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Influence of Soil pH on Abundance of Mycorrhizae 
in a Coffea arabica (Rubiaceae) Plantation !
 !
Sarah Stahl!!
Department of Biology, Denison University!
� 	
ABSTRACT !
Soil pH can have a large effect on the growth and fitness of plants. Coffea arabica (Rubiaceae) is an extremely 
important crop for the economy of Costa Rica. Coffee plants become more susceptible to the detrimental 
infection of Mycena citricolor, a fungus, with lower pH. pH can also have an effect on Vesicular-Arbuscular 
Mycorrhizae (VAM) amounts in the roots, therefore limiting the mutualistic fungus’s ability to help increase 
plants growth. Previous studies have also shown that M. citricolor increases closer to the forest, while 
mycorrhizae decrease slightly. This study, in Cañitas, Costa Rica, shows that pH increased significantly with 
distance from the forest but never exceeding 6.5.  Mycorrhizae showed only a slight trend towards increased 
abundance in the center of the plot. This suggests that increased pH creates a better environment for 
mycorrhizae and decreased M. citricolor infection. Common garden seedling experiment also supports this: pH 
7 is the optimal pH growth for the coffee plants. pH 7 had a larger increase diameter growth and a higher 
number of mycorrhizae per root than acidic and basic conditions, however, all seedling heights were similar. 
These results are helpful to coffee farmers because it indicates that by increasing the soil pH of coffee plots to 
7 they can have a better crop growth. !
RESUMEN	!
El pH de los suelos puede tener un gran efecto en el crecimiento y el exito reproductive de las plantas.  Coffea 
arabica (Rubiaceae) es un cultivo muy importante en la economía de Costa Rica. Las plantas de café, estas se 
vuelven más susceptibles a la infección por el hongo Mycena citricolor a bajos pH.  El pH puede también tener 
un efecto en la cantidad de Vesículas-Arbusculares de Micorrizas (VAM) en las raíces, limitando así la 
capacidad mutualística de ayudar en el crecimiento de la planta.  Estudios previos han demostrado además que 
M. citricolor aumenta en la cercanía al bosque, mientras que las micorrizas disminuyen un poco. Este estudio 
realizado en Cañitas, Costa Rica muestra que existe un aumento significativo en el pH al aumentar la distancia 
al bosque, pero nunca superior a 6.5.  Las micorrizas muestran solo una leve tendencia a aumentar su 
abundancia en el centro de la cuadrícula.  Esto sugiere que un aumento en el pH crea un mejor ambiente para 
las micorrizas y disminuye las infecciones por el hongo.  Un experimento con plántulas también apoya esto: 
pH de 7 es optimo para el crecimiento de plantas de café.  pH de 7 tiene un mayor diámetro de crecimiento y 
un mayor número de micorrizas por raíz que suelos en condiciones ácidas o básicas, sin embargo, el tamaño de 
las plántulas es similar. Estos resultados son de importancia para los caficultores ya que indica que al aumentar 
el pH de los suelos a 7 ellos pueden tener una mejor cosecha. !
INTRODUCTION !
Coffea Arabica (Rubiaceae) is one of the largest agricultural exports in Costa Rica exporting 
1,210,000 bags in 2009/2010 (Gonzalez et al. 2010). A major problem for coffee growers is 
Mycena citricolor, a fungus that causes American leaf spot disease and can be very 
detrimental to plants and its economic value. In Costa Rica, American leaf spot disease or 
ojo de gallo was reported to cause an average annual crop yield loss up to 20% (Rae & 
Tewari 1986). M. citricolor causes brownish spots to occur on leaves and fruits causing them 
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to fall off the tree. Farmers have noticed that the fungus favors more acidic soils so they try 
to inhibit fungal growth by altering the pH using chemicals or lime spray (Waller et al. 
2007). Ojo de gallo is a large problem in tropical areas because tropical soils are poor and 
usually very acidic (Cardoso 2006).  

Past studies have determined that ojo de gallo is more common on the edge of the 
fields closest to forests or shady areas (Gallagher 2009, Peterson 2010). It could be because 
closer to the forest has increased shade, higher diversity types of plants surrounding, and 
more leaf litter, which could make it more acidic (Finzi et al. 1998). Higher diversity of 
plants and increase leaf litter can lead to altered pH acidity environments because changes in 
the ration of acid vs. base cations available (Finzi et al. 1998). Acidic environments not only 
facilitate the growth ojo de gallo but studies have shown that it also negatively affects the 
interactions with mycorrhizae (Graw 1979). Kopp (2010) observed that mycorrhizae 
abundance is lower at the edge of the plot implying that increased presence of ojo de gallo 
has a large effect on mycorrhizae and overall plant fitness, which may be attributed to soil 
pH.  

Vesicular-Arbuscular Mycorrhizae (VAM) provides hope for C. arabica growth in 
these poor acidic tropical soils (Cardoso 2006). Mycorrhizae are very helpful to plant 
growth because it enhances the physical, chemical and biological soil quality and helps with 
nutrient acquisition in agriculture (Cardoso 2006). Farming processes can become more 
sustainable and potentially decrease the need for chemicals by taking advantage of naturally 
occurring mycorrhizae (Johnson and Pfleger 1992). Many factors can affect the soil and 
mycorrhizae like application of fungicides and pesticides so it is important to study and 
understand factors that are affecting them to enhance mycorrhizae (Johnson et al. 1992, 
Johnson & Pfleger 1992). Fungicides have been shown to sometimes enhance mycorrhizae 
because it removes the antagonistic fungus. However, it is hard to observe the overall effect 
of the fungicides (Johnson & Pfleger 1992).  

This study investigates change in pH and mycorrhizae growth in relation to distance 
from the forest. It also analyzes the effect of altered pH environments on the growth and 
development of seedlings and their mycorrhizal fungus.  Based on past studies showing less 
M. citricolor (Gallagher 2009, Peterson 2010) and more mycorrhizae in the roots of plants in 
the center of the field (Kopp 2010) suggests that there may be some connection with ojo de 
gallo infestation and mycorrhizae. I predicted that the further from the forest the soil will 
have a higher pH and there will be more mycorrhizae present. !
METHODS !
Study Site 
This study took place in Cañitas, Costa Rica from April 6 to May 3, 2011 on the LIFE 
Monteverde farm. It has 5.7 hectares of non-organic coffee fields, which are broken into 33 
separate coffee plots surrounded by naturally regenerated forest (total 8 hectares). Elevation 
of the farm is between 1200 to 1300m. LIFE Monteverde produces approximately 16,000 
lbs of coffee per year (Kopp 2010). Fungicides and chemical fertilizers are applied sparingly 
and only 3 times a year. They also take other precautions like pruning older branches and 
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leaving plant rubbish on top of the soil to help protect it.  This study used the same plot that 
Peterson (2010) and Kopp (2010) utilized (Fig 1). 	!

� 	
FIGURE 1. Map of LIFE Monteverde farm where study was conducted in Cañitas, 
Puntarenas, Costa Rica. Plot used is identified with yellow box. Forest surrounding plot 
identified with arrow.  	!
Field Experiment 	
To study soil acidity, I measured pH from soil below a total of 60 plants, these plants were 
0-23m from the edge of the plot by the forest. pH was measured using electronic pH meter. 
Edges had more shade and leaf liter surrounding than the center with full sun and not as 
much debris cover. Each tree was in the range of 1.3-2 meters tall. To study mycorrhizal 
formation, I took 10 samples from the edge (0-6m) and 10 from the center (6-23m) of the 
plot. !
Common Garden Seedling Experiment 
To measure mycorrhizae formation as a function of pH environment, seedlings were planted 
in different soil environments prepared with chemicals that are commonly used in farming 
practice (Rae & Tweari 1986, Vaast et al.  1992). Sulfur was used to make the soil more 
acidic (pH≈5.5). Calcium carbonate was used to make the soil more basic (pH≈10) and 
unmodified soil was used as a control (pH≈7).  Sulfur was slow acting so it took awhile to 
lower the soil pH from 7 to 5.5. Ten seedlings were in each of the three treatments for 30 
seedlings total. I took initial and final mycorrhizae samples from three randomly selected 
seedlings in each treatment for a total of 18 samples. I looked at the height and diameter 
growth over the month to observe change. All initial seedlings were of similar size (average 
size was 31cm and 1.1cm diameter). Seedlings were all placed in same area where they got 
full sunlight for at least 5 hours a day. !
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!
Mycorrhizae Measurements 
To measure the mycorrhizae I use a modified procedure from Bagyaraj & Sturmer (2008). I 
collected root samples and put them in separate labeled plastic bags. The next day I washed 
the samples with tap water and cut them into smaller pieces, then placed them in 2% KOH 
for 90 min in a 90°C water bath. After rinsing samples with tap water 3 times and soaking 
the roots in alkaline H2O2 solution (3ml 20% Nh4OH, 30ml 3% H2O2, 567ml tap water) for 
1 hr; then rinsed again with tap water 3 times. Next I acidified roots in 1% HCL solution for 
15 min. Last I stained the roots using a 4:1 staining solution of acidic glycerol (500mL 
glycerol, 450mL water, 50mL 1% HCL) and 0.05% trypan blue by putting the stain solution 
in tubes and placing in a 90°C water bath for 1 hr. After 1 hr I removed the stain solution and 
cut 3 samples from each root piece. By observing under a 40X compound light microscope I 
counted the number of vesicles and determined average presence for each plant. !
RESULTS !
Field Experiment 
Soil pH differed significantly with increasing distance from the forest from 0-23m 
(F(1,60)=5.78, p=0.019, Fig 2.). pH increased with distance from the forest increasing. 
However, There was no significant difference in the number of mycorrhizae per root with 
pH increase (F(1,18)=2.94, p=0.104, Fig 3.). Mycorrhizae amounts/root ranged from 19-56. 
Soil pH doesn’t reach 7 in this plot. The pH of the edge ranged from 4.6-6.5 while the pH in 
the center was between pH 6-6.5 !

"  
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FIGURE 2. Linear regression of soil pH compared with distance (meters) from the forest 
edge in a single plot of C. arabica at LIFE Monteverde farm. pH increased with increasing 
distance from the forest. Equation:Y=0.021x + 5.9064, R2= 0.0879, p< 0.05. 
 !!

"  
FIGURE 3. Linear regression of number of mycorrhizae in roots of C. arabica with 
increasing soil pH from a single plot in LIFE Monteverde farm. No significant relationship 
is observed, but there is a slight trend showing more mycorrhizae in higher pH. 
Equation:Y=5.4541x – 1.8094, R2=0.1404., p>0.05. !
Common Garden Seedling Experiment !
No difference was observed in the height gain by seedlings between treatments 
(F(2,27)=0.021. p=0.98, Fig 4.) All treatment seedlings had an initial average height of 31cm. 
Acid treatment had the tallest final average height with 39cm, while base and control 
averaged 37cm in heights. Diameter growth of the control seedlings was significantly higher 
than diameters of the other treatments, (F(2,27)=4.09, p=0.0281, Fig 4.). Control seedlings in 
pH 7 had a 6-fold increase in diameter growth than the other two treatments. There was no 
significant correlation between mycorrhizae amounts and seedling treatment (Kruskal-
Wallis, X2=2.49, Df=2, p= 0.29 Fig 5.). The control treatment of pH 7 had the most 
mycorrhizae growth compared to acid and base treatments, but seedlings in acid treatment 
had highest variation. Highest average of mycorrhizae per root in acid were 52, while 
control was steady 40 mycorhizae/root and base was significantly lower with 30. Seedlings 
across all samples were not in the best health; most had brown leaves except for a few 
control seedlings. !
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"  
FIGURE 4. Mean (+ SD) gain in height and diameter growth (cm) in seedlings from three 
controlled pH environments: acid (pH=5.5-6), base (pH=8-10) and control (pH=7). Height 
showed no difference between treatments but control had significantly larger diameter 
growth than acid or base treatments. N=10 for each treatment.   
 

"  
FIGURE 5. Average (+SD) number of mycorrhizae in roots of C. arabica seedlings from 
three different soil treatments, acid (pH=5.5-6), base (pH=8-10), control (pH=7). N=10 in 
each treatment.  
 !!
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!
DISCUSSION !
As expected, I found that soil pH increased with increasing distance from the edge. The pH 
of the soil closer to the forest was significantly more acidic than soil at the center of the plot. 
The pH of the edge had a much larger range (4.6-6.5) while the pH in the center was 
between pH 6-6.5. This supports the idea that soil pH plays a role in ojo de gallo distribution 
since ojo de gallo was observed in higher amounts by the edge and decreased with distance 
further into the plot like found in Peterson (2010). I assume that the edge has a high pH 
because it has higher diversity of plants surrounding and more leaf litter and than the center. 
Studies have shown that with increased diversity of trees in the forest, soil acidity and cation 
cycling can be altered (Finzi et al. 1998). Because of the higher diversity of trees on the 
edge there may be an imbalance of acid vs. base cation availability for uptake and mess with 
soil acidity. Increase leaf litter or debris can lead to slower decomposition time, which has 
been linked to having more acidic soil environments (Finzi et al. 1998). Since farmers often 
leave leaf debris throughout the plot it may explain why the pH of the plots was over all 6.5. 
Further studies could collect leaf litter and measure the effect on increase leaf litter amounts 
on pH. This could also help determine if the center has a higher pH because of less dense 
leaf litter or if it is because the center is only coffee plants and a few bananas plants leading 
to less diversity than the edge or because of increase sunlight. 

It is particularly interesting that the pH of the field never reaches 7, as optimal pH for 
plant growth of coffee plants is usually between pH 6.5-7 (Cardoso 2006). Results from the 
common garden seedling experiment support this because the control treatment (pH 7) 
provided the best environment for growth. Diameter increased the most in the control and 
mycorrhizae per root was the highest, although not significantly. Having a higher diameter 
growth implies that the seedlings were thriving in neutral pH while the acid or base 
treatment was harsher so the seedling put its energy into height growth rather than increasing 
its diameter. The trend of more mycorrhizae in the control treatment also support that pH 7 
is optimal. Number of mycorrhizae in the control sample doubled over the month from 
20-40 mycorrhizae/root while acid and base had higher variation in amounts. One sample in 
acid increased from 16-52 giving an increase of 35 mycorrhizae/root but other samples from 
acid only increase by 4 mycorrhizae/root. Similar occurrence happened in the base treatment 
where seedlings increased from 13-32 in one samples but only 13-17 in another. This can be 
explained by the simple fact that altered soils had a difficult time adjusting to the desired pH 
because the chemicals took a while to activate. The acid treatment had the longest 
adjustment time changing from pH 7 to 6 and finally 5.5 over the month. This may be the 
reason that the acidic treatment did not have a huge effect on seedling height and 
mycorrhizae amounts compared to the others. The large standard deviations are most likely 
because some parts of the soil were more acidic or basic than others allowing for some of 
the roots to have optimal pH 7 soil available to grow in.  

Since the environment in the center was not as acidic as the edge, mycorrhizae 
amounts should be higher. Graw (1979) observed a significant increase in root mycorrhizae 
in less acid soils with pH 6.0 than in soils of pH 4.0. I observed no significant statistical 

 

 7 



difference in the number of mycorrhizae present in the roots with increasing pH in the plot. 
However, there was a slight trend that more mychorrhizae was present above pH 6. The 
highest number of mycorrhizae per root was observed in pH 6.5 again implying neutral pH 
is best. Kopp (2010) also carried out his experiment from April to May and only found 
slightly more mycorrhizae in the center of the plots. It would be interesting to look at 
mycorrhizae amounts in the rainy season when ojo de gallo is actually present on the plants 
to observe the direct effects on the pH and mychorrhizae.  

The results of this study suggest that neutral pH has the potential for mycorrhizae 
presence to be higher along with better growth of seedlings. Farmers can take this as 
evidence that to maximize the fitness of their coffee plants it is best to make the pH of the 
plots closer to neutral and even throughout with light debris cover. This will potentially help 
minimized the infestation of ojo de gallo while increasing mycorrhizae. An occasional 
application of a liming agent is a very simple and not too expensive way to maintain a high 
pH (Conyers et al. 1995), which could potentially create a larger output of coffee creating a 
larger profit for the farmer. !
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!
Using Lichen Community Diversity as a Bioindicator 
of Air Pollution in the Tropics!
Jacob Cravens!
!
Department of Biology, Boston College!
!
ABSTRACT	
!
Air pollution can affect productivity, communities of organisms, and important biogeochemical cycling in 
terrestrial ecosystems. Lichens are used as bioindicators to monitor levels of air pollution in the temperate 
zone, and may be useful in the tropics as well. This study investigated the possibility of using lichen as 
bioindicators for air pollution in the tropics. Transects were performed to identify lichen community diversity 
at different sites exposed to low and high pollution from local traffic in the Monteverde area, Costa Rica. 
Lichen communities at low pollution sites still had higher diversity than high pollution sites (P< 0.0001) due to 
greater species evenness at low pollution sites. These results suggest using lichen diversity may be an excellent 
method to assess air pollution in the tropics as lichen diversity is negatively affected by air pollution.	

!
RESUMEN	
La contaminación del aire puede afectar la productividad, comunidades de organismos, y ciclos 
biogeoquímicos en los ecosistemas terrestres. Los líquenes son usados como bioindicadores para monitorear 
niveles de contaminación del aire en las zonas templadas, y pueden ser efectivos en los trópicos también. Se 
efectuaron transectos para identificar la diversidad de comunidades de líquenes en diferentes sitios expuestos a 
baja  y alta contaminación por tráfico en el área de Monteverde, Costa Rica.  Las comunidades de líquenes en 
sitios de baja contaminación todavía mantienen una alta diversidad que los sitios con alta contaminación (P< 
0.0001) debido a una gran similitud de especies en los sitios de baja contaminación.  Estos resultados sugieren 
que el uso de líquenes puede ser un excelente método para evaluar la contaminación del aire en los trópicos ya 
que la diversidad de líquenes es afectada negativamente por la contaminación.	!
INTRODUCTION	
!
Air pollution currently degrades many of the world’s ecosystems. Chemical compounds that 
enter the air generated from transportation, industry, and other anthropogenic sources can 
affect forest productivity, community dynamics, and biogeochemistry within a terrestrial 
ecosystem (Crutzen 1990,Taylor 1994).  Biomass, a measure of forest productivity, is 
decreased when tree physiology and growth are negatively impacted by toxic chemicals in 
the air (Abrahams 2011). Community dynamics are altered when chemicals in the air affect 
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the fitness of certain species by reducing their ability to acquire resources. In a grassland 
study, sulphur dioxide reduced a clover’s ability to obtain nutrients, water, and radiant 
resources, while other more resistant grassland plant species increased in abundance (Taylor 
1994).  For biogeochemical cycles, air pollution causes an acidification of soil that results in 
nutrient leaching in terrestrial ecosystems (Johnson & Todd 1989). 	

Many terrestrial ecosystems are affected by point source pollution. Areas of high 
pollution, traffic, and factories negatively impact the biological diversity of the local area by 
lowering species richness, abundance, and evenness. For example, near an iron sintering 
plant in Ontario Canada, due to air pollution of sulphur dioxide, the surrounding area had 
low plant species richness, abundance, and evenness with only 0-1 species compared to 
20-40 species in similar undisturbed areas (Gordon & Gorham 1963). 	

 Air pollution can negatively affect many organisms; some of the more sensitive are 
used as bioindicators for air pollution. Pine needles can accumulate contaminants from the 
air (Romanic et al. 2007), so scientist can harvest pine needles and analyze them for 
contaminants to monitor air quality. Trifolium repens undergoes DNA damage when expose 
to air pollution, so samples of Trifolium repens can be examined for DNA damage to 
indicate air pollution as well (Piraino et al. 2006).	

Lichen has also been used a bioindicator for air pollution throughout much of the 
world (Conti 2001). An important characteristic of lichen is it absorbs all of its nutrients 
from the air making it sensitive to air pollution (Conti 2001). Changes in terms of lichen 
communities have been shown to correlate with changes in atmospheric pollution (Conti 
2001). Many of the studies using lichen as bioindicators have been done in North America 
and Europe (Plata et al.  2008) and in the tropics there has been little research done on lichen 
species and communities, so the effectiveness of using lichen as a bioindicator in the tropics 
still remains an important question to be answered.	

This study will use lichen as a bioindicator of air pollution at estimated sites of high 
and low pollution from traffic in the Monteverde area. Species richness, abundance, and 
diversity will be examined at each site, as well as analysis of the presence and abundance of 
specific species. It is hypothesized that there will be a difference in species richness, 
abundance, and diversity between sites and that specific species of lichen can be used as 
bioindicators. Depending on the results lichen can be discredited as a bioindicator in the 
tropics or suggested for use in future studies assessing air pollution. 	

MATERIALS AND METHODS	

Study Sites	!
This study compared four sites, two high pollution sites and two low pollution sites (Fig. 1). 
The first high pollution site was the Finca San Francisco in Los Llanos at 1250 meters above 
sea level (masl) (SE). Dust from the road was present throughout the forest as well as large 
amounts of dead wood. The second high pollution site was in a forest by a paved road near 
the town of Cerro Plano (CP) at 1380 masl. A stream was very close to this site. The first 
low pollution site was in the protected area Valle Escondido (VE) in Cerro Plano at1350 
masl. The second low pollution site was in the Bajo del Tigre (BT) sector of the Bosque 
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Eterno de los Niños 1380 masl. All four sites were characterized as secondary forest and 
Premontane Moist Forest.	

� 	

Figure 1. Map of the four study sites used for sampling. SE= Santa Elena; CP= Cerro Plano; 
VE= Valle Escondido; BT= Bajo del Tigre. High pollution sites are marked with red squares 
and low pollution sites are marked with green squares.  	

Traffic Counts	!
The numbers of cars using the roads near each site were counted. Each counting session 
lasted an hour, and three counts were done for each site. Counts were performed in the 
morning, the middle of the day, and in the afternoon. 	

Canopy Cover	!
Canopy cover was estimated at each site using a densiometer. Readings were taken every 5 
m for the 150 m section of the trail used for transects.	

Transects	!
All transects were done at least 70 m from the forest edge.  Then for a 150 m down a trail 
transects of 10 m on both sides of the trail were done every 5 m for a total of 31 transects per 
site (Fig. 2). Different lichen species and their abundances present from 2m above the 
ground down were noted. Pictures were taken and sent in for identification by a lichen 
expert. 	
!

SE Site CP Site

VE Site

BT Site
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� 	
Figure 2. Illustration of transects performed at each site. Transects were done 10m on each 
side of the trail every 5m for 150m for a total of 31 transects. 	

Statistics	
Species accumulation curves were calculated for each site.  Mao-Tau sample based 
rarefaction curves (Colwell et al 2004) and Abundance based coverage estimates (ACE) 
(Chao and Lee 1992) were used, both using EstimateS software (Colwell 2005, Version 7.5). 
The Sorenson Classic Index was used to calculate species similarity between sites. A One-
Way ANOVA test was used to compare traffic, and canopy coverage between sites. The 
Shannon-Weiner index was used to calculate diversity at each site and a t test was used to 
compare diversity between each pair of sites.	

RESULTS	

Traffic	!
There was a significant difference in traffic between sites (One Way ANOVA, F= 28.5, df=3, 
p<0.001). The road near the CP site had the most traffic (mean= 79 cars/hr), followed by the 
SE site (mean =68 cars/hr). Both the VE and BT sites had equal numbers of cars (mean=1 
car/hr). Post hoc analyses showed significant differences between the high and low traffic 
sites (Tukey-Kramer, P < 0.05)	
!
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� 	
Figure 3. The mean number of cars per hour at each site. The error bars represent one 
standard deviation above and below the mean. The sample size was three car counts for each 
site.	

Canopy Cover 	!
There was no significant difference between canopy cover between sites (One Way ANOVA, 
F3, 11 = 0.8, P = 0.52) with all sites having a mean of approximately 98% canopy coverage.	

Lichen Diversity	!
BT (n= 921) had the greatest abundance of lichen followed by CP (n=649), VE (n=580), and 
SE (n= 491;Table 1). Cryptothecia sp. 1 and Cryptothecia sp. 2 were the dominant lichen 
species at all sites. The Buellia sp., family Thelotremataceae, and Leptogium sp. were only 
present in high abundances at low pollution sites (Table 1). 	
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� 	
!
SE had the highest number of observed species (S = 13) followed by BT (S =12), VE 
(S=12), and CP (S=11; Fig. 5a). SE also had the highest estimated number of species (ACE, 
S= 18.54) followed by VE (ACE, S = 16.09), BT (ACE, S =12.52), and CP (ACE, S =11.4; 
Fig. 5B).	
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 � 	!
Figure 4.     (A) The Mao Tau species accumulation curves for each site showing expected 
species richness versus sampling effort (species observed per sampling effort, as measured 
by number of transects). (B) The Abundance based Coverage estimator (ACE) estimates 
species richness for each site versus sampling effort (species observed per sampling effort, 
as measured by number of transects).	

!
BT and VE were the sites with the highest similarity between species (0.917) while SE and 
CP were the sites with the lowest similarity (0.667)(Table 2). 	
!
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� 	!!
There were no significant differences in diversity between BT and VE, and SE and CP   
sites. There were highly significant differences between high pollution sites and low 
pollution sites.  BT had significantly higher diversity than CP (Shannon-Weiner index; for 
BT: H’=1.88; for CP: H’= 1.37; t=10.21; p<0.001) and SE (Shannon-Weiner index; for BT: 
H’=1.88; for SE: H’= 1.27; t=10.57; p<0.001). VE had significantly higher diversity than CP 
(Shannon-Weiner index; for VE: H’=1.84; for CP: H’= 1.37; t=8.38; p<0.001) and SE 
(Shannon-Weiner index; for VE: H’=1.84; for SE: H’= 1.27; t= 9.05; p<0.001). While SE 
may have had the greatest estimated number of species, the low pollution sites had a greater 
degree of evenness of species in their communities making them more diverse (Fig 6).          	!

� �

� � 	
Figure 6. The relative abundance of species of lichen present at each site.	
!

 

 17 



DISCUSSION	
!
 Air pollution seemed to affect lichen diversity more than any other variable and other 
studies have found similar results (Giordani 2006). There was significantly lower diversity 
of lichen in high pollution sites compared to low pollution sites due to greater species 
evenness a low pollution sites. The Buellia sp., family Thelotremataceae, and Leptogium sp. 
were only present in high abundances at low pollution sites while Cryptothecia sp.1 and 
Cryptothecia sp. 2 were the dominant lichen species at all sites and were especially abundant 
at the high pollution sites. Although it has been shown that air pollution negatively affect 
lichen diversity, some of my results suggest otherwise. The SE high pollution site had the 
highest species richness out of all sites. The CP high pollution site had a greater abundance 
of lichens than the VE low pollution site. Although the low pollution sites had high species 
similarity, the high pollution sites had fewer species in common than a comparison of low 
pollution and high pollution sites.   	

These differences may be due to variability between sites. The SE site may have had 
the highest number of species due to conditions that favor a greater number of species in less 
abundance. Dead wood can increase lichen diversity (Moning et al. 2009) and the dead 
wood present in the SE site may have increased the number of species, but the air pollution 
could have prevented all but the few tolerant species (Cryptothecia sp.1, Cryptothecia sp.2) 
from increasing in abundance. Cryptothecia species have been observed in areas of much 
higher pollution than used by this study, including the urban area of Singapore (Sipman 
2009). The high pollution CP site may have had a higher total abundance of lichens then the 
low pollution VE site due to the CP site having greater humidity due to its proximity to a 
stream. Humidity has been shown to increase lichen abundance (Frahm 2008). Also the 
majority of lichen seen in CP belonged to the few pollution tolerant species (Cryptothecia 
sp.1, Cryptothecia sp.2) making overall lichen diversity low. The low species similarity 
between high pollution sites might be due to the variables of dust and deadwood at Santa 
Elena, and the increased humidity from the stream at CP. These factors may have created 
different communities of lichen at the sites. 	

Future research could look at the mechanisms of how certain tropical species of 
lichen are negatively affected by air pollution. This study suggests that Buellia sp., family 
Thelotremataceae, and Leptogium sp. would be useful bioindicators since they were only 
present in high abundances at the low pollution sites. Certain Buellia species decrease in 
abundance with exposure to sulfur dioxide, one of the chemicals in vehicle emissions 
(Gilbert 1970). Other studies have found the family Thelotremataceae to be useful as a 
bioindicator for any disturbed habitat, with its strong preference for primary to old growth 
secondary forest (Plata 2008).  Many Leptogium species have been found to be absent or in 
very low abundances in urban areas and present in high abundances in undisturbed forests 
(Joyan and McCune 2005). Other future studies could investigate how some lichen species, 
Cryptothecia sp.1 and Cryptothecia sp. 2, are resistant to pollution. 	

Since tropical forest have high amounts of local topographical complexity, the fact 
that air pollution seems to affect lichen diversity more than any other factor may make it 
widely applicable as a bioindicator for air pollution throughout the tropics.  With more 

 

 18 



forests being degraded by air pollution across the tropics, monitoring techniques that can be 
used in many locations and different environments are necessary. 	
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!!!
The adaptive function of leaf fenestrations in 
Monstera spp. (Araceae): a look at water, wind, 
and herbivory!
!
Cassie Lubenow!!
Department of Ecology and Evolutionary Biology, University of Colorado!!
!!
ABSTRACT !
A very important component of biodiversity in tropical forests is the vast variation in leaf morphology among 
different plant species.  Leaf morphology is often a result of adaptations to the specific environmental 
conditions of a particular ecosystem or habitat.  The Monstera genus of tropical plants in the Araceae family 
has very unique morphological leaf characteristics; it has large, deeply incised leaves with holes along the 
primary veins.  There are many hypothesized adaptive functions of these holes, but no direct experimental 
studies have been completed to determine the functions they actually serve.  This study directly tests the 
functional significance of the holes in Monstera deliciosa leaves in Monteverde, Costa Rica for three of the 
most generally accepted hypotheses: water uptake, wind damage reduction, and herbivory deterrence.  The 
difference between normal Monstera leaves and control leaves with no holes were measured in three different 
treatments, one for each of the hypothesized important factors.  Monstera leaves with holes were found to have 
a significantly higher amount of water capture by the roots of the plant than the leaves without holes.  Holes in 
Monstera leaves were not found to have a very large impact on the degree of wind damage that a plant endures, 
and the presence of holes was found to actually increase the level of herbivory on a given leaf.  These findings 
confirm that the holes in Monstera leaves are an adaptive function for increasing water uptake efficiency, but 
contradict the general consensus that the leaves are also adapted to decrease damage from water and herbivory 
pressures.     !
RESUMEN !
Un componente muy importante de la diversidad en los bosques tropicales es la gran variación en la 
morfología entre las especies de plantas.  La morfología de las hojas es a menudo el resultado de adaptaciones 
específicas a condiciones ambientales de ecosistemas o hábitats particulares.  El género de plantas tropicales 
Monstera en la familia Araceae tienen características morfológicas únicas; es grande, incisa y con huecos a lo 
largo de las venas primarias.  Existen varias hipótesis de las funciones adaptativas de los huecos, pero ningún 
experimente ha sido completado para determinar las funciones actuales de los mismos.  Este estudio prueba 
directamente la funcionalidad de los huecos en hojas de Monstera deliciosa en Monteverde, Costa Rica para 
las tres hipótesis más aceptadas: captura de agua, reducción del daño por el viento e impedimiento de 
herbivoría.  Las diferencias entre hojas normales y con huecos de Monstera se midieron en tres diferentes 
tratamientos, uno para cada hipótesis.  Las hojas de Monstera con huecos presentan significativamente una 
mayor captura de agua por las raíces que las hojas sin huecos.  Los huecos en las mismas no demostraron tener 
un impacto mayor en el daño por viento , y la presencia de huecos en las hojas demostró tener un impacto 
mayor en el grado de herbivoría en hojas en particular.  Estos descubrimientos confirman que los huecos en 
Monstera son una adaptación funcional para aumentar la eficiencia en la captura de agua, pero contradice el 
consenso general de que las hojas son también adaptaciones para disminuir el daño por agua y herbivoría. 
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!!
INTRODUCTION !
An important and very prevalent component of diversity in tropical forests is the vast range 
of differences in plant and leaf morphology. Leaves serve a very important function in 
plants. Specifically, the variety of shapes and sizes of leaves are products of the relative cost 
and benefit syntheses that determine all naturally selective adaptations (Gutschick 1999). 
The conditions that morphological characteristics adapt to may be related to precipitation 
levels, sunlight availability, interactions with animals or other plant species, temperature, 
nutrient availability, consistency of conditions, or climatic extremes. The evolution of 
specific morphological characteristics of an individual plant reflects the adaptive response of 
the plant to its specific habitat.  
 Leaf size may range from a few millimeters to several meters in size with several 
different shapes and textures, reflecting the specific abiotic and biotic conditions of their 
particular niche. (Brown and Lawton 1991).  Plants in the understory of a mature seasonal 
tropical wet forest have specific environmental stressors. Particularly, low light availability 
low amounts of precipitation, differences in the strength of wind, and predation pressure due 
to herbivory may affect the leaf morphology of understory rainforest plants (Osborne 2000),  
Plants that live in the forest floor show stress of water loss much more quickly than canopy 
plants (McDade et al. 1994), and this is likely due to the fact that canopy trees intercept 
much of the precipitation and not much reaches the forest floor.  Several different studies 
have found that only 75-80% of falling rain actually reaches the forest floor (Leigh 1999).  
Therefore, understory plants must have adaptations to deal with low water conditions, and 
plants in such environments with low water conditions were found to have narrower leaves, 
thicker lamina, and denser leaf tissue (Cunningham et al. 1999). Leaf characteristics are 
further adapted to deal with specific challenges based on its place and role in the forest and 
its interactions with other species (Press 1999).   To deal with herbivory in tropical forests, 
leaves tend to develop increased toughness, as insects often eat the softest leaves they can 
find (Marquis 1992).  It has also been found that sustained levels of herbivory by insects 
over time modified plant shape in pinon pine, Pinus edulis (Whitham and Mopper 1985),  
For conditions with limiting nutrient availability plants may allocate biomass to the plant 
parts that allow for greater uptake efficiency of the limiting nutrient.  For example, plants 
that grow in nitrogen-poor environments produce more shoot material and less root material 
to levels that allow for a better balance of carbon and nutrients for optimal growth (Chapin 
et al. 1987).  Lastly, more studies have found evidence for plants developing morphological 
adaptations for wind pressure. Trees that live in high wind conditions have adapted over the 
long term to have smaller leaves, which reduce the amount of surface area to resist the wind 
(Coutts and Grace 1995).   The ability to develop adaptations via natural selection is a crucial 
aspect of leaf morphology that allows a species to survive for many generations. 
 Species in the Monstera genus (Araceae), are particularly interesting plants to study 
morphological leaf diversity via adaptations since they have a very unique leaf structure that 
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has not been well studied.  In its adult stages, the leaves of Monstera vines develop deep 
incisions from both sides that go very close to the center of the leaf and also develop holes 
within the leaf, called fenestrations (Zuchowski 2005).  These leaf fenestrations, which form 
by programmed cell death, make Monstera distinguishable and and interesting to study the 
mechanisms of evolution of particular leaf morphologies.  There are several hypotheses on 
the potential adaptive value of the holes in Monstera plants, but no studies have been done 
to directly test these possible adaptive functions.  Monstera deliciosa, or the Swiss Cheese 
Plant, is widespread throughout both coasts of Costa Rica (Zuchowski 2005). Monstera is 
naturally an understory vine in tropical wet and moist forests that has large leaves that lie 
erect from the trunk of its host tree, with the roots attached to the forest floor at the base of 
the tree.  Because of its position in the understory, Monstera experiences a limiting level of 
water reaching its roots.  The holes may serve to increase water capture efficiency because 
the holes allow for water to pass to the ground closer to the trunk. Monstera is also subject 
to wind damage when found in open areas or on forest edges and the fenestrations may 
reduce damage from wind by creating an area for wind to pass through.  In all places that it 
is located, these vines are subject to damage from insect herbivory and it has been 
hypothesized that the holes in Monstera leaves deter herbivory by looking like a leaf that has 
already been eaten or decreasing surface area so that insects have a harder time getting 
around on the leaves (Donnelly 1997). I examined the function of these leaf fenestrations 
more closely to find out if they are an adaptive characteristic to help the plant with wind, 
rain, and/or herbivory by directly measuring the effect the holes have on these three factors. 
I predicted that the fenestrations in Monstera are an adaptive trait that increases the 
efficiency of water reaching the roots of the plant, helps reduce damage to the plant from 
wind, and helps deter herbivory.   !
MATERIALS AND METHODS !
Study Site and Organism 
  
Monstera deliciosa can be found everywhere in the Monteverde community, and leaves 
were easily collected from various locations in the Monteverde area at 1450 meters above 
sea level.  The Pacific slope, at the elevation of the study site experiences a dry season every 
year for 4-6 months and moderate to extremely strong winds during the transition seasons, 
but the forest is relatively moist the entire year due to clouds passing through its high 
elevation.  The forest is characterized with abundant epiphytes and a very dense understory 
(Nadkarni and Wheelwright 2000).  Several Monstera species can be found in this region 
but Monstera deliciosa is especially abundant throughout the community along roadsides 
and in gardens.   !
Monstera leaves were then brought into the laboratory at the Estacion Biologia in 
Monteverde, Costa Rica to conduct all experiments. The study was done in three separate 
treatments, each one assessing the adaptive function of the fenestrations with respect to 
water, wind, and herbivory by comparing the differences between Monstera leaves with 
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holes and leaves without holes.  For the wind and water treatments, trials were completed on 
regular, mature Monstera leaves that were relatively intact and on control leaves that were 
created to effectively be Monstera leaves without the fenestrations.  The control leaves were 
initially made by taking regular M. deliciosa leaves and filling in the holes and incisions 
with leaf material from other M. deliciosa leaves via cutting and gluing.  The first half of 
control trials for both the wind and water treatments was completed on this leaf model.  Due 
to the time-consuming nature of this methodology and fragility of the sample leaves, the 
holes and incisions of the second half of the control leaves were filled in with duct tape. 
Preliminary trials with the new control model indicated that the differences in data values 
between the two models were negligible.  !
Water Treatment !
To test the effect of the holes in M. deliciosa on water capture efficiency, an artificial tree 
was created in the lab that Monstera vines could be assembled on.  The artificial tree was 
made on a tall two-by-four wooden board that had five long nails, situated directly above 
each other about 6 inches apart, sticking all the way through it on which leaves could be 
fixed perpendicular to the “trunk”.  M. deliciosa leaves were gathered from the field and the 
petioles uniformly cut to 35 centimeters long.  A different leaf was stuck on each of the nails 
so that a complete “plant” was made that was five leaves tall, climbing up the tree.  The 
artificial tree was attached to a laboratory wall and a circular water collecting bin with a 45 
cm diameter was placed below the bottom leaf and 20 centimeters away from the base of the 
board.  Eight liters of water were poured out of a watering can from 4-6 inches above the top 
leaf and collected in the bin at the bottom.  The volume of the collected water was measured 
and recorded.  Each plant arrangement of five leaves was repeated for three trials and then 
the plants would be switched and rearranged from a larger pool of Monstera leaves to create 
new plants.  20 different plant arrangements were created out of 20 M. deliciosa leaves for a 
total of 60 trials.  This process was repeated for the control leaves and 10 different plant 
arrangements were created out of 10 leaves for a total of 30 control trials. !
Wind Treatment !
To test the difference between leaves with holes and leaves without on the amount of wind 
damage each receives, the change of the angle between the Monstera petiole and the leaf 
plane was measured before and during the addition of wind pressure.  The actual angles 
were too small to reliably measure with any tool, so trigonometry was needed to calculate 
the angles in a triangle model. One leaf at a time was stuck on the bottom nail on the 
artificial tree and a piece of string was fixed to the board at an appropriate distance above so 
that a triangle could be made with the piece of string as the hypotenuse, the floor between 
the board and where the string meets the ground as the base, and the board of the tree from 
the floor to the point where the string was fixed as the back side.  The string was pulled taut 
tangent to the plane of the leaf to the floor. Measurements were taken and recorded for the 
length of the back side and base side of the triangle before any wind was applied.  Wind 
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pressure was applied by placing a Phantom High Speed Velocity fan one meter away from 
the base of the tree and blown directly at the leaf on setting 3, the highest setting, for 30 
seconds.  The hypotenuse string was pulled to stay in line with the plane of the leaf to its 
maximum displacement during the 30 seconds.  Measurements for the back and base sides 
of the triangle were taken and recorded for the maximum displacement.  This method was 
repeated for 20 M. deliciosa leaves and 15 control leaves. !
Herbivory Treatment !
To test the effect of Monstera fenestrations on herbivory levels, generalist insect herbivores 
(Orthoptera) were observed to see if they preferentially selected leaf samples with holes or 
ones without.  Ten individuals of the same Orthopteran species were obtained from the 
Monteverde Butterfly Garden and each was placed in its own container.  Each container had 
two leaf cut-outs from the same young M. deliciosa leaf.  One of the cut outs in each 
container was from the interior part of the leaf that had holes in it, and the other was from 
the outer part of the lobes and had no holes.  After two days, measurements of the area of 
herbivory on each leaf section were taken with clear, plastic grid sheets and the leaves were 
replaced with new ones.  The leaves were changed three times for each grasshopper for a 
total of 30 herbivory trials. !
RESULTS !
Water Treatment 
  
More water was collected underneath normal Monstera deliciosa leaves that had holes than 
under leaves with filled in holes (t test = -9.658, P < 0.0001).  The mean volume of water 
collected in the bin was 1424.5 ± 95.03 mL for normal Monstera leaves while the mean 
volume for collected water for control leaves was almost 12 times less, at 120.167 ± 12.35 
mL (Fig. 1).   
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"  
Figure 1: The average volume of water ± SEM collected at the base of an artificially created 
Monstera vine by leaf type (N=60 for Monstera and N=30 for Filled In). !
Wind Treatment 
  
The change in angle between the petiole and the plane of the leaf blade with and without 
wind pressure was small for both M. deliciosa leaves and the filled in control leaves but was 
greater for the filled in than for the M. deliciosa leaves, though not statistically significant (t 
test = 1.846, P=0.0738).  The mean angle change for Monstera leaves was 1.38 ± 0.14 
degrees and the change for the control leaves was only slightly greater at 2.06 ± 0.38 
degrees (Fig. 2). 

!  
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Figure 2: Average change in angle ± SEM between leaf and petiole due to wind pressure by 
leaf type (N = 20 for Monstera and N = 15 for Filled In). !
Herbivory Treatment 
  
Herbivory by the generalist Orthopteran was significantly higher for segments of M. 
deliciosa leaves with holes than the M. deliciosa leaf segments that were void of holes (t test 
= 4.546, P < 0.0001).  The Orthopterans ate a mean amount of 13.073±1.99 square 
millimeters on the segments with holes and ate only about one-fourth of this amount on 
complete leaf segments at 3.594±0.6 square millimeters (Fig. 3). Herbivory was often 
disproportionately high on the swollen veins of the leaves if the particular leaf had a vein.  
As the leaves with holes were taken from the central part of the leaf, most of the leaf 
segments containing swollen veins were leaf sections with holes.  !

"  
Figure 3: Average area herbivory in square millimeters ± SEM from generalist Orthopteran 
by leaf type (N = 30 for both Monstera and Filled In).  !
DISCUSSION !
The study showed clear patterns of the potential adaptive function of fenestrations in 
Monstera leaves for rainfall, wind damage, and insect herbivory.  The primary adaptive 
function that the holes and incisions in Monstera species serve is to increase the amount of 
water uptake at the root of the vine.   This is very important for Monstera plants because it is 
difficult for the roots of Monstera to get water without this trait.  As previously mentioned, 
understory plants receive a limited amount of water from precipitation due to the canopy 
trees intercepting most of this important resource.  This is especially prevalent in 
Monteverde, which has a lot of epiphytes and very dense vegetation in the understory 
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(Nadkani and Wheelwright 2000).  Increased density in the understory would inhibit the 
forest floor from receiving water even more because there are extra tree layers to absorb the 
precipitation that does make it through the canopy layer.   Furthermore, Monstera leaves are 
large, are positioned erect from the host tree, and its roots are situated at the base of the tree 
in the ground, since Monstera begins growing from the ground before it attaches to a host 
tree.   The fenestrations in the Monstera genus are an effective adaptation for increasing 
water uptake efficiency because water is able to drip through the holes and cuts in the side to 
land closer to the plant roots and are therefore more likely to get absorbed the roots.  
Without its fenestrations, water would roll all the way off the leaves and land far from the 
roots, as they did with the control leaves.  Since the roots are located close to the host tree, 
the water is less likely to be absorbed if it lands far away from the tree. 
 I show that the fenestrated leaves did not develop in the Monstera genus as an 
adaptation to reduce damage from wind.  This contradicts a general hypothesis that 
Monstera fenestrations developed to reduce wind damage since wind can easily pass 
through the holes, creating less wind resistance on the leaf surface. My study was the first to 
directly test this relationship and the data refute this hypothesized function. There was a 
trend that indicated leaves were more displaced with the fenestrations filled in than the 
normal M. deliciosa leaves, meaning that the fenestrations may be providing some degree of 
relief from wind damage.  Since the difference was not significant, it cannot be assumed that 
the fenestrations developed directly as an adaptive strategy for wind in Monstera.  
Understory environments do not usually experience heavy winds (McDade et al. 1994), 
much less the sustained pressure needed to evolve a novel adaptive characteristic. Certain 
tropical rainforest tree species possess lobed leaves in the windy canopy because they help 
reduce wind damage, but they do not possess lobed leaves in the understory (Ennos 1977).  
This study supports that wind is only an ecological factor in edges and canopy areas, where 
wind pressure is much stronger and more sustained, Therefore wind pressure would have to 
be much stronger in the Monteverde understory to act as an agent for adaptive 
characterestics.  Even though Monstera is present in disturbed windy areas, most of the 
plants found in those areas were planted by people and it is not the natural habitat that 
Monstera is adapted to. 
 My study also does not support the hypothesis that the fenestrations in Monstera 
serve to deter herbivory by appearing unattractive to insect herbivores as a result of being 
shown to be already heribvorized. My results indicate that the exact opposite is true; 
generalist herbivores eat a greater area of leaves with fenestrations than without. A leaf that 
looks like other insects have already eaten it and has holes it in may be attractive to 
generalists because it indicates that the leaf is definitely palatable, high in nutrition, and soft 
enough to eat.  Herbivores have demonstrated to selectively eat young, tender leaves with 
higher nutritional quality in both field experiments and lab experiments (Perez-
Harguindeguy et al. 2003). This being true, my data indicate the fenestrations in Monstera 
did not adapt in response to herbivory pressure. This is contradictory to a previous study that 
concluded that fenestrations developed as an anti-herbivory agent to compensate for a low 
level of secondary compounds measured in M. deliciosa leaves (Donelly 1997).  However 
the Donnelly 1997 study failed to directly look at herbivores differentially selecting between 
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leaves with and without holes; too many unsupported assumptions were made.  In my study, 
much of the herbivory was on swollen leaf veins and these happened to only be present on 
leaves with holes.  The Orthopterans may have preferred this plant material over the regular 
leaf material and herbivory levels may have been biased towards preference for the 
fenestrated leaves due to this variable.  An additional study should eliminate swollen leaf 
veins as a factor to support the hypothesis that herbivory is higher on fenestrated versus non-
fenestrated leaves. 
 The longstanding and general consensus has been that the adaptive function of the 
fenestrated leaves in Monstera is due to water, wind, and herbivory pressures. This study 
directly examined how the holes make a difference with respect to these three factors and it 
indicates that the primary function of Monstera fenestrations is actually to increase water 
uptake efficiency at the roots. !
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Plants with specialist relationships show higher rates 
of asexual reproduction from fragments!
Christine R. Isabella!

