were repeated for nine days for a total of 10 trials.  !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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!
Statistical Tests !
A Multi-Way ANOVA was used to analyze size, absence or presence of predators, habitat 
preference, time elapsed and the interaction among these factors in determining 1) 
tadpole distance from the nearest neighbor and 2) number of tadpoles in each habitat. 
Tukey HSD Post-Hoc Analysis was used to make pairwise comparisons. Additionally, the 
average distance from the nearest neighbor and the variance were compared in a Poisson 
Distribution Analysis Index of Dispersion Test to determine the tadpole dispersion 
pattern. The significance of the Poisson distribution values were analyzed using a Chi-
squared Goodness-of-Fit Test. 
  

!  !
FIGURE 2. Example of an experimental trial. Three different habitat types are represented: 
A) closed habitat with continuous, floating blue plastic, B) medium habitat with clear 
plastic bag cut into strips, and C) open habitat. Rulers gave true measurements of distance 
between each R. marina tadpole and its nearest neighbor for photo analysis. !!
!
!
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!
RESULTS 
Nearest Neighbor Distance !
Nearest neighbor distance of tadpoles were measured in terms of size, absence or 
presence of predators, habitat preference, and time elapsed. However, none of the 
variables differed from each other except for habitat types which differed strongly from 
each other (Multi-Way ANOVA, F(2, 1556) = 45.26, p < 0.0001. All habitat types were 
extremely different from each other (p<0.000001). 
 In terms of combination of two variables determining tadpole nearest neighbor 
distances, Habitat:Predator (Multi-Way ANOVA, F(2, 1574) = 4.47, p = 0.012), 
Habitat:Time (Multi-Way ANOVA, F(2, 1574) = 3.60, p = 0.028), and Size:Time (Multi-
Way ANOVA, F(1, 1574) = 11.70, p = 0.00064) were determinant. 
 Tadpole distances from nearest neighbor were different depending on habitat type 
and absence or presence of predator (Tukey HSD, p<0.05, Fig. 3). In addition, tadpole 
distances from nearest neighbor were different depending on habitat type and early or late 
time elapsed (Tukey HSD, p<0.05, Fig. 4). 
 In terms of size and time elapsed, tadpole distances from nearest neighbor were 
different for small tadpoles after a longer time elapsed and large tadpoles at an earlier 
time elapsed as well as small tadpoles at a later time elapsed and small tadpoles at an 
early time elapsed (Tukey HSD, p<0.05, Fig. 5). In general, no pairwise trends were 
found. 
 In terms of distribution, there is a very strong trend of aggregation in all tadpoles 
despite habitat type, absence or presence of predators, tadpole size, or time elapsed based 
on a Poisson Distribution Analysis (Chi-Squared, df = 19, p < 0.05). 
            !!!!!!!!!!!!!!!!
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!
Number of Tadpoles !
Number of tadpoles in each habitat were counted and compared in terms of size, absence 
or presence of predators, and time elapsed (Multi-Way ANOVA, F(2, 192) = 5.96, p = 
0.0031). However, the numbers of tadpoles were only different when comparing tadpole 
sizes with habitat types (Tukey HSD, p<0.05, Fig. 6). In general, no specific trends were 
found. !

!

! !  
FIGURE 3.  Mean distance of tadpoles from nearest neighbor in different habitats and with 
or without predatory dragonfly chemicals in an indoor aquarium. Significant pairs are 
noted by letters (p < 0.05). Standard error bars are shown. n = 800. !
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!  
FIGURE 4.  Mean distance of tadpoles from nearest neighbor in different habitats and at 
early time elapsed (10 minutes) or late time elapsed (20 minutes) in an indoor aquarium. 
Significant pairs are noted by letters (p < 0.05). Standard error bars are shown. n = 800. !
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!

!  
FIGURE 5.  Mean distance of tadpoles from nearest neighbor depending on size and at 
early time elapsed (10 minutes) or late time elapsed (20 minutes) in an indoor aquarium. 
Significant pairs are noted by letters (p < 0.05). Standard error bars are shown. n = 800. !!!
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! !  
FIGURE 6.  Mean distance of tadpoles depending on size and in different habitats in an 
indoor aquarium. Significant pairs are noted by letters (p < 0.05). Standard error bars are 
shown. n = 800. !
DISCUSSION 
All tadpoles remained aggregate in all habitat types, despite size, absence or presence of 
predation, and earlier or longer time elapsed. Since size or developmental stage was a 
proxy for toxicity, the results further suggest that toxicity is not related with aggregation. 
Additionally, there were no specific trends among tadpole size, absence or presence of 
predators, habitat preference, and time elapsed. For example, large tadpoles were closer 
to each other after a small amount of time had elapsed, but small tadpoles were closer to 
each other after a large amount of time had elapsed (Fig. 5). Since no general trends in 
number of tadpoles in each habitat or in distance to nearest neighbor were found among 
any of the factors, results suggest that R. marina tadpoles do not care about predators and 
choose to remain aggregate and, thus, safe to a higher degree at all times. The strategy of 
‘better safe than sorry’ has also been observed in birds because the time to react to an 
attack is so short that it pays to react to any possibility of attack though it may be 
harmless (Haftorn, 2000).  

Additionally, even when the dragonfly larvae are predaceous generalists (Corbet, 
1963), it is possible that it does not consume R. marina tadpoles in a natural habitat 
because they have other food sources. However, R. marina tadpoles were the only 
available food source throughout the course of this experiment, thus, the dragonfly larvae 
should have preyed on them.  
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Thus, results suggest that the selfish herd hypothesis is supported by R. marina 
tadpoles despite habitat type, time elapsed, presence of predators, and tadpole toxicity 
level, thus, developmental stage. The use of the selfish herd strategy and, thus, the better 
safe than sorry strategy could be a life history trait that decreases predation risk which 
contributes to why R. marina is so successful as an invasive pest (Urban et al., 2007).  !
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Breeding season habitat of the Bare-
Shanked Screech Owl (Megascops clarkii)  
!
Nicole Becich !
Department of Biology, Pomona College 
________________________________________________________________________ 
ABSTRACT 
________________________________________________________________________  

Habitat characteristics and organism density were calculated for the first time in 
the breeding season for the neotropical Bare-Shanked Screech Owl, Megascops clarkii. 
Nine trails in a number of varying-impact habitats in the Pacific slope of the lower 
montane wet forest and premontane wet forest transitional life zones around Monteverde, 
Costa Rica (elevations between 1350-1690 m) were examined for owl density using a 
playback recording. Habitat characterization was carried out in 50 x 50 m plots by four 
25 m transects centered at the point at which owls were first heard responding to the 
playback. Canopy cover and the diameter at breast height (DBH) of trees along each 
transect was recorded. A paired analysis of plots with and without owls was used to 
determine preferred habitat characteristics (26 plots total). A total of 29 individuals were 
recorded from April 9-April 30 in 13 plots. On average, habitat plots with M. clarkii  
present had 3.23 more trees of  30 cm or greater DBH than habitats where owls were not 
found. Large trees at forest edges are often threatened with felling due to human activity, 
making the greater understanding of populations of owls depending on this habitat during 
breeding season a conservation issue. Bare-Shanked Screech Owl population density 
information such as is reported in this study will be important in future studies on the 
threat and ecology of this species.  
________________________________________________________________________ 
RESUMEN !
Las caracaterísticas del hábitat y la densidad de organismos fueron calculados por primera vez en 
la epoca reproductive para la Lechucita Serranera, Megascops clarkii, nueve senderos se 
examinaron por variables con varios impactos en el hábitat en el bosque humedo montano y 
premontano en la cordillera Pacífica en Monteverde, Costa Rica (elevaciones entre 1350 – 1690 
m) se examino de densidad de lechuzas usando llamados de respuesta.  La caracterización del 
hábitat se hizo en cuadrículas de 50 x 50 m en cuatro transectos de 25 m centrados en el punto 
en el cual las lechuzas fueron escuchadas por primera vez en respuesta a los llamados.  La 
cobertura de dosel y el diámetro a la altura del pecho (DAP) de los árboles a lo largo de los 
transectos se tomaron en cuenta.  Un análisis pareado de las cuadrículas con y sin lechuzas se 
uso para determinar las características preferenciales de los hábitats (26 cuadrículas en total).  
Un total de 29 individuos fueron encontrados entre el 9 – 30 de abril en 13 cuadrículas 
diferentes.  En promedio las cuadrículas con M. clarkii presentan 3.23 veces más árboles de 30 
cm o más DAP que los hábitats donde no hay lechuzas.  Los árboles grandes a las orillas de los 
bosques a menudo se encuenran amenazados por la actividad humana, haciendo el mayor 
conocimiento en las poblaciones de lechuzas dependientes de este tipo de hábitat durante la 
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época reproductive un factor importante en la conservación.  La densidad de población de la  
lechuza Serranera a como yo la reporto en este estudio puede ser importante en futuros estudios 
en el riesgo y ecología de las especies. !
Introduction 
 Microhabitat characteristics, population density, and elevational distribution data 
are crucial to the ecological mapping and understanding of neotropical bird species. 
Many nocturnal bird species prove difficult to study and are thus lacking in important 
ecological information. The Bare-Shanked Screech Owl, Megascops clarkii, 
(Strigiformes: Strigidae), is a 180 g, 25.4 cm, primarily insectivorous owl. It is 
uncommon in its range of dense mountain forest and forest edge in mid-elevation cloud 
and humid forests from the central mountains of Costa Rica down to Panama and 
Northwest Colombia (Stiles and Skutch, 1989; Bui, 2005). While the IUCN lists the 
Bare-Shanked Screech owl as a species of “least concern” (IUCN, 2006), like most 
neotropical owls, very little is truly known about the Bare-Shanked Screech Owl’s 
preferred habitat, abundance, behavior, and breeding habits.  The designation of February 
through May as the breeding season for the  Bare-Shanked Screech Owl comes from the 
accidental capture of individuals during this time period, various fledgling sightings, and 
one recorded nest characterization outside of San Jose, Costa Rica (Enriquez and Rangel-
Salazar, 1997).   

 One previous study conducted in Monteverde, Costa Rica (Oikawa 2002) 
documented the density and habitat preferences of Bare-Shanked Screech Owls in 
various forest types outside of the breeding season.  Nests of owls of the genus 
Megascops have only been found and characterized in large (>30 cm DBH) trees 
(Enriquez and Chang, 2008; Enriquez and Rangel-Salazar, 1997), and large trees were the 
one unifying factor in owl plots across the wide range of habitats examined, No similar 
study has ever been conducted on M.clarkii during the breeding season, and very limited 
information is available about its nesting habits. A single nest was found using playbacks 
of M.clarkii calls in subalpine paramo oak forest near Cerro de la Muerte, Costa Rica, in 
April, 1997 (Enriquez and Rangel-Salazar, 1997).  The nest described was a thinly-moss-
lined crevice located 3.3m from the ground in a 23m-tall oak with a diameter at breast 
height (DBH) of 65 cm. A similar nest characterization of the endangered bearded 
screech owl in Mexico found that owls generally responded to playback calls within a 
0.05 hectare area, surrounding the nesting tree, an oak that was approximately 100 m 
from the forest edge with a DBH of 75 cm (Enriquez and Chang, 2008).  The preliminary 
observations described above suggest that the presence of large trees may be important 
for M. clarkii during the breeding season, and that breeding territories could be detected 
using playbacks.    

This study will be the first to attempt to characterize the habitat preferences, 
territoriality, and density of M.clarkii during the breeding season. More specifically, I 
investigated whether the breeding territories of the Bare-Shanked Screech Owl will have 
shared, non-random characteristics such as the presence of trees above a certain diameter 
or canopy cover as found in previous tropical screech owl studies (Borges et al., 2004). 
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Congruencies in habitat among individuals could shed light on the breeding season needs 
and Monteverde population densities for this scarcely studied species.  

Oikawa’s previous study on one of the trails examined in this study found that 5 
out of 7 individuals identified were heard calling near the forest edge (Oikawa, 2002). I 
anticipate a large proportion of M.clarkii to be found in areas on or around forest edge 
possessing a greater proportion of trees with DBH greater than 30 cm. I will also 
investigate if canopy cover and elevation play a role in the distribution and density of the 
Bare-Shanked Screech Owl to quantify habitat preference during the breeding season.  !
Methods  
 From April 9th, 2012 to April 30th, 2012, nine trails in the Monteverde area were 
chosen for study of the Bare-Shanked Screech Owl, M.clarkii.  All trails were located on 
the Pacific slope within the lower montane wet forest and premontane wet forest 
transitional  life zones (Table 1). Trails spanned human impacted areas (pasture, road), 
forest edge, regenerating or secondary forest, and closed-canopy forest. A recording of 
varied Bare-Shanked Screech Owl vocalizations lasting a minute and four seconds was 
played once using an iPod and iPod speakers every 100 m along the trail, a distance 
utilized in previous Amazonian owl density plots (Borges et al., 2004). The playback tape 
included the owl’s characteristic low repetitions of “hu, hu, hu, hu” with stress on each 
second or third syllable (Stiles and Skutch, 1989), a faster, louder repetition of the call 
that was often heard in response to the playback, and a high-pitched whine. The location 
where the owl was first heard was marked for posterior habitat characterization. Trails 
were walked twice through each night of the study to confirm that owls heard each 
evening remained near the initial marked site. For additional confirmation, each trail was 
monitored for owls a second night. Trails were monitored during predetermined activity 
peaks for this species, 6:30-10 PM (Oikawa, 2002).  !
Table 1. Nine Trails Monitored for Bare Shanked Screech Owl Denisty in and 
Around the Monteverde Area. Elevations determined by altimeter.  