Department of Molecular and Cellular Biology, University of Puget Sound!!
!
ABSTRACT	!
Sexual reproduction increases genetic variation and allows offspring to be transported away from their parent plant. 
However, many plants in tropical forests are capable of reproducing from fragments, leading to a high density of 
clones in close proximity to the parent plant. Most plants require animals for pollen and seed transport, and in some 
cases plants have a specialist relationship with an animal, relying exclusively on them for successful reproduction. 
Other plants have generalist relationships with pollinators and dispersers with many animals able to complete 
reproductive tasks for the plant. This is the first study to examine the relationship between plant’s pollination and 
dispersal syndromes and the prevalence of asexual reproduction from fragments in natural habitats. I collected plants 
species with specialist pollinators (Piper sp.), specialist dispersers (Anturium obtusilobum), generalist pollinators 
and dispersers (Inga marginata, Psychotria spp., Lonchocarpus oliganthus, and Chamaedorea sp.), and ballistic 
dispersal (Aphelandra sp.). Each plantlet was identified as growing from a seed or a fragment and the percent of 
fragment regrowth was compared between species. Piper sp. and A. obtusilobum showed the highest rates of asexual 
reproduction, followed by Aphelandra sp. The species with generalist pollination and dispersal syndromes showed 
the lowest rates or asexual reproduction. This study shows specialist syndromes to utilize asexual reproduction as a 
means of proliferation, presumably due to the inefficiency of specialist syndromes. These results have important 
implications in understanding the vegetative properties of the understory.	!
RESUMEN	
!
La reproducción sexual aumenta la variabilidad genética y permite a la descendencia transportarse lejos de la planta 
madre.  Sin embargo, algunas plantas en los bosques tropicales son capaces de reproducirse con fragmentos, 
conllevando a una alta densidad de clones en la proximidad de la planta madre.  La mayoría de las plantas requieren 
de animales para el transporte de polen y semillas, y en algunos casos las plantas tienen relaciones especializadas 
con un animal, dependiendo exclusivamente de ellos para una exitosa reproducción.  Otras plantas tienen relaciones 
generalistas con polinizadores y dispersores con muchos animales capaces de completar las labores reproductivas 
para la planta.  Este es el primer estudio que examina la relación entre los polinizadores y síndromes de dispersión y 
la prevalencia de reproducción asexual por medio de fragmentos en hábitats naturales.  Colecté plantas de especies 
con polinizadores especializados (Piper sp.), dispersores especializados (Anturium obtusilobum), polinizadores y 
dispersores generalistas (Inga marginata, Psychotria spp., Lonchocarpus oliganthus, and Chamaedorea sp.), y 
dispersión balística (Aphelandra sp.).  Cada plántula fue identificada como creciendo de una semilla o fragmento y 
el porcentaje de crecimiento por fragmentos se comparo entre especies Piper sp. y A. obtusilobum mostraron las 
mayores tasas de reproducción asexual, seguidos por Aphelandra sp.  Las especies con polinizadores generalistas y 
síndromes de dispersión mostraron las menores tasas de reproducción asexual.  Este estudio muestra que los 
síndromes generalistas utilizan la reproducción asexual como métodos de proliferación  presumiblemente debido a 
la ineficiencia de los síndromes especialistas. Estos resultados tienen una importancia en el entendimiento de las 
propiedades vegetativas del dosel del bosque. 

!
!
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INTRODUCTION	!
Sex is great, but sometimes you have to do it yourself. Outcrossing via sexual reproduction leads 
to increased genetic variation, which is essential for resilience and maintenance of populations 
(Luck et al. 2003). In tropical communities, this genetic variation is important for population 
level defense against the diverse range of herbivores and pathogens. In addition, seed dispersal 
maintains community diversity by moving reproductive material away from the parent plant 
(Wang & Smith 2002). Though seemingly paradoxical, many tropical species are also capable of 
asexual, vegetative reproduction (Kinsman 1990, Sagers 1993), which may reduce genetic 
variability within a population and lead to clumps of clones (Sagers 1993, Bush 2000).	

The advantages of sexual reproduction are displayed by plants’ remarkable adaptations to 
promote outcrossing (Sagers 1993). There is no doubt that plants and pollinators have 
contributed to each other’s evolution (Feinsinger 1983), with selection favoring plant traits that 
ensure reception of compatible pollen grains and dispersal of pollen to other conspecifics (Janzen 
1977). Morphology, chemistry, and phenology of fruiting all have adaptations that promote the 
correct animals to disperse plants’ seeds (Janzen 1983a). Extreme cases of coevolution result in 
specialization between plants and pollinators or dispersers. In the tropics, some plants produce 
high quality fruits to attract specialist frugivores, which should provide dispersal that increases 
the probability of a dispersed seed surviving to reproductive age. Other plants produce a lot of 
small, lower quality fruits for more generalist dispersers (Wenny 2000). However, a study by 
Wenny (2000) found minor differences in survival of dispersed and non-dispersed seeds. Thus, 
Wenny failed to support the hypothesis that specialist dispersers are, in fact, high quality 
dispersers for the plant. In addition, disruption of a specialist relationship could reduce the fitness 
of both plant and animal, and therefore, extreme specialization of both pollination and dispersal 
relationships may not be an ideal strategy (Feinsinger 1983, Janzen 1983a). 	

Lasso et al. (2009) proposed the hypothesis that asexual reproduction by resprouting of 
fragments may have evolved in environments with low opportunities for sexual reproduction. 
This could be a result of seed predation or low seed viability in general (Lasso et al. 2009). In 
tropical forests, there is a strong presence of density dependent predation and recruitment 
(Janzen 1983b, Harms et al. 2000), both of which reduce the sexual reproductive success of 
plants, and may promote conditions promoting regeneration by fragments (Kinsman 1990, Bush 
2000). Tropical moist and wet forest communities have little variance in rainfall and temperature 
throughout the year, and asexual reproduction is likely to be a successful strategy under stable 
conditions (Sagers 1993) because there is less need for genetic variation. In addition, understory 
plants are frequently broken by falling trees and plants, and the high moisture levels likely 
promote sprouting, growth, and persistence of fragments resulting from disturbance (Kinsman 
1990).	

Asexual reproduction from fragments is poorly studied but has many implications for 
tropical biodiversity. If prevalent in the understory, fragment regrowth could be important for 
persistence of individuals (Kinsman 1993), but also has potential to reduce the genetic 
heterogeneity of tropical communities (Sagers 1993). In addition, species that have high 
instances of resprouting will have more clones in the population and increased self-pollination 
(Lasso et al. 2009). Finally, resprouting could have important implications in gap dynamics in 
tropical forests (Kinsman 1993, Dietze and Clark 2008, Lasso et al. 2009). Clearly, it is 
important to learn more about reproduction from fragmentation in order to better understand its 
role in maintaining both populations and diversity in tropical forests. This study examines the 
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frequency of asexual reproduction via fragmentation in various plant species in the San Luis 
Valley of Puntarenas, Costa Rica that have different modes of pollination and dispersal. Based on 
the hypothesis by Lasso et al. (2009), and observations by Janzen (1983b) and Feinsinger (1983) 
about the potential disadvantages of specialization, I expect to see a greater frequency of 
reproduction by fragmentation in plant species with specialist pollination or dispersal syndromes, 
as this could be utilized as a method of persisting in the understory when sexual reproduction is 
inefficient.	!
METHODS	!
Study site	!
This study took place in patches of intact pre-montane moist forest in the San Luis Valley of 
Puntarenas, Costa Rica (10º 5’ N, 83º 26’ W). San Luis is on the pacific slope between 700 and 
1000 m of elevation and receives 1200-2200 mm of rainfall per year (Haber 2000a).	!
Fragmentation rate	!
To determine whether species differed in the level of asexual reproduction from fragments, 
plantlets smaller than 15 cm tall were collected from natural populations.  Plantlets were 
collected 2 m off the trail to avoid collection of fragments caused by trail use and maintenance. 
Each plantlet was determined to have been derived from a seed or an abscised plant fragment 
(Fig. 1) and then replaced in the ground. Development from fragments is distinguishable in many 
ways. One clue is that fragments are easily dislodged from the soil in the first years of growth 
(Kinsman 1990). When present, a twig at the stem-root junction of the plantlet indicates growth 
from fragment. Finally, the presence of callous tissue at the stem-root junction is an indicator of a 
fragment (Sagers 1993). On the other hand, those plants with smooth root to stem transitions and 
with localized root masses were considered seedlings. If derivation was questionable, that 
plantlet was replaced and not included in the data. After identification, plants were replaced in 
the understory. Mean percent fragmentation for each species was calculated as the number of 
plants derived from fragments over total number of plants collected and compared among 
species using a One-way ANOVA.	

� � �
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Study Species	!
This study focused on seven plant species with various life history strategies. Species were 
identified to species when possible, though many genera contain species that are difficult to 
differentiate at such a young age. The species studied were Piper sp., Anthurium obtusilobum, 
Aphelandra sp., Inga marginata, Psychotria spp., Lonchocarpus oliganthus, and Chamaedorea 
sp. (Table 1). Piper sp. (Piperaceae) is an understory shrub often found in disturbed habitats. This 
species is pollinated by numerous small insects and dispersed specifically by Carollia bats 
(Fleming 1983). Anthurium obtusilobum (Araceae) is an epiphytic or terrestrial herb. The spadix 
flowers for two to three weeks and goes through a female phase followed by a rest phase 
followed by a male phase. Euglossinae bees visit the flowers during this time and serve as 
pollinators. The fruit is a juicy red berry dispersed by birds (Zuchowski 2007). Aphelandra sp. 
(Acanthaceae) is a hummingbird pollinated shrub about 2 m tall found in forested or disturbed 
areas. The fruit is a dehiscent capsule from which seeds are dispersed ballistically (Zuchowski 
2007). Inga marginata (Mimosaceae) is a large tree whose flowers are pollinated by insects and 
birds and dispersed by mammals (Haber 1983c). Plants of the genus Psychotria spp. (Rubiaceae) 
are shrubs found in the understory. These shrubs are pollinated by insects and dispersed by birds 
(Haber 2000b). Lonchocarpus oliganthus (Papilionaceae) is a small tree that is pollinated by 
insects and dispersed by wind (Janzen 1983c). Chamaedorea sp. (Arecaceae) is an understory 
palm common throughout Costa Rica. This palm is pollinated by insects and wind, and dispersed 
by birds and mammals (Haber 2000b, Zuchowski 2007).	!
RESULTS	!
Between 81-86 plantlets of each species were collected. Species was shown to have a significant 
effect on percent regeneration from fragmentation (F6, 72 = 13.56, P < 0.0001).  Both fragments 
and seedlings were found for all species studied except Chamaedorea sp., which had zero 
plantlets derived from fragments. Piper sp. has a specialist dispersal syndrome (Table 1) and 
showed the greatest regrowth from fragment with a mean percent of 84.22 (Fig. 2). Percent 
fragment regrowth by Piper sp. was not significantly different from A. obtusilobum, with a 
specialist pollinator, or Aphelandra sp., with explosive dispersal (P > 0.05, Table 1). These 
species had mean percentage regrowth from fragments of 66.84 and 56.49, respectively (Fig. 2). 
Though it showed almost 30 percent greater rates of regeneration from fragments than I. 
marginata and Psychotria spp., and almost 35 percent greater rates of regrowth than L. 
oliganthus, A. obtusilobum was not significantly different from these species (P > 0.05). I. 
marginata reproduced from fragment 29.92 percent of the time, Psychotria spp. 29.49 percent, 
and l. oliganthus was fragment derived 22.42 percent of the time (Fig. 2).  These species are 
generalists in both pollination and dispersal (Table 1). Finally, I. marginata and l. oliganthus did 
not show a significant difference from Chamaedorea sp. (P > 0.05, Fig. 2), which had zero 
fragment regeneration and has a generalist pollinator and disperser (Table 1).	!!

FIGURE 1. Examples of seedlings (A) and fragments (B, C). Seedlings have straight and 
smooth transitions from stem to root whereas fragments show callous masses (B) or twigs 
attached (C) at the root stem junction.
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TABLE 1.  Pollination and dispersal syndromes of focal plant 
species (S=specialist, G=generalist, E=explosive)

Species Pollination Dispersal

Piper sp. (Piperaceae) G S

Anthurium obtusilobum (Araceae) S G

Aphelandra sp. (Acanthaceae) G E

Inga marginata (Mimosaceae) G G

Psychotria spp. (Rubiaceae) G G

Lonchocarpus oliganthus (Papilionaceae) G G

Chamaedorea sp. (Arecaceae) G G

FIGURE 2. Mean percent of plantlets regenerated from fragments with SE bars shown. 81-86 plantlets 
of each species of less that 15 cm were collected from natural habitats and determined to be derived 
from seed or fragment (see methods for life histories and fragment identification). Species is shown to 
have a significant effect on percent regrowth from fragment (
not connected by the same letter are significantly different (P < 0.05).
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!
DISCUSSION	!
This study showed greater rates of fragment reproduction among plant species with specialist 
pollinators or dispersers, as well as a species with explosive dispersal. Assuming that specialist 
relationships between plants and animals are more likely to fail than generalist relationships 
(Feinsinger 1983, Janzen 1983 b), these results suggest that the ability and probability of 
resprouting is linked to the efficiency of pollinators in successfully transferring pollen and the 
dispersers in carrying seeds away from parent plants. This is consistent with the findings of 
Lasso et al. (2009) who showed that this form of asexual reproduction is often associated with 
limited sexual success. My findings also support the hypothesis by Bond and Midgley (2003) 
that plants with the ability to reproduce from fragments have poorer seed production and vitality 
to those that don’t, as well as their hypothesis that fragment regrowth may be selected for in 
cases where recruitment is rare or episodic.	

The highest rate of fragmentation was 84 percent and was observed in Piper sp. This 
finding is consistent with the results of Gartner (1989) who found that over 40 percent of Piper 
plants studied were derived from fragments rather than seeds, and with 58 percent showing no 
evidence of their origin. Piper sp. has a specialist relationship with bats of the Carollia genus as 
dispersers, which may only remove 5 percent of fruits in a given night (Fleming 1983). This high 
dependence on single disperser to move a small proportion of seeds could cause a selective 
pressure for Piper plants to evolve the ability to reproduce asexually as a method of increasing in 
sheer number in order to persist in the understory (Kinsman 1993). The species showing the next 
highest rate of reproduction by fragmentation is A. obtusilobum with an average of 67 percent. 
This species is pollinated by Euglossinae bees, which must visit a flower in the male phase, and 
transfer pollen to a flower in the female phase (Zuchowski 2007). These flowers don’t offer the 
bees a reward of nectar, but rather use scent to attract the bees (Zuchowski 2007). This is similar 
to some orchids, where the Euglossinae bees are actually foraging for nectar or perfume, but may 
brush up against the pollinarium or stigma in the process (Feinsinger 1983). Like orchids, while 
A. obtusilobum is relying fully on the bees, the bees are able to get the resources they need from 
many different plant species (Feinsinger 1983), and therefore they may be unreliable pollinators. 
It is possible then that asexual reproduction from fragment is a strategy of this plant to spread 
and persist.	
	 Though Aphelandra sp. did not show a significant difference from some of the generalist 
species, it also did not show a significant difference in reproductive strategy from both Piper and 
A. obtusilobum. This species utilizes explosive mechanisms for dispersal and showed 56.5 
percent fragment regrowth. Though ballistic dispersal does not rely on any external factors for 
dispersal, this mechanism has constraints of its own (Stamp and Lucas 1983). According to the 
Janzen-Connell hypothesis, dispersal allows seeds to escape high density-dependent mortality 
from pathogens, seed predators and herbivory directly under the parent plant (Wang and Smith 
2002). Therefore, these plants must rely on secondary dispersers to maximize the distance of 
dispersal to avoid density-dependent mortality, inbreeding depression and competition (Janzen 
1983b, Stamp and Lucas 1983). With high prevalence of density-dependent predation in tropical 
communities (Janzen 1983b), fragment regrowth in Aphelandra sp. may again be a means of 
persisting when dispersal efficiency is low. This is supported by findings of a previous study 
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describing that plants showing the ability to sprout from fragments often have low rates of 
seedling recruitment (Bond and Midgley 2003). 	

Aphelandra sp. did not show a significant difference from I. marginata, Psychotria spp., 
or L. oliganthus, though it had 30-35 percent greater mean fragment regrowth than these species. 
Inga marginata, Psychotria spp., and L. oliganthus are all generalists in both pollination and 
dispersal and fragmented less on average than those species with more tightly coevolved 
relationships. Chamaedorea sp. also has a generalist relationship with both pollinators and 
dispersers and not a single plant of this species that was collected showed evidence of growth 
from a fragment. This supports my predictions and, again, suggests fragment regrowth as a 
strategy of plants with limitations on pollination and dispersal success.	
	 There is very little research on the role of fragmentation regeneration in tropical forests, 
and no previous research attempting to link plant pollination and dispersal syndromes. Still, more 
research is needed to understand how prevalent this form of asexual reproduction is in tropical 
systems, as it could play an important role in the maintenance of diversity in the understory, 
treefall gaps, and disturbed habitats (Kinsman 1990, Sagers 1993, Dietze and Clark 2008, Lasso 
et al. 2009). While my findings are consistent with previous studies, there is still poor 
understanding of the prevalence of this strategy of asexual reproduction in nature and the role it 
plays in the dynamics of recruitment and genetic structure of understory populations.	!
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ABSTRACT 

 
Factors determining species composition in communities are not well known. Some invoke deterministic processes 

while others believe communities are more structured by abiotic and random factors. This experiment determined 

richness, abundance, and diversity for microscopic organisms in aquatic communities of the tank bromeliad Vriesea 

philippo-coburgii. Further, pairwise comparisons of species abundance were compared for these same bromeliad 

tanks to assess their level of deterministic vs. random organization. Finally the impact of canopy cover on species 

establishment was monitored for successional bromeliads, those with no prior communities. Data were collected 

from three sites of simple canopy, closed canopy, and established. Established tanks had more diverse communities 

than 3-week-old successional communities, though richness and abundance did not differ. Successional bromeliads 

did not differ, despite differences in canopy cover. For established communities, out of 120 total possible pairwise 

correlations I found just five positive correlations in species abundance. For successional communities, out of 120 

possible pairwise correlations at each site I found only one negative pairwise correlation in species abundance 

showing that deterministic processes do not play a large role in the organization of microscopic species in tank 

bromeliads at early or late stages of colonization. This experiment suggests random factors may influence 

microscopic community composition in bromeliad tanks.  

 

 

RESUMEN 

 
Los factores que determinan la composición de especies no son bien conocidos. Algunos apelan a procesos 

determinísticos mientras que otros creen que las comunidades están más estructurados por factores 

abióticos y factores azarosos.  Este experimento determina la riqueza, abundancia y diversidad de 

microorganismos en comunidades acuáticas en la bromelia de tanque Vriesea philippocoburgii.  Además 

comparaciones de parejas de abundancia de especies se realizaron para estas mismas bromelias para evaluar 

el nivel de organización determinítica vs azarosa.  Finalmente el impacto de la cobertura del dosel en el 

establecimiento de especies se monitoreo para bromelias sucesionales sin comunidades establecidas.  Las 

bromelias establecidas tienen mayor diversidad de comunidades  que aquellas con tres semanas de sucesión, 

aunque abundancia y riqueza no difiere.  Bromelias sucesionales no difieren, a pesar de la cobertura del dosel.  

Para comunidades establecidas, de un total de 120 correlaciones pareadas solo se encontraron cinco 

correlaciones positivas para la abundancia de especies  y solamente una negativa.  Esto sugiere que los 

procesos determinísticos no juegan un papel importante en la organización de microorganismos en las 

bromelias a estadíos tempranos de colonización.  Este experimento sugiere que factores azarosos pueden 

influenciar la composición de microorganismos en los tanques de las bromelias. 
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INTRODUCTION  
 

IN ORDER TO CONSERVE AND EXPAND our remaining ecosystems we must understand what factors 

influence their diversity and composition. Stochastic factors play a large role (Hubbell 1979, 

Huston 1994) but there is an ongoing debate about the relative significance of all deterministic 

factors (Ernst & Rodel 2006). One view is that communities are highly organized, with 

particular, repeatable sets of interdependent species that coevolve (Clements 1916). The 

opposing view is that chance events and species-specific responses to abiotic factors in the 

environment decide community structure (Gleason 1926).  

Diamond (1975) coined the term “community assembly rule” for the theory that some 

combinations of species either cannot coexist or favor coexistence within a community. 

Competition and predation can cause a decline in one or more populations but positive 

interactions like facilitation may also occur (Ernst & Rodel 2006). Testing community 

organization by species association is difficult because community boundaries are difficult to 

define and sufficient replicate communities are unlikely to be encountered (Ernst & Rodel 2006). 

To avoid this, small and bounded communities, like tank bromeliads, are useful communities to 

consider (Carrias 2001, Frank 1983, Corbet 1983, Armbruster 2002).  

Epiphytic bromeliads have rosette leaf formations that funnel nutrients and water to form 

tanks and pools (Richardson et al. 2000). Aquatic organisms establish themselves in bromeliad 

pools, living on accumulated nutrients and each other (Carrias 2001). It has been shown that 

biotic and abiotic factors influence the assembly of tank bromeliad communities (Armbruster 

2002) but much is still unknown about the relative importance of those factors. Animal biomass 

within epiphytic bromeliad pools positively correlates with amount of debris (Richardson et al. 

2000). Most studies of bromeliad community structure focus on specific groups of organisms 

(Frank 1983, Corbet 1983). As a result, there is limited knowledge of general community 

assembly in tank bromeliads, especially for microscopic organisms. 

My study had two components, age of establishment and canopy cover that researched 

deterministic vs. random factors organizing community composition in tank bromeliads. Samples 

were taken from 20 bromeliad tanks of climax communities, those given a long time to establish 

and equilibrate. Another two sets of 20 bromeliad tanks were washed out, refilled with water, 

and then given 2-3 weeks to establish before sampling.  These two successional sites tested 

composition due to canopy cover, with one under simple canopy and one under closed canopy. I 

examined differences of community composition in successional and established bromeliads 

with richness, abundance, and diversity. Degrees of biological organization for the three sites 

were analyzed using pairwise associations.  

 

 

METHODS  

 

Study site 

The fieldwork was conducted in a seasonal Premontane-Lower Montane Moist/Wet forest at an 

elevation of 1550 m, adjacent to the biological station in Monteverde, Costa Rica. The 

experiment took place at the end of the dry season between April and May 2011. It lightly rained 

twice during the course of the experiment with a few additional occurrences of light mist. 

According to the Monteverde Institute (1350) the average temperature was 66.9°F with a 

minimum of 59.1°F and a maximum of 78.1°F. 
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Study organisms 

Bromeliads house a wide variety of protists, invertebrates, and vertebrates (Armbruster 2002). I 

used the bromeliad species Vriesea philippo-coburgii that is native to Brazil. No tank bromeliads 

have species-specific associations with inhabitants (Benzing 1990).  

 

Bromeliad Patches 

All V. philippo-coburgii originally were found growing in a small garden patch with no overhead 

canopy. Many individuals were vegetative offshoots of one another and the rosette diameter of 

all of the bromeliads was around 14 inches. This garden housed these bromeliads for several 

years. The garden was watered regularly so that pools never dried out.  

Twenty individuals were left in the original garden location and were considered climax 

or established communities of many years, henceforth referred to as Established. Another 40 

plants were removed from the patch and washed out with water until there was no more debris in 

the central tank or cup. Each of these tanks was filled with 10mL of distilled water. I put 20 of 

these bromeliads under a simple, single-tree canopy and the other 20 under a complex canopy of 

an estimated four layers. These cleaned bromeliads are henceforth referred to as Successional 

bromeliads, where those with a simple canopy are called Simple and those under the more 

complex community are called Closed.   

 

Species Counts, Identification and Tests of Association 

 For Successional bromeliads, samples were taken between 9 and 15 days after the bromeliads 

were placed and I alternated between sampling the simple and complex canopy during that time 

to reduce difference in time for colonization. The samples were viewed at 100x magnification for 

identification of aquatic organisms. Every slide had 2 cover slips that each held a single drop of 

the sample solution. I was unable to identify the organisms to species so I sorted individuals into 

16 categories of morphological species. 

 

 Richness and abundance were found for all of the bromeliads. I used the first 100 count 

for richness and the total number of individuals in the first slide for my abundance measure. 

 

 I also looked for correlations between pairs of species in bromeliad communities of both 

the established and successional sites to detect possible positive or negative species associations.  

 

 I took photographs of some of the observed invertebrates but many moved too quickly to 

photograph and the majority of the protists were too small to get a clear picture, even after 

increasing magnification. 

 

Additional observations 

The wind was generally stronger outside of the forest at the simple canopy site than at the 

complex canopy site. More debris accumulated inside the bromeliads under simple canopy than 

complex canopy and the established garden site had far more debris than both of the other sites. 

Water in the bromeliads evaporated more quickly under the simple canopy than under the 

complex canopy but it was periodically replaced and no tanks ever completely dried out. 
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RESULTS 
 

Mean Richness and Abundance for Successional and Established 

Mean species richness significantly differed between groups (One Way ANOVA, F = 14.4726, 

df = 59, p < 0.0001). The Successional Simple and Closed sites had almost exactly the same 

richness with 2.00 ± 0.23 and 2.05 ± 0.25 respectively (Figure 1.) The Established garden site 

richness, 3.85 ± 0.34, differed significantly with almost twice the richness (Tukey’s HSD test, p 

< 0.05).    

Mean abundance also differed significantly between sites (1 Way ANOVA, F = 7.3102, 

df = 59, p = 0.0015). The Closed Successional site had the lowest abundance of aquatic 

organisms with 149.8 ± 29.2. Simple Successional had twice the abundance of Closed 

Successional with 305.3 ± 68.7 but the two sites did not differ (Tukey’s HSD test, p > 0.05). 

Established bromeliads had eight fold the abundance found in the Simple Successional 

bromeliads (Figure 2.). 

                               

       

FIGURE 1.  Mean species richness of protists and microinvertebrates in Successional tank bromeliads 

(Genus and species) under Simple canopy (n = 20), Closed canopy (n = 20), and Established garden (n = 

20) sites in Monteverde, Costa Rica. The three sites significantly differed (1 way ANOVA). Simple and 

Closed did not differ (Tukey’s HSD test p > 0.05) The garden site was a fully established community and 

the two canopy sites were only given roughly two weeks to establish. Error bars represent one standard 

error. 
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FIGURE 2. Mean abundance of protists and microinvertebrates in tank bromeliad communities under a 

Closed canopy (n = 20), a Simple canopy (n = 20), and an Established garden (n = 20). The garden site 

was an established community but the simple and complex sites were only given two-three weeks to 

establish. The three sites significantly differed (1 way ANOVA). Closed and Simple did not differ 

(Tukey’s HSD test p > 0.05). Error bars represent one standard error. 

 

 

 

Diversity for Successional and Established 

Shannon-Weiner diversity indices significantly differed between all possible pairs of the three 

test sites (Modified t test, Zar, 1984). The Simple bromeliads collectively had the smallest 

diversity index with 1.213 (Figure 3.). It differed from the Closed diversity index of 1.339 (t = 

4.92, df = 563.8, p < 0.00001) and the Established diversity index of 1.684 (t = 17.59, df = 1029, 

p < 0.00001). The Established garden site had the largest diversity index and differed 

significantly from the Closed and Simple bromeliads (t = 12.06, df = 1029, p < 0.00001).  
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FIGURE 3. Shannon-Weiner diversity index of protists and invertebrates in tank bromeliads under a 

Closed canopy site (n = 20), a Simple canopy site (n = 20), and an Established garden site (n = 20). 

Garden communities were fully established but Simple and Closed communities were only given 2-3 

weeks to establish. All pairs between the three sites significantly differed (Modified t test, Zar, 1984).  

     

 

Species Associations in Successional Tank Communities 

There was a significant negative correlation between nematodes and small green flagellates in 

the Established bromeliad tanks in the garden (RHO = -1.00, p = 0.0015). It was the only 

pairwise correlation found of 240 total possible pairs in the Successional sites. The data point at 

the origin represents 6 bromeliad tanks (where neither species occurred within the community). 

 

                  
 

FIGURE 4. Nematodes and small green flagellates made the only significant negative pairwise correlation 

of protists and microinvertebrates found in tank bromeliad communities of varying canopy cover (p = 

0.0015). It occurred in a successional community under closed canopy. The number 6 next the data point 

on the origin represents the number of overlapping data points. 
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DISCUSSION  

 
I found that early successional bromeliads under closed and simple canopy do not differ in 

richness or abundance of inhabitants after 2-3 weeks. Increased throughfall from the canopy can 

increase community biomass in bromeliad tanks (Richardson et al. 2000) but, although we did 

not test for biomass, relative number of organisms did not seem to differ with varying canopy 

cover. This may be because there was little rain during the experiment, diminishing the impact of 

throughfall. Another possibility is that the stronger winds outside the canopy at the simple site 

could have collected more dust, improving growth conditions for simple tanks. Studies have 

shown that some epiphytic bromeliads rely on wind blown nutrients (Richardson et al. 2000). I 

noticed more debris in tanks at the simple site and they had almost double the average abundance 

for tanks under the closed canopy.  

 Canopy cover did affect diversity, however. The bromeliad tanks under Closed canopy 

had a higher diversity than those under Simple canopy. One possible explanation is that the 

Closed site is a more diverse environment and so, although more debris caused higher abundance 

in Simple tanks, the more diverse debris in the Closed canopy brought more diversity of 

microscopic organisms to the tanks.  

 The larger amount of abundance, richness, and diversity in Established tanks at the 

garden site was likely a result of longer establishment time. With more time, the garden 

bromeliads were able to gather nutrients (Richardson et al. 2000) and had a greater likelihood of 

being colonized by protists and invertebrates.  

 Only one pairwise correlation was found of 240 possible in the successional sites. Five 

total pairwise correlations were found of 120 possible in the Established bromeliad communities. 

So few correlations in young communities signifies little or no species associations in early 

colonization because the single correlation could have been a result of pure chance. Even 

established communities, given a long time to accumulate diversity and show associations did 

not show many correlations. I believe that, given how weak the correlations were, data from this 

study do not support the idea of a deterministically organized community. Further, the general 

lack of species associations agrees with a study that found no pairwise correlations in bamboo 

internode communities (Louton 1996). 

 Perhaps the most fundamental question here is whether communities are organized by 

chance or deterministic processes. My data support the theory that random assemblage best 

explains the community structure in tank bromeliads but assembly rules have been shown to 

apply to saltmarsh (Wilson & Whittaker 1995) and pond (Jeffries 2002) communities. What is it 

about phytotelmata (plant enclosed aquatic communities) like bromeliads and bamboo internodes 

that causes a lack of species associations? A better understanding of the specific ecology of host 

plants will be needed in order to understand why communities are randomly assembled in 

phytotelmata. 
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ABSTRACT	!
There are large differences between slope seasonality in Monteverde, Costa Rica.  The Pacific slope receives 
less rainfall, and has a better-defined wet and dry season.  This study looked at how these differences affect 
aquatic benthic macro-invertebrates composition.  Five different rivers were sampled, three on the Atlantic 
slope, and two on the Pacific slope.  There was no significant difference between the two slopes in species 
richness, evenness, or number of species.  There were differences in species composition between the two 
slopes.  This study exemplifies how areas in close proximity can have different species compositions.  For 
conservation purposes, this study demonstrates how even if a large area is being protected not all species in the 
surrounding area are necessarily protected.	!
RESUMEN	
!
Existen grandes diferencias entre la estacionalidad en ambas vertientes en Monteverde, Costa Rica.  La 
vertiente Pacífica recibe menos precipitación y tiene una estación seca y humeda más definida.  Este estudio 
observa como estas diferencias afectan lacomoposición de macroinvertebrados bénticos.  Cinco quebradas 
diferentes se muestrearon, tres en el Atlántico y dos en el Pacífico.  No hay diferencias significativas entre las 
dos vertientes en cuanto a riqueza, similitud o número de especies.  Existen diferencias en la composición de 
especies entre las dos vertientes. Este estudio ejemplifica como áreas próximas pueden tener una composición 
de especies diferente.  Para objetivos de conservación este estudio demuestra como aunque un área larga sea 
protegida no todas las especies del área están necesariamente protegidas	!
INTRODUCTION	
!
There is a large seasonal difference between the Atlantic and Pacific slope in Monteverde, 
Costa Rica (Guswa et al. 2007).  The largest changes in seasonality are not in temperature, 
but in precipitation (Janzen 1983).  These changes in precipitation are driven by the 
windward leeward effect created by the wind blowing from the east to the west.  The Pacific 
slope has a well-defined wet and dry season, while the Atlantic slope has fairly constant 
rainfall year round (Nadkarni & Wheelwright 2000).  The Pacific slope of Monteverde 
receives 77% of its rainfall during the wet season with an annual rainfall of 2700 mm 
(Guswa et al. 2007).  The Atlantic slope on the other hand receives up to 3500 mm of 
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rainfall annually above 1400m, while places below 1400m can receive up to 7000 mm of 
rainfall annually (Nadkarni & Wheelwright 2000). 

Streams in Monteverde are able to maintain flow year round through two processes.  
One is through flow, and the other is stream interception with the water table (Nadkarni & 
Wheelwright 2000).  These two processes are pivotal on the Pacific slope, especially during 
the dry season.  Precipitation year round on the Atlantic slope helps feed the streams, taking 
some pressure off of the two previous processes.  Water quality can also have huge swings 
between the wet and dry season.  Oxygen content is generally lower during the dry season 
(Chapman & Kramer 1991).   

These Monteverde streams are important habitat for benthic macro-invertebrates.  In 
Costa Rica aquatic insects are one of the most diverse group of organisms (Springer 2009).   
Insects are also important because they have fast generation times, and can be early accurate 
representations of ecological changes (Kremen et al. 1983).  This makes macro-invertebrates 
an important warning system, which should not be ignored.  It is important to know what 
species exist where to take full advantage of their conservation potential.	

In this project the differences between the Atlantic and Pacific slope aquatic benthic 
macro-invertebrate diversity were examined.  The findings in this paper can help express the 
importance of not only conserving large areas, but also making sure that these areas include 
important elements of all the ecosystems/life zones present.	
!
METHODS	
!
STUDY SITE-In this study five 
different streams were 
sampled.  All five 
streams were within the 
Monteverde area in Costa 
Rica.  Three were on the 
Atlantic side of the 
continental divide, the Rio 
Negro (Fig. 1), Quebrada Caño 
Negro, and Quebrada 
Peligro (Fig. 2).  Two on the 
Pacific side were the 
Quebrada Máquina and 
Quebrada Cuecha (Fig. 1).  
The Rio Negro, 
Quebrada Caño Negro, and 
Quebrada Peligro are in 
premontane rain forest.  
While the Quebrada 
Máquina and Quebrada 
Cuecha are in lower 
montane wet forest.  These areas are a combination of secondary and primary forests 

 

FIGURE 1.  A map of the study area. Rivers marked with arrows 
include: Rio Negro (ARN), Quebrada Máquina (PQM), and Quebrada 
Cuecha (PQC).
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(Nadkarni & Wheelwright 2000).  Each stream was sampled at four different locations. The 
sites were staggered 100m away from each other.  Samples were taken between 1410-1574 
m in elevation.  A GPS was used to ensure accuracy in elevation.   Sites were picked based 
on how similar the substrate was at that location in comparison to other sampling locations.   
The substrates that were looked for were leaf litter, rocks, and pools.  	
	
DATA COLLECTION-
Sampling took place for 60 
minutes, or until 100 macro-
invertebrates were obtained 
from each sample site.  
Samples were collected 
using a strainer, placed in 
white plastic tray, pulled out 
with tweezers. Then each 
insect was placed into a 
container filled with 70% 
ethanol, the ethanol killed 
and preserved the samples. 
Samples were then brought 
back to the Biological 
Research Station for 
identification.  The samples 
were identified using an 
aquatic insect guide and a 
dissecting scope.  	

At each sampling site several abiotic measurements were measured as well 
including; water temperature, stream depth, turbidity, dissolved oxygen content (DOC), 
carbon dioxide, pH, alkalinity, and nitrate.  Water temperature was measured using a 
thermometer.  A colorimeter was used to measure turbidity.  DOC was measured using a 
dissolved oxygen content reader. A carbon dioxide water quality kit was used to test for 
carbon dioxide.   A water quality strip test was used to measure pH, alkalinity, and nitrate. 	
!
RESULTS	!
BIOTIC FACTORS-There was a total of 1225 insects collected.  This consisted of 8 different 
orders and 40 different families.  There were 33 families on the Atlantic slope, and 30 
families on the Pacific slope.  Some of the most abundant families include; Leptoceridae, 
Perlidae, Veliidae, Leptophebiidae, and Simuliidae (Table 1).	
	 There was no significant difference in diversity between the streams (ANOVA, F = 
0.1075, DF = 4, p = 0.11; Table 1).  Evenness between streams was not significantly 
different (One Way ANOVA, F=0.8273, DF = 4, p = 0.5).  Number of species between 
streams was also not significantly different (One Way ANOVA, F = 2.8134, DF = 4, p = 
0.0633). However it still shows an interesting trend that the streams all had similar numbers 
of species.  	

 

FIGURE 2. A map of the study area.  Rivers marked with arrows 
include Quebrada Caño Negro (AQCN) and Quebrada Peligro (AQP).
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There was no significant difference between diversity on the two different slopes 
(One Way ANOVA, t-test = 1.118, DF = 18, p = 0.28).  Evenness between slopes had no 
significant difference (One Way ANOVA, t-test = 1.751, DF =18, p = 0.10).  The number of 

species between slopes was not significant (One Way ANOVA, t-
test = -0.080, DF = 18, p = 0.94).  However, while there was no 

significant difference in the number of species there were differences 
in composition (Fig. 3; Table 1).  In the hierarchical clustering the 
greatest clustering occurred between the same slopes.  Clusters with closer 

distances are more similar in composition, while sites that are 
clustered together further out are less similar in composition.  The 
Atlantic slope had 10 unique species of which 8 were unique to a 

single stream.  The Pacific slope had 7 unique species of which 5 were 
unique to a single stream.  	

ABIOTIC FACTORS-
When abiotic factors were 

compared between all 
sites in the five rivers, very 
few trends were found.  

Water temperature ranged from 15.5°C 
to 17.1°C, while pH ranged from 6.4 to 
6.7.  Turbidity was very low, and ranged 
from 0 to 9 Formazin Turbidity Units 
(FTU).  Dissolved oxygen was fairly 
regular and ranged between 8.38 mg/L 
and 10.73 mg/L, while carbon dioxide 
ranged between 10.81 parts per million 
(ppm) and 15 ppm.  Alkalinity ranged 
between 20 ppm and 60 ppm, and 
nitrates ranged between 0 ppm and 40 
ppm.  Both Alkalinity and nitrates were 
fairly low.	
	 There was a negative correlation 
between carbon dioxide and elevation 
(Pearson rank correlation, r = -0.6242, n 
= 20, p = 0.0033, Fig. 4A).   There was 
a negative correlation between 
dissolved oxygen and water temperature 
(Pearson rank correlation, r = -0.5073, n 
= 20, p = 0.0224, Fig. 4B). There was a 
positive correlation between carbon dioxide and water temperature (Pearson rank 
correlation, r  = 0.4504, n = 20, p = 0.0463; Fig. 4C).	

 

FIGURE 3.  Cluster analysis (ward method – 
similarity) of aquatic insect families grouped by streams in Atlantic and Pacific slopes in 
Monteverde, Costa Rica.  Streams (initials) that start with A are in the Atlantic, P in the Pacific slope.

FIGURE 4.  Correlation (r) between several abiotic 
factors measured in stream, Monteverde, Costa 
Rica.  All comparisons are significantly different 
than 0.  
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There was a positive regression between number of species and water temperature 

(regression = 0.4762, n = 20, p = 0.0338; Fig. 5).   There was no significant regression 
between species diversity and elevation (regression = 0.4762, n = 20, p = 0.0338; Fig. 6).  	

	
	  	
	 	
!
DISCUSSION	

 

FIGURE 5.  Regression between number of species and an increase in water temperature (°C), 
Monteverde, Costa Rica  (y = 2.6649x – 30.435, R2 = 0.22678).  All comparisons are significantly 
different than 0.
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!
There were no differences at both slope level and stream level in relation to species 
diversity, evenness, and number of species.   However there were changes in the 
composition of species present.  In the Atlantic there were nine unique families, while the 
Pacific had seven unique families.  In the hierarchical clustering all of the Atlantic sites were 
clumped closer together, with the exception of one stream.  The one stream that was 
clumped closer with the Pacific sites, ARN4, was missing several common families in the 
Atlantic such as Psephenidae and Naucoridae.  It also had several families that were more 
common on the Pacific slope, Cordulegastridae and Ptilodactylidae.  The Pacific sites had 
two outliers PQM1 and PQM2.  PQM1 is missing several common families in the Pacific 
such as Baetidae, Leptoceridae, Leptophebidae, Naucoridae, and Perlidae.  PQM1 also had 
two families unique to that site, Curcolionidae and Culicidae.  PQM2 was missing three 
common families, Simuliidae, Veliidae, and Leptohyphidae.  It is possible that the mountain 
range is a physical barrier for these species, and that these species occupy similar niches in 
their respective ranges.   These species might also be checkerboard species.  Because there 
was no significant difference in species diversity, evenness, or number of species, all of the 
streams probably have similar community carrying capacities. 	

When compared with previous studies this study had similar or more families of 
aquatic macro-invertebrates.  For example, in a similar study done in fall 2008 only 26 
different families were found, 19 different families on the Atlantic slope, and 17 on the 
Pacific (Gordon 2008).  In another study conducted in fall 2009, 21 different families were 
found in two Atlantic slope streams (Burnett, 2009).  In this study 40 different families were 
found, with 33 families found on the Atlantic, and 30 families found on the Pacific slope.   A 
third study conducted in 2009 along the Quebrada Máquina identified 24 families, in this 
study 25 different families were identified (Skaff 2009).  However, some of the differences 
associated with the different number of macro-invertebrates on the Atlantic slope might have 
to do with seasonality.  This is because all three previous studies took place during the fall, 
which is during the wet season. 	

There was a significant correlation between carbon dioxide and elevation.  This 
correlation could be explained by aerobic respiration.  This would explain why at lower 
elevations there is a higher level of carbon dioxide, there has been more time for the carbon 
dioxide to accumulate.  There was also a negative correlation between water temperature 
and dissolved oxygen.  This is consistent with the common knowledge that warmer water 
cannot hold as much dissolved oxygen.  There was a positive correlation between water 
temperature and carbon dioxide.  Carbon dioxide and dissolved oxygen are inversely 
proportional, and thus would explain why there is a positive correlation while water 
temperature and dissolved oxygen had a negative correlation (Ruttner 1975).   There was a 
positive correlation between number of species and water temperature.  Water temperature 
increases may fall into an optimal growth range for more species.  While there was not a 
significant correlation there was still a relationship between species diversity and elevation.  
As elevation increases the difference between the mean maximum and minimum gets 
smaller (Janzen 1983).  This creates a more stable temperature.  This stability allows for 
higher species diversity (Death & Winterbourn 1995).	!!
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!
Species composition and abundance of bark 
beetles (Curculionidae: Scolytinae) in Cecropia 
petioles across three life zones in Monteverde, 
Costa Rica !
Katie Bradshaw  !
Department of Biology, Bradley University !!
ABSTRACT !
Cecropia petioles are an ideal habitat for beetle development because the plants are found in various habitats 
and shed their petioles almost daily. This study was done in order to determine the effects of elevation on the 
number of bark beetles and species richness found in Cecropia petioles. Petioles were collected from five 
elevations in Monteverde, Costa Rica from three life zones on the Pacific slope; beetle number and species 
richness was compared. Elevation was positively correlated with number of beetles and species richness. Also, 
the larger the petioles had the most beetles and higher species richness. Three distinct species were found: 
Scolytoides atratus, Scolytoides caudatus and Scolytoides acuminatus. These results suggest a difference in the 
range of the different species and an intricate system of interaction between the species. !
RESUMEN !
Los peciolos de Cecropia son un hábitat ideal para el desarrollo de escarabajos ya que estos se encuentran en 
diversos hábitats y botan los peciolos diariamente.  Este estudio se realizó en orden de determinar el efecto de 
la elevación en el número y especies de escarabajos de la corteza encontrados en peciolos de Cecropia. Los 
peciolos fueron colectados a cinco elevaciones diferentes en Monteverde, Costa Rica en tres zonas de vida en 
la vertiente del Pacífico;  el número de escarabajos y la riqueza de especies se comparó.  La elevación se 
correlaciona positivamente con el número de escarabajos y la riqueza de especies.  Además, entre más largos 
los peciolos mayor el número de escarabajos y la riqueza de especies.  Se encontraron tres especies diferentes: 
Scolytoides atratus, Scolytoides caudatus y Scolytoides acuminatus. Estos resultados sugiere una diferencia en 
el rango de las diferentes especies y un sistema intrínseco de interacciones entre especies !
INTRODUCTION !
Plant and herbivore interactions play a large role in shaping tropical forests because they are 
tightly coevolved and ecologically linked (Coley 1998). Cecropia is an example of a plant 
that has interactions with many other organisms. For example, ants from the genus Azteca 
keep vines off Cecropia and protect the trees from herbivores (Janzen 1973). A lesser-known 
interaction occurs between Cecropia and bark beetles that use the large, woody petioles 
from the tree as an obligatory reproductive site (Wood 1983). Cecropia shed dead leaves 
year-round, and therefore are good hosts, despite low nutrient content and patchy 
community distribution (Wilkinson 2002). Bark beetles breed in and feed upon phloem, the 
pith of twigs and petioles or in seeds (Jordal et al. 2001). 
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 Eggs are laid in the petiole three to five days after the leaf has fallen from the tree, 
and hatch three to five days later (Wood 1983). Adult beetles bore out through the cortex 
after pupation, and 25 days after eggs were laid (Wood 1983). Given that Cecropia shed 
leaves year round, beetle populations are not accustomed to dispersing far. In addition to 
some inbreeding, upon leaving the birth petiole, young adult beetles often choose petioles in 
very close proximity to use for reproduction (Jordal & Kirkendall 1998). 
 Little attention has been given to the bark beetles of Cecropia because of the lack of 
commercial value of Cecropia (Jordal 1998). However, it is important to understand these 
interactions because populations of plants, herbivores and parasitoids will be affected 
directly by climate change and indirectly through their interactions with each other (Coley 
1998). It will be important to understand these interactions now so in the future we will 
know whether or not they are changing. 
 Multiple species of bark beetles have evolved the same dependence on Cecropia 
petioles for reproduction, and are able share the same petioles. Different beetle species 
within one petiole often exhibit niche partitioning by feeding on different parts of the 
petioles to reduce resource competition (Wilkinson 2002). Cecropia species are among the 
most abundant pioneers of neotropical forests (Alvarez-Buylla & Garay 1994) which allows 
for many bark beetles to exist because there is always a bank of Cecropia petioles. 
Monteverde is a unique area in Costa Rica because there are many different Holdridge life 
zones found within a very small area (Haber 2000). The Monteverde area has seven of the 
12 life zones found in Costa Rica which makes the area good for studying differences across 
life zones. Five of those life zones occur on the Pacific slope. This study examined the 
number of bark beetles and the species richness found in Cecropia across five elevations 
found in three life zones in Monteverde, Costa Rica.  !
METHODS !
Collection Sites !
Petioles were collected from Cecropia at five elevations found within three Holdridge Life 
Zones in Monteverde, Costa Rica in order to analyze number of individual bark beetles and 
species composition (Fig. 1). Petioles were collected at 1000 m and 1200 m in a premontane 
wet forest, at 1400 m in a lower montane wet forest, and at 1600 m and 1800 m in a lower 
montane rain forest (Haber 2000). Premontane wet forests receive 2-4 m of rainfall a year 
with a temperature range of 17-24°C, and a possible five month dry season. Lower montane 
wet forests receive 1.85-4 m of rainfall a year with a temperature range of 12-17°C, and up 
to a three month dry season. Lower montane rain forests receive 3.6-8 m of rainfall annually 
with temperature ranges from 12-17°C, with up to three months a year as a dry season. This 
study was conducted in mid-late April. 
 At each elevation, 20 petioles were collected from two trees. Five hanging petioles 
and five petioles on the ground were collected from each tree. Analysis from a previous 
study showed that more than 75% of the species within a patch are expected to be found 
after dissecting ten petioles, justifying the collection of ten petioles per tree (Jordal & 
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Kirkendall 1998). Petioles that had evidence of other organisms inhabiting them or petioles 
that were largely consumed by bark beetles were avoided. Elevation was determined by 
handheld GPS. !

"  !

!
Petiole Dissection !
After collection, petioles were placed in plastic bags to preserve beetles and larvae inside. 
The bags were hung in the lower lab at the Monteverde Biological Station for ten days to 
allow beetles to develop. Bags were opened and petioles were dissected to count and 
identify beetles after ten days. Species richness (S) and abundance of individuals of each 
species (N) were recorded for each elevation. Petiole length and two widths were also 
measured (Fig. 2). Length was measured from the base of the petiole to the end of the 
petiole where the leaf is. One width was taken at the widest part near the base, and another 
width was taken at the thinnest part near the leaf. Pictures of beetles found in petioles were 
sent to Lawrence Kirkendall in order to identify beetles to species. !

FIGURE 1: Location of the five collection sites in Monteverde, Costa Rica and the 
surrounding areas indicated by red dots. Points on the map are at general locations of 
collection and elevation
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"  
FIGURE 2: Cecropia petiole with enlarged cross-section (Jordal & Kirkendall 1998). !
RESULTS !
Beetle Number !
Elevation had a significant impact on the number of beetles collected (two way ANOVA, F 
= 5.84, df = 4, p = 0.0003; Fig. 3). Petioles collected at 1800 m had the highest number of 
beetles with a mean of 20.2 beetles per petiole. This is compared to petioles collected at 
1600 m with a mean of 10.3, 1400 m with a mean of 3.6 beetles, 1200 m with a mean of 1.8 
and at 1000 m with a mean of 3.3 beetles per petiole. There was an increase of over five 
times the amount of beetles found at 1800 m than at 1400 m, an increase of over 11 times 
the amount of beetles collected at 1800 m than at 1200 m and an increase of over six times 
the amount of beetles collected at 1800 m than at 1000 m. Petiole size had a positive 
correlation to the number of beetles found (R2 = 0.363; Fig. 4). 
 The position of the petioles that were collected, hanging or on the ground, had no 
significant impact on the number of beetles found (two way ANOVA, F = 0.180, df = 1, p = 
0.67). Also, there was no significant interaction between the elevation and the position that 
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the petioles were collected from (two way ANOVA, F = 1.02, df = 4, p = 0.40). 
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FIGURE 3: The mean (+SD) number of bark beetles (Scolytoides) found at five elevations 
from three life zones in Monteverde, Costa Rica. The 1800 m elevation site was 
significantly different from the collection sites in terms of number of beetles at 1400 m, 
1200 m and 1000 m (Tukey HSD test, p < 0.05).
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"  

Species Richness !
Elevation had a significant impact on the species richness of beetles collected (two way 
ANOVA, F = 4.9980, df = 4, p = 0.0011). Petiole size also had a positive correlation to the 
species richness. The position of the petioles that were collected, hanging or on the ground, 
had no significant impact on the number of beetles found (two way ANOVA, F = 0.66, df = 
1, p = 0.42). However, there was a significant interaction between the elevation and the 
position that the petioles were collected from (two way ANOVA, F = 3.80, df = 4, p = 
0.0067). 
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FIGURE 4: Regression between petiole size and abundance of bark beetles (Scolytoides) 
found in petioles from five elevations in Monteverde, Costa Rica. y = 1.41x - 0.77, R
0.36.
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"  

Elevation and Species Type !
Species composition varies with elevation (X2 = 304, df = 8, p < 0.0001; Fig. 7). Three 
species of beetles were identified. Scolytoides atratus was most common in mid elevations 
at the 1200 and 1400 m collection sites, but was also found at 1000 m and 1600 m. 
Scolytoides acuminatus was most common at 1000 m, 1600 m and 1800 m, but was also 
found at 1200 m and 1400 m. Scolytoides caudatus was found at 1000 m, 1600 m and 1800 
m. At elevations where S. atratus was common, S. caudatus was not found.  

FIGURE 5: The mean (+ SD) species richness of bark beetles (Scolytoides) found at five 
elevations from three life zones in Monteverde, Costa Rica. Petioles collected at 1800 and 
1600 m had significantly higher mean species richness than petioles collected at 1000 and 
1200 m (Tukey HSD test, p < 0.05).
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!
DISCUSSION !
This study examined the number of bark beetles and species richness of five elevations from 
three Holdridge life zones in Monteverde, Costa Rica. Three species of bark beetles were 
found. Elevation had an effect on both number of beetles and species richness of beetles. 
Generally, the higher the elevation, the more beetles and the higher species richness. Also, 
the larger the petiole size, the more beetles were found and higher the species richness.  !
Elevation and Life Zones !
One explanation for the effect of elevation on the species richness and beetle number would 
be the different ranges and common habitat types for the three species. S. caudatus has been 
found in northern Costa Rica, mostly in the highland areas (Jordal 1998). S. atratus is 
widely distributed and occurs everywhere in Central America. This species is found at both 
high and low altitudes and is well adapted to different temperature regimes (Jordal 1998). S. 
acuminatus is confined to the Costa Rican and Panamanian highlands (Jordal 1998).  
 With the changing climate, being able to function in different temperatures could be 
important for the survival of a species. In the case of Holdridge’s system of habitat zoning, a 
major factor in determining life zones is rainfall. However, because of global climate change 
the tropics are receiving less rainfall than in past years during the dry season. In the case of 
bark beetles, one reason that S. atratus is so common could be the fact that it is well adapted 
to different temperatures. It is also able to live at high and low elevations, which could be 
another reason why it is a common species of bark beetle. One reason that other species 
were still found at higher elevations could be that it is wetter for more of the year. Because 
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this study was done in the dry season, many of the beetles could have shifted to higher 
elevations where it was wetter. It would be interesting to do this study in the wet season and 
compare the number of beetles and species richness that were recorded in this study. !
Petiole Size !
The largest petioles had the most beetles and the most species richness. This is most likely 
because there is a larger amount of food for the beetles to eat. Because there is a larger 
amount of resources, this also means that there can be more resource partitioning. As stated 
before, different beetle species within one petiole often exhibit niche partitioning to reduce 
resource competition (Wilkinson 2002). S. atratus is known to inhabit the central pith and 
the base, whereas S. acuminatus prefers the basal fifth of the petiole (Jordal 1998). S. 
acuminatus can also tunnel into the softer pith is the density of other beetles is high (Jordal 
1998). The central pith and the base of the petiole have the most available food. This could 
be a reason why S. atratus is a common bark beetle species.  
 In petioles where S. atratus is common, there is a drop in the percentage of other 
beetle species. This could possibly be because S. atratus can out-compete the other bark 
beetles. S. atratus was the largest of the three bark beetle species, and this could have an 
effect on the survival of the other species. A future study could be done on the interactions of 
these species to give a clearer explanation of this trend. More petioles could be dissected in 
order to investigate the interactions. Also, looking at how much the different beetles 
consume might show how they limit other species from inhabiting the same petiole. !
Conclusions !
The results found in this study give insight into some of the relationships between species 
that are competing for the same resources. It is also very important to understand these 
interactions now so we can know whether or not they are changing in the future. !
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Ectoparasite richness and abundance on three 
species of Neotropical bats!
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!
ABSTRACT 
Ectoparasite arthropods can decrease the fitness or survival of their hosts by increasing host energy 
expenditure.  Bats harbor many species of ectoparasites; host biology, grooming, and roosting habits can affect 
intensity of parasite infestation.  This study assessed ectoparasitism on three species of Neotropical bats by 
Streblid batflies (Streblidae) and bat mites (Order: Acari).  Bats were netted and ectoparasites identified to the 
lowest taxonomic level possible. Host species had a significant impact on ectoparasite richness and abundance 
(Two Way ANOVA, F = 41.25, df = 2, p < 0.0001).  Anoura geoffroyi suffered the most intense overall 
parasitism and parasitism by Streblids, but Hylonycteris underwoodi hosted more mites and had a greater 
richness of mites per bat (Tukey’s HSD tests, p < 0.05).  Carollia perspicillata suffered very low parasitism 
rates by all measures.  Host sex did not appear to impact ectoparasitism across species or between males and 
females of the same species. Ectoparasitism is likely impacted by roosting dynamics, grooming habits, and 
density of individuals in the colony. !
RESUMEN 
Artropodos ectoparásitos pueden disminuir el exito reproductivo o la sobrevivencia del hospedero aumentando 
el gasto energético. Los murciélagos hospedan varias especies de parásitos, la biología del hospedero, 
acicalamiento y hábitos de descanso pueden afectar la intensidad de infección por parásitos.  Este estudio 
evalúa ectoparasitismo en tres especies de murciélagos  neotropicales por moscas de la familia Streblidae y 
acaros.  Los murciélagos fueron atrapados con redes y los ectoparásitos identificados al menor nivel 
taxonómico posible.  La especie de hospedero tiene un impacto significativo en la riqueza y abundancia (Two 
Way ANOVA, F = 41.25, df = 2, p < 0.0001).  Anoura geoffroyi sufre la mayor intensidad en general de 
parasitismo y también parasitismo por moscas streblidas, pero Hyloniceteris underwoodi hospeda más acaro y 
tiene una mayor riqueza de los mismos por murciélago (Tukey’s HSD tests, p < 0.05). Carollia perspicllata 
sufre una tasa muy baja de parasitismo en todas las medidas.  El sexo del hospedero parece no tener impacto 
alguno en el parasitismo entre las especies o entre sexos de la  misma especie.  Ectoparasitismo esta altamente 
influenciado por la dinámica de los sitios de descanso, los habitos de acicalamiento y la densidad de individuos 
de la colonia. !
INTRODUCTION 

Ectoparasites are organisms that live and feed on the external surfaces of other 
animals.  In some cases, ectoparasites can reduce long-term survival, reduce clutch size, 
alter breeding behavior, or increase the cost of reproduction (Lucan 2006, Presley and Willig 
2008).  Bats (Chiroptera) host a higher diversity of order-specific arthropod ectoparasites 
than any other mammal order (Patterson et al. 2008) and the greatest diversity of 
ectoparasites occurs on the family Phyllostomidae in the New World tropics (Wenzel et al. 
1966). Some common parasites of tropical bats include several clades of mites (Order: 
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Acari;Lucan 2006, Christe et al. 2007) and the Streblid batflies (Diptera: Streblidae; Wenzel 
et al. 1966, Bertola et al. 2005, Dick and Patterson 2006, Christe et al. 2007, Presley and 
Willig 2008).  Although the fitness costs of bat ectoparasitism are not well understood, mite 
infestations caused heightened grooming rates, decreased resting time, and elevated 
metabolism in bat hosts (Giorgi et al. 2001).  Ectoparasite load may be affected by 
behavioral and biological characters between host species and sexes. 

Differences in bat ectoparasitism between species can be influenced by roosting 
habits and host grooming behavior (Lucan 2006, Patterson et al. 2007).  Firstly, some 
ectoparasites deposit eggs or larvae on the walls of the roost; for this reason, ephemeral 
roost sites are less conducive to parasite transmission (Hofstede and Fenton 2005, Patterson 
et al. 2007, Stuckey 2009).  Secondly, species that roost in large colonies have been 
observed supporting large populations of parasites (Wenzel et al. 1966, Dick et al. 2003).  
Thirdly, high host density in a roost also likely favors contact between individuals and thus 
increases the chance of parasite transmission between individuals (Lucan 2006).  The 
reverse trend has also been observed for low density roosts; even for some large colonies, 
bats that space themselves further from their neighbors decrease the chance of transmitting 
parasites (Dick et al. 2003).  For these three reasons, large, densely-packed colonies roosting 
in more permanent structures are expected to support the heaviest parasite loads. 
Additionally, grooming is implied as the leading cause of adult parasite mortality (Bertola et 
al. 2005, Dick and Patterson 2006) and frequency and intensity of grooming effort is likely 
to differ between bat species. 

A number of studies on both tropical and temperate bat species have also shown that 
female bats generally stuffer greater rates of ectoparasitism than males (Dick et al.2003, 
Lucan 2006, Christe et al. 2007, Patterson et al.2008, Presley and Willig 2008).  This 
difference has predominantly been attributed to sex-specific roosting behaviors.  Maternity 
colonies, typically dense aggregations of females and their pups, can support large parasite 
populations and bias parasitism rates towards females (Dick et al. 2003, Christe et al. 2007).  
This trend reflects the increased opportunity for mother-to-mother and mother-to-pup 
parasite transmission (Lucan 2006, Christe et al. 2007, Patterson et al. 2008, Presley and 
Willig 2008).  The potential for maternity colonies to support large parasite populations, 
compounded with the observation that reproductive females spend less time grooming 
(presumably because grooming is an energetically costly activity; McLean and Speakman 
1997) are probable explanations for the sex-bias in parasitism rates.  Another potential 
contributing factor is the immunosuppressive effects of sex hormones during reproductive 
periods (Lucan 2006, Patterson et al. 2008), although both female and male sex hormones 
can compromise immune function and thus their effect on sex-bias is unclear (Christe et al. 
2000).   

In this study I examined variation in ectoparasite load on three species of Neotropical 
bats (Phyllostomidae) with variable colony sizes; one lives in small groups (10-20 bats), 
another in larger groups (20+), and one with a known colony size of 100-150 individuals.  
The species occur in overlapping ranges in the Monteverde area in Puntarenas, Costa Rica 
and all live in permanent roosts (none are foliage roosters; Laval and Rodriguez-H, 2002).   !
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METHODS 
Study Sites 
 Bats were mist netted during April 2011 near Monteverde, Costa Rica in the 
hummingbird gardens at Bosque Nuboso and SelvaTura and mist- and butterfly netted at an 
abandoned house on the University of Georgia property in San Luis, Costa Rica (Figure 1).  
All captures occurred between dusk and 9:30pm.   !

"

"  
Figure 1. Study sites where three species of Phyllostomid bats were captured to assess 
ectoparasite loads. Nectarivorous bats Anoura geoffroyi and Hylonycteris underwoodi were 
mistnetted in the hummingbird garden in SelvaTura, approximately 1500 m elevation, which 
is surrounded by Pacific slope Lower Montane Wet Forest (left).  Carollia perspicillata, a 
frugivore, roosted in an abandoned house  at 1200 m elevation on the University of Georgia 
station in San Luis (right).  The house is surrounded by Atlantic slope secondary Premontane 
Moist Forest.   !
Study Species 
Three species of bats from the family Phyllostomidae were studied in this experiment: !
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Carollia perspicillata- This primarily frugivorous bat ranges from Southern Mexico to 
Paraguay and is common in Costa Rican lowlands up to ~1500 m. It is found in almost all 
habitats in its range.  Colony sizes range from harems of 20 to groups of thousands, although 
the colony studied here was comprised of about 100-150 individuals of mixed sexes living 
in the abandoned house on the University of Georgia property (Figure 1).  The density of 
bats in the house was low, and individuals were spread out with relation to one another.  C. 
perspicillata is the most extensively studied of any bat species (Laval and Rodriguez-H, 
2002). !
Anoura geoffroyi- This species ranges from Northern Mexico to Southeastern Brazil from 
mid-elevations up to ~2050 m.  A. geoffroyi is not abundant throughout its range but can be 
locally abundant.  A large number of these nectarivorous bats frequent the hummingbird 
feeders in the Bosque Nuboso and at Selvatura (Figure 1; LaVal and Rodriguez-H, 2002).  
Colonies of 20+ individuals roost in a variety of shelters, but this colony is suspected to 
roost in hollow trees. !
Hylonycteris underwoodi- Mainy nectarivorous, H. underwoodi is found from Mexico to 
Panama at elevations up to 3000 m (Jones and Homan 1974).  Small groups of 10-20 
individuals roost in many permanent structures, but this colony likely roosts in hollow trees 
(Richard LaVal, personal communication).  !
Ectoparasite Diversity 

Streblid batflies (Diptera: Streblidae) are obligate blood-sucking ectoparasites of bats 
that live in fur and wing membranes (Wenzel et al. 1996, Patterson et al. 2007).  These 
ectoparasites are only found living on Neotropical bats.  The bats exhibit no apparent 
response to the nearly constant feeding of the Streblids, whose bites can be painful to 
humans (Dick and Patterson 2006). Male Streblid batflies live their entire lives on the host 
and females leave only to pupiposit on the substrate of the host’s roost site (Wenzel et al. 
1966, Dick and Gettinger 2005).  For this reason, ephemeral roost sites are less conducive to 
transmission of Streblid batflies (Hofstede and Fenton 2005, Patterson et al. 2007). 
 Bat mites (Acari) are another group of obligate blood sucking parasites that live 
mainly on the wing membranes of bat hosts (Lucan 2006).  They complete their entire life 
cycle on the host and depend on close host contact between hosts for transmission (Christe 
et al. 2007).  Mites observed on these bats likely belong to the Spinturnicidae family, which 
are exclusive ectoparasites of bats (Christe et al. 2000). !
Data collection 

Once captured, bats were held in cloth bags for no longer than 45 minutes until 
parasites could be removed.  Species and sex were recorded for each bat.  If present, 
ectoparasites were clearly visible or found by blowing on the fur and removed with forceps 
(Figure 2).  Both mites and Streblid batflies were collected from the bats.  The parasites 
from each bat were stored in an ethanol-filled vial for later identification.  Bats were marked 
to avoid recapture my clipping a small patch of fur from the back.  In the lab, mites were 
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classified to morphospecies and Streblid batflies were identified to genus and, if possible, 
species.   !

"

"  
Figure 2. Locating ectoparasites on the bat hosts.  In addition to blowing on the fur, the wing 
membranes of the bats were examined for parasites (H. underwoodi pictured; left).  Streblid 
batfly Exastinion clovisi was found on the wing membranes of A. geoffroyi and on one H. 
underwoodi individual.  It was common to find groups of E. clovisi on bats (right). !!
RESULTS 

Four genera of Streblid batflies and two morphospecies of mites were identified on 
the three bat species (Table 1, Appendix A).  Four other species of mite were observed on 
the hosts but could not be consistently collected because they were either too numerous, too 
small or fragile, or on delicate tissues of the host bat.  These mites were excluded from 
statistical analysis.  !

 

 72 



Table 1.  Ectoparasite richness and abundance differed for the three species of bat.  The most 
abundant parasite, Streblid batfly Exastinion clovisi, was found almost exclusively on A. 
geoffroyi.  The second most abundant parasite was White mite 2, found most often on H. 
underwoodi.  Even considering sample sizes differed, H. underwoodi had the most mites and 
A. geoffroyi had the most Streblid batflies of the three species.  Numbers in cells indicate the 
total number of each parasite identified for all individuals of that species.  

!
Ectoparasite Richness 
 Ectoparasite richness differed significantly between the three species of bat (Figure 
3; Two Way ANOVA, F = 41.25, df = 2, p < 0.0001).  A. geoffroyi hosted an average of 1.59 
± 0.09 (SE) species of parasite per bat, just over double the parasite richness of 0.78 ± 0.13 
(SE) found on H. underwoodi.  C. perspicillata had the lowest parasite richness with an 
average of only 0.31 ± 0.12 (SE) parasites per bat.  Parasite richness differed significantly 
between all three bat species (Figure 3; Tukey’s HSD test, p < 0.05).   

Male bats had slightly higher ectoparasite richness (n = 73, mean = 1.06 ± 0.081 SE) 
than females (n= 55, mean = 0.98 ± 0.104 SE), but host sex did not significantly impact 
parasite richness across all species (Two Way ANOVA, F = 0.355, df = 1, p = 0.5521).   
Likewise, within a given species, sex did not significantly affect ectoparasite richness (Two 
Way ANOVA, F = 0.037, df = 2, p = 0.96).   

The impact of mites and Streblid batflies on overall richness was examined in 
separate analyses.  Host species also had a significant impact on mite richness (Figure 3; 
Two Way ANOVA, F = 6.34, df = 2, p = 0.002).  Average mite richness on C. perspicillata 
was 0.026 ± 0.082 (SE), was more than ten times lower than the other two species (Tukey’s 
HSD test, p < 0.05).  Although they did not differ significantly, H. underwoodi with a mean 
of 0.46 ± 0.095 (SE) had more mites per bat than A. geoffroyi, mean 0.30 ± 0.064 (SE), by 
about 0.15.  
 Similarly, Streblid batfly richness was significantly affected by host species (Figure 
3; Two Way ANOVA, F = 56.17, df = 2, p < 0.001).  A. geoffroyi had about four times the 
Streblid batfly richness and was significantly different from the other two species (Tukey’s 
HSD test, P < 0.05).  A. geoffroyi hosted an average of 1.28 ± 0.067 (SE) species of Streblid 
batflies compared to 0.32 ± 0.099 (SE)  for H. underwoodi and 0.28 ± 0.086 (SE)  for C. 
perspicillata. 

Parasite species

Exastinion 
clovisi

Strebla 
sp.

Trichobius 
sp. Anastrebla sp. White mite 1 White mite 2

A. geoffroyi  
(n = 52) 202 25 1 0 20 1

H. underwoodi 
(n = 37) 1 13 0 1 17 43

C. perspicillata 
(n = 39) 0 2 14 0 1 0
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!  
Figure 3. A. geoffroyi had the highest overall ectoparasite richness (mites and Streblid 
batflies), which was double that of H. underwoodi and five times greater than C. 
perspicillata. Mite richnesses were similar for A. geoffroyi and H, underwoodi.  C. 
perspicillata had the significantly fewest mite species per bat and suffered low parasitism by 
all three measures.  The most Streblid batfly species were found on A. geoffroy, which 
greatly contributed to it exhibiting the highest overall ectoparasite richness.  Different 
symbols above bars within each group indicate significant differences and error bars 
represent +/- one SE.  !
Ectoparasite Abundance 

Abundance of ectoparasites differed between species (Figure 4; Two Way ANOVA, F 
= 27.89, df = 2, p < 0.0001).  Individuals of A. geoffroyi had the highest parasite abundance 
with an average of 4.58 ± 0.36 (SE)  parasites per bat.  This was significantly higher and 
more than twice the parasitism on H. underwoodi ,which averaged 2.03 ± 0.53 (SE)  
parasites per host (Figure 4; Tukey’s HSD Test, p < 0.05).  C. perspicillata had the fewest 
parasites per bat, averaging 0.46 ± 0.46 (SE) with nearly ten times less than A. geoffroyi and 
a quarter that of H. underwoodi.   

Although females (n = 55, mean = 3.28 ± 0.413 SE) had slightly higher parasite 
abundance than males (n = 73, mean = 2.45 ± 0.320 SE), host sex did not significantly 
influence parasite abundance across all species (Two Way ANOVA, F = 2.00, df = 1, p = 
0.16).  Likewise, within a given species, sex did not significantly affect ectoparasite 
abundance (Two Way ANOVA, F = 0.8975, df = 2, p = 0.41). 
 Mite abundance differed between bat host species (Figure 4; Two Way ANOVA, F = 
6.34, df = 2, p = 0.002).  C. perspicillata had an extremely low mite abundance of 0.03 ± 
0.334 (SE) mites per bat but was not significantly different from A. geoffroyi with 0.394 ± 
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0.259 (SE) mites per bat.  H. underwoodi with a mean of 1.62 ± 0.386 (SE) mites per bat 
had significantly more mites than the other two species (Figure 4; Tukey’s HSD test, p < 
0.05).  C. perspicillata had remarkably low mite abundance, with only one mite observed on 
all 39 individuals (Table 1). 

Streblid batfly abundance was also significantly impacted by host species (Figure 4; 
Two Way ANOVA, F = 56.17, df = 2, p < 0.001).  A. geoffroyi hosted an average of 4.18 ± 
0.261 (SE) batflies per bat, about ten times more than either of the other two species (Figure 
4).  H. underwoodi hosted an average of 0.405 ± 0.387 (SE) and C. perspicillata 0.436 ± 
0.335 (SE) species of Streblid batflies.  Streblid batfly abundance contributes greatly to 
overall parasite abundance, as A. geoffroyi had fewer mites than H. underwoodi yet had 
significantly more parasites overall.  C. perspicillata had the least number of mites, Streblid 
batflies, and overall parasites per host.  !

"

" " " " "  
Figure 4. Similar to trends observed for ectoparasite richness, A. geoffroyi hosted the 
greatest overall number of parasites and the most Streblid batflies of all three species.  H. 
underwoodi had the second higheset overall parasite abundance per bat, influenced mainly 
by its high mite abundance.  C. perspicillata had low parasite abundance by all three 
measures.  Different symbols above bars within each group indicate significant differences 
and error bars represent +/- one SE. !
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C. perspicillata (H’ = 0.578) hosted only three species of parasite compared to five 
species for each H. underwoodi (H’ = 1.074) and A. geoffroyi (H’ = 0.650; Table 1).  
Although their richnesses differed, parasite diversity was not significantly different between 
C. perspicillata and A. geoffroyi (Shannon-Weiner, df = 245, modified t = 0.37, p = 0.71; 
modified t-test from Zar, 1984).  Parasite diversity on H. underwoodi, however, was 
significantly higher than both A. geoffroyi (df = 379, modified t = 4.19, p < 0.001) and C. 
perspicillata (df = 264, modified t = 2.56, p = 0.011).   

Based on the total number of captured bats with parasites, parasitism for the three 
species differed from expected values considering sample sizes for each species (Chi-square, 
df = 2, p < 0.05). A remarkably high proportion of A. geoffroyi individuals were parasitized, 
with 49 of 52 individuals or 94.23% hosting ectoparasites.  The same trend was not observed 
for the other species; 57% of H. underwoodi had parasites, close to the 62.5% weighted 
overall parasitism rate for the three species combined.  Only 26% of C. perspicillata had 
parasites which was significantly fewer than expected by chance if the three species had 
equal chances of being parasitized. 

Of the 55 total females captured, 62% were parasitized.  Females of C. perspicillata 
were least frequently found with parasites (n = 19, 21% parasitized) followed by H. 
underwoodi (n = 10, 60% parasitized) and then A. geoffroyi (n = 26, 92% parasitized). 
Similar trends were observed for the 73 males, of whom 63% had parasites; C. perspicillata 
males had the lowest parasitism rates (n = 20, 30% parasitized) followed again by H. 
underwoodi (n = 27, 56% parasitized) and then A. geoffroyi (n = 26, 96% parasitized).  The 
difference in parasitism between male and female bats does not differ from expected values 
based on sample size (Chi-square, df= 1, p > 0.05).  Likewise, comparisons of parasitism by 
sex within each species do not differ from expected values based on number of males and 
females captured for each species (Chi-square tests, df=1, p > 0.05).   !
DISCUSSION 
Species Effects 
 Roost size did not appear to be the determining factor in ectoparasite load for these 
three species of bats.  The species with the smallest roosting colonies, H. underwoodi, was 
more heavily infested by mites and harbored more total parasites than C. perspicillata with a 
known colony size of more than 100 individuals.  Although I could not quantify colony size 
for A. geoffroyi, those individuals harbored more parasites than the C. perspicillata colony 
by every measure.  I conclude that the variation in observed parasitism rates on these species 
may be more an effect of host density in the roost than roost size itself.  In the abandoned 
house, C. perspicillata were spread out and able to distance themselves from conspecifics.  
If the other two species are indeed roosting in hollow trees, individuals are more likely to be 
roosting in closer quarters, which could have caused their observed higher parasite loads 
(Lucan 2006). 
 A second factor potentially contributing to the observed variation in parasite load 
could be innate differences in grooming proficiency between species.  Variation in grooming 
habits between the species is unknown and was not assessed in this study, but if one species 
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was more efficient or devoted more energy to grooming behaviors their parasite loads would 
be disproportionately lower.    
 Thirdly, host age may have impacted parasitism rates.  Age was also not assessed in 
this study, but it is possible that juveniles have compromised immune resistance to 
parasitism or are less efficient at grooming. !
Sex Effects 
 In contrast to records from previous literature, host sex did not appear to influence 
observed ectoparasitism rates (Lucan 2006, Christe et al. 2007, Patterson et al. 2008).  The 
lack of sex-bias in parasitism rates for these three species may be related to several factors; 
firstly, reproductive status may not have played a significant role in influencing parasitism in 
this study.  Although I collected data for several pregnant females of each species, the 
seemingly high proportion of inactive females did not suggest I was netting from maternity 
colonies at any site.  The C. perspicillata study group was not living in a maternity colony in 
the abandoned house, and perhaps a lack of maternity colonies for all three species 
diminished the sex-bias in parasitism observed in other studies.   

Secondly, grooming habits were not assessed and may have differed between sexes.  
It is possible that males and females within a given sex invest comparable energy in 
grooming behavior, or that pregnant and lactating females of these three species do not 
groom less than males as was observed in another species of bat (McLean and Speakman 
1997). !
Continuations of Research 
 Future studies of ectoparasitism on these three bats could incorporate host 
reproductive status and age.  More research is needed on the roosting biology and dynamics 
for all three species, but particularly for A. geoffroyi and H. underwoodi which are extremely 
data deficient. In future studies for which limited time plays a role in collecting and 
analyzing data, I would recommend focusing on one study species and obtaining a larger 
sample size to make trends due to sex, reproductive status, and age.  The large population of 
A. geoffroyi in Monteverde that frequents the hummingbird gardens at SelvaTura and 
Bosque Nuboso would be a relatively easy group to study. !
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Appendix A. Bat ectoparasites and their host species !!

Parasite Species Host Species  

Exastinion clovisi A. geoffroyi and H. underwoodi

Strebla sp.
A. geoffroyi, C. perspicillata and H. 
underwoodi

Anastrebla sp. H. underwoodi

Trichobius sp. A. geoffroyi and C. perspicillata  "

 "

  

"

  

"
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White mite 1
A. geoffroyi, C. perspicillata and H. 
underwoodi

White mite 2 A. geoffroyi and H. underwoodi

 "

 "
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Abstract 

Efficiency in food transport is vital for all organisms. Eusocial insects are efficient because of decentralized 
colony control, caste specialization, and unique behaviors. Bridge building in the army ant Eciton burchellii 
has been widely studied as a mechanism that augments prey transport efficiency.  Little data exist on why 
bridges confer an advantage and how their dimensions facilitate rapid food delivery. It is also less well studied 
how efficiency on a bridge compares to the average efficiency of ant traffic on transport pathways that do not 
have ant bridges. Bridge lengths and widths were recorded and patterns were looked for between bridge 
dimensions and ant velocity, traffic density, and collision rate as proxies of food transport efficiency. Bridges 
were also compared to non-bridge sites and velocity, traffic density, and collision rates were compared between 
sites. Bridge dimensions were found to correlate with an increase in all three parameters. Non-bridge sites had 
significantly higher velocities and fewer collisions, and thus were more efficient. Larger bridges confer more 
efficiency up to the point where too many ants in bridges reduces the potential number of foragers. Areas 
without bridges were far more efficient than sites with bridges. This is possibly explained by the use of bridges 
only in uneven terrain; when compared to uneven terrain with no bridge, efficiency may be increased. 

Resumen 
La eficiencia en transporte de comida es vital para todos los organismos. Insectos eusociales son eficientes por 
algunas razones como control descentralizado de la colonia, especialización de las castas, y comportamientos 
únicos. Han estudiando bastante construyendo puentes en la hormiga arriera Eciton burchellii como un 
mecanismo de aumentación del transporte de la presa. Pocos datos existen por las razones que los puentes son 
ventajas por la colonia y como los dimensiones del puente permiten que la comida esta movido más rápido al 
nido. Tampoco está estudiado como la eficiencia en un puente compara a la eficiencia en una columna normal 
sin puente. Los largos y anchos de los puentes estaban medidos y miraba patrones entre los dimensiones del 
puente y la velocidad de las hormigas, densidad del tráfico de las hormigas, y colisiones entre hormigas como 
ejemplos de eficiencia de transporte de comida. También, los puentes estaban comparados a sitios sin puentes, 
comparando velocidad, densidad de tráfico, y colisiones. Las dimensiones de los puentes mostraron una 
correlación positivamente con los tres parámetros. Los sitios sin puentes tenían velocidades más altas con 
menos colisiones, y por estas razones eran más eficientes. Los puentes más largos son más eficientes hasta el 
punto donde hay bastantes hormigas en el puente que reduzca el número potencial de hormigas forrajeando. 
Zonas sin puentes eran más eficientes que sitios con puentes. Una explicación es que los puentes están usados 
solamente en terrenos desiguales; si hacemos una comparación a terreno desigual sin puentes, es posible que 
eficiencia pueda ser aumentado. 

!
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Introduction 

Efficiency is the keystone of a successful species. Optimizing energy use is important across 
all taxa and plays a central role in natural selection. It is thus both a driving force and a 
result of specialization and evolution. Suboptimal resource use reduces fitness and lowers 
competitive ability against other species and conspecifics. Food harvesting is one of the 
most fundamental actions that all organisms do; the behavior of food energy intake should 
be specialized to be as efficient as possible, gaining the most amount of food energy for the 
least amount of time spent foraging (Pyke et al. 1977). This is known as optimal foraging 
theory. 

Eusocial insect colony interactions are fundamentally complex with emergent 
properties that arise from selective pressure to act efficiently, both for overall specialization 
and optimal foraging in general. There is a correlation between behavioral specialization and 
colony size, as well as intra-colonial conflict and colony size (Anderson and McShea 2001), 
and colonies with fewer conflicts should be more efficient at foraging. Fewer conflicts allow 
for more individuality in the actions of the workers. Simple individual interactions 
happening at the same time is one of the characteristics of complex insect societies, where 
control becomes decentralized. For example, different large-scale patterns in movement can 
be driven by the same individual actions (Deneubourg and Goss 1989). Allelomimesis, or 
imitating a neighboring conspecific, is a self-perpetuating process that raises the decision of 
one individual to a colony-sized reaction (Deneubourg and Goss 1989). If there is a strong 
trend in individual reactions, the entire group will quickly be galvanized to one task. Ants, 
for example, must constantly forage in order to sustain their colony, and random food 
searching leads on a greater scale to directional hunting (Couzin and Franks 2003), which 
increases the success of finding food due to higher recruitment. Foraging efficiency is 
important to ants because their bodies are not as derived for movement as more recently 
evolved taxa. Hurlbert et al. (2008) calculated that ants run slower than expected for their 
size; compared to small mammals, they have less efficient locomotion, so to support an 
entire colony they must find other ways to be efficient foragers than just selecting for speed.  

One of the most widely studied predatory ant species that uses highly specialized 
foraging behaviors is the army ant Eciton burchellii (Formicidae: Ecitoninae). Eciton 
burchellii is an obligate nomadic predator with central foraging tendencies (i.e. they bring 
all prey back to the bivouac instead of eating it immediately) that hunts in a straight line 
from the bivouac in a swarm often over 5 m wide between dawn and dusk, bringing in about 
30,000 prey items from up to 105 m away on an average raid (Franks 1982). Their life cycle 
consists of a 20-day stationary period, where they hunt in a radial pattern from the bivouac, 
and a 15-day nomadic phase, where the bivouac moves in the direction of the day’s raid 
(Franks and Fletcher 1983). Each swarm uses about one third of the colony (Franks and 
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Fletcher 1983), with an average colony consisting of up to 700,000 workers (Franks 1985; 
Powell and Franks 2006). Food is brought back from the swarm to the bivouac via a single 
pathway, or column, which always links the swarm to the bivouac (Powell and Franks 
2007). When a worker has brought foot back to the bivouac, it returns to the swarm front to 
continue hunting. Each facet of their hunting behavior requires extreme energy input and 
organization; efficiency is vital for the success of their lifestyle. E. burchellii has many 
different specialized behaviors to increase the efficiency of food transport. 

One adaptation specific to E. burchellii is building bridges made of living ants over 
uneven terrain to smooth prey delivery (Powell and Franks 2007). Bridges are thought to be 
set up in areas of high terrain variability in order to smooth out the column or bypass 
obstacles more efficiently (Powell and Franks 2007). Bridging has been shown to effectively 
increase food intake by the colony, up to a 31 percent net gain in prey (Powell and Franks 
2007). There is very little information, however, for how bridge structures increase colony 
efficiency. In this investigation I will study how E. burchelli bridge structure influences ant 
foraging efficiency and efficiency of bridges and non bridge sites. The dimensions of the 
bridges may have an impact on the ease of movement of workers, making them more 
efficient at foraging and directly influencing the fitness of the colony.  

I predict that longer and wider bridges will allow ants to more efficiently transport 
food to the bivouac. Because both ants returning from the swarm and ants leaving the 
bivouac use the main column, inbound and outgoing ants collide with each other while 
trying to get to their destination, and bridge dimensions may influence how often this 
happens. Efficiency can best be estimated by measuring the velocity of the ants moving over 
the bridge, the number of collisions they have with other ants, and the rate of ants crossing 
the bridge. Bridges that are longer and wider should increase the velocity and traffic and 
reduce the number collisions. Because the bridges are created to increase foraging 
efficiency, there should also be a distinct difference in efficiency between bridges and non-
bridge sites along the column.  

Methods 

This study was carried out at the University of Georgia Research Station in the San Luís 
Valley, Costa Rica (10° 18′ N, 84° 32′ W, 1000 meters above sea level) from April 12-May 
5, 2011. The research station comprises 62 hectares, 60 percent of which is protected 
premontane moist forest. An estimated five E. burchellii colonies maximum were observed. 
I measured the length and width of 35 bridges and recorded ant velocity (measured as the 
bridge length divided by the time taken to cross the bridge for four ants per bridge), traffic 
density (number of ants crossing the bridge in 30 sec), and collision rate (the number of ant 
collisions on each bridge in 30 sec, collision defined as an interaction between two ants 
which slowed down or altered the course of one or both ants), on each bridge. These data 
were also collected for ten non-bridge locations from the main column. 

!
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Additional Observations 

Many ants stopped at the edge of a bridge momentarily before they crossed. Traffic density 
was variable along the non-bridge column and ants often moved in groups, regardless of 
whether they were carrying food. Not all collisions had the same impact: some collisions 
stopped one ant while other times both ants were interrupted, and larger ants frequently 
crawled directly over smaller ants without any hindrance to either; these interactions were 
not counted as collisions. It was common for one ant to collide with multiple ants heading 
the other way or stalling many ants that followed behind. 

!
!
Results 

Bridge Structure and Efficiency 

Bridge dimensions significantly affected velocity, number of collisions, and traffic density. 
Length was positively correlated with velocity (N = 33, R2 = 0.183, P = 0.01; Fig. 1a) and 
traffic density (N = 33, R2 = 0.1699, P = 0.0139; Fig. 1b), whereas width was positively 
correlated with collision rate (N = 33, R2 = 0.197, P = 0.0076; Fig. 1c) and traffic density (N 
= 33, R2 = 0.3377, P < 0.0005; Fig. 1d). There was also a positive correlation between length 
and width (N = 33, R2 = 0.25, P = 0.0076). 

Bridge and Control Sites 

Non-bridge sites had lower collision rates (Welch’s t test = 2.4077, df = 43, P = 0.02042; 
Fig. 2a) and higher ant velocity (Welch’s t test = -9.986, df = 52.245, P < 0.0001; Fig. 2b) 
and lower collision rates ((Fig. 2). Ants were over three times faster in non-bridge sites 
(mean +/- SD = 42.58 +/- 17.79 versus 12.36 +/- 7.03 mm/sec), and experienced half as 
many collisions (0.67 +/- 0.56 versus 1.3 +/- 0.73 collisions/sec). Width and traffic density 
did not differ between bridge and non-bridge sites (width: Welch’s t test = -0.4774, df = 43, 
P = 0.6355, and traffic density: Welch’s t test = 0.7592, df = 43, P = 0.4519). 
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FIGURE 1. The relationship between bridge dimensions and food transport efficiency in Eciton burchellii. 
Relationships are shown between a) ant velocity and length, b) traffic density and length, c) traffic density 
and width, and d) collision rate and width. All correlations shown are statistically significant.

FIGURE 2. Comparison of bridge and non-bridge traffic efficiency in Eciton burchellii.  Means +/- SE are 
shown for bridge and non-bridge measurements of a) collision rate and b) velocity.
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Discussion 

Bridge Structure and Efficiency 

Bridge length positively correlates with increased velocity and traffic flow, both of which 
increase the rate of food returning to the bivouac and therefore foraging efficiency. A longer 
bridge means that more uneven ground is made of ant bodies. This result supports the theory 
that ants build bridges in order to reduce time spent climbing over other obstacles. Increased 
velocity can also account for the increased traffic density because a faster bridge should 
allow ants to cross more often.  

Increased bridge width was correlated with increased traffic density and increased 
collision rates. At first this might sound paradoxical, because a higher traffic flow indicates a 
more efficient bridge while more collisions signify a less efficient structure. However, width 
is 1.7 times more strongly correlated with traffic density than collisions (R2 = 0.337 versus 
0.197) and the slope of the regression for traffic density and width is 3.35 compared to 1.41 
for collision rate and width.  In other words, traffic density increases faster than collision 
rate, and efficiency is conserved. 

If bridge width increases efficiency, why not make bridges excessively wider than 
the main column, which is generally about 3 cm wide (Gotwald 1995)? The bridges must be 
built efficiently as well; ants in bridges are not contributing to food transportation, and if too 
many ants aren’t actively hunting, the colony suffers a net loss of prey compared to no 
bridges. Powell and Franks (2007) calculated that a 23 percent daily net loss in prey would 
result if ten percent of potential foragers were in bridges, compared to a 27 percent daily net 
gain in prey with only one percent of potential foragers in bridges, assuming each worker in 
a bridge could have brought back one extra prey item. Bridge width is thus most efficient 
when conforming to the size of the main column. 

The correlation between the length and width of the bridges is not surprising: as the 
bridge length increases, it makes sense that a corresponding increase in width might help 
stabilize the bridge by giving support to the minims that construct it. 

Bridge and Control Sites 

Ants were much more efficient were bridges were not necessary. Eciton burchellii moved at 
both a faster velocity and there were fewer collisions. Because bridges can be placed 
anywhere there is uneven terrain, the bridge may constitute a choke point that leaves it more 
susceptible to collisions. This may lead one to question why there are bridges in the first 
place if they do not contribute more efficient food transport compared to uncovered terrain, 
but it is important to remember the underlying theory that efficiency dictates bridge-
building, but bridge building does not dictate efficiency. Compared to a column with no 
obstacles in its way, ants crossing a bridge in uneven terrain may take longer to cross; 
compared to the uneven terrain with no bridge, however, ants may be less efficient than if 
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there were a bridge. Bridges are built whenever an area of the column is slowed down by the 
terrain and suffers from increased traffic congestion. 

Additional Observations 

Ants that stopped momentarily before a bridge may have needed to figure out the placement 
of the bridge; bridges may have to cover unconventional terrain that the ants crossing the 
bridge need to asses because a temporary halt along the path is far less detrimental to the 
survival of the colony than an ant completely losing the path of the colony. 

Ants moving in clusters have been shown to increase overall transport efficiency in 
Atta colombica (Dussutour et al. 2009). Because ants leaving the nest will give way to ants 
heading back with food, including in E. burchellii (Couzin and Franks 2003), unladen ants 
heading to the bivouac will often choose to follow a slower, burdened ant than try to go 
around it. Mathematical models have shown that the decrease in speed required to follow an 
ant carrying prey is less wasteful than the average number of collisions an ant would sustain 
otherwise (Dussutour et al. 2009). Moving in clusters is beneficial for teams of ants that are 
carrying food, for teams of ants that have dropped off food at the bivouac and are returning 
to the swarm, and for reducing overall collisions.  

Bridges are a well-studied but poorly understood method of efficient prey transport 
in Eciton burchellii. Increasing the length and width of a bridge can augment traffic density 
and velocity at the expense of a higher collision rate. Bridges are implemented when there is 
uneven terrain that may hinder individual ants from crossing quickly. Otherwise, bridges are 
not built because they render the colony slower, with more collisions, and are overall less 
efficient, in the sense of transportation efficiency. 

Even within a bridge there are still many other efficiency-oriented behaviors such as 
spatial distribution of traffic flow. Couzin and Franks (2003) show that local traffic rules and 
pheromone trails collectively partition lanes of inbound and outgoing lanes of movement 
which also reduce the number of collisions on any particular section of trail. 

This is a prime example of how even the smallest caste, the minim, cannot bring 
food to the bivouac very fast, but it still fulfills an essential role in helping sustain the entire 
group. Because the smallest caste is slowest and cannot carry as much food (Franks 1985), 
they are less efficient at food transport. However, minims constitute 51 percent of all ants in 
bridges and 40 percent of minim behavior is spent in bridges (Nell 2010). Ants fill gaps 
based on their size and will work together to fill larger holes (Powell and Franks 2007). 
Minims can fill smaller holes without wasting a larger (and therefore faster) caste, increasing 
colony efficiency. 