Trail Name Low (m) High (m) Length Forest Type

Biological Station (BS) Forest Edge 1445 1515 1.238 km Regenerating 

BS Principal Trail 1495 1660 0.627 km Closed Canopy

Clay Road to Cerro de Los Amigos 1360 1685 1.392 km Human Impacted

Monteverde Institute 1350 1430 0.804 km Regenerating

Monteverde Cloud Forest Preserve 1480 1525 2.2 km Closed Canopy

Santa Elena Cloud Forest Preserve 1590 1690 4.0 km Closed Canopy

Santa Elena to Selvatura 1370 1535 7.08 km Human Impacted

Bajo Del Tigre 1320 1430 1.2 km Regenerating

Curi Cancha 1395 1490 1.7 km 
Closed Canopy/ 
Regenerating
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 Plots for habitat characterization were taken on the Monteverde Biological 

Station forest edge, Principal, Monteverde Institute, Santa Elena Cloud Forest Preserve, 
and the Clay Road to Cerro de Los Amigos trails. The Monteverde Cloud Forest 
Preserve, the road from Santa Elena to Selvatura, Bajo del Tigre and the Curi Cancha 
trails were used solely to calculate owl density and elevational distribution data. All trails 
were visited two nights, minus the Monteverde Cloud Forest Preserve, which was only 
visited once due to inclement weather. To calculate owl density (owls/km), an average 
was taken over the two nights for individuals present on each trail, which was divided by 
trail length.  

 The 26 plot characterizations (13 with owl, 13 without) were conducted during 
the day. Using a Casio Protrek 3022 altimeter watch (+/- 5m accuracy with weather 
sensitivity), elevation was recorded at the highest and lowest point of each trail, as well 
as in the center of every plot used for habitat characterization. Each plot was comprised 
of four, 25 m transects along compass-determined cardinal directions around a central 
point, following Enriquez and Chang, (2008). Owl plots were centered at markings from 
previous nights, and for each owl plot a random plot was chosen in an area where owls 
were not heard either night. Canopy cover was measured using a densiometer, taken at 
five points within each plot: at the center and the end of each of the four transects. The 
five readings were averaged to obtain total percent canopy cover. Using a diameter at 
breast height (DBH) meter tape, all trees along each of the four transects were measured 
and assigned to categories: 0-5 cm, 5-10 cm, 10-20 cm, 20-30 cm and 30 + cm.  !
Results !
In calculating owl densities, the Monteverde Cloud Forest Preserve density datum was 
not averaged like the rest, but instead taken from a single night’s observation (Table 2).  !
Table 2. Owl Density by Trail. Owl densities were calculated by averaging total 
individuals over two nights of investigation for each individual trail.   

Trail Name Length (km) Average Owls Density (owls/km)

Biological Station Forest Edge 1.238 4 3.12

Principal Trail 0.627 2.5 3.99

Clay Road to Cerro de Los Amigos 1.392 2 1.44

Monteverde Institute 0.804 4.5 5.60

Monteverde Cloud Forest Preserve 2.2 0.5 0.28

Santa Elena Cloud Forest Preserve 4 8.5 2.13

Santa Elena to Selvatura 7.08 5.5 0.78

Bajo Del Tigre 1.2 0 0

Curi Cancha 1.7 0 0
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!
Using a non-linear regression test, it was found that the abundance of owls tended to peak 
around 1450-1600 m in elevation (n=6, p=0.10) (Figure 1).  

!  !
Figure 1. Elevation range distribution for Bare-Shanked Screech Owl, M.clarkii. All 
29 individuals heard over the eighteen nights of the study were used for calculating the 
density of individuals (by owl) in each 50 m elevation range.  !!!!!!!!!!!!!!!!
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Figure 2. Average number of trees (± 1.24 trees) in five DBH ranges for plots with 
and without Bare-Shanked Screech Owls, M. clarkii. Trees within the first four DBH 
ranges were included in (A), and number of trees in the 30+ cm DBH range are included 
in (B) for plots with (yes) and without (no) owls.  All tree numbers are averages of 13 
plots with and without owls in each DBH range category.  !

A Wilcoxon signed-ranked test for paired samples was used to analyze the 
difference in tree number by DBH range between plots with and without owls (Figure 2). 
The difference in trees in the 0-5 cm range, saplings, between owl and no owl plots was 
nearly significant (W=47.5, p=.0611), with 42.54 more saplings on average in plots with 
owls. The difference in plots for trees with 20-30 cm DBH (W=55, p=.1322) was also 
suggestive, but the only truly significant difference was between trees with 30 cm or 
greater DBH (W=40.5, p=.0245), with 3.23 more large trees on average in plots with 
owls.  Differences between trees in the 5-10 cm DBH range (W=92, p=.719) and 10-20 
cm range (W=77.5, p=.738) were not significant.  !

!  
Figure 3. Average percent canopy cover for plots with and without M. clarkii. 
Average percent canopy cover was determined using canopy cover data from each of the 
13 plots with (yes) and without (no) owls.  !
 Another Wilcoxon signed-rank test for paired data was used to analyze average 
canopy cover within plots with and without owls (Figure 3). There was no significant 
difference in canopy cover within the two (W=101.5, p=.3973).   
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!
Table 3. Owl Density in Forest Edge and Forest Interior. Forest edge trails (BS Forest 
Edge, Santa Elena to Selvatura, and Clay Road) and forest interior trails (BS Principal, 
Monteverde Institute, Santa Elena Cloud Forest Preserve, Monteverde Cloud Forest 
Preserve, Bajo del Tigre and Curi Cancha) had differing sample sizes (n=3, n=6). 

!
To investigate whether there was a difference in owl density in forest edge compared to 
forest interior, a Wilcoxon signed-rank test for independent samples was conducted 
between the two habitat types. There was no difference detected between the two (W=10, 
p=0.897).  !
Additional Observations  !
 When most individuals responded to the playback call, they would often do so in 
response to the later vocalization: the faster, louder hooting. More owls were found on 
clearer nights with less wind, as in the second night of walking the road to Selvatura from 
Santa Elena, or many of the first nights earlier in April. Often, when a pair of owls was 
heard at one elevation the first night and only a single individual was heard the second 
night, there was increased wind or cloud cover. Single individuals were sometimes found 
in varied places between the two nights of recording, such as one individual at 1605 m 
the first night and 1590 m the second night in the Santa Elena Cloud Forest Preserve, or 
many of the single individuals found on the road from Santa Elena to Selvatura. One 
fledgeling was observed in the same area as two larger individuals on the Monteverde 
Institute trail at 1410 m on the night of April 18th. Also, on the night of April 30th, an owl 
was observed displaying a sallying type behavior at the forest edge of pastureland on the 
road from Santa Elena to Selvatura.  

Owls often displayed aggressive territoriality, landing on branches just a meter 
above the iPod speakers during the playback, swooping the speakers, or calling 
aggressively for up to 27 minutes after the playback of a single call, as was the case with 
the owl at 1515 m on the biological station forest edge trail. The same owl followed the 
next speaker playback call for roughly 170 m before remaining in one place. Despite the 
mobility of the one individual by the station, in reconfirming individuals with a second 
night of observation, owls were never found more than 50 m from the site where they 
were observed the previous night.  

Owl responses to the playback were often in tandem when in pairs, beginning 
with the fast, loud hooting of a single individual who would approach the speakers, with 
the addition of a stationary individual further back in the forest minutes after as hooting 

Forest 
Type

Mean Owl 
Density (Owls/
km)

Standard 
Error

Edge 1.78 1.21

Interior 2 2.36
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frequency would begin to decrease. Pairs sometimes called in tandem with each other for 
some minutes at this point, as was the case with the pair on the Principal trail, two pairs 
behind the Monteverde Institute, and two pairs on the road from Santa Elena to Selvatura.  
Some owl sightings occurred less than 100m from one another, as was the case with the 
two plots on the Monteverde Institute trail (87m apart) and the Principal Trail (72 m 
apart).  

Differences in forest types within habitats existed. The road from Santa Elena to 
Selvatura possessed both pastureland at the forest edge and regenerating forest, and the 
owl found at 1515 m in the Monteverde Cloud Forest Preserve was found at the trailhead 
to La Ventana, an area much more exposed to wind and mist than the closed-canopy 
forest. The Del Bajo trail (2.6 km) in the Santa Elena Cloud Forest Preserve had no owls, 
a much higher density of vines and lianas, and a much lower average tree DBH than the 
Youth Challenge trail (1.4 km).  !
Discussion !
M.clarkii densities vary between the two previous studies done in November and 
December and the results of the current April study. In the past, owls were primarily 
found on the trails behind the Monteverde Institute, where three individuals were 
reported in a single study (Bui, 2005), and a density of 2.86 owls/km was reported for 
another (Oikawa, 2002). This density is much lower than the 5.60 owls/km found in 
April, which may be attributable to a greater presence of fledglings and mated pairs.   
One fledgling was seen with two adult individuals on April 18th behind the institute, 
supporting this theory. Densities taken in November for the Principal trail, 2 owls/km, 
and the biological station forest edge trail (described as regenerating pasture trail by 
Oikawa), 2.5 owls/km, were also greater in April at 3.12 owls/km at the forest edge and 
3.99 owls/km on the Principal trail, respectively. This could also be due to the additive 
effect of fledglings present, or may also be due to a concentration of Bare-Shanked 
Screech Owls in favorable breeding habitats for nesting, as most owls heard on these 
trails were heard in pairs. The proximity of owl pair territories in the Principal and 
Monteverde Institute trails is indicative of this type of selection in habitat, as clumps of 
owls in an area may indicate the favorability of that habitat.  An additional analysis of 
owl density along the Monteverde Cloud Forest Preserve trail should be conducted, as the 
density for that trail was calculated from only a single night.  
 While there was a suggested trend in elevational distribution of owls, the 
regression analysis of abundance within 50 m ranges comes short of significant due to the 
small sample size and inherent sampling bias in the proportion of trails walked in each 
elevation designation. It should be noted that this analysis serves a more summary 
purpose for future studies, as a sampling bias is present in the disproportionately greater 
length of trail walked within the suggested optimal elevation range. To prove an optimal 
elevation range or elevational preference of owls within the breeding season, more 
elevation range investigations both below 1350 m and above 1650 m are needed. In the 
future, the abundance of owls were found within the narrow range of 1450 to 1600 m 
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should be corrected for sampling effort. Very few owls were found in the lower elevations 
and drier habitats such as in Bajo Del Tigre, which confirms non-breeding season study 
observations (Bui, 2005; Oikawa, 2002), but may also be influenced by sampling effort in 
those elevations.  
 The importance of large trees in habitat selection by the Bare-Shanked Screech 
Owl was confirmed in presence of, on average, 3.23 more trees of >30 cm DBH in plots 
with owls, indicating that large trees are crucial for suitable breeding habitats in this 
species. Nests of owls of the genus Megascops have only been found and characterized in 
large (>30 cm DBH) trees (Enriquez and Chang, 2008; Enriquez and Rangel-Salazar, 
1997), and large trees were the one unifying factor in owl plots across the wide range of 
habitats examined, suggesting that owls may be seeking nesting sites. Proximity to forest 
gaps, trails, or forest edge may also aid owls in ease of insectivorous hunting behaviors, 
as one gleaning behavior was witnessed in the pastureland forest edge on the road to 
Selvatura. Gleaning behaviors, dependent on flight, could be significantly hindered by 
vine and liana density. In the Del Bajo section of the Santa Elena Cloud Forest Preserve 
trail, no owls were observed in areas with greater vine and liana density. More studies are 
needed on different forest types and forest edge habitat to confirm the favorability of 
forest edge for this species, as disproportionate sampling effort within different elevations 
and forest types made analysis of these factors unreliable.  
 There was no difference detected in owl density in the forest edge compared to 
forest interior. This lack of difference could, however, be due to the small and 
disproportionate sample sizes in the analysis of owl density in the forest edge and interior 
(Table 3). Concentrating directly on these forest types and how they affect owl density in 
future studies may yield different results. Studies done on other species of tropical 
screech owls (Alba-Zuniga et al., 2009; Borges et al., 2004) have found that their 
preferred habitats, containing a higher density of large trees, are often those which are 
threatened most with deforestation due to human activity; and often found at the forest 
edge. The census and understanding of these owls and their habitat is crucial for further 
analysis of their potential threat and conservation status, which is currently at least 
concern (IUCN, 2006).   !
Conclusion !
The presence of trees with DBH >30 cm was found to be the most important factor in 
microhabitat selection of the Bare-Shanked Screech Owl M.clarkii during breeding 
season in the month of April. This supports previous reports that large trees are preferred 
as nesting sites for Megascops (Enriquez and Chang, 2008; Enriquez and Rangel-Salazar, 
1997). No significant difference in canopy cover or forest type was found between 
habitats with and without owls present, but observational data did indicate that owls 
benefitted from some proximity to forest edges or trails. In the future, characterization of 
the owls’ supposed preferred prey density within “territory” plots would provide another 
level of habitat preference data, as proximity of prey and ease of hunting may be 
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important during nesting. A wider range of elevations should be examined to confirm 
optimal or preferred elevations in the breeding season as well.  
 Because large trees seem to play such a big role in the habitat selection of 
M.clarkii, it is important that further census and distribution data be taken on this species 
of owl, as deforestation preferentially targets large trees. An in-depth analysis of Bare-
Shanked Screech Owl populations should be conducted to reevaluate the conservation 
status (IUCN, 2006), as the preferred habitat found in this study proves to be in danger. 
We wouldn’t want the sound of this feisty, unique owl, or other little-studied neotropical 
species, to fade from the night’s song any time soon.  !!!!!!!!
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ABSTRACT !
Whirligig beetles (Coleoptera: Gyrinidae) were subjected to varied temperature and surfactant 
contamination to examine the effects these variables have on beetle speed and diving behavior.  Surfactants 
are substances that lower surface tension.  These surface-dwellers struggle with thermoregulation and rely 
on behavioral mechanisms to moderate body temperature.  Increased and decreased temperatures were 
therefore expected to impact whirligig behavior.  I found that high temperature significantly increases both 
speed and diving frequency.  While increased speed indicates a higher activity level often correlated with 
higher temperature, increased diving frequency is likely an adaptation to escape high surface temperatures. 
Low temperature also increases speed, but does not affect diving frequency.  This is contrary to 
expectations, but may be because I did not lower the temperature enough.  I studied the degree to which 
surface-tension-lowering soap impacts the speed and frequency of diving.  Soap did not affect whirligig 
speed, but significantly increased diving frequency.  Changing climate and pollution therefore have the 
potential to impact whirligig behavior. !
RESUMEN !
Los escarabajos de molinete (Coleoptera: Gyrinidae) fueron sujetos a diferentes cambios de temperatura y 
contaminación superficial para examinar los efectos de estas variables en la velocidad y comportamiento de 
buceo.  Surfactantes son sustancias que disminuye la tensión superficial.  Estos pobladores de las 
superficies luchan con la termorregulación y dependend de mecanismos conductuales para regular la 
temperatura.  Aumentos y disminuciones en la temperatura se esperaron impactar el comportamiento de 
molinete.  Encontré  que altas temperaturas aumentan significativamente tanto la velocidad como el buceo.  
Mientras que el aumento en la velocidad indica un mayor nivel de actividad a menudo correlacionados con 
altas temperaturas, aumento en el buceo puede ser una adpatación para escapar altas temperaturas 
superficiales.  Bajas temperaturas también aumentan la velocidad pero no afecta el buceo. esto es contrario 
a las expectativas, pero puede ser porque no baje la temperatura suficiente..  Estudie el grado en el cual al 
bajar tensión superficial con jabón impacta la velocidad y frecuencia de buceo.  El jabón no afecta la 
velocidad pero si aumenta significativamente la frecuencia de buceo.  El cambio climático y la 
contaminación así tienen un potencial de impactar el comportamiento de los escarabajos de molinete. 