Further study of this particular mechanism should focus on the benefit of a given ant 
bridge compared to the same location without a bridge. This may shed light onto strategies 
by which ants choose to make a bridge in the first place, how they decide to place it, and 
when building bridges can be more of a hindrance than a benefit. On a broad spectrum this 
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investigation shows that efficiency mechanisms are often implemented on an individual or 
miniscule level that has repercussions on a much larger scale that can not only affect 
individual survival but also long term fitness of an entire species. 
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ABSTRACT	!
Lycosids, or Wolf spiders, are widespread in many habitats and are important predators on leaf litter 
arthropods.  They are highly territorial yet roam to forage.  When they encounter another wolf spider they may 
fight, flee or court them.  To determine whether Wolf spider size or sex determined agonistic or courting 
behavior, thirty spiders were captured and placed in pairs of male male, female female, and male female for a 
short period of time. Size was not found to be a determining factor. However, female female interactions 
elicited significantly more aggression than either male-female or male-male encounters. Additionally, 
avoidance was seen as the primary response of the spiders across all pairs. A close second was aggression. This 
study concluded that same sex spider pairs were more likely to avoid one another than fight and different sex 
pairs were either more likely to be aggressive or display courting behavior. !!
RESUMEN	!
Los licósidos o arañas lobo están ampliamente distribuidas en muchos habitats y son depredadores importantes 
de artrópodos de mantillo. Son altamente territoriales, sin embargo, forrajean. Cuando se encuentran con otra 
araña lobo, pueden pelear, huir o cortejarla. Para saber si el tamaño y el sexo de las arañas lobo determinan si 
el comportamiento es agonístico o de cortejo; treinta arañas fueron capturadas y colocadas en pares de macho-
macho, hembra-hembra y macho-hembra por un periodo corto de tiempo. No se encontró que el tamaño sea un 
factor determinante. Sin embargo, interacciones hembra-hembra provocaron de forma significativa más 
agresión que encuentros macho-hembra o macho-macho. Adicionalmente, la evasión fue la primera respuesta 
entre las arañas en todos los pares. Esto fue seguido por la agresión. Este estudio concluye que las parejas de 
arañas del mismo sexo son más propensas a evitarse que agredirse y las parejas de arañas de diferente sexo son 
más propensas a ser tanto agresivas como a demostrar comportamientos de cortejo. !!
INTRODUCTION !
As one of the main leaf litter predators for arthropods the family Lycosidae is one of the 
largest spider families, having almost 2200 species worldwide (Coddington and Levi 1991).  
Wolf spiders are characterized by their extremely large eyes and ground foraging habits. As 
a result of their large eyes they have great vision and are not only good hunters but also 
effective at avoiding predation. Like most spiders they are solitary, highly territorial, and can 
be found in a wide range of habitats (Coddington and Levi 1991). Being active during the 
day and at night make them a great family to investigate behaviors (Coddington and Levi 
1991).  
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 Due to the fact that they are roamers they tend to have encounters with other lycosids. 
The reactions to such encounters are to fight, flee or court. Different factors such as sex or 
size can influence which behavior they respond with. The behavior elicited also depends on 
the situation and for most Lycosidea, conspecifics are more likely seen as their competitor as 
opposed to potential prey or predators, therefore they usually use communication rather than 
fighting (Nossek and Rovner 1984).  Regardless, aggressive behavior involves risks; even to 
the attacker therefore avoidance is typical during interactions (Nossek and Rovner 1984). 
Because spiders are venomous even to conspecifics their degree of threat to each other is 
fairly high. On the other hand when coming across a conspecific of the opposite sex males 
tend to display multiple courting behaviors that females either accept or reject by acting 
aggressively (Jiao et al. 2011).  
 Wolf spiders tend to signal in multiple modalities (visual, seismic, chemical) to 
communicate during encounters. Just like most animals Wolf Spiders use their senses and 
good eyesight to gage risk and act accordingly depending on the perceived risk (Lima & Dill 
1990). Though behaviors differ between species (Gordon and Uetz 2011) previous studies 
have found avoidance is the most common behavior displayed in wolf spiders. However 
some spiders do act aggressively but it is more common for the lycosid adult females to eat 
adult male or female conspecifics, but this rarely occurs with adult males observed under 
similar conditions (Nossek and Rovner 1984). Antagonistic behavior in wolf spiders 
typically includes withdrawal as well as threat and attack (Nossek and Rovner 1984).  Such 
behaviors in similar studies have observed and described them as leg-waving displays or 
vibrations (Nossek and Rovner 1984). Although visual communication and avoidance are 
primary responses in wolf spiders, killing does occur occasionally but this is typically an act 
of hunger and the kill is generally followed by cannibalism (Nossek and Rovner 1984). In 
addition to antagonistic behavior, courting behavior is seen. Some studies have found that 
upon contact with females, males engage in intense courtship consisting of two distinct 
behaviors, body shaking and foreleg raising (Jiao et al. 2011). Female wolf spiders also 
show greater receptivity to males that court more vigorously since it reflects the male’s 
condition (Gordon and Uetz 2011).  However courtship behavior is still very unknown in the 
whole Lycosidea family and though some specific behavior patterns have been noticed a lot 
is still uncertain with the factors that influence a mate’s choice.	
 Although the Lycosidae family is fairly studied, more can be learned about their 
conspecific interactions and what factors influence their actions. A lot of studies have 
focused on same sex interactions but there are still many inconsistencies. Additionally there 
are almost no studies that have detailed findings on mating and courtship behaviors. Given 
these uncertainties by placing individuals of a given species in male: male, female: female, 
and male: female pairs I will be able to observe the frequency of different reactions as well 
as the specific behaviors associated with each. Further, I can add to our understanding of 
how size and sex impact intraspecies interactions within the Lycosidae family.  !!!!
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METHODS !
Spiders were collected in a field next to the Monteverde Butterfly garden at 1400 

meters in elevation. Trials were conducted indoors at the Estación Biológica de Monteverde, 
Monteverde, Puntarenas, Costa Rica at 1550 meters. The spiders were housed in small, 
15X15X5cm plastic containers and protected from direct sun by blanket placed over nearby 
windows. Thirty-four spiders were captured and housed in this way. Spiders were fed 
crickets or houseflies to control for hunger; spiders were fed at least a couple hours before 
trials. Water was provided as a wet cotton ball. 

In order to observe their behaviors, spiders were placed in a 24x12x9.5cm clear, 
square plastic container with no top. Before placing pairs together, spiders were weighed. 
The spiders were also sexed (males have swollen pedipalps; Nossek and Rovner 1984). The 
smallest spiders, those smaller than .10 grams, were categorized as juveniles and not used. 
In all, there were 30 adult spiders for used in trials.  !
Trials !
All trials were done between the afternoon and 5pm. Both spiders were placed into a plastic 
container with walls high enough that they couldn’t climb. Once one spider was placed into 
the container an index card was put to keep them separated until the other spider was fully in 
container. When they both were in the container, the index card was removed; the timer 
began and ran for five minutes. Behavior was put into three categories: aggressive, avoidant, 
and ignore.  These were based off of the outcome of the interaction, with special attention to 
specific behaviors that might characterize them. The only time the clock was stopped before 
the five-minute is if a fight occurred and one was trying to eat the other. If this occurred, I 
would try to separate them either by shaking the container or using tweezers. This was in 
order to make sure all of my spiders survived. Once a trial was completed both spiders were 
placed into separate containers. The same procedure was done for all trials. For the male: 
female trials courtship was added to the observed behavior categories. A total of 81 trials 
were done in total, 27 trials each for the different sex interactions. !!
RESULTS !
Based off of the different types of behavior observed when the spiders were in pairs, 
categorize were developed and behaviors associated with each one.  
                                                                             
Aggressive behavior 

1. Leg lifts- one of the spiders would raise one or both of their front two legs 
2. Chasing- a spider would charge the other or run after it 
3. Attacking-the spiders would collide and have their legs connected !

Avoidance Behavior 
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      1.  Running away- one of the spiders would run in the opposite direction of the other 
      2.  Running over the other-sometimes in order to get to the opposite side a spider would 
run over the top of the other spider 
      3. Staying away from the other- being in a different area than the other spider at all times !
Ignore 

1. Focusing more on escape- the spiders would just try to climb the sides of the 
container and not pay attention to the other 

2. Showing no signs of hostility- when both would be near each other yet not aggressive 
behavior was displayed 

3. Not avoiding but no interest in the other- both spiders would be close but one would 
just go about whatever they were doing, one example of this was when one spider 
began eating a maggot !

Courting 
1. Slow approach- seen in the males where they would flatten their body then slowly 

inch towards the female 
2. Long leg extension- occurred once the male was by the female where he would 

slowly extend one of his legs and place it on her and wait for her reaction. Sometime 
if he got no reaction he would move the leg further up her leg until she reacted. 

3. Vibrations- seen in females where they would vibrate their abdomen and walk 
towards the male. !!!

Trials !
 The number of times that each behavior occurred (aggression, avoidance, and 
ignoring) did not differ for male: male interactions (Figure 1a; Chi-square= 3.32, df= 2, 
p>0.05). Avoidance (18) and aggression (17) were fairly common having similar observed 
behavior for the male spiders. Both of these behaviors were seen about twice as much as 
ignoring (7).  
 For female: female intra-specific interactions, reactions differed significantly (Figure 
1b; Chi-square= 8.75, df=2, p<0.05). Avoidance in females was most frequent (n = 20). 
They were four times more likely to avoid then ignore one another. Aggression was also 
common in females (n = 15).   
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Male: 
female 
interactions 
(figure 1c) had 
no significant 
difference 
(Chi-square= 
4.09, df= 3, 
p>0.05) 
between the 
four different 
observed 
behaviors 
observed: 
avoidance, 
aggressive, 
ignoring, and 
courting  !!!
FIGURE 1. 
Outcome of 
lycosid intraspecific interactions when there were two males, two females or a male and female.  Each 
interaction had just one outcome: aggression, avoidance, and ignoring.  There was  no significant difference 
between outcomes with male: male pairs (n=27; Chi-square= 3.32, df= 2, p>0.05). Male: female intraspecific 
interactions differed significantly behaviorally (Chi-square= 8.75, df=2, p<0.05) Male: female intraspecific 
interactions had no significant difference (Chi-square= 4.09, df= 3, p>0.05).  For both male: male interactions 
and female: female interactions avoidance was observed the most. Male: female interactions courting and 
aggression were observed the same amount. !
(Chi-square= 4.09, df= 3, p>0.05). Courting (n=16) and aggression (n=16) were the most 
abundant behaviors that occurred.  
 In male intraspecific interactions, spider size had no significant effect on whether a 
spider avoided or not (Figure 2, Chi-square=3.95, df=2, p>0.05).  Despite this, smaller 
spiders (n = 21 trials) tended to avoid large spiders, while the larger spiders (n=10 trials) 
were less likely to avoid small ones. Size also had no significant affect on aggressive 
behavior of male spiders (Chi-square= 1.26, df=2, p>0.05).  However when the spiders were 
the same size aggression wasn’t common (n = 2 trials).  

A male Lycosid’s size had no significant influence on him ignoring (figure 2) the 
other spider (Chi-square=3.48, df=2, p>0.05).  !
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"  !!!!!!!!
Though larger males (10) were twice as likely to ignore the smaller (5) males than the 
smaller spiders.  !
 A female Lycosid’s size had no significant effect on determining whether a female 
would avoid (Chi-squared=1.91, df=2, p>0.05), be aggressive (Chi-square=1.45, df-2, 
p>0.05), or ignore (Chi-squared=. 67, df=2, p>0.05) the other female (Figure 3). Larger 
female were most often more aggressive (11) and smaller females avoided (14) the larger 
females more.  !!!!!!

 

FIGURE 2. Result of when male pairs of the same size or different sizes were placed 
together. Male inter-specific interactions size (n=27) had no significant influence in 
whether a spider was avoidant or not (Chi-square=3.95, df=2, p>0.05). Size also had no 
significant affect on aggressive behavior of male spiders (Chi-square= 1.26, df=2, 
p>0.05). Size had no significant influence on ignoring either (Chi-square=3.48, df=2, 
p>0.05). 
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"  
FIGURE 3. The outcome of when female pairs of different and same sizes were placed together. Female 
Lycosidae’s size (n=27) had no significant differences on determining whether a female would be avoidant 
(Chi-squared=1.91, df=2, p>0.05), aggressive (Chi-square=1.45, df-2, p>0.05), or ignore (Chi-squared=. 67, 
df=2, p>0.05) !!!

In male female interactions size had no significant impact one the frequency of 
avoidance (Chi-square=3.01, df=3, p>0.05), aggression (Chi-square=2.02, df=3, p>0.05), 
ignoring (Chi- square=3.67, df=3, p>0.05), or courtship (Chi-square= .05, df=3, p>0.05), see 
Figure 4.  Still, smaller individuals tended to avoid, larger tended to be aggressive and few 
ignored.  Courtship was seen about equally for large and small spiders. 
  !!!
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FIGURE 4. When male and female pairs of the same and different sizes were placed together (n=27) size had 
no significant different in whether one was avoidant (chi-square=3.01, df=3, p>0.05), aggressive (Chi-
square=2.02, df=3, p>0.05), ignored (Chi- square=3.67, df=3, p>0.05), or courted (Chi-square= .05, df=3, 
p>0.05).  !!
When [same sex and opposite sex interactions (figure 5) were taken into account the 
occurrence of each behavior was significantly different from one another (Chi-square= 
14.32, df=2, p<0.05). Ignoring and aggressive behavior were fairly similar the avoidance 
was the most common (n=52) more than twice as likely to occur then a one ignoring the 
other (21).  !!!!!!!!!!!!!!!!!!!!!!
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FIGURE 5. When the interactions were observed over all pairs strictly looking only a behavior displayed, The 
spiders choice in which behavior presented was significant (Chi-square= 14.32, df=2, p<0.05) Avoidance was 
the behavior seen the most (n=52) and aggression was a close second (n=48). Ignoring was seen half as much 
as the other behaviors (n=21). !!!
ADDITIONAL OBSERVATION 
Though most of the spiders displayed normal behavior two of the females were extremely 
aggressive and when they were put into a container with another spider they would try to kill 
it. They ate two spiders in preliminary trials. Additionally some of the spiders acquired 
parasites from flies that were in the container and it caused the death of two male spiders. 
Both of these influenced the trials because they made the sample size smaller and the two 
females were only used once more until it was apparent that they were extremely aggressive.  !!
DISCUSSION	
!

Overall, spiders tended to avoid each other or were aggressive.  Few spiders ignored 
the other spider.  For male: male interactions, individuals were equally likely to avoid or act 
aggressively, which is also the case for males and female encounters, although these also 
included about an equal frequency of courtship.  Females generally avoided other females, 
though there were still many aggressive encounters. Although size had no significance in 
determining which behavior was displayed the general trend was that smaller spiders were 
more likely to avoid and larger spiders were more likely to be aggressive. 	

Size is typically a reflection of fitness and health. Despite the fact that all the spiders 
were given the same conditions larger spiders were more fit and more likely to be stronger 
therefore they were able to establish their dominance over the smaller spiders in most cases. 
For male: female interactions aggression and courting behavior were equally as likely to be 
seen. This could be because reproduction is a mate’s choice and females tend to choose 
males that try hard, showing off their fitness. Though most of the males displayed a courting 
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behavior none of the females showed any interest instead they would respond aggressively. 
That is why both behaviors were seen equally as much. 	

Avoidance was the behavior that was seen the most. This is most like due to the fact 
that it is the safest way to survive an encounter. However, aggression was a close second. 
Aggression is unlikely to result from hunger because spiders were fed regularly and shortly 
before trials.  Also, spiders are well adapted to long periods of food deprivation (Anderson 
1974). After observing the spider for long periods of time what became apparent was that 
dominance and submissiveness was usually established fairly quick and though it not 
necessarily always had to due with size, larger individuals were usually the dominant one. 
To establish this order one spider was usually aggressive until the other backed off or fought 
back and lost. However most encounters were usually short lived and the spiders typically 
after establishing rank avoided one another. This was seen in almost all the male: male 
interaction and female: female interactions. 	

All these behavior seen are consistent with previous studies and just further proof 
that spiders, similar to most animals, like to gauge their risk and proceed with caution. 
Although most did end up acting aggressively this just goes along with their territorial 
nature. Despite this most of the spiders still tried to survive and the best way for them to do 
that was to avoid potential threats. My study brought a little more insight in intraspecific 
interactions but a lot more could be found out. Courting behavior, though little was observed 
in my study, would be an interesting topic to research more; specifically the factors that 
determine whether a spider will mate or not. Furthermore for wolf spiders in intraspecific 
interactions though they were territorial and displayed a lot of aggression, avoidance was 
their typical response to one another and size was no real contributor. 	!!
!
!
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Behavior of the Blue-diademed Motmot (Momotus 
lessonii) when hearing predator and conspecific 
calls!
!
Hannah Kornbrath!!
Department of Biology, University of Puget Sound!!
!
ABSTRACT !
Interspecific interactions between predators and prey have lead to a number of evolutionary adaptations that 
benefit predator and prey, such as pursuit-deterrent signals. These non-aggressive signals from prey to predator 
are advantageous for both: the predator wastes no energy on what would be an unsuccessful attack and the prey 
conserves energy by avoiding the need to escape. The Blue-diademed Motmot (Momotus lessonii) is a species 
that benefits from its pursuit-deterrent tail wag display, which tells predators that it is aware of their presence 
and is prepared to flee. The behavioral responses of M. lessonii in the Monteverde area to conspecific, predator, 
and control birdcalls were quantified and compared. Subjects exhibited the pursuit-deterrent tail wag display 
and other predator avoidance behaviors in response to the predatory Collared Forest-Falcon (Micrastur 
semitorquatus) call. They call continuously and approach more during conspecific calls as a form of 
territoriality, and may exhibit an extra territorial behavior in full tail wag displays. Finally, the control call of 
the White-throated Robin (Turdus assimilis) had little effect on Blue-diademed Motmot behavior; they tended 
to continue typical behavior. These findings can shed light on pursuit-deterrent signaling and conspecific 
territorial displays, and suggest further research into conspecific calling by paired birds and possible extra 
territorial behavior. !
RESUMEN !
Las interacciones interespecíficas entre presas y depredadores han llevado a un número importante de 
adaptaciones que benefician tanto al depredador como a la presa, como señales de disuasión.  Estas señales no 
agresivas de la presa al depredador son ventajosas para ambos:  el depredador no gasta energía en un ataque 
inefectivo y la presa conserva energía al evitar la necesidad de escapar Momotus lessonii es una especie que se 
beneficia de su comportamiento de disuasión de menear la cola, el cual le indica al depredador que esta alerta 
de su presencia y esta listo para volar. La respuesta de M. lessonii en la región de Monteverde a llamados de 
conespecíficos, depredador y un control se cuantificaron y compararon.  Los individuos exhibieron el 
comportamiento de meneo de la cola y otros comportamientos de evación en respuesta al llamado del 
depredador (Micrastur semitorquatus).  Ellos cantan continuamente y se acercan durante los llamados de 
conespecíficos como una forma de territorialidad, y pueden exhibir un comportamiento extra territorial de 
meneo completo de la cola.  Finalmente, el llamado de control de Turdus assimilis tiene poco efecto en el 
comportamiento del Momoto, ellos tienden a mantener un comportamiento típico.  Estos resultados pueden 
correlacionar señales de disuación y comportamientos de territorialidad con conespecíficos, y sugiere que 
futuros estudios entre llamados de conespecíficos en parejas de aves y un posible comportamiento extra 
territorial. !
INTRODUCTION !
INTERACTIONS BETWEEN PREDATORS AND PREY have led to dynamic evolutionary 
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adaptations for both. Adaptations for avoiding predation range from the altering of prey’s 
physical appearance through crypsis, mimicry, and aposematic coloration, to distasteful 
chemical compounds, and even to behaviors such as freezing, fleeing, or communicative 
displays (Ives and Dobson 1987). Communicative displays that prey use to avoid predation 
include signals directed from prey to predator (Caro 1995).   

An example of an interspecific, anti-predator signal is a pursuit-deterrence signal. 
These non-aggressive signals are relayed from prey to predator and convey to the predator 
that the prey is aware of its presence and is therefore able to flee from an attack (Woodland 
et al. 1980, Caro 1995). An honest pursuit-deterrent signal is beneficial for both the predator 
and the prey: the predator does not waste energy on what would be an unsurprising and 
therefore unsuccessful attack, and the prey conserves energy by avoiding the need to escape 
(Woodland et al. 1980, Caro 1995, Murphy 2006). A pursuit-deterrent signal is clear and 
conspicuous, drawing attention to the signaler and causing the predator to stop its advances 
(Caro 1995, Nishikawa 2010). The development of this type of signal would be most useful 
to an animal that is conspicuous and has a high energy cost when fleeing from predators 
(Murphy 2006). Many animals have been shown to use pursuit-deterrence signals, such as 
insects, mammals, reptiles, and birds (Caro 1995). Because they are large and common, as 
opposed to small insects or rare mammals, birds in general are a good study system. I used 
the Blue-diademed Motmot as a study subject to test pursuit-deterrence signaling. 

All motmots (family Momotidae) repeatedly wag their long tails from side to side 
like a pendulum (Stiles and Skutch 1989), drawing immediate attention to their tail, in a 
signal referred to from here on as a tail wag display. The Blue-diademed Motmot (Momotus 
lessonii) has several characteristics that make it susceptible to ambush predators. It is a 
relatively large and slow-flying forest bird, it builds conspicuous nest tunnels in mud banks, 
and it often forages on the ground, sallying from the same predictable perch (Murphy 2006, 
Stiles and Skutch 1989). These particular behaviors increase the Blue-diademed Motmot’s 
vulnerability to predators, and therefore make it an excellent candidate as a pursuit-deterrent 
signaler. Recent studies with the Turquoise-browed Motmot (Eumomota superciliosa) 
support the idea that the tail wag display is a pursuit-deterrent signal (Murphy 2006). It was 
shown that E. superciliosa tail wag display in the presence of a predator, independent of 
whether other individuals of E. superciliosa were in the immediate visible area, suggesting 
that the tail wag display is a signal to predators and not to conspecifics (Murphy 2006). The 
tail wag display may also be used as a dishonest, preemptive signal before feeding nestlings 
(Murphy 2007) and during courtship displays (Hawkins 1955). The Blue-diademed Motmot 
has also displayed territorial behavior before conspecifics by approaching and calling to 
other motmots and recorded calls, though they do not appear to be aggressive (Orejuela 
1977). 

This study expands on previous research by Nishikawa (2010) where it was found 
that the tail wag display occurred most often in response to a visual predator, rather than a 
visual non-predator or calls from the predator or non-predator. However, Nishikawa did not 
separate the full wag and half wag displays or test conspecific calls and the study may have 
been improved if the frequency of the different behaviors of the Blue-diademed Motmot 
were recorded during each trial. In this study, I modified the Nishikawa 2010 study in order 
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to determine how the Blue-diademed Motmot behaves in the auditory presence of a predator, 
a non-predator, and a conspecific. If the tail wag display is, in fact, a pursuit-deterrence 
signal, then the predator call should induce the highest frequency of the tail wag display. If 
the Blue-diademed Motmot is, in fact, territorial (Orejuela 1977), individuals are predicted 
to approach and call back to the conspecific call. During the control call, there should be no 
change in the behavior of Blue-diademed Motmot individuals. !
MATERIALS AND METHODS !
Study Site 
This study took place in the area around Monteverde, Costa Rica at forest edges near 
human-altered habitat, such as gardens, pastures, and roadsides. Most data were collected in 
Cerro Plano, San Luis, and on the Torres-Leitón family’s land near Cañitas. A few trials 
were also run in Bajo del Tigre, near the lower lab of the Monteverde Biological Station, and 
on the road near La Escuela Creativa. All data were taken in April and May 2011. !
Study Organism 
The Blue-diademed Motmot (Momotus lessonii) is a medium-sized (39 cm), Neotropical, 
arboreal bird that ranges from southern Mexico to southwestern Panama (Stiles 2009). They 
inhabit secondary forests and edge habitats and are adaptable to human disturbances and 
forage in trees or on the ground, sallying for large arthropods, small reptiles, and fruit 
(Skutch 1964, Murphy 2006). 
 The sexes are monomorphic in plumage, with green to turquoise upperparts that 
blend into a blue rump and tail, a tawny to yellow-green chest, two black dots in the middle 
of the breast, a black mask bordered by blue, a blue crown, and a long, racquet-tipped tail 
(Skutch 1964) that is made more obvious during the tail wag display (Murphy 2006). !
Behaviors Recorded 
The frequency of seven behaviors were recorded: full tail wagging, half tail wagging, 
calling, stopping a call, approaching the speaker, leaving the area, and foraging. A full tail 
wag was counted when the subject rocked its tail side-to-side like a pendulum in an arc of 
about 100 degrees. A half tail wag was counted when the subject cocked its tail to one side 
before pausing or stopping the display. Calling was repeating a soft, resonant hoop-hoop 
sound every 1-2 seconds. Any pause or cessation of the call was recorded as stopping the 
call. Approaching the speaker was any flight that brought the subject closer to the speaker. If 
the subject flew away from the speaker and out of sight, it was recorded as leaving the area 
and the trial ended. Foraging behavior was when the subject hopped around nearby tree 
branches or briefly flew to the ground, in search of insects or fruit, or returned with a food 
item in its bill. !
Trials with Calls 
Once a subject was visually located, three different birdcalls were played for a maximum of 
five minutes using an iPod and portable speakers. Sometimes the subject left before five 
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minutes, and if it left within thirty seconds of the trial beginning, the trial was dismissed. 
During some trials, subjects approached from out of sight. If this occurred with at least a 
minute left in the trial, a trial on this new subject was conducted. These differences in 
observation time were accounted for by quantifying the frequency of behaviors per minute. 
The three birdcalls played were a conspecific (Momotus lessonni), a predatory Collared 
Forest-Falcon (Micrastur semitorquatus), and a control White-throated Robin (Turdus 
assimilis). These particular species were chosen for the predator and control because they 
occur in the Blue-diademed Motmot’s range and habitat (Stiles and Skutch 1989). The calls 
were obtained from XenoCanto and were all recorded in Costa Rica. For one to two minutes 
before a trial, the subject was allowed to become accustomed to the researcher’s presence. 
Calls were usually played in a random order except for the conspecific, which was played 
last so behavior after the trial would not interfere with subsequent trials. The frequencies of 
the ten behaviors described above were recorded. If the subject continued a behavior for the 
full five minutes, frequency was counted every thirty seconds for a total of ten marks for the 
behavior. !
RESULTS !
Tail Wag Display 
Blue-diademed Motmot subjects displayed half tail wagging more during predator calls than 
conspecific or control calls (Fig. 1). Subjects were equally likely to display full tail wagging 
for conspecific and predator calls, but displayed no full tail wagging during control calls 
(Fig. 2). !

"  
FIGURE 1. Frequency of Momotus lessonii half tail wagging in response to a conspecific, 
predator (Collared Forest-Falcon), and control (White-throated Robin) call. Calls were 
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played for a maximum of five minutes in the presence of M. lessonii in the Monteverde area. 
Subjects displayed half tail wagging more during predator calls. (One-way ANOVA, F2,total = 
3.3076, P = 0.0508). Error bars represent the ± standard error for each mean. The mean 
frequency of half tail wagging during the conspecific call was 0.04 ± 0.03 times per minute 
(n = 11), during the predator call it was 0.23 ± 0.10 times per minute (n = 11), and during the 
control call it was 0.02 ± 0.02 times per minute (n = 10). !

"  
FIGURE 2. Frequency of Momotus lessonii full tail wagging in response to a conspecific, 
predator (Collared Forest-Falcon), and control (White-throated Robin) call. Calls were 
played for a maximum of five minutes in the presence of M. lessonii in the Monteverde area. 
Subjects never full tail wagged during the control call (n = 10) and were equally likely to 
display full tail wagging for conspecific and predator calls (One-way ANOVA, Fdf,,total = 
1.2440, P = 0.3032). Error bars represent the ± standard error for each mean. The mean 
frequency of full tail wagging during the conspecific call was 0.11 ± 0.06 times per minute 
(n = 11) and during the predator call it was 0.15 ± 0.09 times per minute (n = 11). !!
Calling and Stopping a Call 
Blue-diademed Motmot subjects called significantly more in response to the conspecific 
call, and did not call at all in response to the control birdcall (Fig. 3). Subjects never stopped 
calling during trials with a conspecific call, but there was a slight trend for subjects to stop 
calling during trials with the predator call (Fig. 4).  !
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"  
FIGURE 3. Frequency of Momotus lessonii calling in response to a conspecific, predator 
(Collared Forest-Falcon), and control (White-throated Robin) call. Calls were played for a 
maximum of five minutes in the presence of M. lessonii in the Monteverde area. Subjects 
never called during the control call (n = 10) and called significantly more in response to the 
conspecific call (One-way ANOVA, Fdf,,total = 6.8175, P = 0.0040). Error bars represent the ± 
standard error for each mean. The mean frequency of calling during the conspecific call was 
1.27 ± 0.39 times per minute (n = 11) and during the predator call it was 0.27 ± 0.18 times 
per minute (n = 9). !!!!
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"  
FIGURE 4. Frequency of Momotus lessonii stopping calls in response to a conspecific, 
predator (Collared Forest-Falcon), and control (White-throated Robin) call. Calls were 
played for a maximum of five minutes in the presence of M. lessonii in the Monteverde area. 
Subjects never stopped calling during trials with a conspecific call (n = 11), but there was a 
slight trend for subjects to stop calling during trials with the predator call (One-way 
ANOVA, Fdf,,total = 1.5463, P = 0.2295). Error bars represent the ± standard error for each 
mean. The mean frequency of stopping calls during the predator call it was 0.12 ± 0.07 times 
per minute (n = 11) and during the control call it was 0.07 ± 0.05 times per minute (n = 11). !!
Leaving, Approaching, and Foraging 
Blue-diademed Motmot subjects tended to approach the most during the conspecific call and 
approached the least during the predator call (Fig. 5). The frequency of subjects leaving the 
area did not differ among the calls, even when a predator call was heard (Fig. 6). Subjects 
tended to forage more during trials with the control call and not at all during trials with the 
predator call (Fig. 7). !
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"  
FIGURE 5. Frequency of Momotus lessonii approaching in response to a conspecific, 
predator (Collared Forest-Falcon), and control (White-throated Robin) call. Calls were 
played for a maximum of five minutes in the presence of M. lessonii in the Monteverde area. 
Subjects tended to approach the most during the conspecific call and approached the least 
during the predator call (One-way ANOVA, Fdf,,total = 1.6530, P = 0.2084). Error bars 
represent the ± standard error for each mean. The mean frequency of approaching during the 
conspecific call was 0.32 ± 0.14 times per minute (n = 11), during the predator call it was 
0.08 ± 0.05 times per minute (n = 11), and during the control call it was 0.19 ± 0.08 times 
per minute (n = 11). !!!
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"  
FIGURE 6. Frequency of Momotus lessonii leaving the area in response to a conspecific, 
predator (Collared Forest-Falcon), and control (White-throated Robin) call. Calls were 
played for a maximum of five minutes in the presence of M. lessonii in the Monteverde area. 
The frequency of leaving the area did not differ among the calls (One-way ANOVA, Fdf,,total 
= 0.3802, P = 0.6870). Error bars represent the ± standard error for each mean. The mean 
frequency of leaving the area during the conspecific call was 0.14 ± 0.10 times per minute (n 
= 11), during the predator call it was 0.21 ± 0.07 times per minute (n = 11), and during the 
control call it was 0.24 ± 0.09 times per minute (n = 11). !!!!
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"  
FIGURE 7. Frequency of Momotus lessonii foraging in response to a conspecific, 
predator (Collared Forest-Falcon), and control (White-throated Robin) call. Calls were 
played for a maximum of five minutes in the presence of M. lessonii in the Monteverde area. 
Subjects tended to forage more during trials with the control call and not at all during trials 
with the predator call (One-way ANOVA, Fdf,,total = 3.1433, P = 0.0576). Error bars represent 
the ± standard error for each mean. The mean frequency of foraging during the conspecific 
call was 0.03 ± 0.03 times per minute (n = 11) and during the control call it was 0.27 ± 0.14 
times per minute (n = 10). !
Additional Observations 
At least four of what appeared to be mated pairs of Blue-diademed Motmots were observed 
during the course of this study. During trials with the conspecific call for these four pairs, 
only one bird in the pair called continuously while the other did not call at all. Usually, 
calling subjects would continue calling for about ten minutes after the trial ended. When 
hearing calling Blue-diademed Motmots while searching for unseen subjects, I noticed that 
usually more than one bird would be calling at a time. 

During a trial with the control call, I witnessed a foraging subject catch an insect, 
perch outside its nest tunnel, wag its tail energetically, then disappear into the tunnel, and 
reappear without the insect. Since this appeared to be a pre-feeding wag display (Murphy 
2007), this trial was not included in data analysis. !
DISCUSSION !
Anti-predator behavior for predator calls 
The predatory Collared Forest-Falcon call appeared to elicit the anti-predator behavior in 
Blue-diademed Motmots, including the pursuit-deterrent tail wag display. Subjects engaged 
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in a high frequency of half tail wagging and some full tail wagging, supporting evidence for 
tail wagging as a pursuit-deterrent signal (Murphy 2006, Nishikawa 2010). This signal is 
thought to be beneficial to the Blue-diademed Motmot since signals to the predator that the 
bird sees the predator and is prepared to escape, helping the predator avoid an unsuccessful 
pursuit and saving the bird energy from the need to fly away (Woodland et al. 1980, Caro 
1995, Murphy 2006). 

Blue-diademed Motmot subjects also exhibited predator avoidance behavior during 
trials with the predator call. Subjects behaved in ways that would minimize detection by a 
predator, such as stopping calls, not leaving the area significantly more perhaps because 
flying could make the subject more vulnerable to attack, approaching less, and not foraging 
at all when the predator call was heard. These behaviors all make Blue-diademed Motmot 
individuals less vulnerable to predation. 

Additionally, I observed an occurrence of the pre-feeding wag display (Murphy 
2007). This is a dishonest tail wagging signal that occurs right before a parent enters the nest 
tunnel to feed the nestlings, probably in response to the potential presence of a predator 
(Murphy 2007). Since usually tail wagging is an honest signal, it is unlikely that any unseen 
predator would still attack (Murphy 2007). Therefore, the pre-feeding wag display is 
beneficial to the individual Blue-diademed Motmot because it does not get attacked during 
this particularly vulnerable period (Murphy 2007). !
Territorial behavior for conspecific calls 
The conspecific call seemed to cause territorial behavior in Blue-diademed Motmot subjects. 
When the Blue-diademed Motmot call was played, subjects often called continuously, never 
stopped calling during the trial, and sometimes approached. It was also observed that birds 
would call for about ten minutes after a trial; in fact, when conducting sequential trials, the 
conspecific call was played last so the excessive calling after the trial would not interfere 
with subsequent trials. These territorial behaviors of calling and approaching are consistent 
with observations in the Yucatan Peninsula (Orejuela 1977). He noticed that nesting pairs of 
the Blue-crowned Motmot (Momotus momota) had little overlap between territories, and 
both paired birds were quick to approach and call back to a conspecific call (Orejuela 1977). 
However, in my study, I consistently observed that only one subject in the pair called 
continuously while the other did not call at all. Since M. momota and M. lessonii have 
recently been combined into the M. lessonii species (Stiles 2009), perhaps this is due to a 
difference between the two regions of Costa Rica and the Yucatan. Both sexes of Blue-
diademed Motmot in the Yucatan could defend the territory while only one sex of Blue-
diademed Motmot in Costa Rica could be responsible for territory defense from 
conspecifics. This should be an area of future study. 

Interestingly, a possible territorial display of full tail wagging was observed during 
conspecific calls. Subjects were equally likely to display full wagging behavior during 
predator and conspecific calls. This could be the result of a small sample size or the 
influence of the human researcher’s presence. Or, perhaps full tail wagging in the Blue-
diademed Motmot functions as a pursuit-deterrent signal and an extra territorial display 
aimed at conspecifics (Nishikawa 2011). If an invading, calling conspecific is not leaving 
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the original bird’s territory even after repeated approaches and continuously calling, this 
individual may try to draw more attention to itself to signal possession of the territory 
(Nishikawa 2011). This is another opportunity for future research. !
Typical behavior for control calls 
The call of the White-throated Robin appeared to have little effect on the behavior of Blue-
diademed Motmot subjects, since they usually went about their typical activities. Subjects 
displayed no full tail wagging, did not call at all, and were most likely to forage as normal in 
response to the robin control call. This was the expected response to a birdcall with no direct 
impact on the Blue-diademed Motmot. !
Conclusions 
As expected, Blue-diademed Motmots exhibit the pursuit-deterrent tail wag display and 
other predator avoidance behaviors in response to the predatory Collared Forest-Falcon call. 
They call continuously and approach more during conspecific calls as a form of territoriality, 
and may exhibit an extra territorial behavior in full tail wag displays. Also, the control call 
of the White-throated Robin had little effect on subject behavior. Blue-diademed Motmot 
behavior in response to these different calls could provide insight into pursuit-deterrent 
signals and conspecific territoriality displays. !
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RESUMEN !
El mutualismo es prevalente en todos los ecosistemas.  La interacción Cecropia-Azteca es un ejemplo de un 
mutualismo prominente muy bien estudiado en los trópicos del nuevo mundo.  Las  hormigas Azteca actúan 
como defensores bióticos atacando herbívoros y lianas que atacan los árboles.  En retorno, reciben nutrientes 
de la planta en la forma de cuerpos Mullerianos (CM) en forma de proteína y un lugar para vivir en el tallo 
hueco del árbol.  No es un mutualismo especialista, y mientras las especies muestran una preferencia por 
condiciones ambientales, varias especies de hormigas son capaces de vivir en una especie de Cecropia. 
Diferentes especies de hormigas tienen diferentes comportamientos que les dan diferentes respuestas por la 
planta.  Este estudio examina el grado de herbivoría y la producción  de CM en C. obtusifolia dependiendo de 
las especies de hormigas asociadas.  Se muetrearon 40 individuos de C. obtusifolia en la región de Monteverde 
en Costa Rica. Cuando las hormigas están presente se colectaron e identificaron. Cuando hay hormigas 
presentes, existe cerca de 60% menos herbivoría que cuando no hay hormigas.  El grado de herbivoría no 
difiere entre especies y no esta relacionado con la producción de CM, sugiriendo que la presencia de hormigas 
disuade la herbivoría pero ninguna especie es mejor que la otra.  Existen diferencias en la producción de CM 
de acuerdo con la especie de hormiga asociada a la planta, plantas con A. xanthochroa producen menos CM 
que cuando no hay hormigas presentes en las plantas y menos que otros árboles con diferentes especies de 
hormigas.  Atribuyo esto a la predicción que los comedores de floema que las hormigas mantienen dentro de 
las plantas, lo cual require una mayor inversión energética por parte de la planta y por lo tanto menor 
producción de CM, son más abundantes en árboles hábitados por A. xanthochroa. Cecropia obtusifolia sin 
hormigas producen más CM que los árboles con hormigas, lo cual se puede deber a que los árboles tratan de 
reclutar colonias de hormiga para la defensa.  La relación Cecropia-hormiga no es tan simple como la 
presencia o ausencia de hormigas, la respuesta de las plantas varía de acuerdo a las especies y el 
comportamiento de las mismas. 

!
ABSTRACT !
Mutualisms are prevalent in every ecosystem.  The Cecropia-Azteca interaction is an example of a well-studied 
and prominent mutualism in the neotropics.  Azteca ants act as biotic defenders by attacking herbivores and 
vines that assault the tree.  In return, they receive nutrients from the Cecropia in the form of protein rich 
Müllerian bodies (MBs) and a place to live in the hollow stem of the tree.  It is not a specialist mutualism, and 
while species show some preference to environmental conditions, multiple species of ants are able to live in 
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one species of Cecropia.  Different species of ants have different behaviors which elicit responses from the 
tree.  This study examined how herbivory and rate of MB production of C. obtusifolia varied with ant presence 
and species.  Forty C. obtusifolia in the Monteverde region of Costa Rica were sampled.  When ants were 
present they were collected and identified.  Herbivory was calculated for each tree as was rate of MB 
production.  When ants were present, there was about 60% less herbivory than when ants were not present.  
Herbivory did not differ between species and was not related to MB production, suggesting that the presence of 
ants deters herbivores but one species is not a better defender than another.  There were differences in MB 
production according to species.  C. obtusifolia inhabited by A. xanthochroa produced significantly fewer MBs 
than when no ants were present on the tree and fewer than other trees with different ant species.  I attribute this 
to the prediction that phloem-feeding coccids that Azteca farm on the inside of the Cecropia, which require the 
tree to invest more energy in repair and less in MB production, are more abundant in trees inhabited by A. 
xanthochroa.  Cecropia obtusifolia without ants produced more MBs than trees with ants, which could also be 
due to trees trying to recruit ant colonies for biotic defense.  The Cecropia-ant relationship is not as simple as 
the presence or absence of ants; tree responses vary according to ant species and their behavior.    !
INTRODUCTION !
Interspecies relationships are ubiquitous and fundamental to the functioning of an ecosystem 
(Herre et al. 1999).  Mutualisms, simply described as reciprocally beneficial relationships 
between organisms, are one of the most prominent and important of these relationships 
(Rutter & Rausher 2004).  Examples of mutualisms can include pollinators that increase the 
sexual reproduction of a plant, zooxanthellae that allow for the survival of reef building 
corals, and mycorrhizal fungi that provide plants with increased nutrients (Herre et al. 
1999).  In order for these mutualisms to evolve, the resource benefit to both parties must be 
greater than the cost of the relationship (Rutter & Rausher 2004).  In the tropics, many 
plants develop mutualisms with insects that protect the plant from herbivores in order for the 
plant to decrease its investment in defensive chemical compounds in the leaves (Janzen 
1969).  Janzen (1966) demonstrated that many ant-plant interactions are examples of these 
co-evolved mutualisms.  The ant loving plants, termed myrmecophytes, gain herbivore and 
climber protection while the ants generally gain both domatia and nutrients produced by the 
plant (Longino 1991a). 
 The Cecropia and Azteca relationship is a prominent and thoroughly studied 
neotropical ant-plant mutualism (Longino 1989).  Cecropia is a pioneer species often found 
along roads, in pastures, and in tree fall gaps in the forest (Longino 1989).  There are four 
species of Cecropia in Costa Rica, three of which are inhabited by Azteca ants (Burger 
1977).  Four Azteca species that reside in Cecropia are present in the Monteverde region, 
along with three species of Cecropia, one of which, C. angustifolia, does not house ants 
(Loope 2008).  The ant housing Cecropia are inhabited by a founding queen, which enters 
through the thin prostoma on either side of a hollow internode when the Cecropia is less 
than 1m tall (Janzen 1973).  Saplings are usually colonized by multiple species of Azteca 
queens, each of which produces a small worker force.  However, by the time the tree reaches 
3-4m in height, there is usually one dominant colony which will soon out-compete any other 
colony present (Longino 1991a).  Along with a hollow site to nest in, myrmecophytic 
Cecropia provide Azteca with glycogen-rich Müllerian bodies which are produced by the 
trichilium to be harvested by the ants (Janzen 1969, Schupp 1986).  Azteca ants provide 
rigorous defensive behavior when herbivores or climbing vines come into contact with a 
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host Cecropia.  Ants will attack insect herbivores and prune encroaching vines, releasing the 
Cecropia of these pests and reducing the amount of chemical defenses the tree must produce 
on its own (Davidson 2005).  The presence of this biotic defense dramatically increases the 
success of the Cecropia (Longino 1991a).  Azteca also exhibit behaviors that are detrimental 
to their host.  For example, they farm scale insects on the hollow inside of the tree.  These 
coccids feed on the phloem of the Cecropia and provide sugars to the ants in the form of 
honeydew (Rico-Gray & Oliveira 2007).  Impacts of coccids on the Cecropia are damaging, 
but it is yet unstudied how the tree responds to their presence and whether their abundance 
changes according to ant species (Hunt 2003).  
 According to Longino (1989), Azteca and Cecropia are not considered a specialist 
mutualism.  Multiple species of Azteca are able to inhabit multiple Cecropia species, with 
the exception being C. angustifolia.  In fact, Azteca are not the only ant species that 
colonizes Cecropia.  Many other genera, such as Crematogaster and Pachycondyla, seek out 
Cecropia as well; however, it is unknown whether they participate in a mutualistic 
relationship with the plant as well or if they simply use the plant for protection and nutrients, 
essentially acting as a parasite rather than a mutualist (Longino 1991b).  Crematogaster and 
Azteca species do show some differential preference to the environmental conditions that 
different species of Cecropia inhabit (Rico-Gray & Oliveira 2007, Longino 1989).  
Furthermore, A. xanthochroa and A. constructor seem to provide better protection for 
Cecropia than other species of Azteca (Longino 1991b).  Cecropia obtusifolia relies heavily 
on ant protection and is therefore especially susceptible to herbivory and vine encroachment 
during succession.  Azteca xanthochroa and A. constructor are more aggressive in their 
defense of their host tree as they are known to defend their tree first and invest energy in 
colony reproduction secondarily (Longino 1991b).  Therefore, C. obtusifolia inhabited by 
species of Azteca other than A. xanthochroa and A. constructor have been shown to have a 
higher mortality rate.  Longino (1991a) measured aggressiveness of Azteca species by their 
speed of response to disturbance, amount of herbivore damage to the host plant’s leaves, and 
presence of patrolling and defensive biting.  He found that A. constructor is the most 
aggressive of Costa Rican Azteca species, followed closely by A. xanthochroa.  A. 
coeruleipennis is thought to be the least aggressive, and A. alfari, showed a combination of 
aggressive and non-aggressive behaviors (Longino 1991a).  So, if some ant species are 
better defenders of their host plant, how does Cecropia respond to these differences?   
 Varying degrees of aggression within the Cecropia inhabiting ants could lead to 
differences in herbivory, presumably with the less aggressive species allowing more 
herbivory on the leaves of the tree.  However, when determining the response of the tree to 
the ant species, the detrimental effects that Azteca have on Cecropia, such as the coccids 
they farm, must also be taken into account.  Müllerian body (MB) production varies in 
Cecropia (Rico-Gray & Oliveira 2007), but it is unknown whether this is due to the species 
of Azteca which inhabits the tree.  This study investigated the rate of Müllerian body 
production and herbivory according to the ant species inhabiting trees of C. obtusifolia.     
  
METHODS !
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Study Sites !
This study took place in the Cerro Plano, Santa Elena and Cañitas areas within the 
Monteverde zone of Costa Rica during April and May of 2011.  Because Cecropia require 
plenty of light to grow, they usually occur along the sides of roads, trails, and pastures and in 
light gaps in the forest (Loope 2008).  This study used C. obtusifolia trees found in these 
types of locations as well as in gardens and overgrown pastures located in the Cañitas area.  
All study sites were open to sunlight, though sites at Bajo del Tigre and trails behind the 
Butterfly Garden had more shade cover as they occurred along trails within secondary forest 
growth.  All sites were located within the elevational range of C. obtusifolia, from 
1000-1400 meters (Janzen 1973).    !
Cecropia obtusifolia !
All trees sampled were of the Cecropia obtusifolia species and were 2-4 meters in height. 
This species was chosen because multiple Azteca species are known to inhabit it and it was 
prevalent within the given study area.  A total of 40 C. obtusifolia were sampled, and were 
identified in the field by the presence of 10-13 lobes, the longest leaf having about 30 pairs 
of secondary veins, and, when present, inflorescences longer than 10cm (Burger 1977).  
Trees sampled had at least 3 branches because leaves from three separate branches were 

tested for herbivory.  C. obtusifolia 
of the proper height with and 
without ant inhabitants were used 
(Fig. 1). !

"  
FIGURE 1:  Cecropia obtusifolia in a sunny field with overgrowth on the side of the road in 
Cañitas.  Many C. obtusifolia were sampled in this overgrown field and all except for one 
were occupied by Azteca ant colonies.  This particular tree was occupied by A. xanthochroa, 
had little herbivory, and produced many MBs.   
"  !!
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!
Ant Samplings !
To determine if ants were present, C. obtusifolia trees were shaken vigorously for 1-2 
minutes or until ants emerged.  If no ants emerged, it was deemed that there was no ant 
colony occupying that individual tree.  Ant species were collected from 28 C. obtusifolia by 
hand and placed in sample bags containing ethanol.  Two different genera of ants, Azteca 
and Crematogaster, were found inhabiting the sampled trees.  Ants could not be identified in 
the field so were identified to species in the lab at a later date using the Ants of Costa Rica 
online key compiled by John Longino found at http://academic.evergreen.edu/projects/ants/
genera.  !
Müllerian Bodies 
   
Rate of Müllerian Body (MB) production in C. obtusifolia was measured for all but four of 
the 40 sampled trees.  Those four trees were too tall to reach the MB producing trichilia.  To 
measure MB production on the remaining trees, I removed present MBs from 2 trichilia per 
plant.  The newest trichilia (those nearest the top of the tree), produce the most MBs so these 
were the trichilia I used for sampling on each individual tree.  I then encircled the trichilia 
with Vaseline and covered them with mesh netting to ensure that no ants or outside insects 
were able to remove newly produced MBs (Fig. 2).  I returned 24 hours later to remove the 

mesh and Vaseline and count the MBs 
produced by each trichilia of the Cecropia.   !!!!
 !!!!!!!

"  
FIGURE 2:  Trichilium of C. obtusifolia with newly produced Müllerian bodies 24 hours 
after being surrounded by Vaseline and covered with mesh netting to keep ants and other 
insects from harvesting Müllerian bodies.  
"  !
Herbivory !
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Three leaves were collected from each C. obtusifolia (N=40) to measure the amount of 
herbivory.  Since the leaves of most trees were of a reachable height, a knife was used to cut 
the leaves.  For leaves not within reach, a wendii was used.  Three different leaves from each 
plant, all of different ages (young, medium, and old), were measured for herbivory.  This 
was done to calculate an accurate average since herbivory tends to be greatest on oldest 
leaves and least on new leaves.  The top most full leaf of the plant represented a young leaf, 
the 2-4 leaf was of intermediate age, and the second leaf from the bottom represented an old 
leaf.  A 1cm x 1cm grid was used to measure the amount of herbivory on each leaf.  Entire 
leaves were traced on the grid to measure the total amount of squares covered by the leaf.  
Squares missing more than 25% of their leaf matter were counted as having herbivory.  In 
this manner, total herbivory per leaf was recorded.   !
RESULTS !
Ants !
Two species of Azteca, A. xanthochroa and A. constructor, and one species of 
Crematogaster, C. nigropilosa, were found inhabiting C. obtusifolia.  Crematogaster 
nigropilosa was only found inhabiting C. obtusifolia that experienced shading from taller 
canopy trees.  However, colonies of both species of Azteca were found in C. obtusifolia in 
very large and sunny gaps and in more shaded areas along trails.  Both A. xanthochroa and 
A. constructor exhibited aggressive behavior during collection.  Azteca constructor colonies 
usually swarmed the outside of the Cecropia upon disruption.  They were very fast and seen 
patrolling leaves on occasion.  Azteca xanthochroa colonies were often very large, larger 
than A. constructor colonies, and the ants were very aggressive in their attack, usually biting 
for defensive purposes.  Crematogaster nigropilosa were not aggressive at all and were 
never observed collecting the MBs on the Cecropia.  They were often seen sitting on the 
leaves or trunk of the Cecropia but were not disturbed at all when the plant was shaken.  In 
addition, Crematogaster colonies were always extremely small, with never more than 5 ants 
seen on the outside of a single C. obtusifolia.  In general, ants on smaller trees usually 
attacked less quickly, if at all, and with far less force than colonies of larger trees.   !
Müllerian Bodies !
Müllerian body production was significantly different depending on the ant species 
inhabiting the C. obtusifolia individual (One Way ANOVA, F4,69=2.97, P=0.0257).  Cecropia 
obtusifolia colonized by A. xanthochroa produced fewer MBs than trees without ants, with 
an average of 14.8 MBs per tree compared to 48.8 MBs (Tukey’s HSD test, P<0.05).  Trees 
inhabited by A. constructor, C. nigropilosa or no ants did not differ significantly in their MB 
production, producing an average of 35.9, 35.5 and 48.8 MBs per day respectively (Tukey’s 
HSD test, P>0.05; Fig. 3).  However, trees with no ants did produce an average of 12 more 
MBs per day than those inhabited by A. constructor and C. nigropilosa.     !
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"  
FIGURE 3:  Average Mullerian body production per day of 36 C. obtusifolia.  Twelve 
Cecropia without ants, 8 A. constructor inhabited, 7 C. nigropilosa inhabited, and 9 A. 
xanthochroa inhabited Cecropia were sampled.  Error bars represent ± one standard error of 
the mean. 
"  !
Herbivory !
In contrast to Müllerian body production versus ant species, herbivory on C. obtusifolia was 
not related to the ant species inhabiting the plant (One Way ANOVA, F4,122=1.65, P=0.1659).  
Azteca constructor inhabited trees, which had 4.7% average herbivory, was very similar to 
A. xanthochroa and C. nigropilosa inhabited trees, which showed 5.4% and 4.9% average 
herbivory, respectively.  When no ants were present, the most damage was done by 
herbivores on C. obtusifolia trees, with an average of 8.4% herbivory on leaves (Fig. 4).  
The difference between Cecropias with no ants and trees with ants was not enough to be 
statistically significant, but the results show that there was about a 60% increase in 
herbivory when ants were not present.  !
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"
FIGURE 4:  Difference in % average herbivory on C. obtusifolia according to ant species 
inhabiting the plant. Forty C. obtusifolia total were sampled; 12 Cecropia without ants, 11 A. 
xanthochroa inhabited, 7 C. nigropilosa inhabited, and 10 A. constructor inhabited.  
Herbivory did not noticeably differ according to ant species but was much higher when ants 
were not present.  Error bars are ± one standard error of the mean.  
"  !
DISCUSSION !
Multiple species of ants were found inhabiting C. obtusifolia.  Crematogaster were always 
found in shaded sites, and were very docile; they showed almost no defensive behaviors and 
unlike the Azteca ants were not at all bothered when the MBs were being removed or 
covered.  This could be because ants that are not obligate Cecropia associates, such as 
Crematogaster, tend not to recognize MBs as a food source and therefore do not defend 
them (Davidson 2005).  Azteca xanthochroa and A. constructor were the only Azteca species 
sampled on C. obtusifolia, presumably because C. obtusifolia in open areas require 
aggressive ant defenders (Longino 2005).  Even though A. alfari are also found in the area 
studied, they are not often present on C. obtusifolia, and are more common on C. obtusifolia 
in the lower part of their range (~1000masl) where I did not sample.  These differences in 
environment show that different species of ants have distinct habitat affiliations when 
choosing Cecropia trees. 
   Regardless of habitat preference, all ants offered some protection from herbivores 
to C. obtusifolia.  Schupp (1986) demonstrated that when its ant inhabitants were removed, 
C. obtusifolia experienced higher herbivory, increased vine cover, and significantly stunted 
growth.  My results and observations support this finding, although growth rate was not 
measured.  C. obtusifolia almost always had more herbivory when ants were not present, 
especially on their intermediate age and youngest leaves.  However, herbivory did not differ 
according to ant species.  This implies that degree of herbivory relies on the presence of 
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ants, but their level of aggression does not make them better or worse defenders.  The only 
variation in ant colony     that causes a difference in herbivory is the size of the colony.  
Larger colonies are better defenders as they have more ants to designate to defense (Longino 
2005). 

Ant presence on C. obtusifolia causes a decline in herbivory, but this herbivory is not 
linked to rate of Müllerian body production.  However, the presence of ants and the ant 
species do have an effect on MB production.  Trichilia on un-inhabited Cecropia were 
observed to have over a hundred MBs on a single trichilium.  This could be due to MBs 
collecting over a number of days because they were not being harvested; however, when 
MBs were removed from these trichilia and newly produced MBs were counted 24 hours 
later, C. obtusifolia without ants produced more MBs than C. obtusifolia with ants.  
According to Agrawal and Dubin-Thauer (1999) it is not clear if the ants or the plants 
regulate the induction of the ant colony.  My data suggest that trees are producing an 
abundance of MBs in order to attract ant colonies, meaning the plants are regulating the 
induction of the ant colony.  Once an ant colony has inhabited a Cecropia, however, it may 
be the behavior of the ant species that regulates the MB production.  C. obtusifolia inhabited 
by an A. xanthochroa colony produced fewer MBs than trees with other species of ants.  
Since there was no difference in herbivory allowed by ant species, assuming there was also 
no difference in energy invested in leaf repair by the plant, this variance must be accounted 
to a damaging effect A. xanthochroa has on C. obtusifolia that is less for other species and 
absent when ants are not present.  I believe this difference is due, at least in part, to the 
coccids that Azteca ants farm on the inside of hollow Cecropia.  These scale insects act as 
herbivores as they feed on the phloem of the Cecropia, damaging the tree and causing it to 
invest more energy in repair (Rico-Gray & Oliveira 2007).  Because C. obtusifolia inhabited 
by           A. xanthochroa invest less energy in MB production, I propose that this is because 
A. xanthochroa rely more heavily on coccids for sugar than other Azteca species and 
therefore farm larger colonies of them, causing more damage to the tree.  Furthermore, in 
my observations larger trees with larger ant colonies often produced very few MBs, 
plausibly because larger colonies of scale insects were present and feeding on the Cecropia, 
causing the tree to invest less energy in MB production and more in self-repair.   

Plant defense is costly and employing a biotic defense can be a good strategy to 
reduce some of those costs.  However, biotic defenses have associated costs as well.  All 
myrmecophytic Cecropia invest energy in producing Müllerian bodies for their ants 
(Davidson 2005).  Furthermore, Azteca are known to farm scale insects that feed on the 
Cecropia, which may affect the rate of Mullerian body production by the Cecropia.  Plant 
defense by ants is not as simple as the presence or absence of ants; the diversity of behavior 
between ant species is an important factor in their effectiveness as defenders (Davidson 
2005).  More research needs to be done into the cost/benefit relationships that varying ant 
species present their host Cecropia with.  Cecropia that have ants show little difference in 
herbivory according to species, but their rate of MB production is significantly different.  
This points to variation in behaviors other than protection and suggests that Cecropia adapt 
to the combined effects of inhabiting species’ behaviors, and not just their quality of defense.  !
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"  

ABSTRACT 

Passifloraceae and Heliconiine butterflies have coevolved around a cyanide defense against 
herbivory. This study focuses on the oviposition preference of Heliconius charithonia and 
Heliconius hecale on Passiflora biflora and Passiflora vitifolia. Changes in cyanide content 
and leaf toughness were studied as a function of leaf age of P. vitifolia and P. biflora in the 
Ranario Butterfly Garden in Monteverde, Costa Rica. In addition, P. biflora plants were 
compared with vines outside of the garden. For P. vitifolia, leaf toughness significantly 
increased with age while cyanide content significantly decreased. P. biflora sampled inside 
and outside did not show a significant relationship between leaf age and either cyanide or 
toughness. Cyanide was shown to significantly decrease as leaf toughness increased in P. 
biflora, however. P. biflora sampled from inside and outside showed very similar patterns of 
leaf toughness and CN. H. charithonia females preferred to oviposit on the youngest P. 
biflora leaves, while H. hecale showed no ovipositing preference based on leaf age. These 
results suggest that oviposition preferences varied, with H. hecale egg placement a result of 
interspecific insect interactions and H. charithonia preference based on leaf toughness.  

RESUMEN 

Passifloraceae y mariposas de la familia Heliconiinae han coevolucionado alrededor de una 
defense de cianuro contra herbivoria. Este estudio se enfoca en la preferencia por sitios de 
oviposición de Heliconius charithonnia y Heliconius hecale en Passiflora biflora y 
Passiflora vitifolia.  Cambios en el contenido de cianuro y la dureza de las hojas fue 
estudiado en función de la edad de la hoja de P. vitifolia y P biflora en el Mariposario del 
Ranario de Monteverde, Costa Rica.  En adición, plantas de P. biflora se compararon con 
plantas afuera del jardín.  Para P. vitifolia la dureza de las hojas aumenta significativamente 
con la edad mientras que el contenido de cianuro decrece significativamente.  Las plantas 
muestreadas dentro y fuera no mostraron diferencia alguna en cuanto a la edad de las hojas y 
el contenido de cianuro y la dureza.  El contenido de cianuro decrece significativamente al 
aumentar la dureza de las hojas en P. biflora, sin embargo, P. biflora muestreadas dentro y 
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fuera mestran patrones similares en cuanto a dureza y contenido de cianuro. Las hembras de   
H. charithonia prefieren ovipositar en hojas jóvenes de P. biflora, mientras que H. hecale no 
muestra ninguna preferencia basada en la edad de la hoja.  Estos resultados sugieren que la 
preferencia por sitios de oviposición varían, con H. hecale el lugar es resultado de 
interacciones intraespecíficas con insectos y H. charithonia se basa en la dureza de las hojas. 

!
INTRODUCTION 

Many plants have evolved physical and chemical defenses to deter herbivores, such as 
passion vines (Passifloraceae) which have developed cyanogenic glycosides in their tissues 
(Benson et al. 1975). These secondary compounds have been successful in deterring most 
insects, though butterflies in the subfamily Heliconiinae (Nymphalidae) have developed a 
resistance to these toxins (Benson et al. 1975). Heliconiines almost exclusively use 
Passiflora as their host plants and this association is an example of coevolution between 
insects and plants (Gilbert 1975). After these butterflies overcame Passiflora’s cyanide (CN) 
defenses, Passiflora evolved other strategies to deter heliconiines, such as variable leaf 
shape, egg-mimicry, extrafloral nectaries (EFN) and hairs (DeVries 1987; Benson et al. 
1975). Consequently, most heliconiines have become specialized for a subset of Passiflora 
spp in an ongoing coevolutionary arms race (Benson et al. 1975; DeVries 1987). 

 Although Passiflora use multiple defense strategies, it is often too energetically 
costly to invest in them at the same time, resulting in defense tradeoffs. For example, 
younger leaves tend to have higher cyanide levels while older leaves are generally tougher 
(Bellush 2010). Leaf toughness is a more effective defense, but takes longer to develop 
(Sagers & Coley 1995). In addition, defense levels and types can vary based on resource 
availability. For example, P. dioscoreifolia plants in sunny habitats used more expensive 
defensive compounds, such as lignin and cellulose, than plants in shade habitats. Leaf 
toughness was also found to be higher in sunny conditions (Bellush 2010). 

Heliconiines have evolved adaptations to overcome these defenses, such as acute 
eyesight to distinguish between eggs and egg mimics (Benson et al. 1975; DeVries 1987). In 
addition, ovipositing females, use sensitive chemoreceptors to accurately identify plants 
based on secondary compounds and despite changing leaf shape (Benson et al. 1975). This 
may explain why some heliconiine butterflies have been shown to prefer younger Passiflora 
biflora leaves, that are less tough but have higher CN levels (Burkholder 2008). 

 In this study, I will quantify defense strategies, including cyanide content and leaf 
toughness, of Passiflora vitifolia and P. biflora at a Monteverde butterfly garden. I will also 
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compare oviposition preference of Heliconius hecale and Heliconius charithonia on both of 
these plants. Since the garden is watered more frequently than it rains outside (test 
conducted in April of dry season) I will compare defenses between P. biflora inside and 
outside to determine effects of water limitation.  

MATERIALS AND METHODS 

Study Organisms 

This study focused on the oviposition preference of H. hecale and H. charithonia, two 
Monteverde natives that use passion vines as host plants. There were about 20 H. hecale and 
45 H. charithonia adults present in the Ranario Butterfly Garden, where this study took 
place (see below). H. hecale tend to lay eggs singly on P. vitifolia, while H. charithonia 
were observed laying eggs in clusters of between one and 45 eggs on P. biflora. Oviposition 
was recorded for both species of passion vine, including the number of eggs, the location 
(leaf, tendril, stem, etc.), age of the leaf (one being the bud, two being the first full leaf, etc.), 
and presence of caterpillars, other insects or abnormalities. Some hatched eggs were 
observed, but they were excluded from the data analyses because it was impossible to 
determine leaf age at time of oviposition. Likewise, eggs observed on recently trimmed 
branches were excluded because it was impossible to determine leaf age. 

Study Site 

This study was conducted at the butterfly garden at the Monteverde Frog Pond, and in the 
surrounding woods. This site is located at 1300 m, in premontane wet forest, where both 
Heliconius species and P. biflora are native.  There were four trellises (labeled B, C, F and I) 
supporting P. vitifolia and two trellises (labeled A and E) supporting P. biflora in the garden. 
In total, P. vitifolia had about 1600 leaves while P. biflora had 220. Multiple P. biflora plants 
were also found in the small forest outside the garden. After recording oviposition, ten 
leaves and tendrils were collected from each of five different age classes (leaves two, four, 
six, eight and ten) for each species, resulting in 50 leaves each. Fifty leaves of different ages 
were also collected from the P. biflora plants in the forest. Fresh leaves were refrigerated 
until cyanide content and leaf toughness could be determined in the lab.  

Leaf Toughness and Cyanide Tests 

Leaf toughness was determined using a leaf penetrometer. A leaf was placed between two 
metal plates, each with a small hole in the middle. A platform with a pin on one side was 
gently placed on top of the plates, with the pin in the hole. A small container was placed on 
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top and slowly filled with water until the leaf broke under the weight of the water. The 
combined weight of the water and container was recorded as relative leaf toughness.  

The second test determined the cyanide content in freshly picked leaves and tendrils 
(though it should be noted that P. biflora tendrils were too dry to be tested). A sodium picrate 
solution was used, which contained 2.5 grams of sodium carbonate and 1 gram of moist .5% 
wt. vol. picric acid. Water was added for a total volume of 100mL (Bellush 2010). Filter 
paper was cut into 9 cm by 0.5 cm strips that were dipped in the sodium picrate solution. 
When possible, 0.1 grams of fresh leaf was cut and placed in a glass vial. The entire leaf was 
used when it weighed less than 0.1 grams. Ten drops of toluene were added to each vial and 
the leaf was macerated for 40 seconds. A moist picrate strip was placed in the vial so that it 
hung just above the leaf tissue. The vials were capped and incubated for 15 minutes in a dry 
box. The yellow strips turned orange or brown based on the amount of cyanide released. 
After incubation, the picrate strips were removed and dipped ten times into 5 mL of distilled 
water to leach the color into the water. This was then poured into 5 mL cuvets and measured 
in a spectrophotometer at 510 nm (Bradbury et al. 1999, Egan et al. 1998). The percent 
transmission was recorded and converted into absorbance using equation 1. Equation 2 was 
used to determine the total cyanide concentration (Bradbury et al. 1999, Egan et al. 1998). 

1. A =2- log(T); A=Absorbance, T=Transmission 

2. Total cyanide (µg/g)=396(A)(100/z); z=weight of fresh tissue used (mg) 

Additional Observations 

As I recorded egg placement, I noticed that the presence of other insects varied significantly 
from plant to plant. On both P. biflora plants, no other insects were found. On the other 
hand, all P. vitifolia plants hosted other insects. Trellises B and C hosted ant colonies and 
what was probably white fly larvae. Trellises F and I had few ants, but many other 
arthropods, including various types of spiders. Trellis F also hosted a significant colony of 
hemipterans. Most of the H. hecale eggs found were on Trellises B (15) and C (11), and only 
a few were observed on Trellises F (2) and I (3). Also, P. biflora plants were small, and I was 
only able to find a few complete branches that ranged from bud to leaf ten.  

RESULTS 

Egg Placement 

Twenty-four unhatched H. hecale eggs were observed on P. vitifolia, while 196 H. 
charithonia eggs were observed on P. biflora. There was no significant linear trend between 
the age of P. vitifolia tissues (including leaves, tendrils, stems and flowers; Fig. 1) and egg 
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placement by H. hecale (linear regression, p= 0.1986, R²= 0.1974, N= 10), though this could 
be caused by the small number of eggs present. On the other hand, the data suggest that 
there is a very significant trend between P. biflora tissue age and egg placement by H. 
charithonia (p= 0.0537, R²= 0.5578, N=7; Fig. 2). There is also a significant relationship 
between P. biflora tendril age and egg placement (p= 0.0335, R²= 0.5569, N=8; Fig. 3). 

"  

Figure 1. Oviposition by H. hecale on P. vitifolia as a function of tissue age, including leaves, tendrils, 
stems, and flowers(Linear regression, p= 0.1986, R²= 0.1974, N= 10).  

#
 E

g
g

s

0

2

3

5

6

 Age (1=youngest)

0 8 15 23 30

y = -0.0854x + 2.958

 

 129 



 

!  

!
Figure 2. As age of P. biflora leaves, tendrils, etc. increase, there is a nearly significant decrease in egg 
placement by H. charithonia (Regression test,  p< 0.01, N= 10). 
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!  

Figure 3. As age of P. biflora tendrils increases there is a significant decrease in egg placement by H. 
charithonia (p= 0.0355, N= 8). 

Leaf Toughness 

P. vitifolia showed a significant increase in leaf toughness with age (linear regression, p< 
0.0001, R²= 0.3707, N= 49; Fig. 4) though P. biflora did not follow this trend neither inside 
(linear regression, p= 0.6043, R²= 0.0059) nor outside (linear regression, p= 0.3767, R²= 
0.0170).   Both species within the garden showed a negative correlation between CN content 
and leaf toughness (P. vitifolia: p= 0.0241, R²= 0.1037;Fig. 5; P. biflora: p= 0.0125, R²= 
0.1282; Fig. 6). Leaf toughness was also compared between P. biflora found in the garden 
and in the woods. Inside, leaves were slightly tougher with mean of 103.332 g (SE= 
5.7149439) compared to outside with 86.355g (SE= 5.7149439), though not significantly so 
(ANCOVA, p= 0.7567). 
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"  

Figure 4. Leaf toughness was shown to increase with age for P. vitifolia (p< 0.0001, N= 49). 

!  

Figure 5. Leaf toughness was negatively correlated with CN concentrations in P. vitifolia (P=.0241, N= 
49). 
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!  

Figure 6. Leaf toughness was negatively correlated with CN concentrations in P. biflora leaves sampled in 
the garden (p= 0.0125, N= 48). 

!
Cyanide Content 

Cyanide concentrations decline with age in P. vitifolia leaves (linear regression, p< 0.0001, 
R²= 0.3707; Fig. 7) as well as tendrils (linear regression, p< 0.0001, R²= 0.5058; Fig. 8). P. 
biflora, on the other hand, did not show a significant trend in leaf CN for samples gathered 
inside (linear regression, p= 0.2388, R²= 0.0300) nor outside (linear regression, p= 0.3043, 
R²= 0.0234). However, CN did decrease as leaf toughness increased in P. biflora sampled 
inside (linear regression, p= 0.0125, R²= 0.1282; Fig. 6).  
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!        

!
Figure 7. Leaf CN concentrations were shown to decrease as leaf age increased in P. vitifolia (p< 0.0001, 
N=49). 

!  

Figure 8. Tendril CN concentrations were also found to be highest in the youngest P. vitifolia tendrils 
( P<.0001, N=46). 
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DISCUSSION 

This study suggests that Heliconius butterflies may select oviposition sites based on 
characteristics like leaf toughness, and also environmental conditions like presence of other 
insects. Although we cannot conclusively say that butterflies select ovipositing sites based 
on cyanide content, it may reveal some interesting trends related to Passiflora- Heliconius 
interactions. It is surprising that oviposition did not relate to cyanide content, but there were 
other patterns that are in fact consistent with past research (Burkholder 2008). For example, 
H. charithonia prefer to oviposit on younger P. biflora leaves and P. vitifolia reduce cyanide 
production, and increase toughness as leaves age (Benson et al. 1975; Bellush 2010; 
Lowman & Box 1983). Also, cyanide content of both Passiflora species was shown to 
decrease as leaf toughness increased. This suggests there is a tradeoff and that once leaves 
are toughened CN is withdrawn.  Toughness is a better overall strategy, even protecting the 
leaves from heliconiine larvae, but it takes time to accumulate.  Therefore, CN protects 
younger, more tender leaves (Sagers & Coley 1995).  

 In the garden, it seemed that oviposition was related to the most limiting resource for 
each plant. For example, H. hecale most likely chose oviposition sites based on the relative 
abundance and threat of other arthropods. Although P. vitifolia cyanide content and 
toughness were both correlated with leaf age, H. hecale did not choose to lay their eggs on 
the youngest leaves. Since leaf toughness was relatively low for all leaves, with an average 
of 41.15 g compared to 103.32 for P. biflora, it is possible that P. vitifolia leaves are never 
too tough for larvae to chew. With this in mind, we might consider other influences on 
oviposition, such as competition or predation by other arthropods . From my observations, it 
seemed apparent that H. hecale avoided laying eggs on Trellises F and I, which were home 
to a colony of hemipterans and various species of spiders. It is also possible that eggs were 
laid on these plants, but were subsequently eaten or removed before I could count them. 
There were many more eggs on Trellises B and C, which contained many ants and white 
flies larvae. Though, overall there was still no pattern between oviposition and leaf age. 
Though studies have shown that some ants remove eggs (Benson et al. 1975), both species 
seem to be coexisting in this case. Perhaps ants do remove eggs, but the ones I found were 
hidden too well for detection. This would suggest that ovipositing females try to oviposit in 
more discrete places to avoid detection and removal by ants. Likewise, it is possible that 
hemipterans are more efficient egg eliminators and therefore fewer were found on those 
plants. If plants and insects were observed more closely it might be possible to determine the 
exact relationship between these organisms. It would also be interesting to compare the 
efficiency of egg removal by different insects on different species of Passiflora. 
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 In this study, the data supported a relationship between P. biflora leaf age and 
oviposition by H. charithonia even though there was no significant trend between leaf age 
and cyanide content or toughness. Nonetheless, the most probable explanation for preference 
for younger leaves is still related to leaf toughness. The majority (63%) of eggs were 
actually laid on the youngest leaf, tendril, or bud of P. biflora. Relative toughness for leaves 
two, four, six, eight and ten was tested and found to be much higher than P. vitifolia. Leaf 
toughness was not tested for the first leaf because it was found to be too small to accurately 
measure. Therefore, it is possible that toughness is significantly lower than older leaves, or 
at least the soft tissue of the first bud is easiest for larvae to chew. It is also possible that the 
small plant size effected patterns of oviposition, and it would be beneficial to test these 
trends on multiple larger individuals. Other explanations, such as interspecific interactions, 
can be ruled out because there were no other insects observed on these plants.  

 The comparison between P. biflora found inside and outside showed no difference 
between these groups, suggesting that there was no significant difference between resources 
that might affect defense levels. It has been demonstrated that resources like light can 
influence cyanide levels and leaf toughness (Bellush 2010), and one would expect similar 
trends in relation to water availability. Since leaves within the garden probably received 
much more water I would have expected more defense production inside than outside. 
Unfortunately, I was unable to quantify water availability in both areas so it is difficult to 
confidently make conclusions without further research. 

 Overall, this study suggests that there are important differences between Passiflora 
defenses and Heliconius oviposition preference between species. Our results support the 
theory of defense tradeoffs due to energy limitations, though cyanide and leaf toughness 
may not always follow a linear trend. In this case, leaf toughness, extrafloral nectaries and 
the insects they attract probably had a stronger influence on Heliconius oviposition than 
chemical defenses. This suggests that although Passiflora employ many defenses, they may 
have varying effectiveness and energy investment.  
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!
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ABSTRACT !
Army ants are superefficient in their retrieval of prey.  There are four distinct worker castes in Eciton burchellii 
each important to the high efficiency of foraging.  When prey is too large for an individual it is segmented by 
workers into manageable pieces then conveyed to the bivouac.  Workers carrying prey were collected to 
determine the relationship between prey size and the worker(s) carrying prey as well as examine prey as an 
evolutionary pressure for selection of the submajor caste.  Results show length and width are poor determinants 
of which caste is performing the retrieval task, as all castes are equally as likely to carry prey of any size.  Prey 
biomass was shown to be a significant factor in determining which caste carried which prey, with the submajor 
caste carrying the heaviest of prey items. !
RESUMEN 
Las hormigas arrieras son muy eficientes en la recuperación de presas.  Existen cuatro castas diferentes en 
Eciton burchellii cada una importante para la alta eficiencia en el forrajeo.  Cuando una presa es muy grande 
para un solo individuo, las hormigas la dividen en pedazos manejables y así transportados al bivouac.  Las 
obreras que cargan presas que ellos colectan para determinar la relación entre el tamaño de las presas que las 
obreras cargan como una fuerza evolucionaria a la selección de la casta submayor.  Los resultados muestran 
que mientras el largo y el ancho son factores no determinantes en cual casta realiza la recolección, todas las 
castas son igualmente capaces de cargar presas de cualquier tamaño.  La biomasa de las presas resulto ser el 
factor significativo en la determinación de cual casta carga cual presa, con la casta submayor cargando las 
presas más pesadas. !
INTRODUCTION !
E.O Wilson and Holldobler (2005) likened superefficient insect societies to a factory inside a 
fortress.  The factory being the queen and nurse workers, surrounded by the fortress, or nest 
and the workers who build, repair and guard it.  Ants and termites are excellent examples of 
these superefficient societies because though they together are only 2% of approximately 
900,000 globally known insect species they form over half of the total insect biomass 
(Wilson & Holldobler 2005).  The key to success for these superefficient eusocial societies 
is the specialization that occurs in their workforce (Oster & Wilson 1978, Powell & Franks 
2006). Eusocial societies are composed of many workers living together in cooperation, 
usually around a central female or queen, and the specialization which occurs in these 
societies allows for workers to be performing different tasks at the same time making these 
societies highly efficient (Holldobler & Wilson 1990). 
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The army ant subfamily Ecitoninae includes about 150 species of army ants 
(Rettenmeyer et al. 1983).  New world army ants are abundant in humid lowlands from 
northern Peru to southern Mexico (Holldobler & Wilson, 1990) and many of these ants 
specialize on feeding on individuals and larvae of other eusocial insect colonies, though 
some also feed on other arthropods (Franks 1985a).  Division of labor among the workers of 
these species is highly important to their efficiency (Franks 1985a) and is characterized by 
accomplishment of different tasks by specialized individuals (Robinson 1992).   Eciton spp. 
are notably different from other new world army ants in that they retrieve prey and migrate 
above ground (Rettenmeyer 1963).  A well-studied species of Eciton in the new world, 
Eciton burchellii, form groups of workers, or teams, to retrieve larger prey items (Franks 
1985b).   

E. burchellii workers are polymorphic and divisible into four worker castes (Franks 
1985a, Gotwald 1995, Franks et al. 1999).  From largest to smallest individuals they are, 
majors, who are defensive workers with large sickle-shaped mandibles, submajors, who are 
dominant porters of prey items, media, who are a generalist caste and are abundant in all 
behavioral roles and minums, who are found disproportionally in the bivouac, but also are 
bridge builders and assist in prey transport (Franks 1985a, Franks et al. 1999).  When 
raiding the colony forms a 10-15m wide swarm that will taper off into a trunk column in the 
rear, closer to the bivouac (Holldobler & Wilson 1990, Gotwald 1995).  The swarm can 
travel over 200 meters in one day looking for prey, and after finding prey they efficiently pin 
it down, kill and section it (if large enough) into pieces for travel back to the bivouac 
(Gotwald 1995).   

Submajors are fundamental components to E. burchellii prey transport (Franks 
1985b, Powell & Franks 2005).  These highly adapted workers have disproportionately long 
legs in comparison to their body, which allows them to more efficiently carry wider, longer 
and heavier prey (Franks 1985a).  While this caste makes up only 3% of the colony it is 
present in 26% of the events in which prey is transported back to the bivouac which suggests 
a specialist porter role within the colony (Franks 1985a, Franks et al. 1999).  This 
superefficient prey transport caste was likely selected for due to mixed diet constraints of 
transport efficiency (Jurgan 2001, Powell & Franks 2005).  It is well known that all 
retrievers of prey, whether individuals or members of a team, carry prey slung beneath their 
bodies (Franks 1985a, Gotwald 1995) and that submajors are best suited for this task as they 
have disproportionally long legs (Powell & Franks 2005).  As E. burchellii feed on other 
nonhymenopteran arthropods as 50% of their diet, submajor specialization is highly 
important to the transportation this more awkwardly shaped prey group (Powell & Franks 
2005, Powell & Franks 2006). 
 Eciton burchellii colonies coordinated efforts in swarming as well as bivouac 
movement shows they work to optimize time.   As previously stated much evidence shows 
that as prey biomass increases so does the biomass of the individual or teams which are 
carrying the prey item.   Here I look E. burchellii prey and see how they could be an 
evolutionary pressure in the natural selection for the submajor caste. !
MATERIALS AND METHODS 
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!
Study Site  
This study was conducted in the premontane forest of San Luis, Costa Rica on the trails of 
the University of Georgia Ecolodge as well as the trails of La Finca Bella (1100m elevation).  
Data was collected from 10 April 2011 to 3 May 2011 during Costa Rica’s dry season. Five 
different colonies of E. burchellii were used in this study. !
Data Collection  
Sampling periods consisted of presenting a raiding colony with a cockroach.  After the ants 
killed and segmented the cockroach and a segment was being moved towards the bivouac it 
was picked-up and placed into bags of 70% ethanol. Other prey items being carried by 
workers were also picked-up and placed in ethanol.  All ants of a carrying team were 
collected and placed together in ethanol bags.  
  
Measurement of prey and Eciton burchellii workers 
Specimens of prey and E. burchellii workers were left to dry overnight. The intereye width 
of each individual worker was measured using a caliper and each ant was placed into a caste 
based on Franks’ definition of caste distinctions (Franks 1985a).  Prey items and individual 
ants were weighed using a scale to the nearest 0.0001g.  The length and width of each prey 
item was also measured to the nearest mm with a caliper. 

Relationships between prey length, width, and biomass and caste were analyzed 
using one-way ANOVAs. A Tukey-Kramer HSD test was used for pairwise comparisons of 
average prey biomass and caste. !!
RESULTS !
In this study 37 minums, 168 medias and 64 submajors were collected, totaling in 268 E. 
burchellii workers. 

As prey biomass increased, so did the total biomass of workers carrying the prey 
item (Fig. 1).  No difference was seen in the prey items carried by the castes (minum, media 
and submajor) based on length (One-way ANOVA, Ferrordf, totaldf =0.9096, P= 0.4039; Fig. 2) 
and width (One-way ANOVA, Ferrordf, totaldf =1.2061, P=0.3010; Fig. 3) of prey item.  
Submajors carried heavier prey than any other caste (One-way ANOVA, F ratio=5.8797, P= 
0.0032; Fig. 4).  Submajors carried the heaviest prey items while the media and minums 
were shown to carry prey items of similar biomass (Tukey-Kramer HSD= .05).  Average 
biomass of worker caste was, from heaviest to lightest, submajors (0.0126g), medias 
(0.0061g) and minums (0.0035g; Fig. 5). !
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"  
Figure 1.  Comparing prey item to caste carrying the prey shows as the biomass of the prey item increases so does the 
biomass of the worker(s). !

"  
Figure 2.   Mean length carried by each caste (± standard error of the mean).  Each caste is equally as likely to carry prey of 
any length.  Sample size was 168, 37, 64 for media, minum and submajor respectively.  !

"  !
Figure 3. Mean prey width carried by each caste (± standard error of the mean).  Each caste was shown to be equally as 
likely to carry prey of any width.  Width was determined to be a more significant factor than prey length.  Sample sizes for 
media, minum, submajor was 168, 37, 64 respectfully.   !
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"  
Figure 4.  Mean biomass carried by each caste (± standard error).  Tukey-Kramer HSD test showed that submajors carried 
overall heavier eight than the other castes.  Other castes (media, minum) showed no difference in weight they would carry.  
Sample sizes for media, minum, submajor was 168, 37, 64 respectfully.   !

"  
Figure5.  Average weight of the castes was calculated to determine that each caste average weight was found to correlate 
with the general caste size assumptions (minums lightest, media middle weight and submajors the heaviest).  Heavier 
weight in submajors could also be a factor in their carrying of larger prey. !!
DISCUSSION 
  

E. burchellii are evolved to be highly efficient via their highly polymorphic workforce 
(Oster & Wilson 1978).  General foraging theory assumes foraging workers increase their 
fitness by maximizing the rate of energy delivery to a central place, in this case the bivouac 
(Gotwald 1995) and the morphology of the submajors and carrying of heavier prey items 
found here supports this.   Division of labor in E. burchellii workers increases foraging 
efficiency and therefore increases the growth rate of the colony.  Increasing the growth rate 
decreases generation time and contributes back to the fitness of all members of the colony 
(Franks 1985a).  As new colonies formed through division of old ones fitness of all members 
determines rate of colony division, which depends on growth rate (Franks 1985a). 
 All workers of E. burchellii are highly efficient.  In this study biomass was found to 
be the best determinant of which caste was carrying prey items back to the bivouac.  Both 
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length and width were not seen to be an important factor as any of the workers (other than 
majors) would individually, or as a team, carry prey of any length and/or width.  These data 
conflict with almost all other literature found concerning caste and prey retrieval patterns 
which show clear patterns in prey sizes and porters (Rettenmeyer 1963, Franks 1985a, 
Franks 1985b, Gotwald 1995, Franks et al. 1999, Anderson & Franks 2001, Powell & 
Franks 2005, Powell & Franks 2006).  These discrepancies in the data could well be due to a 
deficit in sample size.  Prey biomass however was shown to be a significant factor in 
determining which caste did the work (Fig. 4,5) which does match previous data.   

The challenge of a wider diet for E. burchellii, encompassing a wide variety of 
hymenopteran and other arthropod prey (Holldobler & Wilson 1990), resulted in the 
evolution of submajors for transport of more awkwardly shaped arthropod prey (Powell & 
Franks 2006).  Most new world army ants specialize on the larvae of other eusocial 
hymenopterans and therefore do not have the specialized submajor caste for prey transport 
(Franks et al, 1999).  By encompassing arthropods into their diet E. burchellii overall 
foraging efficiency increases (Gotwald 1995), as they do not have to forage as far for their 
wider range of prey.  The submajors are especially important because they transport more 
prey items back to the bivouac at lower energy costs than the other castes due to their 
disproportionally long legs (Gotwald 1995) also adding to increase colony fitness. 
!
 Hundreds of thousands of workers compose E. burchellii colonies (Holldobler & 
Wilson 1990, Franks et al. 1999) and all are able to performing tasks to increase the 
efficiency of the colony (Oster & Wilson 1978). Worker morphology is clearly an important 
factor to the success of E. burchellii colonies.  Without the specialization of each caste the 
colony could not be as efficient as they clearly are. 
!
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ABSTRACT	!

Food preference is an integral part of what defines a species’ niche.  Predators within the arthropod 
community must be able to deal with a variety of anti-predatory defenses.  Because spiders vary in their 
responses to prey defenses, it is difficult to predict how each spider species will cope with them.  This 
knowledge is important because spiders are common in nearly all ecosystems.  In this experiment, I studied the 
feeding preference of Megaphobema mesomelas, a tropical spider of the family Theraphosidae, in relation to 
the abundance of potential prey species and prey chemical defenses.  I found that cockroach nymphs were the 
most common potential prey item available, but that M. mesomelas typically did not eat this prey, preferring 
the less abundant crickets instead.  I also discovered that the tarantulas prefer the chemically protected larvae 
of Danaus plexippus over the palatable larvae of Archeoprepona sp.  Additional observations led me to the 
conclusion that prey preference of M. mesomelas is dependent on a combination of ideal factors, including not 
only abundance, but also texture and speed.	!
RESUMEN	!

La preferencia de comida es una parte esencial  que distingue el nicho de las especies.  Los 
depredadores dentro de la comunidad tienen que manejar con una variedad de defensas para no comer.  Debido 
a que las arañas varia en sus respuestas a defensas de las presas, es difícil para predecir como cada especie se 
las arreglará.  Este conocimiento es importante porque las arañas son comunes en casi todos los ecosistemas.  
En este experimento, estudié la preferencia de presas de Megaphobema mesomelas, una araña tropical de la 
familia Theraphosidae, en relación a la abundancia de especies potenciales de presas y las defensas químicas 
de las mismas.  Encontré que las ninfas de cucarachas son la presa más común, pero que M. mesomelas 
figurativamente no come esta presa, y que prefiere los grillos que tenían una abundancia menor en lugar de 
otros.  También descubrí que las tarántulas prefiere las larvas de Danaus plexippus que tienen la protección 
química en vez de las larvas apetitosas de Archeoprepona sp.  Observaciones adicionales me indican  la 
conclusión que la preferencia de presas de M. mesomelas es dependiente en un cúmulo de factores ideales, 
incluyendo la textura y la velocidad además de la abundancia.	!!
!
!
!
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INTRODUCTION	
!
	 Knowledge of what food a species consumes can play an important role in 
determining its evolutionary history (Darwin 1859).   Consequently, such information is 
crucial when attempting to understand the morphology and behavior of any species.  While 
some may generalize on whatever food is abundant, others may specialize to reduce 
competition pressure (Emerson et al. 2005).  This can help secure a species in its own niche, 
but it can also make some species more vulnerable.  If anything should significantly reduce 
the population of a specialized predator’s prey, then that predator may be in greater danger 
of going extinct (Rezac et al. 2008).	
	 It would be strategically sound to prefer the most abundant option if a predator were 
to specialize on one type of prey (Murdoch 1969).  However, preference by prey abundance 
may be countered by other factors, such as physical and chemical protection, as is apparent 
in many arthropod species (Kakimoto et al. 1997, Trigo 2000, Silva et al. 2001, Rezac et al. 
2008, Sloggett 2010, Souza et al. 2011).  One species of harvestman can deter predators by 
possessing an exceptionally tough exoskeleton (Souza et al. 2011), and the lepidopteran 
species Danaus plexippus contains cardiac glycosides (Trigo 2000), which trigger an emetic 
response from predators that would normally attempt to eat them (Kakimoto et al. 1997).	
	 Because spiders are a common predator among arthropods, it is possible that much 
of the arthropod chemical arsenal would be used to defend against spider predation.  This 
has been documented in the interaction between Nephila clavipes and alkaloid-containing 
lepidopterans, in which the spider releases the insects from its web without attacking them 
(Silva et al. 2001).  While this supports the idea that chemical protection, at least in the form 
of alkaloids, is an effective deterrent against spider predation, other experimental results 
suggest otherwise.  Tests conducted on another species of spider and an alkaloid-containing 
beetle demonstrated that the spiders would readily consume the chemically protected insects 
without any negative repercussions, effectively bypassing the defense mechanism (Sloggett 
2010).  Another case using chemically protected harvestmen as prey proved that the spiders 
used were unresponsive to the defense (Souza et al. 2011).  Given the inconsistency among 
spider responses when faced with chemical defenses, more information on their feeding 
preferences can help to draw a clearer picture of a common yet understudied branch of 
arthropods.	
	 In this experiment, I studied the correlation between the abundance of different prey 
morpho-species and the feeding preference of a tarantula (Family: Theraphosidae) living in 
premontane and lower montane tropical habitats.  I also sought to determine whether the 
tarantula would respond to chemical defenses.  Theraphosids of the species Megaphobema 
mesomelas were chosen as my test subjects.  M. mesomelas is likely an important predator 
among ground-dwelling arthropods due to their relative abundance in these habitats, yet 
there is almost no information published on this species.  Like many theraphosids, these 
spiders are nocturnal, and will crawl to the front of their burrows at night to feed (Pérez-
Miles et al. 2005).  Tarantulas are very sensitive to vibration stimuli, and it is by this means 
that they detect their prey (Stradling 1994, Pérez-Miles et al. 2005).  I predicted that prey 
abundance would not affect tarantula feeding preference, as tarantulas in other experiments 
have eaten many types of prey offered to them, even those that they did not encounter 
normally in the wild (Stradling 1994).  Since spiders have responded differently to chemical 
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defenses in the past (Silva et al. 2001, Sloggett 2010, Souza et al. 2011), I had no 
predictions for how they would react when given chemically protected prey.	
!
METHODS	
!
Collection & Study Site	
!
	 Nine tarantulas were collected from burrows situated in roadside ditches in Cerro 
Plano, Monteverde, Costa Rica, during April 2011.  Collection periods started after sunset, 
when tarantulas would make themselves visible near the entrances of their burrows.  A small 
stick was poked into the burrow behind each tarantula, followed by constant jabbing until 
the tarantula left.  Because the tarantulas varied in size, their masses were recorded. Sizes 
ranged from 2 to 18 grams, with an average mass of 9.22 grams.  This was also done with 
the majority of prey items used to ensure that the ratio of prey to predator size did not vary 
considerably between feeding trials.	
	 Each tarantula was placed in its own terrarium at the University of Georgia 
Laboratory in San Luis.  Terrarium floors were covered with just enough dirt to cover the 
bottom.  Each terrarium had one cardboard tunnel and a water dish that was refilled every 
three days.  Terrariums were covered with chicken fence weighed down with rocks to 
prevent the tarantulas from escaping.	!
Prey Morpho-species Survey	!
	 Prey surveys were taken in San Luis along roadside ditches, so as to gather an 
accurate sample of what would naturally be found near tarantula burrows.  They were taken 
after sunset, as this was the time that tarantulas were active.  A total of eleven surveys were 
conducted over the same stretch of road, each lasting one hour.  Distance covered each night 
was slightly under a kilometer.  Surveys included all ground-dwelling arthropods that were 
approximately 2 cm or longer with a width greater than 1 cm.  Smaller arthropods were 
excluded on the basis that they would not be large enough to trigger a tarantula’s response to 
their vibrations.	!
Abundant Prey Feeding Trials	!
	 Only cockroach nymphs, crickets, and beetles were among the surveyed prey used 
for each feeding trial.  Adult roaches were not used because they were able to escape from 
the terrariums easily.  Centipedes were excluded as they were too fast to capture, and 
caterpillars were excluded as not enough were found to record significant results.  Feeding 
trials were also conducted after sunset.  Each feeding trial began by throwing a prey item 
near the head of a tarantula after sunset.  The prey was then left in the terrarium for at least 
one full day.  Dead prey were removed from the terrariums.  If a tarantula attacked a prey 
but did not eat it, then it was counted as a rejection.  No more than two prey were put in any 
terrarium at a time.	!
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Novel Prey (Caterpillar) Feeding Trials	!
Two different caterpillar species were used as prey for the novel prey feeding trials, 

because they were not likely to be encountered by tarantulas in the wild (pers. observation).  
The first species was Danaus plexippus, which is found throughout the temperate zone and 
the tropics.  It accumulates toxic cardiac glycosides by feeding on the leaves of Asclepias 
curassavica (Trigo 2000, Haeger et al. 2010), and this makes it unpalatable to most 
predators (Kakimoto et al. 1997).  Archeoprepona sp. was the other species used, and this 
feeds on Ocotea leaves (pers. observation) and has no chemical defenses.  Novel prey 
feeding trials were conducted in the same manner as abundant prey feeding trials.	!
RESULTS	!
Prey Morpho-species Survey	
!

There was significant diference between the number of potential prey organisms 
found (One Way ANOVA, F = 15.6, df = 5, p < 0.0001; Fig. 1).  Cockroach nymphs were 
significantly the most abundant type, composing 47.19% of the total prey found (Tukey’s 
HSD test, p < 0.05).  On average, 31 prey items were found per day.	

Crickets and adult roaches were the the second most abundant morpho-species, 
respectively comprising 27.83% and 12.44% of the total prey.  The number of crickets 
surveyed was not significantly greater than the number of adult roaches found (Tukey’s HSD 
test, p > 0.05), but it was greater than the three least abundant prey morpho-species (Tukey’s 
HSD test, p < 0.05).  Adult roach abundance statistically differed only from the abundance 
of cockroach nymphs (Tukey’s HSD test, p < 0.05).  Although only one caterpillar was 
found during the entire survey, it was not significantly less abundant than the other three 
least abundant morpho-species (Tukey’s HSD test, p > 0.05).	
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� 	
Figure 1. Average (+SD) percent abundance of prey (for tarantulas) organisms per day. Prey 
were suveyed along roadside ditches in San Luis after sunset.   Numbers in parentheses 
indicate total number of individuals found for each prey organism in total. Letters above 
each column indicate which species differed significantly from each other.	!!
Abundant Prey Feeding Trials	!

Each tarantula was given prey 6 to 9 times over the course of 11 days.  Total number 
of prey items eaten by each tarantula ranged from 1 to 8.  Tarantulas significantly ate 
crickets more (when offered) than cockroach nymphs or beetles (X2 = 7.64, df = 2, p = 
0.0219; Fig. 2).  More than twice as many crickets were eaten than were rejected.  The other 
insects were refused more often than they were eaten, with cockroach nymphs and beetles 
seeing a turndown rate of 60% and 75%, respectively. The cockroach nymphs were of a 
species that would secrete a volatile chemical when disturbed (pers. observation).  While the 
tarantulas either tended to ignore or eat the cockroaches, there were two instances where the 
tarantulas successfully caught them, only to spit them out a few seconds later.  One of the 
cockroaches secreted its chemical when this happened, and after spitting it out the tarantula 
walked away and began cleaning itself.  Both the cockroaches succumbed to their attack 
wounds overnight, but neither were eaten.  The tarantula that cleaned itself had eaten a 
cockroach nymph before, and when it was offered another one the following night, it ate it 
without hesitation.	

The cockroach nymphs were sometimes able to escape from the terrariums 
overnight, so if no traces of the cockroach was found the day following a trial, the results 
were not counted.  These insects were the fastest of the prey items used, but a tarantula 
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could still catch a sprinting cockroach if it ran past its head (pers. observation).  Although 
each prey item was placed in front of the tarantula’s head, it usually moved around the 
terrarium before the tarantula decided to eat it.  Beetles were typically an exception, not 
moving much after being placed in the terrariums.  Tarantulas would often make contact 
with the prey, choose not to eat it, and then eat it later in the evening.  Other times, tarantulas 
would eat the prey the moment it was placed in the terrarium.  Prey legs, heads, and wings 
were usually discarded during consumption.	

� 	
Figure 2. Acceptance of prey organisms by tarantulas during feeding trials conducted in 
terrariums.  This figure sums the results of trials conducted with nine separate tarantulas.	!
Novel Prey (Caterpillar) Feeding Trials	!