!!!
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!!!
INTRODUCTION !
Gregarious whirligig beetles of family Gyrinidae are common on surfaces of lakes, 
ponds, and streams throughout North America and into Central America (White 1983). 
These beetles are known for rapid movement on the surface of water and for aggregating 
in rafts in response to predators or stimuli (Freilich 1989). Their position at the surface of 
water makes Gyrinids susceptible to both aquatic and aerial predators (Romey and 
LaBuda 2009). Primary response to predators is increased speed (Watt and Chapman 
1998). Whirligigs likely use secretions from pygidial glands to propel themselves across 
water; these secretions seem to be surfactants (surface-active components), which lower 
surface tension and enable the insect to ride on the repelled water molecules (Vulinec 
1987). While generally remaining on the surface, Gyrinidae beetles are adapted to dive to 
forage or in response to aerial predators (White 1983). 

Life on water surfaces renders Gyrinidae beetles vulnerable to fluctuations in 
temperature, by complicating thermoregulation. Their position at the air-water boundary, 
where both are similar temperature, makes it difficult for these ectotherms to find ways to 
alter their body temperature. Whirligigs thermoregulate primarily via behavioral 
mechanisms, such as basking or seeking shade (Fitzgerald 1980). Diving to greater 
depths would be an expected response to avoiding elevated surface temperature. 
Temperature has many effects on whirligig behavior, from altering activity level and 
aggregation behavior (Romey and Rossman 1997) to increasing territoriality and 
aggressiveness (Fitzgerald 1980). 

Whirligig beetles rely on surface tension to stay afloat. Contaminants such as soap 
or oil interact with water molecules to lower the surface tension of water (White 1983). In 
high enough concentrations, detergents can lower surface tension to a degree that yields 
Gyrinidae beetles unable to stay on the surface of the water, which has obvious effects on 
their locomotion (White 1983). Lower concentrations of contaminants should be 
expected to alter whirligig locomotion by affecting their ability to float. Surfactants are 
also known to affect surface-dwelling insects by lowering water-repellency and causing 
them to sink (Bush et al. 2007). Because whirligigs may also produce surfactants for 
locomotion, soap contamination could also have an effect on their speed. 

This study examines the possibility that temperature and surface-tension-lowering 
soap affect activity level of Gyrinidae beetles, as measured by beetle speed. It seeks to 
determine if diving behavior is a possible method of thermoregulation. Finally, it 
considers the possibility that a small concentration of soap can alter surface tension in a 
manner that alters whirligig diving behavior. Increased temperature is expected to 
increase beetle speed and diving, while cold temperature is expected to decrease both in 
the manner typical for ectotherms (Fossette et al. 2012). Soap could slow beetles by 
interfering with their method of locomotion but increase diving frequency by disrupting 
surface tension and making floating more difficult and diving easier.   
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!
METHODS !
This study was conducted in a laboratory using whirligig beetles from family Gyrinidae.  
These beetles are small aquatic insects that live on water surfaces but are capable of 
diving (White 1983). The beetles were all collected from a small pond in Monteverde, 
Puntarenas, Costa Rica. The pond, which has a maximum depth of about 1.5 m, is located 
at 1550 m elevation where there is a mean annual temperature of 16 - 18 oC and an 
average of 3 m precipitation. !
Speed !
I placed 30 beetles in a 30 x 30 x 30 cm aquarium at room temperature, which ranged 
from 22.22 - 24.44 oC. I placed a grid with 1 x 1 cm squares underneath the aquarium to 
calculate beetle speed. I took a video recording of the beetles’ movement without 
disturbance for ten minutes. To calculate beetle speed, I counted the number of centimeter 
squares a beetle traveled in a five second period. I did this for five beetles every minute.  
The beetles were not necessarily the same individuals each time. I added soap (1.09 ml/l) 
to the water and repeated this entire process to examine the effects of surface-tension-
altering contamination. I then conducted a trial with elevated temperature (no soap), 
warming the water to 30 oC using a standard aquarium heater.  To study the effects of 
cold water, I used ice to lower the temperature to 18.33 oC. Results were analyzed using a 
Kruskal-Wallis rank sum test. 

I then disturbed the beetles, simulating an aerial predatory threat by quickly 
striking the surface of the water in the center of the aquarium. I recorded a video of the 
beetles’ movement for a minute after the disturbance; this was repeated ten times for each 
of the four conditions.   !
Diving !
I studied diving behavior by taking videos from the side of the aquarium. I again took a 
ten minute video of whirligig behavior without disturbance for control, soap, hot, and 
cold treatments. To analyze diving frequency, I counted the number of beetles that were 
submerged at each minute mark.  

Ten one-minute diving trials with disturbance were conducted for each treatment, 
with the disturbance created in the same manner as before. Frequency of dives was found 
by counting the number of submerged beetles ten seconds after the disturbance.  !
Statistical Analyses !
Results for speed trials in calm conditions were analyzed using a Kruskal-Wallis rank 
sum test. Speed of whirligigs with disturbance was studied using a One-way ANOVA and 
then post hoc tests. Each treatment with disturbance was then compared to the same 
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treatment in calm conditions with a Wilcoxon signed rank test with continuity correction. 
For diving trials in calm conditions, treatments were compared with a Kruskal-Wallis 
rank sum test. Diving trials with disturbance were compared with a One-way ANOVA 
and post hoc tests. These results were compared with corresponding calm condition trials 
with Wilcoxon signed rank tests with continuity correction. !
RESULTS !
Speed !
Whirligig speed varied significantly among the different treatments when the water was 
not disturbed (H = 27.5446, df = 2, p < 0.0001). Speed was highest in cold water, slowest 
in the control, and intermediate for soapy water (Fig. 1).  

!  
Figure 1. The mean speed of whirligig beetles (Coleoptera: Gyrinidae) in various 
treatments. Calm indicates no disturbance. Other treatments were disturbed by a 
simulated aerial predator. N=50 for all.  Standard error bars shown. A significant 
difference in speed was found between disturbed and calm trials for control, soap, and 
cold conditions. !
 Treatments were also found to significantly affect speed when water was 
disturbed (F(3, 196)= 51.23, p = 0.0001). Mean speeds were similar in control and soapy 
water, but significantly faster in hot and cold treatments (Fig. 1).  Nearly all treatments, 
when paired, showed statistical variation (Table 1).   !
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Table 1. Post hoc comparison for whirligig speed between each pair of treatments 
with simulated predator disturbance. All pairs varied significantly, with the exception 
of the control treatment and soap.   

!
Whirligig speeds in control, soap, and cold treatments with disturbance were all 

statistically significant from the corresponding treatments in calm conditions (Wilcoxon;  
control: p<.0001;soap: p <.0001; cold: p<.0001)(Table 2).  !!
Table 2. Post hoc comparison for whirligig diving frequency between each pair of 
treatments with simulated predator disturbance. Only control and hot and control and 
soap showed significant difference.   

!!
Stationary beetles were never found after a disturbance, but were common in calm 

conditions (Table 3). !!!!

Comparison t-value p-value

Hot-Cold 5.872 <0.0001***

Control-Cold -4.958 <0.0001***

Soap-Cold -4.603 <0.0001***

Control-Hot -10.830 <0.0001***

Soap-Hot -10.475 <0.0001***

Soap-Control 0.355 0.985

Comparison t-value p-value

Hot-cold 2.386 0.0979

Control-cold -1.836 0.2737

Soap-cold 2.478 0.0808

Control-hot -4.222 <0.001***

Soap-hot 0.092 0.9997

Soap-control 4.314 <0.001***

�173



Table 3. Number of stationary whirligig beetles in calm conditions and after 
disturbance.  No stationary beetles were found after disturbances, but were common in 
calm conditions.  Beetles were unlikely to be stationary in cold conditions, even when 
calm, but very likely to be stationary in calm control conditions. Fifty beetles were 
studied for each treatment. !

!
Diving !
In undisturbed water, frequency of whirligig diving was affected by treatment (H =  
31.1949, df = 3, p < 0.0001). No beetles dove during control trials, frequency was low in 
soap and cold, and highest in hot water (Fig. 2). Treatment also affected frequency of 
diving after simulated predatory threats (F(3, 36) =8.607, p=0.0001). Diving was most 
common in hot and soapy water, lower in cold, and lowest in control (Fig. 2).  !

!  
Figure 2. Mean number of whirligig beetles submerged. In calm conditions, number 
was calculated by counting the number submerged at a given time. This was done ten 
times for each treatment. In treatments with simulated aerial predator attack, number was 
calculated by counting the number submerged ten seconds after disturbance. This was 
repeated ten times per treatment. There were 30 beetles in each trial. A significant 
difference in diving frequency was found between disturbed and calm trials for all but 
hot.  Standard error is shown.   

Conditions Control, 
disturbance

Control, 
calm

Soap, 
disturbance

Soap, 
calm

Cold, 
disturbance

Cold, 
calm

Number 
stationary

0 34 0 13 0 7
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!
However, only the pairs hot-control and soap-control showed statistically significant 
variation (Table 4).  !
!
!
Table 4. Pairwise comparisons of diving frequency after disturbances. The difference 
is only statistically significant for the control-hot comparison and the control-soap, 
though hot-cold and soap-cold pairs also display a trend. !

!!
When compared to calm conditions, control, soap, and cold treatments with 

disturbances varied significantly (Wilcoxon, p < 0.001, < 0.0001, and < 0.05, 
respectively) (Fig. 2). There was not a significant difference in diving frequency between 
hot water with predator simulation and in calm conditions (Wilcoxon, p = 0.3929).  !!
DISCUSSION !
Soap and water temperature were found to affect whirligig speed in both calm conditions 
and after a simulated predator threat. Temperature treatments resulted in speeds that 
differed significantly from the control. Soap did not significantly affect speed, suggesting 
that the secretion from the beetles’ pygidial glands can still function in the presence of a 
low concentration of additional surfactants. It is interesting that whirligigs responded to 
both high and low temperatures by increasing their speed. Speed increases associated 
with cold water are contrary to expected results, as ectotherms become less active at low 
temperatures (Fossette et al. 2012). This could have occurred because I did not lower the 
water temperature a sufficient amount to affect the beetles as cold water would be 
expected to.  The temperature I used is actually close to the average temperature in 
Monteverde.  Increases driven by hot water could be the results of increased aggression 

Comparison T value p-value

Hot-cold 2.386 0.0979

None-cold -1.836 0.2737

Soap-cold 2.478 0.0808

None-hot -4.222 <0.001***

Soap-hot 0.092 0.9997

Soap-none 4.314 <0.001***
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and territoriality that has been previously found in whirligig beetles (Romey and 
Rossman 1995). 