Tarantulas significantly preferred the larvae of Danaus plexippus over the larvae of 
Archeoprepona sp. (X2 = 6.31, df = 2, p = 0.0427; Fig. 3).  Only two of the seven 
Archeoprepona larvae were eaten.  The feeding process was similar to that involving 	
other prey, with the exception that nearly the entire prey was consumed.  No visible remains 
were left after the monarchs were eaten, and only the heads of Archeoprepona sp. were 
discarded.  Archeoprepona sp. was by far the slowest prey presented to the tarantulas during 
the entire experiment.  Even the monarch caterpillars were noticeably faster in their 
movements.  They were also the biggest prey offered, with an average mass nearly five 
times that of the biggest D. plexippus.	!
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� 	
Figure 3. Acceptance of caterpillars by tarantulas during feeding trials conducted in 
terrariums.  This figure sums the results of trials conducted with nine separate tarantulas.	!
DISCUSSION	!
	 M. mesomelas did show a strong preference for some prey items over others, though 
it was not for the most abundant prey items.  Even though cockroach nymphs were clearly 
more common in the tarantulas’ natural habitat, the tarantulas favored the significantly less 
abundant crickets.  The tarantulas also favored D. plexippus larvae, a prey item that was 
never likely to be present in their natural environment.  This tells us that these tarantulas do 
discriminate between different prey items.  It also means that there are one or more factors 
that are important in determining prey selection, and that prey abundance is not the main 
cause of this discrimination as it is with other species (Murdoch 1969).	
	 Chemical protection was the other factor that was tested in this experiment, and the 
results suggest that this too is not a driving factor, at least in the form of cardiac glycosides.  
The tarantulas did significantly prefer one type of caterpillar over the other, but it was the 
chemically protected monarch caterpillar, not the palatable Archeoprepona sp., that they 
prefered.  This cannot be attributed to naïveté, as the tarantulas that ate the monarch 
caterpillars showed no decrease in fitness afterwards.	
	 While M. mesomelas may be immune to one type of chemical defense, they may still 
be vulnerable to others.  Since the most abundant prey item also happened to be chemically 
protected in a different way than the D. plexippus larvae, it is possible that the cockroach 
nymph volatile chemical secretions were enough to deter the tarantulas most of the time.  
Chemical spray defenses have been found to effectively defend other insects from predation 
(Dossey et al. 2009).  However, there was only one observed instance where the cockroach 
nymph’s secretion appeared to be directly responsible for its release, and this was not 
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enough to keep the tarantula from fatally wounding it.  It also was not enough to spare other 
cockroach nymphs from suffering a similar fate when confronted with the same predator.  
Thus, while the chemical secretion of the cockroach nymphs may be able to deter them from 
some predators, it is not likely to have evolved as a mechanism for detering tarantulas.	
	 Chemical defenses aside, there were many morphological differences between the 
various prey items, and this also could have influenced the tarantulas’ feeding preference.  
The roach nymphs have very flat bodies covered by tough, plated carapaces, and the beetles 
have their backs covered by hardened elytra.  Crickets, on the other hand, have very soft, 
squishy bodies that would pose little resistence to the chelicera of M. mesomelas.  This was 
documented in a previous study conducted with tarantulas where the spiders significantly 
prefered crickets over beetles because they were softer (Kosiba 2009).  However, if the 
amount physical protection were the primary influence on tarantula prey selection, then all 
of the catterpillars should have been eaten, and yet most were refused.	
	 The attribute that caused the to be ignored by the majority of the tarantulas may have 
been their speed.  Because tarantulas typically sense prey through vibrations (Stradling 
1994), the slow movement of Archeoprepona sp. may have rendered it nearly undetectable 
from a tarantula’s perspective.  For this reason, the prey items that tarantulas avoid most 
could be the slowest moving species, regardless of their palatability.	
	 It is evident that there are many variables that can influence prey selection, and to 
effectively test which one carries the most weight requires the use of prey species that differ 
in one but share the rest.  Further studies would benefit from using a palatable caterpillar that 
more closely matched the size and speed of D. plexippus larvae.  Another means that could 
help clarify the trends would be to increase the sample size of all species (predator and prey) 
involved.  More trials should be conducted to increase the data’s margin of signifcance, 
particularly those involving monarch caterpillars, as only three samples were available for 
this study.	
	 Ultimately, it would apear that M. mesomelas prefers prey items that exhibit a 
balance of both the right speed and body type, and that prey abundance and chemical 
defenses play a minor role, if any, in impacting prey selection.	!
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!
Food Resource Density and Territorial Behavior!
of Monteverde Cloud Forest Hummingbirds!!
Sarah Sawtelle!!
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ABSTRACT	
The determinants of territorial behavior patterns in aggressive organisms are not well understood. 
Hummingbirds provide an ideal model for studying territoriality as they exhibit obvious territorial behaviors 
that are likely to change in response to food resource manipulations. I studied trends in territorial behaviors of 
hummingbirds in response to varied food density. Observations were made on three different arrangements of 
hummingbird feeders: small: with twelve feeders in a 1m2 square, medium: with twelve feeders in a 25m2 
square, and large: with six feeders in a 50m2, 5x10m rectangle. There was no significant difference in the 
number of territorial interactions per unit time between the different feeder arrangements. However, the 
composition of species and sex of visitors to the feeders did differ, with a lesser proportion of males and a 
greater proportion of females tending to visit the more distant feeders in most species. Territorial interactions 
significantly changed between feeder arrangements; the percentage of total aggressive interactions that were 
intraspecific rose from 12.9% in the small arrangement to 33.3% in the medium and 69.2% in the large, with 
the rate of interspecific interactions inversely diminishing. The similar rate of territorial interactions between 
density conditions indicates that territoriality is determined by more than simple energy economics, which 
would make defending the densest resources most beneficial. Instead, it appears that differences between 
species and sexes' feeding strategies predict territorial patterns. 	!!
RESUMEN	
Los determinantes de los patrones de comportamiento territorial en organismos agresivos no son bien 
entendidos. Los colibríes son un modelo ideal para el estudio de territorialidad al exhibircomportamientos 
obvios de territorialidad que tienden a cambiar en respuesta a la manipulación de recursos. Estudie las 
tendencias en los comportamientos de territorialidad de colibríes en respuesta a la variación en la densidad de 
comida. Se hicieron observaciones en tres disposiciones diferentes de comederos: pequeña, con 12 comederos 
en un área de 1m2, media con 12 comederos en un área de 25m2, y larga con seis comederos en un rectángulo 
de 5x10m. No existe diferencia en el número de interacciones territoriales por unidad de tiempo entre las 
diferentes disposiciones de los comederos. Sin embargo, la composición de especies y sexo de los visitantes si 
difiere, con una menor proporción de machos y una mayor proporción de hembras visitando los comederos a 
mayor distancia en la mayoría de las especies. Las interacciones territoriales cambian significativamente entre 
la disposición de los comederos; el porcentaje total de	
interacciones agresivas intraespecíficas alcanza el 12.9% en la disposición pequeña, 33.3% en la mediana y 
69.2% en la larga, con una disminución en la tasa de interacciones interespecíficas. Una tasa similar de 
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interacciones territoriales entre las condiciones de densidad indica que la territorialidad es determinada por más 
que simple economía de la energía, lo que hace la defensa del recurso denso más beneficioso. En cambio, 
parace ser que las diferencias entre especies y sexos predice patrones de territorialidad.	!!!!!
INTRODUCTION	!
Territoriality is a complex behavior that can affect the population dynamics of aggressive 
organisms (Eldridge 2001). Animals exhibit territorial behaviors to exclude competitors 
from an area and ensure access to vital resources, such as food (Maher & Lott, 2000). 
Territoriality is largely dictated by energetics: it is adaptive when the benefits gained from an 
area outweigh the energetic costs of defense (Powers & McKee 1994). However, there is 
mounting evidence that territorial dynamics are more complex than can be explained by 
energetics alone (Powers & McKee 1994). Nonetheless, the value of a territory can be 
experimentally manipulated by changing the density of food resources (Stiles & Wolf 1970). 
Examining how resource density influences territoriality can help elucidate the factors that 
drive this behavior (Armstrong 1987).	

    Many studies of the energy economics of territory defense have been conducted 
with hummingbirds because they provide an ideal model for manipulation (Camfield 2006). 
They are extremely sensitive to food stress due to their high energetic demands, so their 
energy budgets are balanced intricately with narrow margins for waste (Dearborn 1998). 
Most importantly, hummingbirds are frequently pugnacious and engage in visible conflicts 
over nectar resources (Stiles & Skutch 1989).	

    Hummingbirds employ a variety of feeding strategies and degrees of territoriality, 
likely due to niche partitioning (Temeles et al. 2005; Fogden & Fogden 2005). Traplining 
species, including Campylopterus hemileucurus and Elvira cupreiceps, feed on a series of 
widely dispersed flowers and tend to be non-territorial (Stiles & Skutch 1989). Resident 
species, such as Eupherusa eximia and Heliodoxa jacula, control territories around 
concentrated food resources from which they violently eject all intruders (Brown & Brown 
1978, Stiles & Skutch 1989). Sex is another factor that influences territoriality. 
Hummingbirds also have strong sexual dimorphism for aggressiveness: males tend to be 
more territorial, while females more often trapline (Stiles and Skutch 1989). Male 
territoriality may drive female hummingbirds to utilize larger, less resource-rich territories 
than males (Wolf et al. 1976). 	

It is hypothesized that both degree and type of territoriality dependent upon a myriad 
of factors that may change seasonally, daily or even hourly for a particular hummingbird 
(Dearborn 1998; Fogden & Fogden 2005; Camfield 2006). Ecological circumstances such as 
food abundance and quality, competitor pressure, and predation risk are thought to influence 
territorial behavior, but the relative importance of each of these factors is unknown 
(Dearborn 1998). Intraspecific territoriality should be more developed because individuals of 
the same species  compete for the same resources (Lyon 1976; Powers & McKee 1994). 
There are a number of theories for the determinants of interspecific aggression: it may be 
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shaped by body size or the degree of threat of resource removal posed by competitors 
(Dearborn 1998). The interplay of these factors may result in the exclusion of individuals or 
the establishment of a dynamic equilibrium in which resources are partitioned (Stiles & Wolf 
1970).	

Although there has been extensive speculation on the factors that shape territoriality 
in hummingbirds, it is not well understood which are most important or how they interplay 
between different species and sexes. Many studies of foraging and competitive behaviors in 
variable situations are needed to demystify the intricacies of hummingbird territoriality 
(Altshuler et al. 2004). In this study, artificial hummingbird feeders were set up in three 
different configurations: with feeders concentrated close together, at a medium distance from 
each other, and then far apart. Decreasing the density of the food resources increases the 
amount of energy required for defense, and thus should alter territorial dynamics (Tiebout 
1991). This study examined the how the different resource densities affected the quantity of 
territoriality, feeder visitation rates by species and sex, and interspecific versus intraspecific 
territoriality. These observations indicate which factors dictating hummingbird territoriality 
and community structure are influenced by food density. 	!
MATERIALS AND METHODS	!
Study Organisms 	
Six species of hummingbird were observed at the feeders, four of which were considered in 
this study. The natural history, known feeding territorial strategies, and additional 
observations of these birds are as follows.	

Campylopterus hemileucurus, or the Violet Sabrewing, is the largest of the 
hummingbirds regularly spotted in this study, with a length of 15cm (Garrigues & Dean 
2007). Only the brilliant purple male was regularly observed at the feeders. C. hemileucurus 
lives in low parts of mature wet forests, as well as in openings and forest edges (Stiles & 
Skutch 1989). This species is known to use a traplining feeding strategy (Fogden & Fogden 
2005). C. hemileucurus is not considered particularly aggressive as its large size might 
suggest (Stiles & Skutch 1989).	

Elvira cupreiceps, or the Coppery-Headed Emerald, is 8 cm long, the smallest of the 
hummingbirds studied (Garrigues & Dean 2007). This species is found at forest edges and at 
all levels of mature wet montane forest (Garrigues & Dean 2007). Females tend to live in 
forest understories, and males in canopies, which could explain why only females were 
regularly observed at the feeders (Stiles & Skutch 1989). E. cupreiceps is known to be a 
low-reward trapliner, meaning it is not aggressive and favors low-quality and widely spaced 
food sources (Fogden & Fogden 2005).	

Eupherusa eximia, or the Stripe-Tailed Hummingbird, is 10cm long and identifiable 
by the distinct black and white pattern on its tail (Garrigues & Dean 2007). Like E. 
cupreiceps, males forage more in the canopy and females in the understory, but both sexes 
will descend to shrubs at forest edges and in clearings (Fogden & Fogden 2005). Male E. 
eximia are known to be particularly aggressive and territorial (Stiles & Skutch 1989).	

Heliodoxa jacula, or the Green Crowned Brilliant, is a shiny emerald hummingbird 
measuring 13cm (Garrigues & Dean 2007). This species is known to favor gaps, forest 
edges, and secondary growth. (Stiles & Skutch 1989). Males intermittently defend territories 
around large plants, while females prefer to visit understory flowers (Stiles & Skutch 1989).	

 

 156 



Both sexes of Lampornis calolaemus (Purple Throated Mountain Gem) and 
Phaethornis guy (Green Hermit), as well as female C. hemileucurus and male E. cupreiceps 
were seen with such infrequency that they were not considered in the analysis of this study.	!
Study Site	
 
This study was conducted in Monteverde, Costa Rica at the Estacion Biologica, located at an 
altitude of 1550 meters in the Holdridge life zone: lower montane rain forest. The study site 
was a mowed grassy area adjacent to forest edge to the south, and a garden to the north. The 
presence of a nearby Stachytarpheta phetofranzii (Verbanaceae) bush and Callistemon spp. 
(Myrtaceae) tree were additional food source for hummingbirds, and appeared to be favored 
particularly by E. eximia and E. cupreiceps. In contrast, H. jacula and C. hemileucurus were 
often spotted perching and interacting in the trees of the forest edge when not at the 
experimental feeders.	
Study Design	!
Twelve miniature hummingbird feeders were constructed with a red base and yellow 
markings around the straw through which nectar was accessed. The feeders had a capacity of 
60mL, and were filled with between 40-50mL of sugar solution daily. The solution consisted 
of twenty percent sugar in water, equivalent to the sucrose concentration of nectar in most 
hummingbird flowers (Bolten & Feinsinger, 1978). The feeders were hung at the beginning 
of each study period, and removed at the end. The feeders were hung in one of three 
arrangements (Fig. 1). The feeders were hung from long lines of rope tied between trees or 
held up by bamboo poles, at a height of approximately 1.5 m.	

! 	
       (a)		 	     (b)	 	 	 	 	                         (c)	!

    FIGURE 1. Small, medium and large feeder arrangements, drawn to scale. Black dots 
indicate feeder placement. The arrangement was located in a grassy area adjacent to the 
lower lab between a forest edge and a garden at the Estacion Biologica de Monteverde.  
The small feeder grid (a), with 12 feeders in a 1m2 area, measures 1 meter on each side. 
The medium feeder arrangement (b), with 12 feeders in a 25m2 area, measures 5 meters 
on each side. The large feeder arrangement (c), with 6 feeders in a 50m2 area, measures 
5 by 10 meters. 	!
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I sat approximately 3 meters from the feeder arrangement while recording data. All 
hummingbirds that visited the feeders were identified and the number of each species and 
sex that visited the feeders was recorded. A visit was only recorded if there were at least 30s 
(approximate) between visits; a bird visiting multiple feeders or rapidly flitting in and out of 
the feeder area was only recorded once. Many of the data points were the same bird visiting 
multiple times over the course of each day and even the entire study, but individuals were 
not tracked. For territorial interactions, the species and sex of the aggressor and the victim 
were recorded. Territorial interactions were each classified as either being a “chase" or a 
“displacement.” A chase was defined as one bird chasing another away from the feeders, 
with both at least temporarily leaving the feeder site to carry out the dispute. These conflicts 
often involved “chittering” vocalizations or physical contact. Displacement interactions 
were when a dominant bird quickly approached a feeder at which a submissive bird was 
already eating, and the submissive bird flew away immediately, making way for the other 
bird to eat without any dispute.	
	 Data was collected between 6:30 and 9:30 am on days with weather suitable for 
seeing many hummingbirds: some sunlight and no mist or rain. A total of 27 hours worth of 
data was collected: 12 hours over 4 days at the small feeder arrangement, 12 hours over 5 
days at the medium feeder arrangement, and 3 hours in one day at the large feeder 
arrangement. This yielded observations of 80 territorial interactions and 740 feeder 
visitations.	!
RESULTS	
!
There was no difference in the quantity of territorial interactions observed at the different 
feeder arrangements (Mann-Whitney U Test, x2=0.0154, df=1, p>0.05; Fig. 2). Only the 
small and medium arrangements were compared, as there was not sufficient data for 
comparison of the large arrangement. The small feeder arrangement had an average of 
2.68±0.81 territorial incidents per hour, while the medium feeders had slightly more, with 
2.83±1.26 per hour. The large feeder arrangement had 4.33 territorial incidents per hour. At 
the small feeder, the minimum number of territorial interactions seen in a single observation 
period was 5, and the maximum was 10. The medium arrangement had a greater range with 
a minimum of 2 and a maximum of 10. 	!
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!   !
FIGURE 2. Number of territorial interactions between hummingbirds observed per 
observation period at each of the feeder arrangements. Small feeder arrangement 
(n=4), medium feeder arrangement (n=5), large feeder arrangement (n=1), n equals 
number of days. Error bars represent 1 standard deviation. 	

	 	
The proportion of interspecific versus intraspecific territoriality changed between 

feeder arrangements (X2=14, df=2, p=0.9013; Table 1). The proportion of intraspecific 
aggression increased as the feeders were moved further apart. The most intraspecific 
aggressive incidents took place between E. eximia (62.5% of all intraspecific aggression), 
which was also the most territorial species overall, being the aggressor in 35% of all 
territorial disputes. C. hemileucurus was particularly aggressive in the small feeder 
arrangement, accounting for nearly half (45.2%) of territorial interactions in that setup, but it 
became far less so when the feeders were moved further apart. E. cupreiceps, was rarely 
territorial but was the victim in 36.3% of all disputes. 	!
TABLE 1.  All territorial interactions observed between six species of hummingbirds under 

small, medium and large feeder arrangements at Estacion Biologica de 
Monteverde between April 20th and May 3rd, 2011 . Interactions are sorted by 
aggressor and victim. Shaded cells indicate intraspecific interactions (n=24) and 
white cells contain interspecific interactions (n=56). 	!
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!
	 There was a significant difference in the visitation by different species and sexes of 
hummingbirds of the three different feeder arrangements (X2=68, df=10, p<.00001; Fig. 3). 
Male hummingbirds’ behavior seemed particularly influenced by feeder spacing. The 
proportion of male E. eximia visitation increased as the feeders were spaced further apart. In 
contrast, male C. hemileucurus visitation started with 21.5% at the small feeder 
arrangement, but fell to 11.1%  visitation at the medium arrangements. Male H. jacula 
visitation also fell from 17.9% to 13.1%. 	!
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Small E. cupreiceps 1 1 Total 31 251 12

 H. jacula 5 1 # Intra 4   

 E. eximia 3 3 2 1 % Intra 12.9   

 
C. 
hemileucurus 4 3 1 5 1     

Medium E. cupreiceps 4 Total 33 352 12

 H. jacula 6 3 1 3 1 # Intra 11   

 L. calolaemus 1 1 % Intra 33.3   

 E. eximia 3 2 4 1     

 
C. 
hemileucurus 2 1     

Large H. jacula 3 Total 13 103 3

 E. eximia 9 # Intra 9   

 
C. 
hemileucurus 1 % Intra 69.2   
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! 	
FIGURE 3. Proportion of feeder visitation by category of hummingbirds at the Estacion 
Biologica de Monteverde between April 20th and May 3rd, 2011. Compares visitors to the 
small feeder arrangement (n=251),the medium feeder arrangement (n=352), and the large 
feeder arrangement (n=103). 	!
DISCUSSION	
 
Energy economics dictates that defending a larger territory requires more energy; if 
resources become too dispersed guarding them becomes inefficient (Lyon 1976). The fact 
that increasing distance between hummingbird feeders did not alter the number of territorial 
interactions observed indicates that energy economics alone cannot explain the observed 
trends in hummingbird territoriality. It is possible that the differences in feeder distances 
were not large enough to alter hummingbirds’ perceptions of territory value or energy 
expenditures in flying between more distant feeders. However, the fact that feeder distance 
significantly altered visitation and proportions of interspecific versus intraspecific 
territoriality indicates that changes in feeder distance were great enough to otherwise alter 
hummingbird community structure around the feeders. 	 	
	 Variation in visitation patterns between feeder arrangements could be a subtle 
indicator of shifting territorial dynamics. Active territorial disputes are energetically 
expensive and increase the risk of predation (Carpenter 1987). It may be most adaptive for 
birds’ to avoid these interactions altogether (Dearborn 1998). They may do so by forfeiting 
food resources already controlled by a dominant hummingbird, or by using different 
resources via niche partitioning. In this study, the changes in visitation proportions to 
different distributions of food resources may reflect how feeding strategies of different sexes 
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of hummingbirds change with respect to resource density (Wolf et al. 1976). Male H. jacula 
and C. hemileucurus visited the distant feeders less often, supporting evidence that males 
prefer more densely concentrated resources. Male hummingbird morphology reflects this, as 
males have higher wing disc loading (WDL), or a lower wing length to body ratio, making 
flight more energetically expensive (Altshuler et al. 2004). Despite the fact that each feeder 
contained plentiful nectar, visitors to the setup would frequently move between feeders, so 
distance between feeders probably impacted the energy expenditures for all visitors. Female 
E. cupreiceps and H. jacula visited the medium-distance feeder arrangements more than the 
small setup, reflecting their tendency to specialize on more distant, low-quality food 
resources not favored by males (Wolf et al. 1976). These dynamics are indicative of niche 
partitioning of nectar resources by different sexes of hummingbirds.	
	 However, female visitation to the most distant feeders was at a lesser proportion than 
the medium distance. This could have been related to the high amount of aggression 
observed at the large feeder setup, which may have deterred females from the area. The 
single day during which data was recorded for the large feeder arrangement, an individual 
male E. eximia was particularly pugnacious, and expelled many conspecifics and also 
interspecific competitors from the feeding area. Males are known to be dominant over 
females in most hummingbird species (Lyon 1976). If the territoriality of a male 
hummingbird was the determinant of female visitation, then perhaps that competitive 
hierarchy shaped feeder visitation. Further research is needed to understanding the relative 
importance of hierarchy versus niche partitioning in determining which species and sexes 
access which food resources in hummingbird communities.	
	 Niche partitioning may also be a factor in shaping the differences in interspecific and 
intraspecific territoriality with respect to feeder density. Decreasing feeder density correlated 
with a decreasing proportion of interspecific territoriality, but inversely correlated with the 
proportion of intraspecific territoriality. Interspecific territoriality is thought to depend on 
competitor features, such as size, potential for resource removal, and threat of territorial 
takeover, but these factors are unaffected by resource density (Powers & McKee 1994) . 
However, interspecific competition also drives differentiation in foraging habitats in 
heterogeneous areas (Stiles & Wolf 1970). The feeders in the small arrangement were a 
homogenous resource: all were virtually equidistant from the adjacent forest and garden. 
However, as the feeders were spaced further apart, they became more heterogeneous in their 
locations, and it appears that facultative interspecific niche partitioning developed. The 
feeders on the north side of the grid, closest to the garden, were favored by E. cupreiceps as 
they were also feeding on adjacent garden plants, feeders on the south side were favored by 
H. jacula and C. hemileucurus, which was often seen perching in the adjacent forest. This 
partitioning reduced interspecific competition, but because conspecifics were favoring the 
same few feeders, they encountered each other more and intraspecific competition 
intensified. This exemplifies how conspecifics share the same ecological requirements, 
which drives intraspecific territoriality to be more developed than interspecific territoriality 
(Lyon 1976).	
	 This study provides evidence that competition, in the form of territoriality, may be a 
driver of niche differentiation between sexes and species within hummingbird communities. 
While territoriality can be advantageous as it permits exclusive resource access, it is still an 
energetically expensive behavior (Powers & McKee 1994). Niche partitioning allows similar 
exclusive resource access without the energetic costs of territoriality, so it is evolutionarily 
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more favorable. What is most intriguing is that much of the evidence of niche partitioning 
appears to be associated with food resource density, indicating that resource distribution may 
play a large role in shaping competition dynamics and subsequent specialization in 
hummingbird communities. 	!
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RESUMEN 

La hipótesis de asignación de riesgo por depredación (ARD) dice que los animales 
demuestran mayor comportamientos anti-depredadores bajo situaciones de alto riesgo, y 
que gastan menos tiempo forrajeando en estas mismas situaciones.  Los colobríes son 
forrajeadores sensibles al riesgo, y este estudio examina si diferentes especies pueden 
determinar riesgos, apoyando la ARD.  Se le presentaron comederos a los colibríes en 
diferentes locaciones y obstrucciones visuales, y las preferencias y comportamientos de 
forrajeo se usaron para determinar la habilidad de los mismos para determinar el riesgo. 
Este estudio indica que los colibríes tienen la capacidad de determinar el riesgo, sin 
embargo las especies difieren en la habilidad dependiendo en el tipo y severidad de la 
situación.  El colibrí Colirrayado, el Esmeralda Coronilla Cobriza, el colibrí Montañez 
Gorgimorado y el Ala de Sable Violaceo todos demuestran preferencias por comederos a 
ciertas alturas o posiciones. El Brillante Frentiverde gasta menos tiempo en los tres 
tratamientos de los comederos (obstrucción de la mirada) y escanea mas que las otras 
especies.  Los colibríes escanean significativamente menos en los comederos normal y 
con obstrucción clara que en los comederos con obstrucción roja, lo que sugiere que la 
obstrucción de la visión es un riesgo para todos los colibríes mientras forrajean. 

!
ABSTRACT 

The predation risk allocation hypothesis (RAH) theorizes that animals display more anti-predator 
behavior in high-risk situations, and should spend less time foraging in high risk situations. Hummingbirds are 
risk sensitive foragers, and this study examines whether several different species of tropical hummingbirds can 
assess risk, supporting the RAH. Hummingbirds were presented with feeder location and view obstruction risk 
situations, and their preferences and foraging behaviors were used to determine their ability to assess risk. This 
study indicated that hummingbirds have the ability to assess risk, although species differed in their ability 
depending on the type and severity of the risk situation. Striped-Tailed, Coppery-headed Emerald, Purple-
Throated Mountain Gem, and Violet Sabrewing all showed significant preferences for a certain feeder height 
and/or position. The Green-crowned Brilliant spent significantly less time at the three feeder treatments (view 
obstruction) and scanned significantly more than the other hummingbird species. Hummingbirds scanned 
significantly less at the normal and clear blinder flower type than the red blinder flower, which suggests view 
obstruction is a risk for all hummingbirds while foraging.  

Introduction 
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Predation is a strong evolutionary force acting on prey animals causing their 
behaviors to change, especially when in more vulnerable situations, such as foraging (Lima 
and Dill 1990).    The predation risk allocation hypothesis (RAH) predicts that animals 
should display more anti-predator behavior in high-risk situations than low-risk situations 
(Lima 1999).  Two studies, one done by Ferrari et. al (2007) and the other by Whitear and 
Stehlik (2009), have supported this aspect of the RAH in studies using fish and 
hummingbirds, respectively: the animals displayed more anti-predator behavior in high-risk 
situations.  In terms of foraging in high-risk situations, animals should spend less time 
feeding and more time taking anti-predator precautions, whereas in low-risk foraging 
situations, the animal should spend more time actually feeding (Lima 1999).  Animals that 
are cautious foragers are known as risk-sensitive foragers, and hummingbirds are thought to 
forage in this way (Montgomerie et al. 1984; Weissburg 1986, Bateson 2002).  

Hummingbird species behave differently in their foraging behaviors: they prefer 
different nectar sources and locations, along with displaying different foraging techniques 
(Stiles and Skutch 1989, Fogden and Fogden 2005).  There are trapliner and territorial 
hummingbird species, which differ in behavior based on their foraging techniques, along 
with different energy intakes, speed, and morphologies of hummingbirds that influence their 
foraging behaviors (Stiles 1975, Stiles and Skutch 1989, Fogden and Fogden 2005).  
Hummingbirds also differ in their foraging behaviors in regards to their foraging locations.  
The different locations can be geographic, such as the interior of a forest or the forest edge 
and varying elevations. The locations can also differ in preferred flower height; some 
hummingbird species prefer to forage on lower, understory plants, while others forage on 
canopy plants (Stiles and Skutch 1989, Fogden and Fogden 2005). Flower type and nectar 
concentration also influence different foraging behaviors between hummingbird species 
(Stiles and Skutch 1989, Fogden and Fogden 2005).   

A study by Lima (1991) tested risk assessment in Anna’s hummingbirds (Calypte 
anna), and found that these hummingbirds have the ability to assess risk while foraging and 
the risk is due to predation threat.  Lima (1991) found that the hummingbirds preferred to 
feed at higher feeder versus lower feeders, and he also found that hummingbirds displayed 
more anti-predator vigilance behavior when their view was obstructed while feeding.  This 
study suggests hummingbirds risk assessment was based on predation threat; thus 
hummingbirds changed foraging behavior due to predation risk (Lima 1991). These 
hummingbirds supported the RAH, although the behavioral foraging differences between 
species was not considered. 

This study will examine whether hummingbirds have the ability to assess risk while 
foraging, and also whether hummingbird species from the Monteverde Cloud Forest Region 
differ in their ability to assess risk.  The risk assessment of hummingbird foraging will take 
place on various levels where hummingbirds will be presented with risks, such as feeder 
location and view obstruction, similar to the Lima (1991) study with the addition of 
observations on differences in hummingbird species foraging behavior.  Hummingbirds are 
likely to have the ability to assess risk while foraging, and species are likely to differ in their 
risk assessment due to differences in foraging behavior.  !
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Materials and Methods 

Study Site 

This study was conducted at the Biological Station in Monteverde, Costa Rica at 
1550m in a lower montane, tropical wet forest (Haber 2000).  Three different feeder 
locations were used on a three day rotating schedule to avoid trap liner and territorial species 
from dominating the feeders, as seen during other studies in the same location.  This 
deterred certain species from dominating the area by having an inconsistent feeder 
availability because the same location was only used once every third day; thus the birds 
could not rely on the feeder everyday and establish a territory.  Two of the three locations 
were forest edges 100m apart, while the third was in the interior of the forest, in which the 
forested mountain side separated the third from the other two, at least 50 m away from either 
one.   

Observations were made from 6:30am to 9:30am for twenty days during the month 
of April 2011. Initially, feeders were placed at all three locations three days prior to the 
experiment to acclimate the hummingbirds to the three different experiment sites. The 
feeders were hung between two trees with a string 1.5 m above the ground: this feeder 
height acted as a control height because 1m and 2m feeder heights were used in the actual 
experiments.  The feeders were filled with a 1:5 sugar to water concentration (20%) solution 
because it most closely matches the sugar content in flower nectar (Lima 1991, Lai 2010).    

!
High vs. Low and Inner vs. Outer Feeders 

 The first experiment tested hummingbird risk assessment based on foraging 
preference for feeders located at different heights and positions.   Two rows of four feeders 
(8 total feeders) were hung between two trees with a 1m space in between each feeder: one 
row of four feeders at 1m and the other row of four feeders at 2m above the ground.  The 
two different height choices and the four different feeder positions were used to determine if 
either or both foraging height and location is a risk for hummingbirds while foraging.  
Hummingbird species and number of visits to each feeder were documented for four days. 
Five hummingbird species were considered for this part of the study: Violet Sabrewing 
(Campylopterus hemileucurus), Purple-throated Mountain Gem (Lampornis calolaema), 
Green Hermit (Phaethornis guy), Coppery-headed Emerald (Elvira cupreiceps), Striped-
tailed (Eupherusa eximia).  Depending on each species’ feeder preference, it can be 
determined which feeder is safer (according to each species) and which feeder presents the 
greater risk for each species of hummingbirds while foraging.  

!
Normal, clear blinder, and red blinder flowers 

 

 167 



 The following experiment tested hummingbirds risk assessment based on visibility 
while foraging. Three different feeder types were used to determine if visibility while 
feeding is a risk for hummingbirds while foraging. First, two normal (Fig.1 A) feeders were 
hung at 2m with a 1m space in between them, and species, visit time, and how many times 
the hummingbird scanned the area while feeding were documented for three days.  A 
hummingbird was considered to be scanning when they took breaks while feeding to look at 
the area surrounding them: the scan could be as little as the hummingbird removing their 
head from the feeder to look around or as large as flying a few inches away from the feeder, 
hovering, and checking the area around them.  The normal feeder was used to determine a 
baseline of how long hummingbirds would stay at a feeder without their vision being 
obstructed. For the next three days, two feeders were hung at 2m with 1m space in between 
them with red blinders attached to the feeder surrounding the drinking hole (Fig.1 C), which 
reduced the hummingbird’s direct and peripheral vision while foraging.  Visit time, species, 
and number of scans were recorded again to compare to the normal feeder to determine if 
foraging behavior changed with reduced visibility. The third flower type was a clear blinder 
(Fig.1 B), and was hung equivalent to the previous two tests.  The clear blinder was used as 
a control to determine if the hummingbirds changed foraging behavior based on the bulk of 
the blinders or because of lack of visibility. Again, species, visit time, and scans were 
recorded for three days. Four hummingbird species were considered for the three treatments: 
Violet Sabrewing, Purple-throated Mountain Gem, Green Hermit, and Green-crowned 
Brilliant (Heliodoxa jacula).  

 

"      "  

!
FIGURE 1: Three different hummingbird feeder types: (A) normal feeder, (B) clear blinder, and (C) 
red blinder type feeder.  

!
Normal vs. Red blinder flower 
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The last experiment tested if hummingbirds, when presented with choice, have the 
ability to assess risk.  One normal feeder and one red blinder feeder were hung at 2m with a 
1m space separating them.  Species, feeder preference, time of visit, and number of scans 
were recorded for three days. Six hummingbird species were considered (Violet Sabrewing, 
Purple-throated Mountain Gem, Green Hermit, Green-crowned Brilliant, Coppery-headed 
Emerald, and Striped-tailed), and the ability to assess risk was determined by preference for 
a certain feeder, or the time spent and number of scans at a certain feeder. 

!
Results 

High vs. Low and Inner vs. Outer Feeders 

 Both Striped-tailed (X2, df=1, p<0.0001) and Coppery-headed Emerald (X2, df=1, 
p<0.0001) preferred the high, outer feeders significantly more than the other feeder heights 
and positions (Table 1). The Purple-throated Mountain Gem significantly preferred the lower 
feeders, regardless of feeder position (X2, df=1, p=0.008) (Table 1). Violet Sabrewing 
significantly showed a preference for the outer feeders, regardless of height (X2, df=1, p= 
0.02) (Table 1).  The Green Hermit did not show any significant preference for feeder 
position or height.  

!
TABLE 1: Hummingbird species and number of visits to the eight feeders at the high/low and inner/
outer feeder positions at the three study sites for four days. 	

*Significant differences p< 0.02. 

Hummingbird Species Feeder Position High Feeder Low Feeder

Green Hermit in 8 6

out 7 8

Striped-tailed* in 1 0

out   27 2

Coppery-headed Emerald* in 14 1

out 33 2

Purple-throated Mountain Gem* in 4 16

out 10 11

Violet Sabrewing* in 4 7

  out 13 11
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!
Normal, Clear blinder, and Red blinder 

The foraging time between feeder types, was significantly different between 
hummingbird species (ANOVA, F=28.58, df= 3, p<0.0001), but not significantly different 
between feeder type (Fig. 2). The Green-crowned Brilliant spent significantly less time at 
the three feeders than the other hummingbird species. For sample sizes and number of visits 
per feeder see Table 2.  

!

"  

FIGURE 2: Average (+SE) foraging times on normal, clear blinder, and red blinder feeder 
types, of 4 hummingbird species in Monteverde. Green-crowned Brilliant (A) differed 
significantly from all other hummingbird species (B) (Tukey’s HSD test, p< 0.05). 	

!
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TABLE 2: Hummingbird species and number of visits to each of the three feeder types. Two feeders 
of each feeder type were at the three study sites for three days each.	

!
!

The average number of scans per second differed significantly for both feeder type 
(ANOVA, F= 25.8, df= 2, p<0.0001) and hummingbird species (ANOVA, F=12.7, df= 3, 
p<0.0001). Normal and clear flower type feeders received significantly less average number 
of scans per second with means of 0.45 and 0.39 scans/second, respectively, compared to the 
red blinder feeder with an average mean of 0.69 scans/second (Fig. 3). Green-crowned 
Brilliant scanned significantly more per second than the Purple-throated Mountain Gem with 
average means of 0.67 and 0.53, respectively (Fig. 3).  The Purple-throated Mountain Gem 
scanned significantly more than both the Violet Sabrewing and Green Hermit with average 
means of 0.53, 0.39, and 0.34, respectively. Violet Sabrewing and Green Hermit did not 
differ significantly from each other in average number of scans per second while foraging.  

!

Flower Type

Hummingbird Species Normal Clear blinder Red blinder

Green-crowned Brilliant 13 27 62

Green Hermit 8 15 9

Purple-throated Mountain Gem 16 22 33

Violet Sabrewing 24 12 6

Total Visits 61 76 110
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"  

FIGURE 3: Average (+SE) number of scans per second on normal, clear blinder, and red 
blinder feeder types, of 4 hummingbird species in Monteverde.  Green-crowned Brilliant (A) 
differed significantly in average number of scans per second from the Purple-throated 
Mountain Gem 

(B), and Purple-throated Mountain Gem (B) differed significantly from Violet Sabrewing (C) 

and Green Hermit(C) (Tukey’s HSD test, p> 0.05).  The normal (A) and clear blinder (A) 
flower 

type feeder differed significantly from the red blinder flower feeder (B) in the average 
number of 

scans per second during the foraging visit (Tukey’s HSD test, p<0.05).   

!
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None of the humming bird species differed significantly in their preference for the 
normal versus red blinder feeders, although Green Hermit almost showed significance in 
preference for the normal feeder over the red blinder feeder (X2, df=1, p= 0.058, Table 3). 

!
!
!

TABLE 3: Hummingbird species and number of visits to normal and red blinder feeder types. Both 
feeder types were at all three study sites in pairs of the same feeder type for three days each.	

!
Discussion  

This study found that the different species of hummingbirds in the Monteverde 
Cloud Forest each show different feeder preferences and foraging behaviors in different risk 
situations. Because hummingbirds did show preference for certain feeders, it can be 
concluded that hummingbirds are able to assess risk in certain situations, but not all of the 
hummingbirds assessed risk the same way in each risk situation.  This can be explained by 
conclusions made by Lima (1998): because there is temporal variation in foraging risk 
predation, animals may behave differently based on risk level: the decision to feed and the 
length of the feed depend on the severity of the risk. Preference may be explained also by 
other factors, such as foraging techniques, preferred foraging locations, morphology, and 
energy intake, rather than risk assessment alone. 

!
High vs. Low and Inner vs. Outer Feeders 

!

Hummingbird Species Red Blinder Normal Feeder

Coppery-headed Emerald 1 1

Green-crown Brilliant 10 9

Green Hermit 1 6

Purple-throated Mountain Gem 14 21

Strip Tailed 4 4

Violet Sabrewing 11 9

Total Visits 41 50
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The preference of the Striped-tailed and Coppery-headed Emerald for the high and 
outer feeders could be explained by risk assessment due to predation threat.  They purposely 
chose to forage at higher feeders, closer to tree coverage to avoid and escape ground 
predators (Lima 1991). The Purple-throated Mountain Gem’s preference for the lower 
feeders can be due to natural foraging preferences for shrub level plants, such as Cephaelis 
(Fogden and Fogden 2005). The outer feeder preference of the Violet Sabrewing can be 
explained by their natural tendency to forage at forest edges; they are used to feeding in an 
open area, but closest to the trees (Stiles and Skutch 1989).  The Green Hermit did not 
display a feeder preference; thus, according to the data from this study, the Green Hermit 
does not assess risk for foraging height and position. Feeder height and position preference 
can be explained by both natural foraging behaviors and risk assessment.  

!
Normal, Clear blinder, and Red blinder 

!
The Green-crowned Brilliant was the only species to spend significantly less time at 

all three feeders, and also displayed the most anti-vigilance behavior at all three feeder 
types. These results are conclusive with the Whitear and Stehlik (2009) study who 
considered foraging time in high-risk situations, and their results supported the RAH: less 
time is spent foraging in high risk situations.  Both of these foraging behaviors could be due 
to their natural foraging behavior as well: they prefer to perch while feeding, and since they 
did not have access to a perch, they spent less time at the feeders (Stiles and Skutch 1989). 
Time spent visiting the feeder did not appear to be a severe risk for hummingbirds, but the 
hummingbirds did display different degrees of anti-predator vigilance behaviors (scanning) 
while foraging at the three feeder types. More scans per second were taken at the red blinder 
flower type feeder than the normal and the clear blinder flower type feeders, which implies 
that view obstruction while foraging is a risk for hummingbirds (Lima 1991).   The Purple-
throated Mountain Gem, Green Hermit, and Violet Sabrewing also demonstrated anti-
predator vigilance behavior while at the three flower types, in different degrees, and thus are 
perceived as having the ability to assess risk (Lima 1991).  

!
Normal vs. Red blinder 

!
Although no hummingbird species preferred one feeder of the other in the normal 

versus red blinder flower experiment, the Green Hermit had a strong trend toward preferring 
the normal feeder.  This foraging preference means that, for the Green Hermit, view 
obstruction is a risk because they tended to avoid the feeder where their view was blocked 
(Lima 1991).  In general, for all of the other hummingbird species considered, view was not 
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a risk in the sense that if their view was obstructed they would avoid the feeder completely, 
but it was a risk in a way that made them display more anti-predator vigilance behavior. 
Regardless of what the risk was, these data conclude that the hummingbirds are able to 
assess risk, but not all species assess risk to the same degree and risk assessment is 
dependent on the situation for each species.  

!
Future Research 

!
  Further research is needed to fully determine the different abilities of the 

hummingbirds to assess risk. Since some of the risk-situations in this study did not seem to 
be a risk or risky enough for some of the hummingbirds, future studies are needed to 
determine which risk-situations are actually risks for hummingbirds. Future studies are also 
needed to determine if the foraging behavior is due to risk or if it caused by their natural 
foraging preferences. The research could potentially determine which hummingbird species 
are more prone to risk and what foraging behaviors are due to instinct, and thus shed light on 
hummingbird foraging behavior based on predation risk.  Beyond the focus of foraging 
behavior, this research could help determine personality traits between similar, non-human 
species, such as hummingbirds,  enriching our knowledge of animal behavior.  
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Fruit Presentation and its Discovery and Removal 
by Frugivorous Bats (Phyllostomidae)!
Emily Shelley!!
Department of Biology, Mills College!!
!
Abstract 
Vegetation may obstruct echolocation signals bats use to forage. To compensate, frugivorous bats may use 
olfaction to locate fruits from a distance, saving echolocation to pinpoint fruits at close range. I observed how 
discovery time and total fruits taken by bats were impacted by foliage cover. Flight cage experiments found a 
significantly greater number of ripe fruits taken from feeding stations free of vegetation. Of 511 ripe fruits 
removed in total, uncovered fruits were taken 70 percent of the time. Also, fruits from uncovered stations were 
found significantly faster than fruits from covered stations. On average, uncovered fruits were discovered three 
times faster than covered fruits. Greater removal from feeding stations free of vegetation suggests that 
olfaction is used to initially find food and that echolocation is compromised and/or vegetation presents a direct, 
physical barrier that impedes foraging. Surrounding vegetation could compromise seed dispersal of some bat-
dispersed plants. Plants should be selected to present fruits away from vegetation. !
Resumen !
La vegetación puede obstruir las señales de ecolocalización que los murciélagos usan para forrajear. Para 
compensar, los murciélagos frugívoros pueden utilizar el olfato para localizar frutos a la distancia, dejando a la 
ecolocalización para ubicar frutos a un rango más cercano. Yo observé como el tiempo de descubrimiento y el 
total de frutos extraídos por los murciélagos pueden ser afectados por la cobertura del follaje. En experimentos 
en jaulas de vuelo se encontró, significativamente, un mayor número de frutos maduros extraídos de estaciones 
de comida libres de vegetación. De un total de 511 frutos maduros removidos, frutos descubiertos fueron 
recolectados un 70 por ciento del tiempo. También, los frutos de las estaciones descubiertas fueron encontrados 
significativamente más rápido que los frutos de las estaciones cubiertas. En promedio, frutos descubiertos 
fueron encontrados tres veces más rápido que frutos cubiertos. Una mayor extracción en las estaciones de 
comida libres de vegetación, sugieren que el olfato es usado inicialmente para encontrar la comida y que la 
ecolocalización es comprometida y/o la vegetación presenta una barrera física directa que impide el forrajeo. 
La vegetación circundante puede comprometer la dispersión de ciertas plantas que son dispersadas por 
murciélagos. Las plantas deben de ser escogidas para que presenten sus frutos alejados de la vegetación.  !
Introduction 

Frugivorous bats face many difficulties when foraging for fruit. Fruits are often 
surrounded by branches and leaves, so frugivorous bats must avoid these obstacles while 
foraging. Foraging phyllostomid bats usually rely on echolocation and acoustical cues to 
locate food. However, fruits may be acoustically masked by other objects, as when they are 
nestled in vegetation that obstructs echolocation signals (Korine 2005; Luft 2003). Visual 
cues are limited as most bats are nocturnal, so bats rely more on olfaction and echolocation 
(Thies et al. 1998). Odor might be a more reliable cue in a complex habitat because 
vegetation will not confuse the signal, as is the case with echolocation (Luft 2003). 
Therefore, from a distance bats can reliably hone in on ripe fruits using smell.  Closer, 

 

 178 



though, echolocation may come into to play as bats eventually must differentiate vegetation 
from fruit (Thies et al. 1998). !
  To show that vegetation can impede fruit foraging, I presented ripe and unripe fruits 
to bats in a flight cage where some fruits are surrounded by vegetation.  If olfaction is a 
primary cue, fruits should be discovered and eaten at the same rate.  If echolocation is 
compromised, unobstructed fruits should be discovered and taken more easily. If the bats are 
not able to successfully navigate to vegetation-covered fruit, this could compromise seed 
dispersal of understory plants relying on bats. !
Methods !
Study site.- My study took place at the Bat Jungle in Monteverde, Costa Rica, which is 
equipped with a large jungle-simulated flight cage of dimensions 17 m x 2-3 m x 2.5 m, 
containing 96 free-flying bats, 70 of which are frugivorous.  There is only red dim light 
present in the flight cage and the adjoining viewing hallway, so the bats are not able to use 
vision to a great extent, but there is sufficient light to observe and record the bats’ behaviors.  !
Study Organisms.- There are five species of frugivorous  bats in the Bat Jungle- Artibeus 
jamaicensis, Artibeus toltecus, Artibeus lituratus, Platyrrhinus vittatus, Carollia sowelli. A. 
toltecus is the most abundant bat at the Bat Jungle with 50 individuals, followed by C. 
sowelli with 8, A. jamaicensis with 5, A. lituratus with 4 and P. vittatus with 3. All 
phyllostomid bats have leaf noses that can influence the pattern of sound radiation away 
from the bat (Bogdanowicz 1997). Many frugivorous phyllostomid bats specialize on the 
fruits of shrubs and understory trees and forage close to ground level (Bonaccorso & Gush 
1987). About two-thirds of the bats were born in the wild, and about one-third were born at 
the Bat Jungle (LaVal 2011). All bats are maintained on a diet of bananas, papaya, melon 
and watermelon. Species were not differentiated for the experiments. Therefore, fruit 
discovery and removal could have resulted from any of the species in the enclosure.  !
Data Collection.- I used the two hanging wooden feeders provided by the Bat Jungle (Fig. 
1).  These are the feeders normally used to feed bats their maintenance diet.  Each feeder has 
four platforms or feeding stations.  The “bananas” in the figure are wood and sit below the 
feeding platform.  Therefore, they do not obstruct food. I used the top-most and second 
highest feeding stations in the left feeder and the second highest and bottom-most feeding 
stations on the right feeder as these were at approximately the same height and were easiest 
to observe. Preliminary trials using the bats’ normal fruits and no foliage cover on either 
feeder showed that there was no preference for either feeder or feeding station. !!!!
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Figure 1.- Experimental setup in the flight 
cage at the Bat Jungle in Monteverde, 
Costa Rica. Two bowls of ripe and unripe 
Solanum umbellatum fruits were placed in 
one hanging banana feeder with Clusia sp 
branch cover (right), while the other feeder 
would have two bowls of ripe and unripe S. 
umbellatum without Clusia sp cover (left). 
The foraging behaviors of frugivorous 
phyllostomid bats were observed from this 
viewpoint. !

For two of the feeding stations, I placed fruit on the platform and surrounded it with 
Clusia sp branches. I chose to use Clusia sp foliage because it is succulent and long-lasting. 
I kept the arrangement of the branches open enough so as not to obstruct the fruits’ scent and 
to allow bat movement into and out of the foliage to the fruit, while still covering the shapes 
of the fruits. Feeding stations had either all ripe or all unripe fruits. One feeding station of 
each type was surrounded by vegetation while the other was not.  
Also provided on the feeding stations were the bats’ normal fruits.  !

Each day I would switch which feeder had the foliage. I monitored the four feeding 
stations over 15 minute trials starting at 8:30 A.M. when the bats were let out of their 
dormitory room, a room adjacent to the flight cage where the bats sleep at night, into the 
flight cage for the day. I determined 15 minutes to be the optimal duration because that is 
when a significantly greater number of ripe uncovered fruits had been taken. Time was 
started when the door to the dormitory was opened.  !

I used three different methods for observation of fruit consumption. These methods 
are only slightly different and were imposed by constraints on accessing feeders to replenish 
fruits.  Despite their differences, they did not compromise later comparisons. !
Method 1.- I filled each feeding station with 30 ripe or unripe fruits, then stood in the 
viewing hallway outside the glass wall of the flight cage and observed the bats finding the 
fruits. After 15 minutes I removed all the feeding stations and counted how many  
S. umbellatum fruits had been taken from each feeding station. This method of observation 
was repeated for four days.  !
Method 2.- I filled each feeding station with 30 ripe or unripe fruits, then stood in the 
viewing hallway outside the glass wall of the flight cage and observed when the first ripe 
fruit was found and consumed from both the foliage- covered and uncovered feeding 
stations. I used three multiple, consecutive 15 minute trials. After the first and second trial 
ended, I would count how many fruits had been taken from each feeding station and refill 
the feeding stations so that each one had 30 fruits again. I would restart the time once all the 
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feeding stations had been refilled. At the end of the third trial I would remove all four 
feeding stations and count how many fruits had been taken. This method of observation was 
repeated for three days. !
Method 3.- I filled each feeding station with 60 ripe or unripe fruits, then stood in the 
viewing hallway outside the glass wall of the flight cage and observed when the first ripe 
fruit was found and consumed from each feeding station. I used three multiple, consecutive 
15 minute trials, but this time I did not replace fruits at the end of the first and second trials. 
Instead, I counted each time a bat found and carried away a fruit from one of the feeders. At 
the end of the third trial I removed the feeding stations from the flight cage. This method of 
observation was repeated for five days.  !
Results !
Ripeness vs Unripeness.- There was a significantly greater total number of ripe than unripe 
fruits taken, regardless if they were in uncovered or covered feeding stations. (paired t-test, 
t= 9.9, df= 23, P= 0.0001). On most days, zero unripe fruits were taken. Since so few unripe 
fruits were taken, further statistical comparison is not necessary.  !
Data Collection.- There was a significantly greater number of ripe fruits taken from the 
feeding station with foliage cover than the feeding station without foliage cover (Sign Test, - 
= 12, 0=0, +=0, P< 0.05). Of 511 ripe fruits removed in total, uncovered fruits were taken 70 
percent of the time. !
Method 1.- There were a greater number of ripe S. umbellatum fruits taken from the feeding 
station without foliage cover than the feeding station with foliage cover and this difference 
was significant (chi-squared goodness-of-fit test, χ2=34.4, df= 1, P< 0.05; Fig 2.A). The 
uncovered feeding station had 2.7 times more total fruit taken than the covered feeding 
station. The feeding station without foliage cover had a mean of 29.75 fruits taken (sd ± 0.5, 
n=119), while the feeding station with foliage cover had a mean of 11 fruits taken (sd ± 2.94, 
n= 44).  !
Method 2.- There was a greater number of ripe S. umbellatum fruits taken from the feeding 
station without foliage cover than the feeding station with foliage cover for the first 15 
minute trial and this difference was significant (chi-squared goodness-of-fit test, χ2= 6, df= 
1, P< 0.05) (Fig 2.B). The uncovered feeding station had 1.5 times more total fruit taken 
than the covered feeding station. The feeding station without foliage cover had a mean of 30 
fruits taken (sd ± 0, n= 90), while the feeding station with foliage cover had a mean of 20 
fruits taken (sd ± 6.24, n= 60). !
Method 3.- There was a greater number of ripe S. umbellatum fruits taken from the feeding 
station without foliage cover than the feeding station with foliage cover for the first 15 
minute trial and this difference was significant (chi-squared goodness-of-fit test, χ2= 58.9, 

 

 181 



df= 1, P< 0.05) (Fig 2.C). The uncovered feeding station had 3.4 times more total fruit taken 
than the covered feeding station. The feeding station without foliage cover had a mean of 
30.6 fruits taken (sd ± 2.79, n= 153), while the feeding station with foliage cover had a mean 
of nine fruits taken (sd ± 5.61, n= 45). 
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Figure 2. Feeding trials of 15 minutes duration conducted in a flight cage at the Bat Jungle 
in Monteverde, Costa Rica, showing how many total Solanum umbellatum fruits were found 
and consumed by phyllostomid bats for covered (C) by Clusia sp foliage and uncovered (U) 
feeders over all trial days when (A) used set amount of 30 fruits per day for 4 days (B) reset 
number of fruits to 30 for each subsequent trial, for 3 days and (C) used set amount of 60 
fruits, for 5 days. Standard error bars given.   !
Second Trials.- For the second set of 15 minute trials, there was a greater number of ripe 
fruits taken from the feeding station without foliage cover than the feeding station with 
foliage cover and this difference was significant (chi-squared goodness-of-fit test, (χ2= 17.9, 
df=1, P< 0.05; Fig 3). Uncovered feeding stations had about two times more fruit taken than 
stations without foliage. The feeding station without foliage had a mean of 16 fruits taken 
(sd ±  9.68, n= 112), while the 
covered feeding station with foliage 
cover had a mean of 8.14 fruits taken 
(sd ±  5.87, n= 57). The third method 
had about double the average 
number of fruits taken from the feeding 
station without foliage cover compared 
to the average of the second trial, and 
about the same average taken from 
the covered feeding station.  !!!!
Figure 3. Second set of 15 minute trials conducted in a flight cage at the Bat Jungle in 
Monteverde, Costa Rica, showing how many total Solanum umbellatum fruits were found 
and consumed by phyllostomid bats for covered by Clusia sp foliage (C) and uncovered (U) 
feeders over 7 trial days. Standard error bars given. !
Third Trials.- The same number of total fruits were taken from both the uncovered and 
covered feeding stations (Fig 4). The uncovered feeding station had a mean of 11 fruits 
taken (sd ±  11.59, n= 25), while the covered feeding station also had a mean of 11 fruits 
taken (sd ±  7.83, n= 52). On the same days there were usually more fruits taken from the 
first and second trials compared to the third trials. Method three had about three times and 
the second trial had about 1.5 times the average amount of fruits taken from the uncovered 
feeding station than that for the third trial. This was due to the uncovered fruits running out 
before the trial was over. !
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Figure 4. Third set of 15 
minute trials conducted in a 
flight cage at the Bat Jungle in 
Monteverde, Costa 
Rica,showing how many total 
Solanum umbellatum fruits 
were found and consumed by 
phyllostomid bats for covered 
by Clusia sp foliage (C) and 
uncovered (U) feeders over 7 
trial days. Standard error bars 

given. !
Discovery Time.-  The bats discovered the first piece of fruit from the uncovered feeding 
station significantly faster than the covered feeding station (paired t-test, t= 2.17, df=7, P= 
0.04; Fig 5). The average time of discovery for the covered feeding station, 37.6 seconds, 

was about three times 
higher than for the 
uncovered feeding 
station and on most days 
the discovery time for 
uncovered fruits was 
substantially faster than 
that for covered fruits.  
 
Figure 5. Length of time 
it took for a 
phyllostomid bat to find 
and consume the first 
Solanum umbellatum 

fruit in a flight cage at the Bat Jungle in Monteverde, Costa Rica. Means and SE given.  !!!!!
Additional Observations 
Often times, the bats would fly up to the foliage-covered feeder, hover for a second, and then 
fly off. This was observed more times for the ripe covered feeder than the unripe. During 
preliminary trials, the foliage was too dense surrounding the feeding stations and the bats 
had a harder time entering the feeding stations to get to the fruit. In these cases, I observed 
that there were more instances of bats approaching, hovering and flying away from the 
covered feeder. Also, the bats would infrequently knock the foliage into undesirable 
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positions when exiting the feeding station, thus making it harder for the next bat to enter the 
feeding station.  !
Discussion !
The frugivorous phyllostomid bats at the Bat Jungle had no interest in unripe S. umbellatum 
fruits.  They spent very little time investigating these feeders. This suggests that ripe fruits 
have an odor that is attractive to foraging bats and is used as a cue to find them.  

Bats greatly preferred uncovered ripe fruits to the covered ripe fruits regardless of 
methods, except for later trials where there was no fruit replacement and uncovered ripe 
fruits ran out. This suggests that bats use olfaction from far away and echolocation up close 
to detect fruits. For the covered feeders, it is possible that sometimes they were not able to 
detect the fruits amid the vegetation obstructions using echolocation. This explanation is 
further supported by my observations that the bats would often hover at the covered feeders 
(usually the one with the ripe fruits) for a moment and then fly off. This behavior can be 
explained by the bats smelling the fruits from far away, and failing to try to distinguish 
vegetation from fruit using echolocation up close. The echolocation signals were probably 
obstructed by the leaves. The preference for the uncovered feeding station could also be in 
part due the bats having some difficulties entering the covered feeding station due to 
undesirable Clusia sp branch arrangement. However, they made it into the covered bowls 
many times, even on days when the foliage placement was not ideal. This could demonstrate 
that echolocation is an important foraging cue, as the bats would probably not have been 
able to navigate the foliage obstructions without it. It is also possible that the bats preferred 
the uncovered to covered feeding station because navigating the foliage obstructions took 
more energy than taking the fruits from the uncovered feeding station.   !

Occasional second and third trials without fruit replacement sometimes found no 
difference between covered and uncovered ripe fruits taken.  This was most likely due to all 
ripe fruits having been consumed.  In some cases where only a handful of uncovered ripe 
fruits remained, bats switched to the ripe covered feeder.  This could be an additional sign 
that olfaction is important, as more ripe fruits in the covered feeders would be expected to 
give off a stronger odor.   !

Although the numbers of fruits taken from covered and uncovered feeding stations 
were significantly different, the overall numbers of fruits taken from the covered feeding 
station were large enough to show that the bats do not primarily use echolocation to detect 
and acquire their fruits. If they used primarily echolocation to find fruits at close range, then 
few or no fruits would have been taken from the foliage-covered feeding station. Thus, they 
must use olfaction to a certain extent in combination with echolocation. !

Covered fruits were discovered much faster than uncovered fruits. This further 
supports that bats prefer unobstructed fruits to obstructed fruits. This can be explained in 
part because unobstructed ripe fruits might allow a stronger odor to be given off and be 
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easier to detect. Also, the foliage cover probably made it more difficult to locate the fruits 
right away, as echolocation signals could have been obstructed. !
 Therefore, I can conclude that frugivorous phyllostomid bats use smell to locate 
fruits. Also, they use olfaction from far away and echolocation from up close. Since 
frugivorous phyllostomid bats prefer unobstructed to obstructed fruits, plants do not have to, 
but should, present fruits in an unobstructed way.  For many, this could mean displaying the 
fruits on a tall inflorescence or peduncle that would lift the fruits away from the leaves and 
branches, thus making it easier for bats to discover and remove them and be able to disperse 
their seeds. Bat-dispersed plants should be selected to present their fruits away from their 
vegetation to increase dispersal. !!!!!
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ABSTRACT 
Specialization between plant and pollinator species has resulted in the development of pollination syndromes in 
which suites of floral traits attract specific pollinators. While plants use nectar as a reward to attract pollinators, they 
must also defend themselves, either chemically or morphologically, against nectar robbers. Brugmansia (formerly 
Datura; Solanaceae) has been described as possibly sphingid, hummingbird, bee, or bat pollinated, underscoring 
how little is known about pollination in this genus. It is also heavily protected chemically, including the flowers. 
One aim of this study was to examine floral traits and compare them to known pollination syndromes to determine 
the most likely pollinators of B. suaveolens. Additionally, I looked for possible chemical protection of nectar and 
petals against nectar robbers. I studied the change of pollen load and the sucrose concentration in nectar every 
morning and night for 70 flowers in Cañitas, Costa Rica; I also did two experiments regarding ant preferences of B. 
suaveolens nectar and petals. Pollen load decreased over time and mostly at night suggesting nocturnal pollinators 
that were recruiting to the flowers. Sucrose concentrations in nectar also decreased over time and were higher in the 
morning than at night, possibly due to evaporation and condensation. My data suggest that the dominant pollinators 
of B. suaveolens are most likely bats and hawkmoths; bees may be secondary diurnal pollinators. Neither petals nor 
nectar deterred ants suggesting there is no chemical protection against nectar robbers in the flowers. Nectar thievery 
by insects, possibly including bees, appears to be especially prevalent in older flowers. 
 
RESUMEN 
La especialización entre las especies de plantas y polinizadores ha resultado en síndromes de polinización en los 
cuales los rasgos florales atraen polinizadores específicos.  Mientras las plantas usan néctar como recompensa para 
atraer polinizadores, ellos deben también defenderse ellos mismos, tanto química como morfológicamente, contra 
ladrones de néctar.  Brugmansia (Solanaceae) ha sido descrita como posiblemente polinizada por Polillas, colibríes, 
abejas o murciélagos, demostrando lo poco que se sabe a cerca de la polinización en este género.  Esta también 
altamente protegida químicamente, incluyendo las flores. Uno de los objetivos de este estudio fue examinar los 
rasgos florales y compararlos con los síndromes de  polinización conocidos para determinar el posible polinizador 
de B. suaveolens.  Adicionalmente, busque por posibles protecciones químicas de néctar y pétalos contra ladrones de 
néctar.  Estudie el cambio en la cantidad de polen y las concentraciones de sacarosa en el néctar cada mañana para 
70 flores en Cañitas, Costa Rica; también realice dos experimentos con respecto a la preferencia de pétalos y néctar 
por parte de hormigas.  La cantidad de polen disminuye conforme el tiempo y generalmente durante la noche 
sugiriendo que polinizadores nocturnos visitaron las flores.  La concentración de sacarosa en el néctar disminuye 
también conforme el paso del tiempo y es mayor durante la mañana que la noche, posiblemente debido a la 
evaporación y condensación.  Mis datos sugieren que el polinizador dominante de B. suaveolens es más 
probablemente murciélagos o polillas; abejas pueden ser polinizadores secundarios durante el día.  Ni pétalos ni 
néctar espantan las hormigas sugiriendo que no hay protección química contra los ladrones de néctar en las flores.  
El robo de néctar por insectos, posiblemente incluyendo abejas, parecer ser especialmente prevalente en flores 
viejas. 
  
INTRODUCTION 
Pollination is often specialized as this may increase the likelihood that pollen is carried to 
conspecifics (Nepi et al. 2010). Specialization in pollination has led to the evolution of 
pollination syndromes where a set of floral traits attract specific pollinators (Faegri & van der 
Pijl 1979). These traits can include floral morphology, scent, phenology, the quality, and quantity 
of specific rewards (Faegri & van der Pijl 1979). Though sometimes questioned (Hingston and 
McQuillan 2000; Nepi et al. 2010; Ollerton et al. 2009), the usefulness of pollinator syndromes 
as an approach to understanding pollination ecology is still widely supported (Kaczorowski et al. 
2005; Knapp 2010; Perret et al. 2000; Raguso et al. 2003). 
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 Beyond attracting their pollinator, plants must also defend themselves against nectar theft 
(Guerrant & Fielder 1981). Some floral traits, therefore, may reflect defense as well as 
pollination. Compounds in petals or nectar may deter aerial insect robbers, such as trigonid bees, 
as well as arboreal/terrestrial thieves, such as ants (Guerrant & Fielder 1981). Petal texture may 
also deter nectar robbers (Guerrant & Fielder 1981). That nectar must remain accessible and 
palatable to pollinators makes it difficult to defend against robbers. In some cases, the pollinator 
has evolved to deal with otherwise unpalatable substances in nectar that may make them 
unattractive to robbers (Adler & Irwin 2005; Johnson et al. 2006).  

Brugmansia suaveolens (formerly Datura) in the Solanaceae family is a species whose 
floral traits may reflect both pollination and protection against nectar robbers. This plant is 
exceptionally chemically active and has hallucinogenic properties (Anthony et al. 2009); because 
of this, all studies of this plant have focused on its chemistry and left its natural history 
completely unexamined. The pollination biology of this species is unknown: Knapp (2010) 
reported that the pollination syndrome for Brugmansia spp. could indicate pollination by 
hummingbirds, hawkmoths, or bats. Bees are reported to visit flowers as well. The goal of this 
study was to determine the pollination syndrome of Brugmansia suaveolens and to ascertain if 
some floral characteristics are adaptations to defend against nectar robbers. I examined B. 
suaveolens floral morphology, changes in pollen load over time, and changes in the sugar 
concentration of nectar as related to flower age. In addition, nectar and petals were offered to 
ants to assess possible traits related to nectar robbery. 
 
MATERIALS & METHODS  
BRUGMANSIA SUAVEOLENS 
This plant is native to South America but is grown as an ornamental worldwide (Zuchowski 
2005). Common names are Reina de la Noche or Angels Trumpets. Flowers are large and 
pendulous with long, narrow corollas that flare at the mouth (Zuchowski 2005; Figure 1). Anther 
dehiscence occurs at night when white flowers open; these turn pink at the mouths by the 
following day (Anthony, 2009). Flowers also emit a strong, sweet odor at night (Zuchowski 
2005). 

  

 
FIGURE 1. B. suaveolens blooming at night. The flower visible in the background of the photo 
on the right is in the early stages of wilting. Buds are also visible in the mid-ground of the photo 
on the right. 
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STUDY SITE AND PLANTS 
Fieldwork was conducted in the Jardín Rosewood in Cañitas, Costa Rica which is located in 
moist premontane habitat between 1200 and 1300 m. The site was previously cleared for pasture 
and has since been replanted with a variety of exotic and native species. The garden contained 37 
plants of B. suaveolens. All B. suaveolens were three to five meters tall, located in full or partial 
sun, and were watered regularly.  
 
FLORAL TRAITS RELATED TO POLLINATION 
Pollen and nectar experiments took place over one blooming cycle from April 25th to May 4th, 
2011. Flowers that bloomed on the same day were considered a set. Measurements were taken at 
night (6 PM – 9 PM) and in the morning (9 AM – 12 PM). 70 flowers on 24 plants were 
measured for five days (until wilting). All accessible (below nine feet above the ground) flowers 
were measured.  
 
POLLEN LOSS.—I measured the amount of pollen on the anthers over time using a scale from zero 
to four. Four indicates the anthers had all of the pollen, three that the anthers had most of the 
pollen but were not as full as in level four, two and a half that pollen had been partially removed 
(the half of the anthers closest to the ovaries remained full of pollen and the other half closest to 
the mouth was pollen-bare), two that some pollen remained along the length of the anthers, one 
that there was almost no pollen left, and zero that the anthers were empty. Measurements were 
not used for statistical analysis if there was only one flower per set per time. Changes in pollen 
load during the night (night pollen amount minus the amount the following morning) and during 
the day (morning pollen amount minus the amount the following night) were averaged across 
sets. For any given time (day or night), data were combined for statistically similar sets.  
 
SUCROSE  CONCENTRATION OF NECTAR.—At each measurement period I checked all the flowers 
for the presence of nectar. I measured the percent sucrose by weight of the nectar using a 
refractometer. To extract the nectar I used a microcapillary tube (various sizes were used) and 
flipped the flower upside-down; to fit the microcapillary tube fully down the corolla I duct taped 
it to another microcapillary tube. Sometimes there was too little nectar to get an accurate reading 
on the refractometer in which case the sucrose concentration could not be measured. 
 
FLORAL TRAITS RELATED TO PROTECTION OF NECTAR FROM ROBBERS 
PETALS.—I placed ten stations of pink (mature) petals, white (immature) petals, and wax paper 
with a single drop of sugar water under trees in the garden to monitor the number of ants visiting 
each substrate. Stations were placed at the bases of trees in the garden to be accessible for both 
terrestrial and arboreal ants. Trees were located along the garden paths and were not immediately 
adjacent to each other. Each substrate was approximately 2 x 2 cm2 and located 8 cm from the 
base of the tree. All petal squares were taken from a single flower (either white or pink). For 
each station wax paper was placed in the center with pink and white petals on either side 10 cm 
away (measured from wax paper edge to petal edge). One drop of sugar water (17.0% sucrose by 
weight) was placed on each substrate and replenished when necessary (both when ants consumed 
the majority of the drop and when it evaporated). After waiting ten minutes the number of ants 
was counted every five minutes for 25 times (two hours). Ant species were not differentiated. 
 
NECTAR.—I placed ten stations of sugar and nectar drops under trees to measure the number of 
ants visiting each. Stations were placed at the bases of non-adjacent trees located along the 
garden paths as with the petal experiment; trees used in the previous experiment were not used 
again. Sugar water and nectar drops were placed on wax paper squares of the same size as before 
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located the same distance apart and from the base of the tree. A single drop of sugar water (7.0% 
sucrose by weight) was contrasted with a single drop of B. suaveolens nectar. To get a sufficient 
amount of nectar of a consistent concentration, all nectar was collected from wilted flowers on 
the plants or recently fallen and mixed together. Average percent sucrose by weight of the nectar 
in wilted flowers is 11.91% ± 3.62% (n = 22). Both sugar water and nectar were replenished 
when necessary. After ten minutes I measured the number of ants every five minutes for 25 times 
(two hours). This experiment was spread over two days due to the constraint in the number of 
wilting flowers available with three stations observed the first day and seven the next. Ant 
species were not differentiated. 
 
RESULTS 
FLORAL TRAITS RELATED TO POLLINATION 
I followed 28 buds on 16 plants from the splitting of the calyx until the first bloom. On average it 
took 5.2857 ± .5998 days for the flowers to bloom and turn pink. I also followed 28 flowers on 
15 plants from maturation (the night they bloomed and turned pink) to wilting (easily pulled off 
the plant). On average it took 4.0893 ± .3348 days for the flowers to wilt. Flowers would bloom 
in a cycle: all the plants in the garden would bloom for about a week and then there would be no 
flowers at all for another week before the cycle would begin again. During the period when the 
garden plants were without flowers, plants outside the garden were not necessarily without 
blooms. 

Flowers of this plant begin to bloom around 4:00 PM and start to smell strongly around 
5:30 PM. Flowers remained partially closed during the day (such that it was still possible for 
animals could to enter the flowers). Anthers were joined but would occasionally break apart as 
they aged. The first night of bloom flowers do not contain enough nectar to be measureable with 
the refractometer. 

No animals were observed entering the flowers during the night measurements. During 
the day bees were sometimes observed in the flowers attempting to reach the nectar. 
Occasionally the bees would appear to struggle to remain in the flowers and would make several 
attempts to enter. 

I painted the pollen of three newly blooming flowers with fluorescent pollen powder 
paints (pollen load for all three flowers was four). The following morning pollen load was zero 
for all the flowers. The subsequent night I checked all the reachable flowers in the garden for 
fluorescent pollen grains and found none. 

 
POLLEN LOSS.—The mean pollen load ranking on the anthers decreased both over time and across 
flower sets from earlier to later blooms (Figure 2). Pollen load decreased significantly over time 
(one-way ANOVA, f ratio = 66.5373, df = 26, p < .0001). This trend is visible across all sets of 
flowers: (all Tukey HSD tests, p < 0.05; see Figure 2). The differences between the first nights 
and the subsequent time measurements for all sets were the most significantly different between 
all times (see Figure 2). Pollen loads were equivalent across set and time after the second 
morning for the first set, the second night for the last set, and the first morning for the April 26th 
and 27th sets. The amount of pollen also decreased from the first set to the last for given times 
(all Tukey HSD tests, p < .05; see Figure 2).  
 The change in pollen was greater at night than during the day (Figure 3). The change in 
pollen from night one to morning one was significantly different across sets and therefore was 
not included in the regression lines. 6.66% of the differences in pollen load from any morning to 
the following night could be explained by time (regression analysis, R2 = .066587, p = .0120, n 
= 94, y = -0.0508x + 0.388). Although the differences in pollen load from any night to the 
following morning did not make a statistically significant linear line, there was a strong 
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decreasing trend (regression analysis, R2 = .029295, p = .0765, n = 108, y = -0.091x + 0.7381). 
Less and less pollen was lost as time passed for both day and night—the slopes for day and night 
were not statistically different (t-test, Zar 1984; df = 198, p = .373). There was a greater amount 
of pollen loss during the night than the day for all times—y-intercepts for day and night were 
significantly different (t-test, df = 199, p = .030). 

FIGURE 2. Changes in mean pollen load (+ SD) over time for B. suaveolens flowers of various 
bloom dates. Columns not connected by similar letters are significantly different. Pollen load 
decreased significantly over time and over bloom date. 

 
FIGURE 3. Changes in the differences in pollen load of B. suaveolens flowers from morning to 
night (morning) and night to morning (night) over time. Width of the dot indicates the number of 
observations at that value. Slopes for day and night are not significantly different, y-intercepts 
are. Pollen loss was greater at night than during the day. 
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SUCROSE  CONCENTRATION OF NECTAR.— The percent sucrose by weight in nectar decreased over 
time (Figure 4) and ranged from an average of 22 ± 1.98 % (AM1, n = 53) to 11.69 ± 3.73 % 
(PM5, n = 22). 49.07% of the decrease in concentration can be explained by time passing 
(regression analysis, R2 = .4907, p < .0001, n = 330, y = -.0135x + .225). The concentration of 
sucrose in nectar was higher in the morning than at night. Similar percentages as with the 
combined data of the decreases in concentration of morning and night can be explained by time 
(regression analyses: morning R2 = .49165, p < .0001, n = 157, y = -1.2306x + 22.809; night R2 
= .49182, p < .0001, n = 173, y = -1.4227x + 22.126). The concentrations for morning and night 
decreased at the same rate—the slopes were not significantly different (t-test, df = 326, p = .200). 
However, the morning concentrations were significantly higher than at night—the y-intercepts 
for the best fit lines were significantly different (t-test, Zar 1984; df = 327, p < .0001).  
 

 

FIGURE 4. Change in morning and night sucrose concentration of B. suaveolens nectar (percent 
sucrose by weight) over time. Slopes are not significantly different, y-intercepts are. Sucrose 
concentration was greater in the morning than at night. 
FLORAL TRAITS RELATED TO PROTECTION OF NECTAR FROM ROBBERS 
 Insects found inside the flowers include ants (rarely), bruchid beetles (often), and small black 
flies (up to approximately 20 in a flower, but mostly when flowers are near wilting). All of these 
were clearly ingesting the nectar of the flower. Fallen flowers often contained a plethora of ants 
and small flies as well. Nectar was also observed dripping out of the flower. I did not observe 
any morphological characteristics of the flowers, stems, or leaves that appeared to be preventing 
access to the nectar. 
 
PETALS.—In total, 722 ants visited pink (mature) petals, 675 visited wax paper, and 533 visited 
white (immature) petals (Figure 5). Combining the data from all ten stations, ants significantly 
preferred sugar water on pink petals over wax paper, and preferred wax paper over white petals 
(Chi-square test, X2 = 30.101, df = 2, critical value = 5.99). The average proportion of ants per 
station visiting a given substrate was also greatest for pink petals (mean ± SD = .3939 ± .2351; 
Figure 7). Unlike the combined totals, however, the average proportion of ants per station 
visiting wax paper was lower than for white petals (mean ± SD = .2509 ± .2216 for wax paper 
and .3229 ± .232 for white petals). However, the average proportion of ants per station visiting 
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each substrate was not significantly different between the substrates (one-way ANOVA, f ratio = 
1.0827, df = 2, p = .3529). Due to low confidence in stations that received less than 20 ant 
visitors as choices could have been more due to chance, I removed those stations and 
recalculated the average proportions. Even after doing so (new n = 8), pink petals still received a 
greater average proportion of visitors compared to white petals which received a greater average 
proportion than wax paper (means ± SD = .4545 ± .2174, .3157 ± .2271, and .2298 ± .2419 for 
pink petals, white petals, and wax paper respectively; Figure 9). There were still no significant 
differences between the proportion of ants per station visiting substrate (one-way ANOVA, f 
ratio = 1.9614, df = 2, p = .1656).  
 
NECTAR.—946 total ants visited nectar solutions whereas 1301 visited sugar water solutions 
(Figure 6). In total, sugar water received significantly more ants than nectar (Chi-square test, X2 
= 56.086, df = 1, critical value = 3.84). When comparing the proportion per station of ants 
visiting each solution, however nectar received more visitors (mean ± SD = .5304 ± .3238) than 
sugar water (mean ± SD = .4696 ± .3234; Figure 8). The average proportions of ants per station 
visiting a given solution were not significantly different between sugar water and nectar (t-test, f 
ratio = 1.0827, df = 2, p = .3529). Removing the stations with a low sample size (less than 20 
ants per station) for the same reason as above (new n = 7) showed, like the combined data, that 
sugar water received more ant visitors than nectar (mean ± SD = .5756 ± .3181 for sugar water 
and .4244 ± .3181 for nectar; Figure 10). These average proportions were still not significantly 
different from each other (t-test, f ratio = .7918, df = 1, p = .3910). 
 
 

 
 
FIGURE 5. Total number of ground-
foraging ants from all ten stations visiting 
pink petals of B. suaveolens, wax paper, and 
white petals of B. suaveolens. Stations were 
placed at the bases of non-adjacent trees 
located along the garden path.  

FIGURE 6. Total number of ground-
foraging ants from all ten stations visiting B. 
suaveolens nectar and sugar water. Stations 
were placed at the bases of non-adjacent 
trees located along the garden path. 
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FIGURE 7. Mean (± SD) percent of ground-
foraging ants per station visiting pink petals 
of B. suaveolens, wax paper, and white 
petals of B. suaveolens. N = 10 for each 
mean. Stations were placed at the bases of 
non-adjacent trees located along the garden 
path. 

FIGURE 8. Mean (± SD) percent of ground-
foraging ants per station visiting B. 
suaveolens nectar and sugar water. N = 10 
for each mean. Stations were placed at the 
bases of non-adjacent trees located along the 
garden path. 
 

 

  

FIGURE 9. Mean (± SD) percent of ground-
foraging ants per station visiting pink petals 
of B. suaveolens, wax paper, and white 
petals of B. suaveolens after removing the 
stations with a low sample size (fewer than 
20 ants). N = 8 for each mean. Stations were 
placed at the bases of non-adjacent trees 
located along the garden path. 

FIGURE 10. Mean (± SD) percent of 
ground-foraging ants per station visiting B. 
suaveolens nectar and sugar water after 
removing the stations with a low sample size 
(fewer than 20 ants). N = 7 for each mean. 
Stations were placed at the bases of non-
adjacent trees located along the garden path. 
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DISCUSSION 
FLORAL TRAITS RELATED TO POLLINATION  
POLLEN LOAD.—Pollen load decreased over time indicating the flowers in the garden are being 
visited by pollinators. The observations with fluorescent pollen paints suggest that pollen may be 
traveling to plants outside the garden. More pollen was lost the first night than any other night. 
As the composition of the floral essential oils changes from the first night of bloom (when the 
flowers are still white) to the next morning (Anthony et al. 2009), there potentially could be a 
correlation between early essential oil composition and the attraction of pollinators. This trend 
could also be related to the color change of the flowers if pollinators are more attracted to the 
white flowers of the first night of bloom than the later pink tinged flowers. 

Flowers that bloomed earlier had more pollen than later blooming flowers for a given 
time period. Less pollen load on later sets of flowers is most likely due to an increase in 
pollinator presence over time. Considering the blooming cycle for these plants and that there 
were no flowers present before the first set of blooms, it could have taken several days for all the 
pollinators to discover the flowers were again in bloom, or early pollinators could have recruited 
others to increase the number of pollinators visiting the garden over time. 

The loss in pollen load was greater during the night than during the day. The decrease in 
pollen loss was only slightly explained by time indicating that other processes are involved 
(probably pollination or pollen consumption). This shows that more pollinators or pollen 
consumers are coming at night and that B. suaveolens has nocturnal pollination. This is 
supported by the fact that these flowers open and emit odor at night, which corresponds with 
nocturnal pollination (Knapp 2010). As pollen was still lost during the day, it is probable that 
multiple species act as pollinators with the dominant pollinator (or pollinators) being nocturnal. 
It is also possible that the daytime pollen loss is mostly due to pollen consumption as the flowers 
remain mostly closed during the day.  

The measurement of a two point five pollen load suggests that the visiting animal had a 
larger body size such that the head could only reach so far into the flower and thus removed only 
half of the pollen. This implies a non-insect pollinator. 
 
NECTAR PRESENCE AND SUGAR CONCENTRATION.—The concentration of sucrose in nectar decreased 
over time and ranged from ~12 – 22 %. Almost half of the decline was due to time passing, but 
the remaining half could potentially be linked to pollination. The decline in sucrose 
concentration corresponded with the decline in pollen load. Pollination is known to cause 
chemical changes within the plant (Walles & Han 1998) and could possibly signal for a 
reduction in sucrose production. As nectar concentration is related to optimal foraging of 
pollinators (Kaczorowski et al. 2005), the greater amount of pollen being taken the first night 
may correspond to the high percentages of sucrose in the nectar at that time. Decreasing changes 
in pollen load may also correspond to lower sucrose concentrations attracting different 
pollinators. 

The concentration of sucrose was higher in the morning than at night. Although this may 
be due to evaporation occurring during the morning hours, Faegri & van der Pijl (1979) found 
that nectar produced at the bottom of deep corollas (such as with B. suaveolens) is protected 
against evaporation. During the dry season, it is common for the plant to absorb water if it is 
stressed during the day, which could also account for the increase in concentration. From 
morning to night, however, the sucrose became more dilute. This may indicate that the flowers 
may be selectively reabsorbing sucrose, or producing nectar of a different composition (Corbet 
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2002). Water could also be supplied to the nectar by condensation or precipitation (Corbet 2002); 
even though it was the dry season, the flowers were typically watered in the mid-afternoon and 
could have absorbed water in this way. 
 
POLLINATION SYNDROMES.—These traits can then be compared with known pollinator syndromes. 
Based on the literature, I have compiled a table of the floral traits known to attract the four 
potential pollinators for this genus—hawkmoth, bat, bee, or hummingbird—and evaluated those 
floral traits shared by B. suaveolens (Table 1).  
 
TABLE 1. Five floral traits corresponding to pollination syndromes for four animal pollinators. 
Asterisks indicate floral traits of B. suaveolens. Sources: Alarcón et al. 2008; Faegri & van der 
Pijl 1979; Kaczorowski et al. 2005; Perret et al. 2000; Rodríguez-Peña et al. 2007; Waser 2006 
 
 Color Shape Sucrose 

Concentration 
in Nectar 

Odor Phenology 

Bees Blue, purple, 
yellow, 
white* 

Open, 
papilionaceous, 
brush form, etc.  

~30% Strong and 
pleasant * 

Open during   
the day 

Hummingbirds Reddish Tubular ~20-30% Usually 
lacking 

Open during   
the day 

Hawkmoths White*, 
cream 

Very narrow 
corolla* 

~20% * Strong,  
sweet * 

Open at 
night * 

Bats White*, 
cream 

Wide open 
tube* 

~5-15% * Strong, 
sometimes 
unpleasant * 

Open at 
night * 

 
The white (or mostly white) B. suaveolens flowers open at night with a strong odor, 

produce nectar with a sucrose concentration from 12 – 22 %, and have a relatively narrow 
corolla that then opens to a fairly wide mouth, fit the pollination syndromes of bat and hawkmoth 
pollinated flowers. Bat or hawkmoth pollination is consistent with the nocturnal pollination. The 
two point five pollen load level corresponds with bat pollination as well. It is possible that 
nectivorous bats are only taking nectar located where the corolla begins to widen and thus not 
placing their heads fully in the flower; in this way, pollen would be consumed by them (should 
their tongue accidentally brush the anthers) and not carried (R. K. LaVal, Personal 
Communiation). However, the two point five pollen load level suggests that the heads are being 
placed fully inside the flowers and the bats are consuming nectar from deeper within the corolla 
tube. It is also possible that both hawkmoths and bats pollinate B. suaveolens. Alarcón et al. 
(2008) found that some flowers considered bat pollinated are also secondarily pollinated by 
hawkmoths. As the nectar decreased in sucrose concentration, it is also possible that the flowers 
switch from being mainly pollinated by hawkmoths that prefer a higher sucrose concentration 
(Kaczorowski et al. 2005; Perret et al. 2000) to being mainly pollinated by bats that prefer a 
lower sucrose concentration (Perret et al. 2000; Rodríguez-Peña et al. 2007. 

As bee pollinated flowers do share a few characteristics of B. suaveolens flowers, pollen 
was lost during the day, and bees were observed entering flowers, it is possible that these are 
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minor, tertiary pollinators. While it is possible the pollen lost during the day was consumed 
rather than carried off for pollination, the bees observed appeared to be interested in the nectar 
rather than the pollen. 
 
FLORAL TRAITS RELATED TO PROTECTION OF NECTAR FROM ROBBERS 
Ants did not significantly prefer pink petals, white petals or wax paper. Although the total data 
show a significant ant preference for pink petals over wax paper over white petals, when the 
variation in total ants between stations was taken into account there was no significant 
difference. B. suaveolens petals are not deterring ants from taking the nectar. Likewise, ants did 
not significantly prefer nectar or sugar water when taking the variation in total ants between 
stations was taken into account. B. suaveolens nectar does not deter ants from robbing it. These 
correspond with my occasional observations of ants in and on the blooming flowers as well as in 
the fallen, wilted flowers. The fact that insects too small to be likely pollinators were found 
consuming the nectar in the plans suggests that nectar robbery is prevalent.  
 Given the known chemical potency of this plant (Anthony et al. 2009), these results are 
somewhat unexpected. Guerrant & Fielder (1981) hypothesize that species that do not protect 
their nectar chemically may protect it morphologically. The ants were not deterred by the petal 
texture and I did not notice anything about the petals or flowers that appeared to be preventing 
access to the nectar. Bees, however did seem to struggle at times to remain in the flower due to 
the pendulous angle of the flower and the lack of a perch. Additionally, Brugmania spp. are 
commonly used as a groundhog or mole repellent in farms and gardens. This may indicate that 
chemical compounds in the roots, bark, or petioles are more effective at repelling ants than the 
petals or nectar.  

Compounds that defend the plant chemically against nectar robbers may only be present 
at certain stages of a flower’s life (Guerrant & Fielder 1981). In my nectar experiment I used 
only nectar from wilting flowers; while this did not deter ants, it is possible that using nectar 
from younger flowers would produce a different result should the nectar of younger flowers 
contain ant repellant compounds that subsequently wane. This corresponds with the fact that the 
insects I observed tended to be more prevalent on older flowers, and ants especially were found 
in fallen, wilted flowers. Further research is needed to evaluate this possibility. 

The blooming cycle of this plant in which there are no flowers prior to the new blooming 
period may make defense against nectar robbers unnecessary: if it takes a while for insects to 
reach the flowers and most pollen is taken the first night, it may be that it is not cost effective for 
the plants to invest in chemical nectar defense. 
 As the purpose of ant deterrence is to prevent nectar theft (Guerrant & Fielder 1981), the 
lack of ant deterrence found in the petals and nectar of B. suaveolens indicates the potential for 
many species to rob nectar without pollinating the flowers. Insects observed coming to the 
flowers, including bees (Guerrant & Fielder 1981), could be nectar robbers and not necessarily 
pollinators. It is possible that the bees I observed entering the flowers are exclusively robbers or 
that they are primary nectar robbers but occasionally act as accidental pollinators. This latter 
explanation also accounts for the observed diurnal pollen loss. 
 
CONCLUSIONS 
This study indicates that B. suaveolens has a pollination syndrome consistent with pollination by 
nocturnal bats and hawkmoths. Bees may be secondary, mainly diurnal pollinators or nectar 
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robbers. Neither the nectar nor the petals are protected from nectar thieves and insects are 
prevalent nectar robbers, especially as the flower ages.  
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!!
Nectarivorous bat (Anoura geoffroyi, Glossophaga soricina & 
Hylonycteris underwoodi) preference for nectar quality!
!
Madeleine Parsell!!
Department of Biology, University of Puget Sound!!
ABSTRACT!
In pollination mutualisms, plants offer rewards for pollen delivery.  In the case of nectarivorous bats, the reward is food, and in 
order to maximize net energy gain, bats need to forage optimally.  Presumably, nectar offering a more balanced diet would 
allow the bat more time to forage at flowers.   To see if bats prefer nectars of higher quality, 24 individuals comprising three 
species of nectarivorous bats were presented with a variety of solutions of variable sugar type and amount, with and without 
additional nutrients, like proteins and amino acids.  Preference was determined by number of visits to each solution type and 
the amount (ml) consumed.   This study took place in a flight cage at The Bat Jungle of Monteverde, Costa Rica, using 
Anoura geoffroyi (N=17), Glossophaga soricina (N=3), and Hylonycteris underwoodi (N=4).  For all five experiments, there 
was statistical preference for sugar solutions without other added nutrients (chi-squared goodness-of-fit test, df=1, P<0.05).  
These results suggest that bats have not evolved to detect or prefer more balanced nectar.  Thus, they must augment 
nectar-based diets with insects or other food items.  Perhaps the cost is sufficiently low that this can be done with little 
compromise. !!
RESUMEN!
En los mutualismos de  polinización, las plantas ofrecen  recompense  por el transporte de polen, En el caso de  
murciélagos nectarívoros, la recompensa es alimento, y para maximizar la energía ganada, los murciélagos necesitan 
forrajear óptimamente.  Presuntamente, el néctar ofrecido en una dieta balanceada puede permitir al murciélago un  mayor 
tiempo de forrajeo en las flores.  Para determinar si los murciélagos prefieren néctar de alta calidad, 24 individuos de  tres 
especies diferentes de murciélagos nectarívoros fueron expuestos a soluciones con diferentes tipos de azúcar y 
cantidades, con y sin nutrientes adicionales, como proteínas y aminoácidos.  La preferencia fue determinada por el número 
de visitas a cada solución visitada y la cantidad (ml) consumida.  Este estudio se llevo a cabo en una jaula de vuelo en el 
Bat Jungle en Monteverde, Costa Rica, usando Anoura geoffroyi (N=17), Glossophaga soricina (N=3), and Hylonycteris 
underwoodi (N=4).  Para los cinco experimentos, existe una diferencia significativa sobre la preferencia por soluciones de 
azúcar sin ningún nutriente adicionado  (chi-squared goodness-of-fit test, df=1, P<0.05).  Estos resultados sugieren que los 
murciélagos no han evolucionado para preferir néctar más balanceado. Así, ellos  complementan su dieta con insectos u 
otros alimentos.  Sin embargo el costo es suficientemente bajo que esto puede ser realizado sin mucho compromiso. !
INTRODUCTION!

!!
In pollinator mutualisms both partners aim to 
maximize their relative fitness. For, the plant 
attempts to provide the minimum reward that still 
maximizes the number of visits to flowers of the 
same species (Voigt & Speakman 2007).  The 
pollinator must forage optimally by maximizing 
caloric intake and expending as little energy as 
possible (Heinrich 1975, Alcock 1984).  Yet, 

optimal foraging is compromised by other 
behaviors, like attracting mates, predator 
avoidance, and achieving a balanced diet.  
Each of these processes has associated costs 
that reduce net gain of energy, but are 
necessary for one’s physical and genetic 
survival (Alcock 1984).!
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Nectarivorous bats are important 
pollinators of many tropical plants (Baker et al. 
1998). Like Hummingbirds, nectarivorous bats 
require large energy intake relative to their body 
size (Voigt & Speakman 2007). Because sugar 
provides energy that is quickly expended, bats 
must make many visits to flowers; a bat 
weighing 10 grams will consume up to 150% of 
its body weight in nectar per night, (Heinrich 
1975, Voigt & Speakman 2007).  Bats prefer 
nectars with sucrose and in high concentrations 
(Voigt & Speakman 2007).  In fact, “bat flowers” 
contain some of the highest concentrations of 
sugar (Heinrich 1975).   However, like all 
animals, bats need a balanced diet.  This may 
cause the pollinator to spend more time away 
from the plant in search of food items that offer 
nutrients they need.   For example, it is known 
that nectarivorous bats eat fruit and protein-rich 
insects and pollen to supplement their diet 
(Muchhala and Jarrin-V. 2002; Heinrich 1975).  
Yet, many plants provide nectar that contains 
nutrients, such as amino acids, lipids, 
antioxidants and proteins, which may help meet 
this need (Freeman et al.1991, Gardener et al. 
2003).   The obvious incentive for the plant to 
provide additional nutrients is to prevent 
pollinators from searching for other food items, 
so as to maximize the time pollinators spend on 
flowers of that species.   Thus, consuming 
nectar with additional nutrients is beneficial to 
both the bat and the plant.!

Yet, it remains unclear whether 
nectarivorous bats recognize the presence of 
such nutrients in nectar and if they select for 
them.  I conducted a study in which 24 
nectarivorous bats of three species are 
presented with solutions with and without non-
sucrose nutrients, like proteins, amino acids, 
lipids and vitamins. I observed the number of 
visits to both solution types and measured the 
quantities consumed. Because consuming 
higher quality nectar is potentially beneficial to 
both pollinator and  plant, I predicted that 
nectarivorous bats would recognize and select 
for nectar with nutrients.!

METHODS!
STUDY SITE !
All experiments were conducted at The Bat 
Jungle of Monteverde, Costa Rica. Twenty-four 
nectarivorous and seventy-four frugivorous bats 
live together in a flight cage measuring 17m x 
2-3m x 2.5m.  Bats were on a reverse schedule, 
active from approximately 8:30am to 8:00pm. 
For the duration of my study, an additional two 
feeders (B1 and A2) were hung next to two 
permanent feeders  (fig. 1).  Feeders were 
always hung in an alternating order, so that both 
solution types were available at an outside and 
inside location.  !!
STUDY ORGANISMS!
There are a total of 96 nectarivarous and fruit 
bats, which are kept together.  The only visitors 
to my feeders were the 24 nectarivorous bats: 
17 Anoura geoffroyi, 3 Glossophaga soricina, 
and 4 Hylonycteris underwoodi.  Given that A. 
geoffroyi was in the vast majority, the behaviors 
observed are most likely largely attributable to it. !