In both calm and disturbed conditions, treatment affected diving frequency. After 
predator stimulation, diving frequency increased in soapy and hot water, but was not 
significantly different between control and cold water. Neither cold nor hot water affects 
surface tension of water (Gittens 2004), so increased diving associated with increased 
temperature must be associated with another factor. 

In control, cold, and soapy water, beetles were significantly more likely to dive in 
response to a disturbance than in calm water. Diving would seem to be the logical 
response to avoid an aerial threat. However, although beetles showed a tendency to dive 
more in hot water than in the control, when temperature was elevated, beetles were not 
significantly more likely to dive after a disturbance than they were in calm conditions. 
This suggests that the heat itself is a motivation for whirligigs to dive, indicating that the 
beetles may dive to reach cooler water for thermoregulation. Given the difficulty of 
thermoregulation associated with surface-dwellers, this behavioral adaptation seems 
likely. Increased diving in raised temperatures, coupled with significantly higher speed, 
could also indicate a generally elevated activity level associated with higher 
temperatures. 

Neither the hot nor cold temperature in this study was so extreme that it would 
never be found in nature. However, high temperature had a significant effect on both 
speed and diving behavior, while low temperature had a significant effect on speed. 
Climate change is expected to continue to increase global temperature. This has the 
potential to affect whirligig behavior. If the effects are extreme enough, this could alter 
their behavior in a manner that affects their foraging behavior and social interactions, 
including reproduction. Whirligigs are prominent members of many aquatic communities 
and any change in their behavior could significantly impact these ecosystems. 

Although this study did not investigate the effects of oil, it shares surface-tension-
lowering characteristics with soap and could be expected to have similar effects on their 
behavior. It was previously known that high enough concentrations of detergents or 
petroleum would prevent whirligigs from floating. This study now suggests that lower 
concentrations, which could result from the pervasive effects of an oil spill or other form 
of contamination, influence whirligig diving behavior.  Studies should be conducted to 
determine how these factors and their consequent changes in whirligig behavior 
ultimately impact foraging and social behavior.   !!!!!!!!
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Abstract 
Deforestation in tropical countries restricts surviving species into multiple land-use types. This study 
examines highland butterfly species form Cloud Forest zones in distinctive human land-use types. Fifty 
fruit traps were placed in six land-use types: pasture, yard, banana, coffee, forest trail and secondary forest. 
All butterfly species were indentified and released over a 15-day period. All six land-use types had different 
abundance, richness and diversity of butterflies. Of thirteen species, five were found in disturbed habitat 
instead of their preferred forest habitats. Highland butterfly species appear more diverse and abundant 
where secondary forest edge meets more open land-use types. Results suggest that if land must be 
developed for roads, homesteading, agriculture, or pasture, it should consist of a patchwork of different 
land use types and have at least one side adjacent to forest in order to maximize biodiversity. !
 
Resumen 
La deforestación en países trópicales restringen la sobrevivencia de especies en tipos multiples de uso de 
suelo.  Este estudio examina las especies de altura de mariposas del Bosque Nuboso en zonas con distintos 
usos de suelo.  Cincuenta trampas con frutos se ubicaron en seis diferentes usos de suelo: pastizal, patio, 
banano, café, sendero en el bosque, bosque secundario. Todas las especies de mariposas fueron 
identificadas y sueltas en un período de 15 días.  Todos los tipos de suelos tuvieron diferente abundancia, 
riqueza y diversidad de especies.  De las trece especies, cinco fueron encontradas en hábitats con disturbios 
en lugar del bosque que su hábitat habitual.  Las mariposas de altura parecen más diversas y abundantes 
donde el borde del bosque secundario se encuentra con otros tipos de suelo.  Los resultados sugieren que si 
el hábitat debe desarrollarse para caminos, vivienda, agricultura o pastizales, debe consistir en un mosaico 
de diferentes tipos de suelo y tener al menos un sitio adjacente al bosque para aumentar la diversidad. !
 
Introduction 

Tropical wet-rain forests make up 6% of global land but house 50% of Earth’s 
species (Wright, 2005; Skole, 1993). Land transformation in tropical developing 
countries is replacing forest with multiple land uses that including urban areas, various 
crop agriculture and cow pasture (Wright 2005; Laurance, 2005; Lamb et al, 2005; Foley 
et al, 2005). Land transformation may lead to extinction or displacement to altered 
habitats (Lewis 2008; Pimm & Brooks, 2000; Dirzo & Raven, 2003; Sohdi et al, 2004; 
Millenium Ecosystem Assessment, 2005; Wright & Landau, 2006). Therefore, how 

�178



species respond to land transformation may depend on land use and will determine the 
fate of much of tropical biodiversity.  

Bioindicators are species that allow conservationists to assess ecosystem health 
(Holt, 2011). Bioindicator species include micro invertebrates, birds, plants and 
butterflies (Mistry et al, 2011; Read et al, 2000; Barthlott et al, 2001; Anderson & Majer, 
2004).  Numerous studies indicate some butterfly species are better than others in 
transformed habitat. (Brereton et al, 2010; Cleary, 2004; Fleishman & Murphy, 2009; 
Kremen, 2012; Sawchik et al, 2005; Hogsden & Hutchinson, 2004; Spitzer, 1997). Most 
often, these use simple fruit traps to measure butterfly abundance, richness and diversity 
in different tropical lowland habitats (Bossart, 2009; Daily et al, 2005; Pedrotti et al, 
2011). However, it is still unknown how highland butterfly communities, representing a 
large percentage of the Neotropics, will respond to various land-use types.  

This study measures the response of highland butterfly species to distinctive land-
use types in Cañitas, Monteverde, Costa Rica. Cañitas provides an ideal study site in that 
it has numerous land-use types within a small geographic range. Here, I examine 
agricultural land, pasture, secondary forest and a typical yard around a house.  !
Methods and Materials !
Study Site: This study was performed on The Santa Maria Farm in Cañitas, Monteverde, 
Costa Rica. Cañitas is located fifteen minutes North West from Santa Elena. Land-use 
types included six different habitats A-F. Each location was no less than one hectare and 
has equal elevation to act as control. The area has been transformed by humans but 
generally falls under the premontane wet rainforest Holdridge Life Zone and is located at 
1300m above sea level. (Nadkarni, 2000).  !
Land-Use Types: Cañitas is a mosaic of land use types that are all small-scale remnant or 
active family farms with houses intermingled. No patch was larger than one hectare in 
size in size and was bordered by several other land uses. Each specific land use examined 
is listed below with an accompanying letter for the purpose of subsequent figures (Fig. 1).  !
A: Coffee Plantation was exposed to sun, wind and rain. Plantation consisted of 50 plants 
uniformly distributed across the habitat. Eight nets were placed hanging from plants 
equal distance from each other. Plantation was surrounded by forest on one side of its 
perimeter. 
B: Cow Pasture had heavy exposure to sunlight, wind and rain. Nets were placed on 
random tree species away from the edge of the habitat. One cow grazed in the pasture. 
Pasture was surrounded on one side of its perimeter by forest. 
C: Yard surrounding the two houses within the study site. This habitat had four buildings 
and was surrounded by forest.  Four nets were hung on large tree located near the two 
houses. Four nets were hung from buildings adjacent to forest edge. Yard was surrounded 
on all four sides of its perimeter by forest. 
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D: Forest Trail was not exposed to sunlight, wind and rain. Trail is used for resident’s 
automobiles and is connected to the main road. Net were hung on trees directly on forest 
edge.  
E: Banana Plantation was exposed to heavy sunlight wind and rain. Banana plants were 
uniformly distributed throughout habitat. The nets were hung from banana plants. 
Plantation was surrounded by forest on one side of its perimeter. 
F: Secondary Forest was not exposed to heavy sunlight, wind or rain. Forest consisted of 
more then ten trees larger then arm width length. Canopy openness was under 15%. 
Forest contained old growth fig trees and well developed lianas. 
 

!
!  !
Figure 1. Map shows Finca Santa Maria land-use types. Farm is located in Cañitas 
Monteverde at 1300m in elevation. Six different land-use areas are presented in map and 
are outlined in black. No land-use type exceeded one hectare in size.  !!!!!!
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Experiment: Traps were a column of breathable 
fabric between two rings of wire, suspended 
from above and with a wood platform below to 
hold fruit bait (figure 1; Daily et al., 2005). 
Platforms were a 40x40cm wooden base that 
contained a Petri dish to hold banana bait. The 

net cylinder was 31cm long and hung 4cm from wooden base and bait (Fig. 1). A plastic 
bag was placed over each individual trap to protect traps from rain. The traps were 
checked and baited once every day, six days a week. Upon arrival to a trap, butterfly 
species were counted and identified, after which butterflies were released and the trap’s 
bait was replaced. The bait consisted of two tablespoons of mashed bananas that had been 
left to ferment for 48 hours. Identification began at eight am and went until 11am. In 
cases were butterflies could not be distinguished, they are identified to genus and are 
noted with an asterisk. 
             !!!!!!!!!!!!!!!!!!!!!!!!
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!
                                           
Results !
 Land-use types differ in their average daily butterfly species richness in fruit traps 
(Friedman chi-squared = 23.6724, df = 5, p-value = 0.000251). Coffee plantation had the 
highest average richness per day, 3.33, banana plantations had the second highest 
richness 2.8, land close to a house had 2.53, pasture land had 2.46, secondary forest had 
1.6 and finally trail had the lowest richness of butterfly species, 1.53 (Fig. 2). Friedman 
post- hoc tests showed there was statistical difference between trail and coffee plantation 
(p=0.000481), forest and coffee plantation (p=0.00841), trail and land located near a 
house (p=0.037), forest and trail (p=0.043). !!

!  
                                                                                   
                                                                                                                                                            
FIGURE 2. Fruit-eating butterfly species richness from fruit traps in six different cloud 
forest land uses over a fifteen day collecting period. Total number of species found 
throughout study was 13. Error bars are one standard error. Study was conducted in 
Cañitas, Monteverde. Each land-use type was less then one hectare. 2° stands for 
secondary forest. House is land located within settlement of study site. 

.  
Land-use types differ in their average daily abundance of butterflies as well 

(Friedman chi-squared = 26.9071, df = 5, p-value = 5.947e-05). Coffee plantation had the 
highest abundance of butterflies per day, 12.53, pasture land had the second highest 
abundance 11.3, banana plantation had 6.133, land located close to a house had 5.66, trail 
had 4.2 and finally secondary forest had the lowest abundance of butterflies per day, 1.53 
(Fig. 3). Post hoc tests show statistical difference between trail and coffee plantation 
(p=00.46), forest and coffee plantation (p=0.0006), trail and pasture (p=0.018), forest and 
pasture (p=0.003).     
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  !                                                                                                                                                         
FIGURE 3. Fruit-eating butterfly species abundance from fruit traps in six different cloud 
forest land uses over a fifteen day collecting period. Means are based on average number 
of individuals collected per day. Total number of individuals seen throughout the six 
different land use areas was 640. Error bars are one standard error. Study was conducted 
in Cañitas, Monteverde. Each land use- type was less then one hectare. 2° stands for 
secondary forest. House is land within settle of study site. 

!
Land-use types differ in their average Shannon-Wiener Index (H’) diversity of 

butterflies’ species (Friedman chi-squared = 27.6301, df = 5, p-value = 4.299e-05). The 
banana plantation had the highest H’ of butterflies per day, 0.86, coffee plantation had the 
second highest H’ 0.829, land located near a house had 0.689, pastureland had 0.63, 
secondary forest had 0.39 and finally trail had the least H’ average of butterfly species per 
day, 0.26 (Fig. 4).  Pos hoc showed trail and coffee were statically different (p=0.0028), 
forest and coffee (p=0.034), trail and land located near a house (p=0.023), banana and 
trail (p=0.007), forest and banana (p=0.06).  

         !  
                                                                                                                                                             
FIGURE 4. Fruit-eating butterfly species diversity from fruit traps in six different cloud 
forest land uses over a fifteen day collecting period. Total number of species was 13 over 
15 day collecting period. Total number of individuals was 640. Error bars are one 
standard error. Study was conducted in Cañitas, Monteverde. Each land use- type was 
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less then one hectare. 2° stands for secondary forest. House is land within settle of study 
site. 

!
  
Land-use types differ in their total abundance of butterflies’ species collected over 

15 day period (Chi-square=173.2, df=5, p < 0.001) Coffee plantation had the highest total 
abundance of butterflies over 15 day collecting period, 189, pasture land had the second 
highest total abundance 170, banana had 92, land located close to house had 83, trail had 
63 and finally secondary forest had the least diversity average of butterfly species per 
day, 43 (Fig. 5).  !

!  
                     
       
    

FIGURE 5. Fruit-eating butterfly species abundance from fruit traps in six different cloud 
forest land uses over a fifteen day collecting period. Total individuals butterflies seen 
throughout 15 day collecting period was 640. Error bars are one standard error. Study was 
conducted in Cañitas, Monteverde. Each land use- type was less then one hectare. 2° 
stands for secondary forest. House is land within settle of study site.  !

!!

Total Abundance
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Land-use types differ in their total richness of butterflies’ species collected over 
15 day period (Chi- square=504.0674, df=5, p < 0.001) Land located near a house had the 
highest total richness of butterfly species over 15 day collecting period, 10, coffee 
plantation had the second highest total richness 8, banana had 7, pasture had 7, forest had 
5 and finally trail had the least diversity average of butterfly species per day, 4 (Fig. 6).  !!

!  
                                                                                                                                                                         
FIGURE 6. Fruit-eating butterfly species richness from fruit traps in six different cloud 
forest land uses over a fifteen day collecting period. Percents are based on number of 
species found in land-use types verse total number of species found, 13. Error bars are 
one standard error. Study was conducted in Cañitas, Monteverde. Each land use- type was 
less then one hectare. 2° stands for secondary forest. House is land within settle of study 
site. 

 
When compared through modified t- test land-use types differ in their total 

diversity of butterflies’ species collected over 15-day period. The yard around a house 
had the highest total H’ over 15 day collecting period, 1.73, banana plantation had the 
second highest total diversity 1.61, coffee plantation had 1.26, secondary forest had 
1.020, pasture land had 0.95 and finally trail had the least diversity average of butterfly 
species per day, 0.56 (Fig. 7). Modified t-test to compare Shannon Wiener indices in a par 
wise fashion show all but two land-use types are statistically different. All statistically 
different land-use types had Chi-squared>61, df>8, p< 0.001. Secondary forest and coffee 
plantation did not differ statistically, (Chi-squared=70.9, df=1.48, p=0.14). Secondary 
forest and pasture also did not differ statistically, (Chi-squared=71.9, df=0.42, p=0.67). !

Total Richness

100%
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!  
                                                                                                                                                          

FIGURE 7. Fruit-eating butterfly species diversity from fruit traps in six different cloud 
forest land uses over a fifteen day collecting period. Error bars are one standard error. 
Letters over bars indicate land-use types, which were not statistically different. Same 
letter indicates that land-use types were similar. Study was conducted in Cañitas, 
Monteverde. Diversity surveyed fruit feeding butterflies in six different land –use types. 
Each land use- type was less then one hectare. 2° stands for secondary forest. House is 
land within settle of study site. 

 !
The original natural history of each butterfly species was compared to the location 

it was found in during the study. Five out of the thirteen butterfly species were found in 
areas not specified in their natural history. Eryphanis aesacus buboculus was said to be 
uncommon in nature. This species was found in a fruit trap located within the settlement 
land-use type. Caligo atreus dionysos was described as a dense secondary forest growth 
species, but was found in banana plantation. Consul Electra is normally found in forest 
habitats. However, this species was found in the pasture land-use type during the study. 
Hamadryas fornax fornacalia is usually found in forest habitats but was found instead in 
the coffee plantation. Cissia satyrina was said to only be found in forest habitats but was 
found in all six land-use types throughout the study. !!!!!!!
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!!
TABLE 1. Butterfly species found throughout six land-use types. Natural history of each 
butterfly includes elevation, slope, and habitat. Study site indicates were butterfly was 
found in Cañitas. 

 

!
Discussion: !

Abundance, richness and H’ of butterflies all differ with land use type.  Coffee, 
Pasture and land located near a house make up almost 70% of the total butterflies seen 
throughout the fifteen-day study. Furthermore, coffee and pasture dominated total 
richness of butterfly species seen throughout the study. Coffee, banana plantation and 

Species Habitat Study Site

Eryphanis aesacus 
buboculus

700-1800m Uncommon in nature. Do not take 
bait House*

Caligo atreus dionysos
Sea Level- 13000m Both slopes. Rainforest 
and dense second growth. Banana and Trail*

Manataria manculata Sea Level- 2500m Pacific Slope. All Habitats. All

Pedaliodes dejcta* 800-2500m Both slopes. All Habitats. Coffee, Pasture, House

Cyllopsis hedemanni 
hedemanni* 1000-2000m. Open Habitats.

Coffee, Pasture, 
House, Banana

Consul Electra*
500-1400m Both slopes. In all forest habitats. 
Males inhabit canopy and females forest edge. Pasture*

Hamadryas fornax 
fornacalia

Sea Level- 1000m. Both slopes. Occurs 
infrequently in wet forest habitats. Coffee*

Hamadryas febura 
feretina

Sea Level-1200m. Both Slopes. Most common 
in distributed habitats. House

Diaethria astala*
800-1600m. Both slopes. Common in cloud 
forest. Tolerant to disturbed wet forest House

Smyrna blomfildia datis
Sea Level- 1200m. Both Slopes. Common in 
all habitats All

Morpho peledis limpida Sea Level-1800. All Habitats. All

Cissia hermes* Sea Level-1500. Common throughout habitats All

Cissia satyrina* 800-1800m. Both slope. All forest Habitats
Coffee, House, 
Banana, Trail Forest*
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land located near a house had the highest diversity of butterfly species.  Further, average 
daily abundance, richness and H’ followed similar trends, suggesting a consistent pattern.  

Thirteen total species of butterflies were identified throughout the study. Of these 
thirteen species five were found in land-use types that were not described in their natural 
history information (DeVries, 1988; Table1). In these cases, species originally from forest 
were found in disturbed land-use types.   

These results suggest that some forest species may inhabit disturbed land-use 
types, perhaps due to small forest habitats or fragmentation. As explained earlier in the 
study coffee plantations, pasture land, land located near a house and banana pasture all 
bordered by forest on at least one side of their perimeter and were less then one hectare. 
This may have allowed for the emergence of species from different habitats in almost all 
land-use types within the study site. It is unclear however, whether or not butterfly 
species had adapted to intermediate disturbance habitats such as forest edge, or were 
instead being impacted by ecotones and were leakage or crossover species from their true 
habitat. Because both theories are possible data collected during this study supports the 
Intermediate Disturbance Hypothesis (Campbel & Grime, 1992) as well as ecotone 
leakage.  !!
                

AGRICULTURAL   PASTURE    FOREST EDGE    FOREST TRAIL   
FOREST  
 
HIGH DISTURBANCE        LOW 
DISTURBANCE !!!
              INTERMEDIATE DISTURBANCE !!
 If fruit-eating butterflies serve as bioindicator, as has been suggested elsewhere 
(Brereton et al, 2010; Cleary, 2004; Fleishman & Murphy, 2009; Kremen, 2012; Sawchik 
et al, 2005; Hogsden & Hutchinson, 2004; Spitzer, 1997), this study suggests that if land 
is transformed into a patchwork of habitat (forest, agricultural land and developed land) 
within one property, that forest and non forest species may persist. The study argues all 
non-forest land-use types must have at least one side of their perimeter adjacent to a 
primary or secondary forest. This is in order to allow multiple habitat species to co-exist 
if their primary habitat becomes too fragmented or small. !!
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ABSTRACT !
With so much dependency on crops, it is easy to see why pesticide usage is so prevalent. With the use of 
these pesticides come consequences, however. Much research has been done to show the harmful effects 
that traditional chemical pesticides have on many living organisms. Because of this, many people have 
started to switch to organic alternatives. In this study, I test whether or not there is less harm done to the 
tadpoles of Rhinella marina in environmentally relevant concentrations of the chemical insecticide 
Malathion versus concentrations of the organic fungal insecticide Beauveria. This was determined in a 
laboratory study by measuring and comparing survival and growth rates over a 24-day period using three 
separate concentrations of each of the two insecticides. The results showed that Malathion did not have a 
significant effect on either growth or survival in the concentrations tested. Beauveria, however, had 
significant effects on the survival as well as the rate of growth. The high levels had higher mortality and 
slower growth, but the low levels actually had faster growth rates. This was probably due in part to the 
greater number of cannibalistic scavenging opportunities that were given to tadpoles in that tank. These 
findings do not support the perceived idea that organic pesticides are always better than nonorganic. It 
proves that even compounds naturally found in the environment need to be used in moderation, or they too 
can have lethal and damaging effects. !
RESUMEN !
Con una alta dependencia en los cultivos, es fácil de observar el porque del uso prevelanete de pesticidas.  
Con el uso de pesticidas como consecuencia, sin embargo.  Mucha investigación se ha realizado para 
demostrar el efecto prejudicial de los pesticidas químicos en los organismos vivos.  Debido a esto, muchas 
personas han cambiado a alternativas orgánicas.  En este estudio prove si existe un daño menor a los 
renacuajos de Rhinella marina en concentraciones relevante ambientalmente del insecticida químico 
Malathion versus concentraciones del insecticida fungico organico Bauveria. Esto fue determinado en un 
estudio de laboratorio midiendo y comparando la sobrevivencia y tasa de crecimiento a través de un 
período de 24 días usando tres concentraciones diferentes de cada uno de los insecticidas.  Los resultados 
muestran que Malathion no tiene un efecto significativo tanto en el crecimiento como en la sobrevivencia 
para las concentraciones provadas.  Bauveria, sin embargo tiene un efecto significativo en la sobrevivencia 
y crecimiento .  Los altos niveles tienen una mayor mortalidad y menor tasa de crecimiento, pero los 
niveles menores tienen una mayor tasa de crecimiento. Esto se debe probablemente en parte al alto número 
de oportunidades canibalísticas que se les dio a los renacuajos en el tanque.  Estos resultados no apoyan la 
idea de que los pesticidas orgánicos son mejores que los no orgánicos.  Prueva que aun los componentes 
naturales encontrados en el ambiente necesitan ser usados con moderación, o estos pueden tener efectos 
letales. !
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!
INTRODUCTION 
  
The main life support for the human population is agriculture. Most crops are grown in 
farm or plantation settings. Crop cultivation generates tremendous amounts of revenue, 
so it is clear why pesticides are used to protect them. Massive amounts of various types 
of pesticides are used in farms and plantations all over the world to get rid of insects and 
other potentially harmful pests (Abhilash and Singh, 2008). Amphibians have 
experienced a population decline for decades, and one of the main causes of this decline 
is environmental contamination caused by pesticides (Hayes et al, 2010). 
 One of the most commonly used chemical insecticides is Malathion (Gervais et al, 
2009). Malathion is an organophosphate insecticide that is used to kill a variety of insects 
from agricultural to residential settings (Gervais et al, 2009).  This chemical has been 
proven to be harmful to many non-insect species as well, including many detrimental 
effects in humans and amphibians (Namba et al 1970). Many studies show how 
amphibian development from egg to adult is physically altered (Crain, 2006), growth is 
slowed (Gurushankara, 2006), behavior is unusual (Gurushankara, 2006) and, ultimately, 
their survival is decreased (Diecks, 2008). Therefore, the use of organic inputs in 
agriculture is increasing as an alternative for chemicals that have already been deemed 
harmful. One organic insecticide that is being used in the tropics in Central America is 
the fungus Beauveria. As an insecticide, the spores are sprayed on affected crops as an 
emulsified suspension or wettable powder.  It acts as a parasite on various arthropod 
species, causing white muscardine disease, which ultimately kills the insect (Daniel and 
Wyss, 2010). Even though this organic insecticide seems to be harmless for the 
environment, it is poorly known how the use of unnaturally high levels of this fungus 
could affect the survival and development of aquatic organisms that come into contact 
with it due to runoff.  
 Malathion in various concentrations can decrease tadpole survival (Gurushankara, 
2006), cause bent tails and unusual swimming behavior (Cain, 2006). Even directly non-
lethal doses have an indirect lethal effect on tadpoles. It was shown that a trophic cascade 
caused an indirect lethal effect on the tadpoles by killing their food source, zooplankton 
(Diecks and Relyea, 2008). On the other hand, Beauveria has shown little effect on 
animals other than specific insects, but there have been few to no studies to prove its 
effect on aquatic organisms due to runoff to waterbodies. 
 In this study, I evaluated the effect of both an organic and inorganic insecticide on 
the survival and growth rates of the tadpoles of the Rhinella marina species. This 
comparison will give us a better understanding of how the organic alternative may or may 
not affect the environment where it is used, due to its runoff to water bodies. I am 
expecting to find that the organic insecticide will have little to no impact on the survival 
and growth rates of the tadpoles compared to the nonorganic because it is a natural 
substance found in nature, as compared to the chemical compound that has already been 
shown to have negative effects.  !
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METHODS !
I set up three aquariums for each insecticide and one for control for a total of seven tanks. 
I put 20 tadpoles in each aquarium for a total of 140 tadpoles. Each tank was the same 
size (10 gallons) and had two gallons of water containing the respective treatment. I 
looked at the effects of an organic insecticide, that contains the fungus Beauveria spp. 
(Cordycipitaceae), and an inorganic insecticide Malathion ® on the tadpoles of Rhinella 
marina. I used concentration levels of both insecticides that are realistically found in the 
environment (Diecks and Relyea, 2008). By doing this, it would demonstrate the effects 
that runoff from farms or plantations had on the organisms living in aquatic environments 
near to where these insecticides were used.  
 Tank 1 was dosed every three days for a 24-day period with a solution of 
Malathion that is 10µg/L. It was found that average Malathion levels in water sources 
surrounding areas that use this chemical were 9-27 µg/L, with a few select areas 
containing around 250-300 µg/L (Diecks and Relyea, 2008). Therefore, I used 
concentrations that would encompass these ranges. The half-life of Malathion is about 
two days (depending on the pH), so it breaks down rather quickly. By dosing every three 
days it gives the effect of repeated exposure, because reapplication is usually the case on 
farms, without giving it much time to breakdown.  Tank 2 will be dosed with 250 µg/L of 
Malathion every 3 days during the 24-day experiment. Tank 3 will be dosed with 250 µg/
L of Malthion only one time the first day of the experiment. This shows the effects that a 
one-time pulse has on the tadpoles when given time to break down, compared to repeated 
doses that stay at a relatively constant concentration for the duration of the experiment. 
 Tanks 4-6 were the treatments with the organic insecticide. Tank 4 contained one 
g/L of Beauveria (3.785 g/gal) and tank 5 and 6 contained five g/L (18.927 g/gal). Tank 6 
contained the high pulse dosage of the organic insecticide that would stay in the tank for 
the duration of the experiment. This made it possible to compare the effects of the two 
insecticides as they are normally used and found in the environment and eliminate 
comparisons simply based on potency. Tank 7 was the control. The tadpoles were fed dog 
food pellets during all of the experiments. 

I recorded the amount of tadpoles still alive in each tank every three days. I also 
recorded the average weight of the tadpoles in each treatment every three days 
(measurement periods) by putting all surviving tadpoles in a petri dish and weighing the 
total in each tank. I then divided that total weight by the number of tadpoles weighed to 
get the average weight per tadpole in the tank. Also, I noted noticeable developmental 
differences and behaviors such as speed of swimming, congregation habits, and 
cannibalism occurrence in tadpoles from the different treatments. I performed a five-lined 
ANCOVA to compare the effect of the treatment, the day and treatment:day on the rate of 
development, measured as weight. For this, I tested the control, the repeating high and 
low doses of Malathion and the repeating high and low doses of the organic insecticide. 
The slopes were determined and compared to each other to see the difference in rate of 
development of each treatment. I did not run comparisons on either of the pulse 
treatments because all of the tadpoles in the organic treatment died within the first three 
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measurement periods and didn’t provide measurements for the duration of the 
experiment. Since the organic pulse was thrown out of the data, the Malathion pulse tank 
then had to be thrown out also to keep the comparisons relevant.  !!
RESULTS !
The survival rates were reported for each treatment. Within the first nine days, all 20 
tadpoles were dead in the organic high pulse tank (Table 1). It was also shown that the 
control had full survival throughout the experiment, as well as the Malathion high 
repeating tank.  !!
Table 1. The amount of tadpoles still alive in each solution on each measurement day. The measurements 
were taken over a 24-day period, and each measurement day represents three days that have passed since 
the last measurement period. This table compares control, organic insecticide high repeating (BHR), 
organic insecticide low (BL), organic insecticide high pulse (BHO), Malathion high repeating (MHR), 
Malathion low (ML), and Malathion high pulse (MHO). !

!
Tadpoles’ weights increased among treatments (ANCOVA, F(4,30) = 48.1625, p 

<0.001) and by days (ANCOVA, F(1,30) = 95.5456, p<0.001). There was a trend when 
comparing weights between day and treatment. There was not a significant effect, but a 
trend was noticeable (ANCOVA, F(4,30)=2.4464, p = 0.07). This trend shows that there 
was a relation in the rate of development of the tadpoles in each treatment depending on 
the day, but it was not statistically significant. Slopes of each treatment’s rate of growth 
showed that both concentrations of Malathion had the same slope (0.006) (Fig. 1). This 
slope was very similar to that of the control (0.0056), meaning that the tadpoles in both 
Malathion treatments had almost the same growth rate as the control. On the other hand, 

Days
     
control

         
BHR         BL BHO

       
MHR

          
ML MHO

1 20 20 20 20 20 20 20

2 20 17 19 14 20 20 20

3 20 16 19 3 20 20 20

4 20 16 18 0 20 20 20

5 20 15 18 0 20 20 20

6 20 14 18 0 20 20 20

7 20 14 16 0 20 20 20

8 20 14 16 0 20 19 19
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the organic high treatment showed the most gradual slope (0.0044), which is less than the 
control, meaning that treatment had slower growth than the control. The Beauveria low 
concentration showed the steepest slope (0.0101; Fig. 1). Indicating that tadpoles’ growth 
rate was fastest for this treatment. !!!!!!
Table 1. The amount of tadpoles still alive in each solution on each measurement day. The measurements 
were taken over a 24-day period, and each measurement day represents three days that have passed since 
the last measurement period. This table compares control, Beauveria high repeating (BHR), Beauveria low 
(BL), Beauveria high pulse (BHO), Malathion high repeating (MHR), Malathion low (ML), and Malathion 
high pulse (MHO). !

!  !
Figure 1. Tadpoles’ weight through days for the four treatments and the control. Slopes of development 
rate in tadpoles over a 24-day period are shown here. Measurements show the control, organic high 
repeating (BH), organic low (BL), Malathion high repeating (MH), and Malathion low (ML). Each 
measurement day was a period of three days since the last measurement. The steepest slope was BH and the 
most gradual was BL. ! !

Other interesting behavioral observations showed that the tadpoles in the organic 
treatments ate obviously less food than the other treatments. Tadpoles in the organic 
treatments swam noticeably slower than in the Malathion. A few tadpoles in the organic 
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low tank seemed sick, demonstrating atypical swimming behavior such as swimming in 
circles and occasionally swimming on their backs. Cannibalism on dead conspecifics was 
also observed in both organic tanks. !!
DISCUSSION !
Malathion, a nonorganic insecticide, did not have an effect on the growth rates or survival 
of the tadpoles. The rates were so similar to the control that it meant that exposing these 
organisms to levels of Malathion this low did not directly affect them. Previous studies 
suggest that levels this low would not have a direct lethal effect on them, but it would kill 
their food source, zooplankton (Diecks and Relyea, 2008). This factor was removed from 
this study by feeding them a pellet of dog food every three days.  
 The tadpoles in the organic treatments did not fair as well. They had lower 
survival rates, slower swimming, and altered development rates compared to the control. 
Tadpoles exposed to low concentrations of organic insecticide had the highest growth 
rates, but had more mortalities compared to the control, which had none. Cannibalistic 
scavenging was observed in the organic low treatment after each tadpole that died. 
Tadpoles that demonstrate cannibalistic scavanging on dead conspecifics are able to 
achieve more development stages and grow faster than those who only consume algal 
beds (Heinen and Abdella, 2005). This would explain the faster rate of growth that was 
achieved by this tank. It was also shown in previous studies that none of the tadpoles 
engaged in active cannibalism, only scavenging after one had already died (Heinen and 
Abdella, 2005). This also held true for the tadpoles in this experiment. The tadpoles in the 
organic low treatment had more available deaths, therefore more opportunity for extra 
available nutrients. This would explain why there was not more cannibalism in other 
tanks besides organic insecticide, because other tanks did not have any mortality until the 
very last day.  

 The highest levels of mortality were observed in the high organic concentration 
treatment. In the pulse tank of this insecticide, all tadpoles died within nine days.  This 
could be attributed to low oxygen levels and reduced water quality. Mortality rates that 
high were not observed in the repeating organic tank, probably because the water was 
changed every three days, and oxygen was restored. The tadpoles in the repeating high 
dosage had high mortality and low growth rates compared to the control. Behavioral 
changes in high levels of the organic insecticide are an indicator of illness (Heinen and 
Abdella, 2005), causing fitness loss, low growth and eventually low survival. The high 
levels of the organic insecticide may have reduced their ability to scavenge, thus causing 
them to lose the advantages of cannibalism, and hindered their growth rate.  

 Overall, the levels of Malathion commonly found in the environment did not have 
a direct effect on the tadpoles in either growth or survival rates. On the other hand, the 
organic insecticide did have significant impacts on survival and growth. It killed more 
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tadpoles at both concentrations, and hindered the growth of them at high concentrations. 
This could indicate that organic insecticides are more harmful to the environment than 
once thought. Organic compounds used in agriculture can cause harmful imbalances and 
disrupt the natural processes of many organisms if they are applied in concentrations too 
high. Even compounds naturally found in the environment need to be used in moderation, 
or they too can have lethal and damaging effects. 
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ABSTRACT !
Biotic interactions have been implicated in constricting species’ ranges. Recent research suggests that 
interspecific competitive interactions may play a role in limiting elevational distributions along tropical 
montane mountainsides. This study examines this hypothesis by testing the responses of Slate-throated and 
Collared Redstarts (Parulidae) to call playbacks of conspecific and heterospecific (congeneric) calls in 
isolated and overlapping (replacement) zones along an elevational gradient. Playback experiments were 
conducted in two patches of connected, primary growth forest in Monteverde, Costa Rica. Responses to 
congeneric calls were consistently observed by one of the two species in replacement zones but not in 
isolated zones. This suggests a form of niche partitioning with an underlying learned component for 
individuals in the replacement zone. These results illustrate the importance of understanding the biotic 
interactions that limit species ranges for conservation biologists, as global climate change may compress or 
expand species’ ranges. !
RESUMEN !
Las interacciones abióticas han sido implicadas en la restricción de la distribución de las especies.  Estudios 
recientes han sugerido que las interacciones competitivas interespecíficas pueden jugar un papel limitando 
la distribución elevacional a lo largo de cordilleras montañosas tropicales.  Este estudio examina esta 
hipótesis probando la respuesta de does especies neotropicales de reinitas del género Myoborus (Parulidae) 
a llamados reproducidos de conespecíficos y heterospecíficos (congenericos) en zonas aisladas y de 
traslape (reemplazo) a lo largo de un gradiente elevacional.  Los experimentos de respuesta se realizaron en 
dos parches de bosque primario conectado en Monteverde, Costa Rica.  Las respuestas a llamados 
congenéricos fueron constantemente observados en una de las dos especies en las zonas de reemplazo pero 
no en las zonas aisladas.  Esto sugiere una forma de partición de nicho con un componente de aprendizaje 
de los individuos en la zona de reemplazo.  Estos resultados ilustran la importancia de entender las 
interacciones bióticas que limitan los rangos de las especies para los conservacionistas, a como el cambio 
climático global puede comprimir o expandir el rango de las especies. !
INTRODUCTION !
Species in tropical montane zones are usually characterized by narrow elevational 
distributions (Stotz et al., 1996). Despite increased documentation of species’ ranges in 
tropical montane areas (e.g. Jankowski et al., 2009, Romdal and Rahbek, 2009), few 
studies have assessed the factors that determine these elevational boundaries. 
Physiological specialization in response to abiotic factors has been proposed as important 
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in limiting species’ distributions (Janzen, 1967). Additionally, biotic interactions have 
been implicated in the maintenance of species’ distributions, building off the hypothesis 
that direct, interspecific competition may restrict ranges in the tropics (Terborgh 1971). 
Many of these studies (Terborgh, 1971; Bull, 1991; Price and Kirkpatrick, 2009; 
Jankowski et al., 2010) have assessed the impact of “replacement zones,” narrow 
elevational ranges along which closely-related species are partitioned into non-
overlapping ranges as a result of interspecific interactions (Jankowski et al., 2010). There 
is evidence that these replacement zones, and the competition they inevitably engender, 
contribute to range compression of species present (Terborgh and Weske, 1975; 
Jankowski et al., 2010). 

Previous research on avian replacement zones demonstrated an increase in 
aggressive responses among species of nightingale-thrushes (Catharus) and wood-wrens 
(Henicorhina) to the calls of their congeners in a replacement zone along an elevational 
gradient in Monteverde, Costa Rica (Jankowski et al. 2010). It was hypothesized that the 
aggressive responses to congeners’ calls might be a biotic constraint on the upper 
altitudinal ranges of the lower-elevation species, preventing this species from moving up 
the mountain because of territorial aggression. 

This study assesses the generality of this hypothesis on other species (Figure 1): 
the Slate-throated Redstart (M. miniatus) and the Collared Redstart (M. torquatus). These 
birds were chosen because both species are fairly common in Monteverde, they occupy 
very similar ecological niches, and are of similar sizes (Fogden 2000). Both occupy the 
upper understory to middle canopy of the forest and have almost identical foraging 
strategies (Stiles and Skutch 1989). They also have a fairly well-characterized 
replacement zone. The Slate-throated Redstart has historically been found between 
1400-1550m while the Collared Redstart ranges from 1550-1800m (Dommermuth 2011, 
Nitta 2009, Fogden 2000). Elevational distributions are variable across the literature, and 
a replacement zone has been reported between 1550-1600m (Nitta 2009, Fogden 2000). 
However, data from this study suggest a replacement zone between 1630-1710m. These 
species offer a good opportunity to test this hypothesis because competition should be 
strong in areas where they co-occur.  !
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!   

!  
Figure 1. Two species of Redstarts used in song playback experiments in lower montane 
forest of Monteverde, Costa Rica. Myioborus miniatus (left) is found at lower elevations, 
and M. torquatus (right) is found in high-elevation cloud forest. Photo sources: 
www.glennbartley.com  (left) and www.mangoverde.com (right). 

This study tests Jankowski’s hypothesis using a series of call playback 
experiments, which have been shown to highlight underlying competitive interactions 
(Martin and Martin, 2001). Calls of conspecifics and congeners were played to the 
Redstarts to analyze individuals’ differential responses to these calls. Two scenarios 
involving positive call responses were possible: individuals could either non-selectively 
respond to all calls (conspecific and congener) or they could respond to only the calls of 
their conspecifics. In the scenario consistent with Jankowski’s hypothesis, Redstarts in or 
near the zone of replacement would respond more frequently to congeneric calls. This 
paper examines the responses to congeneric calls by individuals in the replacement zone, 
where the species’ ranges overlap, in comparison with isolated zones (areas where only 
one species is present) at low and high elevations on the mountain. !!!!!
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!
MATERIALS & METHODS !
Study Site 
The study was conducted over 18 days in April 2012 in the Monteverde-Santa Elena 
region of Costa Rica spanning an elevational range of 1300-1810m. I played back calls of 
both Redstart species in two different patches of connected, primary growth cloud forest. 
During the first 11 days of the study, calls were played along the Sendero Principal of the 
Monteverde Biological Station, a trail with an elevational range of 1550m to 1790m. In 
the last nine days, playbacks were conducted along Sendero Chomogo at the Monteverde 
Cloud Forest Reserve at elevations between 1550m and 1690m.  I walked trails either 
between 7:00AM and 11:00AM or between 3:00PM and 5:30PM on different days, 
depending on weather conditions. The full elevational range was rarely covered in a day, 
and more often either an isolated zone or the replacement zone was focused on for 
playbacks.  !
Playbacks & Responses 
Playbacks were conducted every 20m increase in elevation using a portable speaker, and 
playback sites had to be at least 100 paces apart along the trail for consistent spacing 
between sites. One full playback experiment consisted of five 30-second calls of one 
species spaced 15 seconds apart. A five-minute silent period followed before the other 
species’ call was played. The order of calls was alternated at different elevations and on 
different days throughout the study period to randomize responses, and all calls were 
played at the same volume. Playback lengths and spacing were determined 
experimentally in trials prior to actual data collection. A total of 198 playbacks were 
made (99 calls of each species). 

A response was considered significant if a Redstart began vocalizing or 
approached the speaker at any point during or following a playback. If an initial playback 
attracted an individual, the response of that individual to the second playback at the same 
elevation was ignored because a significant response could not be determined. If an 
individual was observed calling at an elevation prior to a playback, the response of a bird 
to that playback was only recorded if the response included an approach within 10m of 
the speaker. From the 198 playbacks, I recorded 67 responses. !!!!!!!!!!
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!!!
RESULTS !
Playbacks of congener calls elicited responses only in the replacement zone. Response 
frequencies to calls of conspecifics and congeners differed significantly in both the 
isolated and replacement zones. In the isolated zones (combined into one zone because of 
similarity in results), the proportion of conspecific playback responses to non-responses 
was 2:1, compared to a much lower ratio of positive congeneric responses to non-
responses (Table 1; Fisher’s Exact test, p < 0.001). The two congeneric responses 
observed in the isolated zones were due to the conservative definition of the replacement 
zone in this study; these two data points were outliers. The proportion of positive 
responses to non-responses to conspecific call playback was also significantly higher than 
the proportion of positive congeneric playback responses to non-responses in the 
replacement zone (Table 2, Chi-square test, x2=17.3203; df=1; p<0.001). All congeneric 
responses consisted of M. miniatus responses to M. torquatus call playbacks; M. 
torquatus responding to M. miniatus was never observed (Figure 2). 
 The proportion of playback responses was significantly different across the 
elevational range (Figure 3). Frequency of M. miniatus conspecific responses differed 
significantly from frequency of congeneric responses across elevations (Two-sample 
Kolmogorov-Smirov test, D = 0.62, p = 0.015) because as elevation increased into the 
replacement zone, M. miniatus conspecific responses decreased (and eventually 
disappeared). Congeneric responses, however, increased in the replacement zone and then 
decreased to the point of disappearance. The proportion of M. torquatus conspecific 
responses also significantly differed from the proportion of congeneric responses along 
the mountainside (Two-sample Kolmogorov-Smirov test, D = 0.62, p = 0.015) because 
M. torquatus conspecific responses increased with elevation whereas congeneric 
responses were never observed. !!
Table 1. Responses (+) and non-responses (0) of M. miniatus and M. torquatus 
individuals to conspecific and congeneric call playbacks in the two isolated zones 
(combined) along a mountain in Monteverde, Costa Rica (1550-1630m and 
1710-1790m). n = 92. !

Combined responses in isolated zones

 Conspecific Congeneric

+ 31 2

0 15 44
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Table 2. Responses (+) and non-responses (0) of individuals to playbacks of conspecific 
and congener calls in the replacement zone (1630-1710m); Monteverde, Costa Rica. n = 
106. !

! 1550m 

Figure 2. Schematic depicting relative elevations of species along the mountainside and 
responses to congeneric calls. Arrows indicate response to congener playbacks at 
replacement zone, “X” indicates no response to call of congener. 

Responses in replacement zone

 Conspecific Congeneric

+ 27 7

0 26 46
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!  !
Figure 3. Responses to playbacks of conspecific and congener calls by elevation (n=198). 
Blue bars show the frequency of M. miniatus responding to conspecific calls, and red bars 
show response frequencies of M. torquatus to conspecific calls.  Green bars represent the 
frequency of individual responses to congener call playbacks; since M. torquatus was 
never observed responding to playbacks of M. miniatus calls, green bars show only 
responses of M. miniatus to M. torquatus playbacks.   

DISCUSSION !
The frequency of responses to playbacks of congeneric (heterospecific) calls increased 
significantly in the replacement zone between 1630m and 1710m compared to the two 
isolated zones (1550-1630m and 1710-1790). These results are consistent with previous 
findings of responses to congener calls in replacement zones (Jankowski et al. 2010) and 
with the hypothesis that biotic interactions could play a role in limiting species 
distributions in tropical montane areas (Terborgh and Weske, 1975).  

Call playback experiments have been shown to effectively demonstrate 
underlying competitive interactions between avian species (Martin and Martin, 2001). 
Although I did not assess aggressiveness levels of each species’ response to playbacks, 
the results suggest elevational niche partitioning between the two species. Both species 
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occupy nearly identical niches, so interspecific competition is high. Conspecifics and 
heterospecifics are treated equally in territorial disputes within the replacement zone, 
preventing individuals of one species from occupying territories already occupied by 
congeneric individuals. This form of habitat segregation can confer a fitness benefit to 
these individuals over those whose territories overlap with those of congeneric 
individuals, since interspecific competition is reduced (Martin and Martin, 2001).  

Only individuals of M. miniatus in the replacement zone were observed 
responding to calls of congeners, potentially revealing a learned component in 
determining the elevational boundary of M. miniatus (Jankowski et al., 2010). Since only 
M. miniatus appears able to recognize its congener’s call, perhaps M. torquatus is unable 
to learn the call of M. miniatus.  This facultative niche partitioning as a result of 
interspecific competition for resources could help explain the elevational distributions of 
both species of Myioborus warblers. This hypothesis is consistent with the results of 
studies that have illustrated range compression of M. miniatus into higher elevations on 
the mountain as a result of climate change (Dommermuth, 2011, Nitta, 2009). Thus, both 
physiological limitations and competition determine elevational ranges of both Redstarts.  

These results demonstrate the importance of biotic interactions in determining 
spatial distributions of species, particularly along an elevational gradient. In addition, 
they highlight the importance of a thorough understanding of these interactions in light of 
climate change and conservation. As the planet warms, species may not always be able to 
pursue favorable abiotic conditions because of constraints placed by biotic interactions 
(Jankowski et al. 2010). !
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!
ABSTRACT 

Personal knowledge of local populations and tropical moist/wet/rain forests are diminishing. Among the 
harmful effects of land transformation, hunters, developers, and governmental contractors, the lack of 
environmental awareness within local communities can often be equally degrading. An effective remedy is 
the implementation of Environmental Education (EE) that is tailored to the local community. I provide such 
a lesson on different plant growth forms found in tropical rainforests: canopy/climax trees, pioneer species, 
understory species, vines & lianas, epiphylls, and epiphytes/hemiepiphytes. This was administered to 7th 
and 8th grade science students at the Monteverde Friends School in Monteverde, Costa Rica through six 
different art activities using only recycled materials found in and around the community. The students were 
given quizzes before and after the activities as an assessment tool. The average of the quiz taken after was 
significantly higher (64%) than that taken before (34% t = 4.0018, df = 27.808, p-value = 0.0004223). The 
students’ reactions to the different activities along with the higher subsequent quiz scores were the basis for 
concluding that the students gained local knowledge of their Cloud Forest habitat.  

!
RESUMEN 

El conocimiento personal de las poblaciones locales y los bosques tropicales húmedo/lluvioso está 
disminuyendo. Entre los efectos perjudiciales de la transformación del uso del suelo, cazadores, 
desarrolladores y contratistas gubernamentales, la falta de conciencia ambiental en las comunidades locales 
a menudo pueden ser igualmente degradante. Una solución efectiva es la implementación de la Educación 
Ambiental (EA) adaptada a la comunidad local. Yo proporcioné dicha lección sobre diferentes formas de 
crecimiento encontradas en los bosques tropicales lluviosos: árboles de dosel, especies pioneras, especies 
de sotobosque, bejucos y lianas, epífilos y epífitas y hemiepífitas. Ésta se aplicó a estudiantes de séptimo y 
octavo grado de la Escuela Los Amigos en Monteverde, Costa Rica, a través de seis diferentes actividades 
artísticas utilizando solo materiales reciclados encontrados en y alrededor de la comunidad. A cada 
estudiante se le dió una prueba corta antes y después de las actividades, como herramienta de evaluación de 
la actividad. El promedio de la prueba aplicada después fue significativamente mayor  
(64%) que la tomada antes (34%; t = 4.0018, df = 27.808, p-value = 0.0004223). Las reacciones de los 
estudiantes a las diferentes actividades junto con las subsecuentes mayores notas en los quices fueron la 
base para concluir que los estudiantes ganaron conocimiento local de su Bosque Nuboso. 

!
!
!
!

!
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INTRODUCTION 

Tropical moist/wet/rain forests house 50% of global biodiversity (Wright and Sole, 
2005). A single hectare of rainforest may contain 42,000 different species of insect, up to 
807 trees of 313 species and 1,500 species of higher plants (Newman, 2002). This 
biodiversity is under threat from land transformation. Conservation efforts are limited by 
resources, but also by cultural understanding. As urbanization continues in tropical 
countries, personal contact with the forest decreases. This lack of contact diminishes local 
knowledge, understanding, empathy, and support for conservation efforts. Given that 
these are necessary components for the livelihood of tropical forests, strategies need to be 
implemented to strengthen these connections. 

Environmental education (EE) can be useful for engaging local populations on 
environmental issues (Stapp, 1969). Through effective education campaigns, tropical 
populations can learn about their forests even though they may be in distant cities. 
Unfortunately, nearly all EE curricula have been developed for US and European schools 
(Roth, 1978). Further, these curricula are frequently steeped in cultural differences that 
make them inaccessible to developing nations. Further, bringing EE to developing 
tropical countries is difficult due to restricted budgets and the inability to obtain 
necessary equipment and training.  

Costa Rica is a developing country with high rates of urbanization. Greater than 
60% of the total population lives in or around the capital of San José and away from 
forest (Davis, 1965). Even rural populations are largely surrounded by pineapple, banana, 
or beef cattle. Despite its conservation efforts, over 80% of Costa Rica has suffered land 
transformation (Davis, 1965), and its parks and reserves are under constant threat from 
hunters, gold miners, squatters, developers, and even government contractors prodding 
for mineral and energy extraction. Given its relative wealth, political stability, and 
educated public, Costa Rica is often considered a “best case scenario” for conservation 
(Wright and Sole, 2005). In spite of this, conservation problems remain and EE is 
extremely limited in the schools (Stapp, 1969). 

Even Monteverde, Costa Rica, which has an ecotouristic economy with over 
200,000 visitors each year, has an ineffective EE curriculum for its schools. Public 
schools have generic science curricula focused mainly on human health with little to no 
exploration of the local ecosystem and its functions. In private schools, teachers come 
from the U.S. but have no written EE curriculum that is tailored to Monteverde’s Cloud 
Forest ecosystem and no local knowledge to tweak existing EE curricula from the US or 
Europe. Despite common conjecture, Monteverde’s two private schools have very little 
money to create or buy EE curriculum and associated supplies. Thus, in this “best case 
scenario,” EE still largely fails. In order for EE to counter the effects of land 
transformation, urbanization, and increasing distance between students and nature, an EE 
curriculum using locally available and cheap materials must be developed. Here, I 
propose to develop a curricular lesson demonstrating the different plant growth forms in a 

�208



tropical rainforest biome through art, but only using recycled materials attained from the 
community and various recycling facilities. The goal of the experiment was to teach the 
students how each growth form functions by demonstrating key features with art. 

!
MATERIALS & METHODS 

Study Site 

My study site was the Monteverde Friends School in Monteverde, Costa Rica. 
Monteverde sits below a Cloud Forest which is the foundation for its ecotouristic 
economy. I contacted Mike Schaefer, the 7th and 8th grade science teacher, for the 
opportunity to bring his class environmental awareness through a small art activity using 
an EE curriculum I devised. 

The lesson I devised encompasses six plant growth forms in a tropical moist/wet/
rain forest. These were: canopy/climax trees, pioneer species, understory species, vines & 
lianas, epiphylls, and epiphytes/hemiepiphytes. Due to limited time with the students, I 
highlighted three key functional elements of each growth form. Instead of teaching these 
ideas with only words and diagrams, I chose to use art as my primary means of 
explanation. The goal of the experiment was to teach the students how each growth form 
functions by demonstrating key features with art. The conclusive list of materials I used 
is as follows: cardboard, recycled power line wire, glue, paint, plastic bottles, sponges, 
and can tabs.  

Before I started the activities with the students, I gave them approximately ten 
minutes to take a preliminary quiz to determine how much they knew about tropical plant 
growth forms beforehand. After the quizzes were collected, the students were told they 
would be painting and doing art activities while listening to music. 

Climax/Canopy Trees 

 The main characteristics of climax/canopy trees I taught the students were slow 
growth, dense, strong wood, and buttresses for stability. Due to the lack of time with the 
students, I made the canopy tree model before class using large cardboard pieces hot-
glued together. I added cardboard strips for texture, painted it and attached loops (for 
hanging the drip tip leaf models) made from recycled wire found beneath power lines in 
the streets of Santa Elena. I made a buttress model from cardboard, as well. For easier 
transportation, however, the buttress was attached in the classroom to demonstrate 
stability. The finished canopy tree stood just over 2m and was approximately 0.5m in 
diameter. There were no leaves at the top of the tree so as to demonstrate the vast height 
of canopy trees. I made a cardboard buttress, and it was tacked to the tree to demonstrate 
better stability. 

!
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Pioneer Species 

 I demonstrated the characteristics of rapid growth, shade-intolerance, and low 
wood density found within pioneer species. I chose to build a bamboo chute out of 
cardboard cylinders found in tissue paper. I chose to demonstrate this pioneer species 
because there are large patches of it along the roadside on the way to the Monteverde 
Friends School, and I felt the kids would be more familiar with it since they see it 
frequently. The ends of the cylinders were flared to better represent a bamboo segment 
and to facilitate easier assemblage. These cylinders displayed low wood density. Shade-
intolerance was conveyed with a 3D model of the sun made out of only newspaper and 
masking tape, then painted. To represent rapid growth, the sun was held overhead, and 
cylinders were quickly assembled with a stapler. Each student was allowed to paint his 
own segment. Once completed, the colorful bamboo chute model was placed alongside 
the canopy tree. 

Understory Species 

 I taught the students that understory species were shade-tolerant, they rely on 
brief sun flecks for light, and they use drip tips to drain excess water from the leaf 
surface. Drip tip leaves were pre-cut cardboard leaf shapes, and I demonstrated effective 
water runoff with a plastic representation. For this, I had a plastic tub to catch excess 
water. I simply poured water over the plastic leaf cutout allowing it to fall into the plastic 
tub. Through this activity, the students were able to see rapid water release with the help 
of the drip tip. Each student was then given his own cardboard drip tip leaf and allowed 
to paint it. Once the leaves were dry, I punched holes in the tops of them and used the 
recycled wire from power lines to make small hooks. After the addition of epiphylls and 
the subsequent demonstration of their water retention on the leaves, the students hung 
them on the small loops embedded in the canopy tree. This was to demonstrate that in 
relation to the canopy tree, understory species will always reside near the base, or within 
a few meters, of the canopy trees in nature. 

Vines & Lianas 

 The distinction between vines and lianas is that the former is herbaceous and the 
latter is woody. I demonstrated both vines and lianas using only newspaper and masking 
tape. Each student was given two pieces of newspaper. One piece was half the size of a 
regular page, and the second was one whole page. The smaller piece was used to make 
vines, which were exhibited by simply rolling a thin tube and taping each student’s 
together. The larger piece of paper was used to demonstrate lianas. This piece was rolled 
into a thicker tube (via wrinkling the paper while rolling it) then twisted very tightly in 
one direction. Once twisted as tightly as possible, the newspaper was folded in half, 
twisted in the opposite direction, and held by tension. This created a loop at the ends of 
the twisted segments. Students paired up and connected their segments.  
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Once all paired segments were made, we connected them with masking tape. This 
method effectively demonstrated the typical twist seen in lianas. Furthermore, students 
were able to see that lianas are denser and more durable than vines. Although not a part of 
the demonstration, I taught them that gravity is the greatest threat to vines and lianas, and 
tendrils are adaptations to this threat.  

Epiphylls 

 I taught the students that epiphylls are organisms that grow on the surfaces of host 
leaves and they affect them negatively in two major ways. Epiphylls soak up and hold 
water on the leaf surface and block sunlight by cover area hindering photosynthesis. Both 
of these effects can be detrimental to a host plant. To demonstrate epiphylls, the students 
glued sponges, can tabs, or small pieces of cardboard to their already painted drip tip leaf. 
The sponges demonstrated water retention whereas the other materials were used to show 
greater cover of surface area. The students were able to be creative and use however 
many of whichever material they wanted. I also taught them that epiphylls can be anti-
herbivorous factors to their host plant, which is one of the few benefits they offer.  

Epiphytes/Hemiepiphytes  

 Finally, I taught the students about epiphytes and hemiepiphytes. For simplicity’s 
sake, I taught the students that epiphytes were arboreal for their entire lives, whereas 
hemiepiphytes root in the ground during some stage of life. The most relatable example 
of a hemiepiphytes is the strangler fig. The students were familiar with this because there 
is one in the parking lot of the school. Since Mike had previously shown them a 
bromeliad on a hike, that was the example I used. I pre-cut enough plastic bottles for each 
student, again due to time constraints. To illustrate how the bottles looked, I will explain 
my methods.  I cut off the tops (and kept them), then cut the sides of the bottles into six 
different sections, or leaves if you will, and pointed the leaves to resemble those of a 
bromeliad. I gave each student a bottle with its respective top. The students glued the tops 
of the bottles upside down in the bottom of the bottles to exemplify the rosette leaf 
formation of a bromeliad. I explained that these features help the plant retain as much 
water as possible, and that because they are arboreal their entire lives, they rely heavily 
on maintaining their own water supply. Further, I explained that these plant growth forms 
usually have succulent leaves to aid in even more water retention.   

Time Constraints 

This lesson was conducted during two different class sessions. The first session 
was 100 minutes (double class period), and the second session was only 40 minutes. I 
divided the activities into their respective days according to how long each task would 
take. Before the students began the activity, I gave them a preliminary quiz to gauge their 
prior knowledge of plant growth forms (Appendix 1). I collected the quizzes when they 
were finished then, we began the activity. The first day consisted mostly of painting. The 
students painted their drip tip leaves first then their bamboo segments. These were set 
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aside to dry while the students continued to the bromeliad-bottle activity. This concluded 
the activities for the first day. 

As we had only 40 minutes to work with on the second day, the students started 
adding epiphylls to their drip tip leaves right away. While these were drying, the students 
continued to make vines and lianas. I punched holes in and put hooks in the drip tip 
leaves while the students were working. Once the vines were all taped together in one 
long chain, the students draped them over the canopy tree. As the final activity, the 
students were then able to hook their completed drip tip leaves with epiphylls to the wire 
loops on the tree. 

RESULTS 

Student Quizzes 

There were a total of 15 students in the combined 7th and 8th grade science class. I 
obtained 30 total quizzes: 15 quizzes were given at the beginning of the first class and 15 
quizzes were given after both days of teaching the students. I compiled the averages for 
each set of quizzes and compared them using a t-test. As seen in Figure 1, the average of 
the first quizzes was approximately 34% and the average of the second quizzes was 
approximately 64%. Overall, I determined that the average of the first quiz was 
significantly lower than that of the second (t = 4.0018, df = 27.808, p-value = 
0.0004223). 

!  
Figure 1.  I created a ten question quiz for the students of the combined 7th and 8th grade 
science class that asked them basic questions about different plant growth forms. 
Averages were compiled of the two groups of quizzes. The average of the first quizzes 
was 34% ± 4.96 (SE) and the average of the second quizzes was 64% ± 5.39 (SE). The 
average of the second quizzes was significantly higher than that of the first (t = 4.0018, df 
= 27.808, p-value = 0.0004223). 
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General Observations 

 I noticed a general resistance in the students when I mentioned the quiz. However, 
upon completion, they were happy to listen to music while they worked through the 
activities, and I noticed them becoming more relaxed. They became more attentive and 
even began answering my questions about the material as well as asking their own.  

Transitions between activities could have been executed in a better way as they 
were often unorganized and confused.  The students responded likewise to this. I walked 
around the classroom offering help and encouraging words to those in need. I observed 
the students talking, painting, and smiling, seeming overall content with their 
surroundings. 

 After the painting, the students were given the bromeliad activity demonstrating 
epiphytes. The students appeared to understand the key points of the activity, but seemed 
to be confused about how it related. I observed this activity to be the most difficult for 
them. Because of little time in class, most of the work for this activity had already been 
done so the students only completed the last step. 

 The students began the second day with the epiphyll activity, which they seemed 
to especially enjoy. The vines and lianas activity followed that of the epiphylls. Students 
seemed confused, or intimidated, by the seemingly complex instructions, but once they 
made the segments and began connecting all of them together, they became more excited 
about hanging them on the tree. Finally, the students seemed to really enjoy choosing 
their own place on the tree to hang their leaves.  

!
Teacher Assessment 

When discussing preliminary goals with Mike, the science teacher, we decided to 
tie in key points from a few of his previous lectures on different biomes and the 
importance of reducing, reusing, and recycling. I incorporated these concepts into the 
quiz as well as strongly emphasized the importance of responsible consumption during 
the activities. Mike felt the students responded to these ideas enthusiastically, which 
enhanced the overall impact of the activity. He enjoys communicating lessons through 
merging science and art and feels it is not only fun for the students, but an effective way 
to relay difficult material. Mike felt the vines & lianas activity demonstrated the 
highlights very well and was most effective, whereas the epiphyte activity was way less 
effective and, therefore, needed much improvement. 

!
!
!
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 DISCUSSION 

Not only is the tropical rain forest a vast and enchanting natural wonder that should be 
protected for these reasons, alone, but the crowds drawn to the community by the 
Monteverde Cloud Forest Reserve, specifically, generate a significant amount of revenue 
annually for the local economy. Ecotourism can be an incentive for conservation, 
especially when it triggers positive economic change (Stronza and Gordillo, 2008). The 
children of the community have grown up around these changes, and it is important for 
them to understand the intrinsic value of the forest. Therefore, in teaching six different 
growth forms in a tropical forest, I sought to demonstrate how they all coincide with each 
other when observed in nature. 

I constructed this lesson to tie them all together in an imaginative way. Upon 
completion of the activity, the canopy tree was the focal point displaying all other 
elements in one way or another. The wire loops mentioned before held the drip tip leaves. 
Attaching these leaves to the tree at the base was intended to illustrate that understory 
species always stay close to the ground. On the drip tip leaves were epiphylls. The vines 
and lianas were simply draped over the canopy tree, and the bamboo stood alongside it 
due to the lack of a direct relationship. There was not much room left on the tree after all 
of these additions so the epiphytes took residence on a neighboring shelf. 

In an attempt to teach 7th and 8th grade science students about plant growth forms 
found in a tropical rainforest setting using art as my primary medium of instruction, I 
found that the students collectively averaged higher quiz scores the second time it was 
taken. It is plausible that students learned the material so efficiently, as characterized by 
the significant increase in before and after scores, because of the employment of the art 
activities; however, that hypothesis is inconclusive since there is no definite way to 
conclude this.  

The students’ asking and answering questions indicated their willingness to 
participate. The minor opposition to taking the quizzes was understandable. It is typical 
that most students would simply rather not take a quiz over material they know nothing 
about. Due to the very low average, I concurred that the students had little to no prior 
knowledge of tropical plant growth forms. However, it is notable that some answers may 
have been left blank due to the time constraint of only ten minutes as many of the quizzes 
showed most of the blank questions at the end.  

 I noticed a collective ascent in willingness and participation from the kids once 
they began painting and were given music to listen to. I believe the ambience of their 
surroundings as well as the freedom to showcase their creativity made them more open to 
hearing what I had to say. They became very attentive and even began asking questions 
and providing feedback by answering mine.  

 The students also authentically enjoyed the epiphyll activity and the freedom to 
choose which kinds they wanted to use as well as the freedom to pick their own place on 
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the canopy tree to hang their drip tip leaves. I realized the students were more focused 
and entertained by the activities that allowed them to use their imaginations and express 
their own flare. 

 As with every experiment, I ran into complications. Most of them fell between 
each activity in the transition from one to the next. These transitions could have been 
more thought out and, therefore, better constructed; however, I believe the pending 
pressure causing most of the confusion was the time constraint. Despite the mix-ups, the 
students pressed through the activity doing a great job of staying focused. 

 The students were most perplexed by the bromeliad activity with the plastic 
bottles. Due to the lack of interaction with this activity, I think they grew bored with it. 
This is understandable as it took a liberal amount of imagination to truly see the meaning 
behind this one. The other activity that puzzled the students was the vines and lianas 
activity. The students were initially intimidated at the perceived level of difficulty of 
making these models. However, once they began making them, they realized it wasn’t as 
hard as it looked and that it was just difficult to explain. 

 Given the scores of the students’ quizzes, it is evident that overall, the students 
learned the material presented. However, whether or not the students learned the material 
so efficiently because of the implementation of the art activities is inconclusive. To come 
to this conclusion, the same set of information could be taught the first day with the use 
of only lecture and diagrams then a quiz. It could then be followed the second day with 
the same set of information demonstrated through the art activities then a quiz. As the 
results of the second quiz may be skewed due to the former exposure of it, a survey might 
resolve this in showing the success of the experiment through the opinions of the 
students. 

 Upon completion of this lesson, students were able to reiterate on the key 
characteristics of each growth form. As I had anticipated beforehand, most of the students 
comprised a general understanding of the functionality of each plant growth form and the 
intricate way in which they coincide in nature. Further, through the use of Environmental 
Education (EE), I was able to bring the intrinsic value of the forest to light for the 
students while teaching them about the Cloud Forest in a fun, interactive way.  

!
!
!
  

!
!
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