A. geoffroyi is a neotropical bats species 
that is primarily nectarivorous and visits flowers 
consistently throughout the year.  Individuals of 
this species also supplement their diet with 
pollen (Muchhala and Jarrin-V. 2002).  Gut 
examination of A. geoffroyi also indicated that 
they consume insects, which has been 
supported by the findings of other experts 
(Muchhala and Jarrin-V. 2002, LaVal 2002).  
Both G. soricina and H. underwoodi also 
consume pollen, insects and fruit in addition to 
nectar (LaVal 2002, Lemke 1984).!!
20% Sucrose vs. Juice with added nutrients 
(J+N)!
This comparison was conducted over two days.  
It determined the bats’ preference for one of two 
different nectar solutions:  20% sucrose (from 
table sugar) and a nutrient rich recipe regularly 
used by the Bat Jungle (Table 1), which is a 
mixture of Dos Piños Néctar Mixto de Frutas, 
baby cereal, provimilk and wheat germ. 
Unfortunately, the fruit juice did not allow a 
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refractometer to measure percent sucrose, but it 
is likely about 12-14%, which is the standard for 
the industry (Azam Ali, 2008).!!
Full feeders were in place in the flight cage when 
the bats entered at 8:30am and removed at 
2:30pm.  During the experiment, feeders were 
hung in an alternate order, with the 20%S on the 
outside left and inside right feeders (A feeders in 
figure 1). !!
Table 1. Bat Jungle Nectar Recipe.!

!
Observations were made between 8:30 

and 10:30 am.  Measurements (ml) of how 
much was consumed per feeder were made at 
2:30pm and three feeders containing only J+N 
were promptly returned to their normal stations 
in the flight cage until the bats were released into 
their roost for the evening.  !!

� !
Figure 1.  Nectar feeders in flight cage at The Bat 
Jungle of Monteverde, Costa Rica.  Two different 
solutions were kept in an alternate ordering system (A 
vs. B).  The distance between the two feeders in each 
pair was approximately the width of a feeder, with 
approximately 1 meter between the two pairs.!!

10% Sucrose vs. Juice with added nutrients 
(J+N)!
Experiment two tested for the bats’ preference 
for sugar solution of 10% sucrose (10%S) 
versus their normal J+N solution.  The feeders 
were hung in the same locations in alternating 
order (fig. 1).  For the first two days, 10%S was 
hung on the outside left and inside right feeders 
(A1 and A2).  On the third day the order was 
switched and J+N was hung on the outside left 
and inside right feeders to ensure that order 
preference was not a factor.  Feeders were 
available to the bats when they entered the flight 
cage at 8:30am with a premeasured amount of 
liquid in each feeder; at 2:30pm the feeders 
were removed and the contents measured, 
after which three feeders were refilled with J+N 
and replaced into the flight cage.   Observations 
were made from 8:30am until 10:00am.  !!
10% Sucrose vs. 10% Sucrose with Added 
Nutrients!
The third experiment tested the bats’ preference 
for 10%S and 10%S with nutrients (10%S+N), 
using the same form of nutrients and ratios used 
in the J+N recipe (Table 1).  The same feeders 
and locations were used, with two days of 
10%S on the outside left and inside right, then 
switched for the third day with 10%S+N on the 
outside left.  After observing a difference in 
preference on the third day, the order was 
switched back to the first order to determine if the 
trend remained.  !

The feeders, containing premeasured 
amounts of solution, were in the flight cage by 
8:30am and observations were made until 
10:00am.  The feeders were only kept out until 
11:30am, upon request of Dr. LaVal, director of 
The Bat Jungle; at which point, the contents 
were re-measured to determine the amount 
consumed.  !!
Juice vs. Juice with Added Nutrients!
The fourth test examined the bats’ preference for 
plain Néctar Mixto de Frutas (J) versus J+N.  
The experiment lasted two days; on the first day 

Nectar Recipe (J+N)

1L Néctar Mixto de Frutas  	
4 tbsp. Provimilk for calves	
4 tbsp. Mixed baby cereal	
0.25 tsp. Wheat germ powder
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J was in the outside left and inside right feeders.  
On the second day, the order was reversed with 
J+N in the outside left and inside right.  The 
feeders with premeasured contents were 
available to the bats by 8:30am, and 
observations were made until 10:00am.  The 
feeders were removed by 11:30am and the 
contents measured. !!
16% Sucrose vs. Commercial Hummingbird 
Food (Sucrose plus added nutrients)!
Due to a calculation error, the first day of the final 
experiment tested the bats’ preference for a 
sugar solution with 16% sugar concentration 
(16%S) versus Perky-Pet Hummingbird Instant 
Nectar Concentrate with 13% sugar 
concentration (HB).  This solution also has 3% 
other ingredients: sodium benzoate 
(preservative), tartaric acid (preservative), and 
artificial food coloring.  The feeders on the 
outside left and inside right contained 16%S.  
The following day, the sugar solution was diluted 
to 13% (13%S) and was tested against HB, with 
HB in the outside left and inside right feeders. 
Observations on both days were made from 
8:30 to 10:00am.  At 11:30am the remaining 
contents of the feeders were measured and 
three feeders containing J+N were replaced in 
the flight cage.  !!
RESULTS!
20% Sucrose vs. Juice with added nutrients 
(J+N)!
Based on number of visits, there was a clear 
preference for 20%S over J+N (chi-squared 
goodness-of-fit test, df=1, P<0.05; fig. 2); 20%S 
(2259) was visited more than 2.5 times more 
than J+N (849).  This trend was also reflected in 
quantities consumed from the respective 
feeders.!!

 

� !
Figure 2. Nectarivorous bat visits to sugar-water, 20% 
concentration, (20%S) and nutrient-rich juice (J+N) for 
two days with error bars (± standard error).  This study 
was conducted in the flight cage at The Bat Jungle of 
Monteverde, Costa Rica. 17 A. Geoffroyi present, 3 G. 
soricina, and 4 H. underwoodi were used in this study.   
Observations of visits were conducted for two hours 
when the bats were first released form their roost at 
8:30am.  Significant preference was for 20%S over J
+N, with more than 250% more visits to 20%S (chi-
squared goodness-of-fit test, df=1, P<0.05).  Sugar 
solution was made with tap water and a 20% 
concentration of sucrose. !!
Table 2. Mean quantities of sugar-water, 20% 
concentration (20%S), and nutrient-rich juice (J+N) 
consumed by nectarivorous bats with standard 
deviation.  Data compiled from two days.  Species in 
study were: A. Geoffroyi , G. soricina and H. 
underwoodi.  In general, more solution was consumed 
from outside feeders. !

!
10% Sucrose vs. Juice with added nutrients 
(J+N)!
The bats’ visited the 10%S feeder 4260 times, 
which is about 4.5 times more than the J+N 
feeder with 952 visits (chi-squared goodness-of-
fit test, df=1, P<0.05; fig. 3). !!

20%S J+N

Feeder 
Locatio
n Inside Outside Inside Outside

Mean 108.000 262.500 26.000 97.500

±StDev 25.456 53.033 1.414 3.536
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Figure 3. Nectarivorous bat visits to sugar-water, 10% 
concentration, (10%S) and nutrient-rich juice (J+N) for 
three days with error bars (± standard error).  Study 
subjects were A. Geoffroyi, G. soricina and H. 
underwoodi.  Visits were observed for 1.5 hours when 
bats were released into the flight cage at The Bat 
Jungle of Monteverde, Costa Rica at 8:30am.  There 
was significant preference for 10%S over J+N by 
almost 4.5 times (chi-squared goodness-of-fit test, df=1, 
P<0.05).  Order of feeders was switched after two days 
to control for potential location preference.  Sugar 
solution was made using tap water and sucrose. !!
10% Sucrose vs. 10% Sucrose with Added 
Nutrients!
The greatest preference for sugar-solution was 
demonstrated in experiment three, with more 
than five times more visits to 10%S (5592) 
versus 10%S+N (1084) (chi-squared 
goodness-of-fit test, df=1, P<0.05; fig. 4). !!!
 

� !
Figure 4. Nectarivorous bat visits to sugar-water, 10% 
sucrose concentration, (10%S) and sugar-water with 
nutrients, 10% sucrose concentration, (10%S+N) for 
four days with error bars (± standard error).  Species 
studied were A. Geoffroyi, G. soricina and H. 
underwoodi.  Observations were made for 1.5 hours 
when the bats were released into the flight cage at The 

Bat Jungle of Monteverde, Costa Rica. There were 
almost five times more visits to 10%S over 10%S+N 
(chi-squared goodness-of-fit test, df=1, P<0.05).  The 
order of the feeders was reversed for one day to 
account for any location preferences. Sugar solutions 
were made using tap water and sucrose.!!
Juice vs. Juice with Added Nutrients!
There were a little over 15% more visits to the J 
feeder (953) compared to the J+N feeder (820), 
which is statistically significant (chi-squared 
goodness-of-fit test, df=1, P<0.05; fig. 5), though 
less impressive compared to the level of 
preference demonstrated in the other 
experiments. !!
 

� !
Figure  5. Nectarivorous bat visits to Néctar Mixto de 
Frutas (J) and Néctar Mixto de Frutas with nutrients (J
+N) for duration of two days with error bars (± standard 
error).  Species studied were A. Geoffroyi G. soricina 
and H. underwoodi.  Observations were made for 1.5 
hours when the bats were released into the flight cage 
at The Bat Jungle of Monteverde, Costa Rica. There 
were significantly more visits to J than to J+N, by about 
15% (chi-squared goodness-of-fit test, df=1, P<0.05).  
The order of the feeders was reversed the second day 
to account for any location preferences. Sugar solution 
was made using tap water and sucrose.!!
16% Sucrose vs. Commercial Hummingbird 
Food (Sucrose plus added nutrients)!
PART A!
There were significantly more visits to the16%S 
(821) versus HB (506) by about 38% (chi-
squared goodness-of-fit test, df=1, P<0.05; fig. 
6). !!
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Figure 6. Nectarivorous bat visits to sugar-water, 16% 
sucrose concentration, (16%S) and Hummingbird 
nectar with amino acids (HB) for one day with error 
bars (± standard error).  Species under observation 
were A. Geoffroyi, G. soricina and H. underwoodi. 
Observations were made for 1.5 hours when the bats 
were released into the flight cage at The Bat Jungle of 
Monteverde, Costa Rica at 8:30am. There were 
significantly more visits to 16%S than to HB by about 
38% (chi-squared goodness-of-fit test, df=1, P<0.05). 
Sugar solution was made using tap water and sucrose.!!
PART B!
Similar to the findings of experiment 4, there 
were significantly more visits to the13%S (807) 
versus HB (704) by about 15% (chi-squared 
goodness-of-fit test, df=1, P<0.05; fig. 7). !!
 

� !
Figure 7. Nectarivorous bat visits to sugar-water, 13% 
sucrose concentration, (13%S) and Hummingbird 
nectar with amino acids (HB) for one day with error 
bars (± standard error).  Species under observation 
were A. Geoffroyi, G. soricina and H. underwoodi. 
Observations were made for 1.5 hours when the bats 
were released into the flight cage at The Bat Jungle of 
Monteverde, Costa Rica at 8:30am. There were 
significantly more visits to 16%S than to HB by about 
15% (chi-squared goodness-of-fit test, df=1, P<0.05). 
Sugar solution was made using tap water and sucrose.!!
ADDITIONAL OBSERVATIONS!

In general, each day the bats went to the 
solution that had the nutrients first, but would 
quickly switch to the solution without nutrients.  
This trend was most prominent when J+N was 
present.  In general, most visits occurred at the 
outside feeders, but over time, this trend was 
less pronounced.  !

Also notable, there was an observed 
change in behavior when the bats were drinking 
sugar solution.  Observations prior to the study 
showed that the highest frequency of visits were 
generally made when the bats first entered the 
flight cage and were the most hungry.   When 
sugar was available there were many more 
visits to the feeders throughout and the bats 
exhibited excited behavior.  This was particularly 
the case when 20%S was available.  The bats 
were almost in constant motion and made more 
vocalizations at higher frequencies.  There were 
even some events of minor aggression when 
more than one bat approached the feeder at the 
same time.  There was less excitement when 
20%S was replaced with 10%S; there was no 
aggression and vocalizations were reduced, but 
there was an increase in number of visits.  !!
DISCUSSION!
All comparisons showed that bats prefer nectars 
that are purely sugar.  The addition of other 
nutrients always decreased number of visits and 
total amount of solution taken.  Even a 
laboratory made hummingbird food was less 
attractive than pure sugar water.  Pure sucrose 
solutions were preferred overall and 10% 
sucrose was preferred over 20%.  More visits to 
10%S over 20%S indicates it would be in the 
plant’s best interest to provide nectar with lower 
sugar concentration to maximize visits to the 
plants, as discussed by Voigt & Speakman 
(2007).!

There are numerous possible 
explanations why there was constant 
preference for plain sugar-solutions.  For 
instance, it is possible nectarivorous bats can get 
additional nutrients they need with low foraging 
costs relative to foraging for nectar.  This is 
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supported by Heinrich, who states there is no 
significant difference in energetic costs between 
foraging for pollen versus nectar (1975).  Even 
finding insects may have little to no additional 
costs, because bats can consume the bugs 
caught on their wings or found on the plants they 
drink nectar from (Baker et al. 1998).  Easy 
access to nutrients may undermine the benefits 
of preferring nutrients in nectar. !

It is also possible the bats did not need 
the level of nutrients they were provided with 
during my study.  Each day I observed initial 
preference for the nutrient solution, when they 
were hungriest, then they would shift their 
preference to the solutions without added 
nutrients.  Thus, it is possible they satiate their 
need for nutrients by visiting the nutrient 
solutions first, but feel they do not need to drink 
large amounts of the nutrient solution.  Instead, 
they drink primarily from the simple sugar 
solution, which more closely parallels their 
natural diet.!

It is also possible the bats have not 
evolved to seek specific nutrients in their nectar, 
even if it would increase their fitness. Perhaps, 
they are hardwired to seek the nectar with the 
highest perceived sugar concentration, 
preferably sucrose, and to seek nutrients in the 
form of fruit, pollen or insects.!

Finally, the preference the bats 
demonstrated for the plain sugar-solutions may 
be because the nutrients provide an unsavory 
taste that makes the high quality nectar less 
attractive.  This could be the case for all nutrient-
rich nectar, even those found in nature; yet, it 
might be specific to my experiment where the 
nutrients were in a form that was probably 
unrecognizable to their inherent palette.  Though 
unquestionably good for them, baby cereal, 
provimilk and wheat germ may be too foreign to 
their natural palette for them to prefer nectars 
with these nutrients.  Similarly, HB contained 
preservatives, sodium benzoate and tartaric aid, 
which may have provided an unappealing flavor 
that made HB less attractive.  !

The simple sugar preference 
demonstrated by the bats may or may not have 
implications on the overall fitness of the individual 
and/or plant.  If the bats do not have to spend 
more time away from the plant to seek additional 
nutrients, and can supplement their diet with fruit, 
insects, and pollen found on the plant it takes 
nectar from, there is probably no cost to the 
fitness of the bat or plant.  Alternatively, if the bats 
are supplementing their diet mainly with pollen 
and consume more than they pollinate then this 
is harmful to the plant and may be the incentive 
for plants to provide nutrient-rich nectar.   It is also 
possible, pursuit of added nutrients takes the 
bats away from the plant in search of insects 
and fruit and pollen of other species.  In this 
case, the bats visit fewer flowers per unit time, 
which potentially decreases the fitness of both 
the bat and the plant.  Yet, if bats continue to 
select for low quality nectar, there is nothing to be 
done.  In fact, providing more costly nectar that is 
selected against may decrease the fitness of the 
plant. !

The findings of this study were surprising 
and provide incentive to further test 
nectarivorous bats’ nectar preferences.  Future 
studies should provide bats with a choice of two 
sucrose solutions one with amino acids and one 
without for an extended period of time, to see if 
their choice changes over time.  It is important to 
provide the purest form of nutrients possible, 
without other ingredients such as preservatives 
that might impact their choice. !!
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ABSTRACT	
Organisms, if capable, will invest in learning when it results in the improvement of overall fitness. Learning 
ability may allow organisms to outperform competitors or better survive in a variable environment. Order 
Hymenoptera exhibits a broad spectrum of learning abilities, including landmark navigation, time-place 
learning, and associative learning. These abilities are fairly well studied in North American genera such as 
Apis, but remain relatively unexplored in Neotropical species such as those in the genus Trigona, an essential 
stingless bee pollinator of rainforest ecosystems. In this study, I test whether Trigona bees in Monteverde, 
Costa Rica possess the capacity to associatively learn concerning foraging and extraneous markers. I conclude 
that like other Hymenoptera, the Trigona species studied have the capability to both associate an extraneous 
landmark with a reward and use this information to maximize foraging strategy. This association minimizes 
Trigona’s time and energy spent searching for a food source, thus improving colonial resource stores and 
supporting a larger colonial population. 	

RESUMEN	
Los organismos, de ser capaces, van a invertir en el aprendizaje si resulta en una mejoría de su éxito 
reproductivo. La capacidad de aprendizaje puede permitir a los organismos a superar competidores o a 
sobrevivir en ambientes variables. El Orden Hymenopthera presenta un amplio espectro de habilidades de 
aprendizaje, incluyendo navegación por medio de puntos de referencia, aprendizaje tiempo-espacio, y 
aprendizaje por asociación. Estas habilidades son bastante estudiadas en géneros norteamericanos como Apis, 
pero permanecen relativamente inexploradas en especies neotropicales como aquellas del género Trigona, una 
abeja sin aguijón polinizadora de ecosistemas del bosque lluvioso. En este estudio, puse a prueba si las abejas 
Trigona tienen la capacidad de aprendizaje por asociación con lo que respecta a forrajeo y marcas externas en 
Monteverde, Costa Rica. Concluí que como otras Hymenopteras, la especie estudiada de Trigona tiene la 
capacidad de crear puntos de referencias externos o por asociación con una recompensa y usar esta 
información para maximizar su estrategia de forrajeo. Esta asociación minimiza el tiempo y energía invertido 
por Trigona en buscar fuentes alimenticias, por lo tanto mejorando las reservas de recursos de la colonia y 
apoyando una población mayor de la colonia.	

INTRODUCTION	
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Learning is the adaptive modification of behavior based on experience (Alcock 2005). The 
process of learning is a costly investment (Kroodsma & Canady 1985) and therefore animals 
will not commit resources to it haphazardly. Only when an animal can account for 
environmental instability, providing a counter-balancing effect to the associated cost, will an 
organism make an investment in learning (Alcock 2005); the benefits must outweigh the 
cost. Benefits may include maximizing food quality and supply, communication, risk 
avoidance, and many others. These in turn can lead to an organism’s ability to better adapt to 
a variable environment, thus outcompeting competitors and ensuring an ecological niche. 
Learning itself varies drastically in degrees of complexity and rewards among organisms.	

Members within the Order Hymenoptera are able to learn along a broad spectrum of 
difficulty. Some Hymenoptera exhibit relatively simple learning abilities such as habituation, 
where the insects learn to ignore unimportant stimuli (Hölldobler & Wilson 1990), while 
others show much more complex abilities such as time-place learning, where they learn to 
associate a reward with a specific time and place (Breed 2002, Murphy & Breed 2008).	

Trigona bees (Apidae: Meliponinae) display time-place learning abilities, a skill 
reserved for those foragers who specialize on food sources renewed each day on a fairly 
regular schedule, such as nectar supply in flowers (Murphy & Breed 2008). When regular 
nectar feeding stations were set up, it was found that Trigona bees anticipated feeding each 
day and appeared to previously resource-rich flowers when no incentive was being offered, 
showing they learned to associate a location with a reward (Murphy & Breed 2008). 	

Somewhat less complex than time-place learning is the ability of Hymenoptera to 
associate an external factor with a given specific result (Wilson 1971, Hölldobler & Wilson 
1990). One of the most famous examples is when Pavlov (1927) trained his dog to associate 
a bell with food. Each time he would ring the bell he fed the dog, and eventually, the dog 
would salivate when it heard the bell, with or without a reward presented. Again, this 
learning method is on a spectrum of simple to complex. A simple behavior is the ability of 
individuals to learn the colony scent. Scent is learned almost immediately after 
metamorphosis from the pupa stage, as this is crucial to not only find and recognize fellow 
colony members, but also to recognize and defend against intruders (Hölldobler & Wilson 
1990). On the complex end of the spectrum, Hymenoptera, along with other insects, may 
also learn to associate visual cues with an expected response (Weiss & Papaj 2003, 
Leadbeater & Chittka 2007). In nature this “landmark learning” often occurs when foraging 
(Hölldobler & Wilson 1990). 	

Optimal foraging theory dictates that animals have evolved to select for the highest 
reward possible with the least cost associated – gain the most calories, but spend the least 
amount of time and energy (Alcock 2005). This allows the animal to most efficiently 
dedicate resources toward biomass production rather than a waste product of metabolism. 
Therefore, if an animal can distinguish a pattern that maximizes foraging efficiency, they 
will commit to the cost of learning this pattern. It has been shown that insects can associate 
cues, such as flower color or landmarks, with higher caloric rewards (Leadbeater & Chittka 
2007). Ants of the genus Cataglyphis (Formicidae) are able to use geographical landmarks 
to navigate to and from food sites (Hölldobler & Wilson 1990). Honeybees (Apidae: Apis 
mellifera) demonstrate the ability to associate landmarks with caloric rewards if trained 
(Cheng et al.1987). Not only do the bees recognize patterns in the landmarks, but also 
relative sizes of the landmarks. They most often used the landmarks that were closest, then 
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the largest, to the resource. The honeybees would then use these landmarks to calculate their 
flight vectors back to their colonies. 	

Like honeybees, Trigona bees are eusocial insects. They exhibit age-based 
polyethism: younger bees are assigned jobs within the nest, while older bees carry out the 
more dangerous foraging duties (Robinson 1992). As these older bees’ only duty within the 
colony is to collect food, they make their efforts as efficient and rewarding as possible. If 
they are capable, it would be a worthy learning investment to minimize search efforts by 
associating a visual cue with caloric rewards. I expect that Trigona bees do possess this 
ability, much like the honeybees and Cataglyphis ants (Cheng et al.1987, Hölldobler & 
Wilson 1990). Scientists have directly observed the ability of Trigona to associate 
parameters such as flower color and odor with a reward (Pessotti & Lé’Sénéchal 1981), but 
within the genus, species have variable learning and communication capacities (Biesmeijer 
& Slaa 2004) and it is not known whether they have the ability to learn more complex 
associations. 	

 In this study I investigate whether Trigona bees can associate landmarks with a food 
source, and then use these landmarks to determine the location of a reward in the absence of 
the ability to follow a set vector. I expected that after training the bees to associate a given 
landmark with a sugar incentive, they would follow the landmarks even in the absence of a 
reward as Murphy and Breed (2008) found in their time-place learning experiment. I 
predicted that Trigona bees do indeed have the ability to associate an extraneous landmark 
with a reward, as demonstrated by their Formicidae and Apidae relatives (Cheng et al.1987, 
Hölldobler & Wilson 1990).	!
METHODS	!
Study Sites	
 	
I worked at three sites in pre-montane wet forest (Holdridge 1967), each with an individual 
Trigona colony, from April 19 to May 6, 2011. Colonies were found in the roots and trunks 
of mature trees. Two nests were located on the Campbell property and one at the 
Monteverde Biological Station. On the Campbell property, one nest was located in a 
regenerating bullpen and the other in the back of the pasture very near the forest edge, while 
the nest at the station was located in the garden. Both nests on the farm had large open areas 
to arrange flower patches, whereas at the station, flower patches were set up on a walkway 
due to limited area.  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Preparation and Observation	 !
Using 60 Impatiens walleriana potted 
plants of varying colors, I organized two 
plots (30 plants in each) approximately 5 
m away from the nest and 5 m away 
from each other (Fig. 1). Though these 
60 plants consisted of five different 
colors, I made the color composition of 
each patch essentially the same.  I chose 
I. walleriana because, according to 
Murphy & Breed (2008), they are 
effective attractors for Trigona bees, and 
were also relatively inexpensive and 
easy to maintain. 	

 In one patch, I added 20 
microliters of a 50 percent honey-water 
solution to each flower, as performed by 
Murphy & Breed (2008), with another 5 
percent per volume of vanilla added. 
While the honey acted as a reward, the 
vanilla was an attractant, as suggested by 
Mui (2005). I used the vanilla with the 
purpose of attaining a bigger sample size. 
Around each of these plants, I placed 
makeshift yellow landmarks (30 cm tall) 
(Fig. 1). I made these landmarks by 
taping together three painted barbecue 
skewers, selecting the color yellow 
because it is attractive to Trigona (Mui 
2005). To the second patch of flowers, I 
added 20 microliters of water, again adding 5 percent vanilla per volume to the water. No 
landmarks were placed in this patch (Fig. 1).  	

I then observed the site two hours per day counting how many bees were drinking 
nectar or hovering over a patch, for four days, except for the first site at which I observed 
only for three days. I alternated observing each patch (landmarks and no landmarks) every 
minute. I began taking observations when Trigona colonies became active in the mornings; 
this varied among colonies due to weather and site variation. Each evening after bees 
returned to their nests or each morning before they became active for the day, I refilled the 
flowers following the same procedure as discussed above. I also switched landmark and no 
landmark flower patch locations each day to prevent the bees from learning a set vector for 
reward location. This period served to train the bees to associate the extraneous landmarks 
with a reward. 	
	 After this observation period, I had one experimental day. I refilled the flowers 
following the same procedure except I transferred the landmarks to the water patch. I then 

 

Figure 1. Trigona associative learning test-site set-
up. All three sites had essentially the same set-up 
with 5 m gaps and 60 flowers; however, the 
Biological Station site had only 2 m gaps and 30 
plants. Vanilla was added to both solutions as an 
attractant agent for the bees. Solution was added 
daily, and at this time, flower patch locations were 
also switched. On experimental days, the 
landmarks were transferred to the water solution 
patch. 
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observed the bees for only that next morning following the same procedure as discussed 
above: observe for two hours alternating between patches each minute.  	
	 After this entire process was completed at the bullpen site, I moved all of my 
materials and conducted the experiment again in the pasture using the same methods, and 
then again at the Biological Station. However, by the time I conducted my experiment at the 
station, half of the potted I. walleriana no longer had flowers due to temporal and physical 
stresses as a result of flower maturation and moving plants between sites. Therefore, only 
thirty plants were used at this third site, fifteen in each patch. Due to limited space in the 
garden, patches and the colony were also only separated by 2 m.	!
RESULTS	
!
All together, I made 1680 observations: I collected 1320 data points during the observational 
period and 660 on the experimental days, ultimately equating 15 days spent observing the 
bee nests. 	

� 	
	

� 	!!
Figure 2. Mean (± 1 SE) visitations/minute of Trigona to flower patches a) with honey and 
landmarks, and with water and no landmarks during training periods (N = 660 for each 
patch) and b) with water and landmarks, and with honey and no landmarks for the 
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experimental day (N = 180 for each patch) in Monteverde, Costa Rica. Differences are 
significant in both trials. 	!
The Trigona bees significantly followed the landmarks not only when the landmarks were 
next to the honey (One-Way ANOVA, F1, 1319 = 8.17, P = 0.004; Fig. 1a) but also when they 
were moved to the water patch (One-Way ANOVA, F1, 359 = 29.99, P < 0.001; Fig. 1b). The 
observational period depicts the bees’ significant tendency to visit the landmark patch with 
the honey nearly 50 percent more often than the patch with only water, a mean of 0.30 
visitations/ minute (SE = 0.022) at the landmark patch versus a 0.21 mean visitation rate (SE 
= 0.017) at the patch without landmarks (Fig. 1a). On the experimental day, the mean 
visitation rate was still higher at the landmark patch at 0.27 visitations/ minute (SE = 0.035) 
than the 0.06 visitation rate (SE = 0.018) at the honey patch without landmarks – bees were 
over four times more likely to visit the landmarks patch even without a reward.	
!
DISCUSSION	!
Trigona bees can and do learn to associate external factors with rewards. I established that 
Trigona prefer sugar-filled flowers with landmarks present over water-filled flowers without 
landmarks. Then, even though no reward was offered with the landmarks on the 
experimental day, the bees still followed the landmarks over visiting the flowers offering 
honey. These findings correlate with the conclusions of Cheng et al. (1987) for their 
honeybee experiment (Apis mellifera) and Hölldobler and Wilson’s (1990) conclusions for 
Cataglyphis ants. Trigona bees seem to possess similar landmark learning abilities to other 
social Hymenoptera. 	
	 This fairly complex behavior could be partly explained by this order’s generally 
social nature (Wilson 1971). If individuals are able to specialize, as they do in a caste 
system, they can commit more resources to excelling at a given task rather than partitioning 
resources to attempt all necessary tasks for survival. Within Trigona which exhibits temporal 
polyethism, learning plays a critical role; throughout a lifetime, individuals must learn to fill 
different roles and all asscociated tasks. As bees age and move into foraging roles within the 
colony, it is in their best interest to optimize foraging efficiency, making associative learning 
in relation to landmarks and food sources extremely beneficial. Relating these findings back 
to optimal foraging theory, by discerning an association for where the greatest rewards are 
found, these foragers decrease the amount of time and energy they invest, increasing their 
net energy gain.  This in turn results in a larger resource base for the entire colony, allowing 
higher reproduction rates and a longer colony lifetime. A higher population would allow a 
colony to better outcompete or defend against other colonies, and make it more resilient to 
disturbances.  Associative learning in foragers could increase the entire colony’s fitness. 	
	 However, finding a bright yellow stick next to a reward does not often occur in 
nature, nor do 50 percent nectar rewards and giant patches of flowers directly in front of the 
nest. Future studies may consider gauging Trigona bees’ associative responses in relation to 
more natural markers, rewards, and flower patch locations. 	

We must also consider the repercussions of these findings. If stingless bees are more 
sensitive to landmark placement than we originally thought, this makes them much more 
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vulnerable to habitat disturbances such as deforestation or road and trail development: if 
they cannot find their previous landmarks, they may have difficulty finding the food. This 
would be devastating to both the environment and human society if Trigona bees were to 
start disappearing at the same rates as the honeybees in the U.S. dying of Colony Collapse 
Disorder (CCD). Bees provide a cosmopolitan ecosystem service; just within the United 
States, bee pollination services are estimated at nearly $10 billion per year (Nabhan & 
Buchmann 1997). As pollinators, Trigona bees are critical to the rainforest plants, and 
therefore to all the animals who eat those plants, and so on and so forth.  The role of small-
scale landmarks in the activity of these stingless bees must be understood in greater detail if 
we are to be able to guess how continuing deforestation and even climate change might 
affect these pollinators. 	!
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ABSTRACT 
Flower color is an important attractant and many pollinators show distinct color preferences. This study 
determines if color preference and its lability differ between experienced and naïve Heliconius butterflies. 
Butterflies were offered nectar in Lantana camara inflorescences, which naturally have flowers of two colors 
(yellow and red) on a single inflorescence. Butterflies visited yellow flowers more frequently, with 76% of 
visits to yellow flowers when both flower colors offered nectar. When nectar was offered only by red flowers, 
yellow preference decreased significantly over time. Newly eclosed butterflies offered inflorescences where 
only red flowers rewarded showed a 56% yellow visitation rate over two days, 22% less than for butterflies 
previously offered inflorescences where both flowers rewarded. These results suggest that yellow preference in 
Heliconius is both strong and innate, but can be weakened by experience. Further, it appears that naïve 
butterflies are more labile, allowing them to track changes in rewards more quickly. This reward-associated 
learning may help optimize foraging success by enabling individuals to adapt behaviorally to different 
environments. 

RESUMEN 
El color de las flores es un atractivo importante y varios polinizadores muestran distintas preferencias.  Este 
estudio determina si la preferencia por color y su labilidad difieren entre mariposas con experiencia e ingenuas 
del género Heliconius.  Se les ofreció néctar a las mariposas en inflorescencias de Lantana camara, que 
naturalmente tiene flores de dos colores (rojo y amarillo) en una misma inflorescencia.  Las mariposas visitan 
flores amarillas con mayor frecuencia, con un 76% de visitas a flores amarillas cuando ambos colores fueron 
ofrecidos con néctar.  Cuando el néctar se ofreció solo en las flores rojas, la preferencia por las flores amarillas 
decreció significativamente con el tiempo.  Mariposas recién eclosionadas a las que se les ofreció néctar 
solamente en flores rojas mostraron un 56% de visitación en dos días, 22% menos que las mariposas a las que 
se les ofreció con recompensa en ambos colores.  Estos resultados sugieren que la preferencia por el color 
amarillo en Heliconius es tanto fuerte como innata, pero puede ser disminuida por la experiencia.  Además, 
parece ser que las mariposas ingenuas son más lábiles, permitiéndoles determinar los cambios en la 
recompensa más rápido.  Este comportamiento asociado a la recompensa puede ayudar a optimizar el éxito de 
forrajeo permitiéndole a los individuos adaptarse a diferentes ambientes. 

INTRODUCTION 

Animal-mediated pollination occurs when plants reward animals to move pollen to 
conspecific stigmas (Faegri & Van der Pijl 1971, Proctor and Yeo 1973; both in Keister et al. 
1984). To improve conspecific transfer of pollen, many plants have evolved specific 
morphologies, phonologies and rewards to attract a specific group of potential pollinators 
(Kiester et al. 1984, Aigner 2006). Further, animals have coevolved with plants to be more 
effective at extracting rewards, causing them to be restricted in the flowers they visit (Waser 
et al. 1996). Such specialization reduces pollen waste and stigmatic fouling as pollinators 
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are more likely to move between flowers of the same species, and reduces time and energy 
expenditure by pollinators in their search for rewarding flowers (Keister et al. 1984). Thus, 
floral adaptations such as size, shape, color, and presentation of reward and pollen help 
ensure maximum pollination success and pollinator foraging efficiency (Kevan & Baker 
1983). 

Color is an important floral characteristic that can select for certain pollinators 
(Kevan & Baker 1983) and is an important component of pollinator syndromes: suites of 
traits that assure a certain subset of potential pollinators (Bawa 1990). Many butterflies, for 
example, prefer bright colors, such as yellows (Kevan & Baker 1983) while most 
hummingbirds prefer red (Schatz 1990, Aigner 2006). Thus, pollinators can more quickly 
recognize flowers that allow them to extract appropriate rewards more easily (Kevan & 
Baker 1983, Weiss 1995). An overly narrow use of color cues may constrain the pollinator, 
however, as they may miss reward opportunities (Waser et al. 1996). In the case of floral 
color, it may be advantageous for pollinators to sample and learn which colors are currently 
most rewarding, rather than be constrained to innate color preferences that would overly 
limit flower choice. 

Some butterflies are able to learn which flowers are most rewarding by their floral 
color (Swihart & Swihart 1970, Swihart 1971, Weiss 1991). While butterflies may have 
innate color preferences, they sometimes switch preferences between flower colors 
depending on presentation of a consistent reward. For example, H. charitonius butterflies 
showed an increased preference for a given flower color if they were raised with rewarding 
flowers of only that color (Swihart & Swihart 1970, Swihart 1971). Further, another 
heliconiine, Agraulis vanillae, switched color preference from yellow to orange to avoid 
toxic nectars (Masters 1991). 

Butterflies favor yellow flowers on the bicolor inflorescences of Lantana camara 
(Swihart & Swihart 1970, Weiss 1991). In L. camara, yellow flowers offer more nectar 
while red flowers are largely emptied of nectar (Weiss 1991). This study sought to determine 
whether preference for yellow flowers in Heliconius butterflies is learned or innate, and if it 
can be reversed through altered reward cues. It differs from previous studies (Masters 1991, 
Weiss 1991, Weiss 1997) in altering reward and investigating change in preference over 
time, and with the inclusion of newly eclosed butterflies to determine if there is a naïve 
preference. It was predicted that older butterflies may prefer yellow flowers because they 
reinforce preference with a better reward. Naïve butterflies, on the other hand, would have 
no reason to select for yellow flowers over red if both offered equal reward, unless there 
were an innate preference for yellow. All butterflies should eventually learn to favor red 
flowers if only red flowers contain nectar. 

!
!
!
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MATERIALS AND METHODS 

Study organisms 

Heliconius charitonius butterflies were raised in the Monteverde Butterfly Garden, 
Monteverde, Costa Rica. To feed adult butterflies, the garden fills both yellow and red 
flowers on L. camara inflorescences with 20% sucrose solution. Therefore, the H. 
charitonius used for this study were previously exposed to equal rewards in both yellow and 
red flowers.  
 L. camara natural infloresences naturally have a bulls-eye pattern, with older red 
flowers forming a ring around younger, yellow flowers (Weiss 1991). Mature inflorescences 
normally contain around 30 flowers. For this study, inflorescence color was controlled by 1. 
selecting inflorescences that were entirely or almost entirely one color, and 2. removing a 
small number of flowers of the opposite color to create monochromatic inflorescences. 
These were then offered to butterflies to assess color preferences independently of flower 
placement or inflorescence size. 

Study site and conditions 

The study site was the Heliconius room (Room 2) of the Monteverde Butterfly 
Garden in Monteverde, Costa Rica. A grid array of “feeding stations” consisted of 30 
inflorescenes in a 5 x 6 array, each approximately 15 cm apart (Figure 1A). Each station was 
a small vase of water containing a single L. camara inflorescence of only one color, either 
yellow or red, with 10-20 flowers (usually around 15) per inflorescence (Figure 1B). Yellow/
red stations alternated throughout the grid to yield 15 of each color. Stations were mounted 
on posts 1-1.5 m tall. Nectar was inserted into the flowers with a syringe twice each 
morning, once at the beginning of the observation interval and once at the end. Most 
observation intervals fell between 9:00am and 11:00am. 

Figure 1A&B. Grid array of L. camara flowers in the Heliconius room of the Monteverde 
butterfly garden. A. Full grid of 5 x 6 feeding stations each with one L. camara infloresence, 
either yellow or red, mounted on poles 1-1.5m tall. Colors alternated throughout the grid.. B. 
Yellow (left) and red (right) L. camara inflorescences in vases, before placement on poles. 

 

BA

 218 



Part 1: Experienced Butterflies, Nectar in All Flowers 

For the first 13 days (April 11-24, 2011), all flowers contained nectar. Observations 
were taken on ten of those days (discounting April 15, 18, 23, and 24) using H. charitonius 
that were previously released in the garden and had been feeding at least several days, and 
up to several months, on L. camara with nectar added to all flowers of bicolored 
inflorescences. Each observation period lasted 30 minutes, and most days contained two 
with less than ten minutes between periods. Exceptions were 4/16 and 4/11 with one 
observation period, and 4/17 and 4/22 with three. During each period, the total number of 
visits by H. charitonius butterflies to each color inflorescence was recorded. A visit was 
defined as a butterfly landing on an inflorescence, pausing long enough to cease fluttering its 
wings, and attempting (regardless of success) to probe the flowers. 

Part 2: Experienced Butterflies, Nectar Only in Red Flowers 

For the next seven days (April 25-May 1), nectar was inserted into red flowers only. 
Observations were taken on six of those days (discounting April 29). For this “red 
treatment” period, three 30-min observation intervals were taken each day, usually 
consecutive or with less than ten minutes between intervals. Again, total number of visits by 
H. charitonius to each flower color was recorded. 

On April 26 and 27, in addition to visit number, visit duration was recorded for all 
visits to both flower colors for one 30-min interval each day. Visits were timed from the time 
a butterfly ceased fluttering its wings after landing to the moment it flew away. 

Part 3: Naïve Butterflies, Nectar Only in Red Flowers 

On April 30, 13 newly eclosed H. charitonius were marked on the abdomen and 
released, and their visits were recorded separately for two days: 4/30-5/1. 

RESULTS 

Total number of visits in each 30-minute interval ranged from 8 - 68 with an average 
of 33 visits. Because individual observation periods differed markedly in total number of 
visits, rather than comparing number of flower visits, the percent visits to yellow was 
calculated for each period. The data reported are the mean percents yellow, where n = the 
number of observation periods for that particular treatment and the mean is the average of 
the percent visits to yellow flowers for all pertinent observation periods, regardless of total 
number of visits per observation period. 

Part 1: Experienced Butterflies, Nectar in All Flowers 

When all flowers contained nectar, experienced butterflies displayed a preference for 
yellow flowers (paired t-test, DF = 20, N = 21, t = -6.51, p < 0.0001) with a mean percent of 
visits to yellow flowers per observation period ± 1SD of 76.4% ± 15.9% (Figure 2). One 
outlying observation period had 25% yellow visitation rate, and that interval comprised of 
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only eight visits total, the lowest count observed. Because of small sample size for this 
observation period, the unusually low relative visits to yellow flowers may be spurious. If 
this observation period is excluded, the mean percent of visits to yellow flowers per 
observation period is 79.0% ± 10.9%. Since the trends hold even including the outlier, it will 
remain included for further discussion.  

Part 2: Experienced Butterflies, Nectar Only in Red Flowers 

When only red flowers contained nectar, an overall preference for yellow still existed 
(paired t-test, DF = 17, N = 18, t-ratio = -2.42, p = 0.02), but with a lower mean percent 
yellow visitation rate per observation period of 60.2% ± 19.3% (Figure 2). Yellow 
preference when all flowers contained nectar was 16% higher than when just red flowers 
contained nectar, and this difference was significant (unpaired t-test, DF = 1, F = 8.09, p = 
0.007; Figure 2). 

!

"  

Figure 2. Mean proportion of visitation to yellow L. camara inflorescences, out of 
an array of equal numbers yellow and red, by H. charitonius across all 30-minute 
observation intervals. Nectar was present in all flowers for 13 days (n = 21) followed by red 
flowers only for seven days (n = 18). Yellow was preferred for both treatments, but yellow 
preference was higher with nectar in all flowers. Asterisks over bars represent significant 
differences. Error bars represent 1 SD. 

Change in yellow preference over time 

Yellow preference over the first 11 days with nectar in all flowers showed no 
significant change over time (Regression test, R2 = 0.168, N = 9, p = 0.177), whereas over 
the following seven days with nectar in red flowers only, yellow preference decreased over 
the week (Regression test, R2 = 0.853, N =6, p = 0.0005; Figure 3). 
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Figure 3. Yellow preference of experienced H. charitonius butterflies, measured by percent 
of visits which occurred to yellow L. camara flowers, remained constant over time while all 
flowers had nectar for 13 days, with nine days of data collection (A) and decreased while 
only red flowers had nectar for seven days, with six days of data collection (B). Equations 
and R2 values refer to the trendline for yellow visitation rate over time. 

The average yellow preference during the red treatment (Figure 2) is not an accurate 
representation of butterfly behavior since visitation preference changed significantly over 
time (Figure 3B). Yellow visitation was 78.2% in the first two days of the red treatment and 
dropped to 40.6% over the last two days. 

Visit duration 

On the first three days experienced butterflies were exposed to the red treatment, 
which all had higher yellow visitation rates than the mean for that treatment (71%, 84%, and 
70%, respectively; Figure 3), butterfly behavior was notably different. During two 30-
minute intervals on the second and third days of red treatment, experienced butterfly visits to 
red flowers were significantly longer than yellow visits (Wilcoxon sign rank test, p < 
0.0001; Figure 4). They repeatedly visited many yellow flowers in a row for a very short 
period of time (mean 12.3 seconds, Wilcoxon Score Mean 31.3, n = 57), but remained for a 
long time on red flowers (mean 93.4 seconds, Wilcoxon Score Mean 58.3, n = 17), although 
with less frequency (Figure 3). 
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Figure 4. Mean visit duration by H. charitonius to yellow and red L. camara flowers during 
two 30-minute intervals, one each on 4/26 and 4/27, the second and third days of 
experienced butterfly exposure to red-only reward. Asterisk indicates that visits to red 
flowers were significantly longer. Error bars represent 1SE. Numbers above bars indicate 
sample size. 

Part 3: Naïve butterflies, Nectar Only in Red Flowers 

The naïve butterflies released on April 30 were exposed to conditions of nectar in red 
flowers only for two days, for a total of six observation intervals. The total number of naïve 
visits during that time was 66, and 37 of those visits to yellow flowers. The overall yellow 
visitation rate of 56.0% was not a significant preference for yellow (Chi square test, χ2 = 
0.48, p > 0.05), even though it was within 4% of the mean yellow visitation rate of 
experienced butterflies during the red treatment, which was significant (figure 5). However, 
over only the first two days of the red treatment for experienced butterflies, yellow visitation 
rate was 78.2%, 22% higher than the naïve butterflies’ yellow visitation rate over two days, 
and significantly different from both the naïve yellow preference (Chi square test, χ2 = 40.0, 
p < 0.05) and total experienced yellow preference during red treatment (Chi square test, χ2 = 
22.2, p < 0.05; Figure 5).  

vi
si

t 
d

u
ra

ti
o

n
 (

se
c)

0

40

80

120

160

Yellow Red

 

*  
N = 56

N = 17

 222 



"  

Figure 5. Mean proportion of visitation by H. charitonius to yellow L. camara 
inflorescences, when only red flowers contained nectar. Yellow preference was not 
significant for naïve butterflies over two days (left bar) and was significant for experienced 
(Exp.) butterflies across all days of red treatment (middle) and the first two days of 
experienced butterflies in red treatment (right). Asterisks represent significant differences. 
Percent above bars is the mean, and number inside bars is the number of 30-min observation 
periods included in each mean. 

DISCUSSION 

Color preference of experienced butterflies 

Since H. charitonius preferred yellow flowers even when all flower colors were 
equally rewarding, the preference for yellow is probably innate, an adaptation which 
optimizes foraging success by favoring flowers which most efficiently reward butterflies. 
Preference for yellow gradually changed to a preference for red in experienced butterflies 
when only red flowers rewarded. Although the six data points for this second treatment 
yielded a significant preference for yellow, I believe that given more time under the red 
treatment the visitation preference would have stabilized below 50% as seen in the final two 
days. I attribute this to butterflies learning to associate the color red with exclusive reward. 
The learning process was quantified by the significantly shorter visits to yellow flowers than 
red during the initial days of the second treatment, when mean visitation rate still 
significantly favored yellow. Butterflies were observed moving fairly quickly from one 
yellow inflorescence to another in search of nectar, and leaving each inflorescence after 
probing the flowers and finding no reward. When they finally tried a red inflorescence, upon 
discovering the nectar reward they would sit on the inflorescence for a long time to feed, and 
then often leave the array without visiting any more red flowers, presumably satisfied. 
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An innate color preference can be overridden by reward and associative learning. 
The ability to learn and shift foraging behavior based on experience also optimizes foraging 
success, by enabling individuals to more efficiently extract a reward across a variety of 
environments. This balance between innate and learned preferences demonstrates how 
coevolution can provide enough specialization to create mutually beneficial interactions 
while allowing generalist flexibility which buffers the instability of high specialization 
(Waser et al. 1996). 

Color preference of naïve butterflies 

Naïve butterflies showed no significant yellow preference even though only red 
flowers were rewarding. This could be explained by a strong innate preference for yellow, 
mediated by the immediate effects of the opposite reward distribution, or because two days 
was not long enough for them to learn to favor red, and so before learning they visited the 
two colors arbitrarily. An innate yellow preference seems most likely because the 
experienced butterflies also demonstrated a yellow preference even though they were in an 
environment where reward did not differ between colors. 

Since naïve butterflies were only exposed to red-only reward for two days, it makes 
biological sense to compare their yellow preference with that of experienced butterflies for 
only the first two days of the experienced red-reward trial. The experienced yellow 
preference was significantly higher than naïve for those two days, and the naïve butterflies 
showed no statistical color preference, so I conclude that naïve butterflies were able to 
respond more readily to an alternate reward. If butterflies can learn more quickly when they 
are young, they demonstrate some phenotypic plasticity which enables them to adjust their 
behavior to the environment into which they were born. 
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Flowers in Lantana camara (Verbenaceae)!
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!
ABSTRACT	
!
Young flowers of Lantana camara are yellow and positioned in the center of the inflorescence with a ring of 
older, red flowers around them.  This study investigates how changes in flower color and presence/absence of 
nectar influence robbers and pollinators of L. camara.  It was found that a significant proportion of older, red 
flowers (mean = 20.3 percent) contain nectar.  In addition, the majority of yellow and red flowers (estimated 90 
percent) appear to have pollen and are receptive to pollination.  Both pollinators and robbers preferred yellow 
flowers.  Pollinators took nectar from a greater proportion of yellow flowers (e.g. 57 percent) versus red 
flowers (15 percent).  In addition, pollinators showed no preference for inflorescences with the characteristic 
‘bulls-eye’ pattern: all yellow inflorescences (AY) that were the same size as normal (N), ‘bulls-eye’ 
inflorescences, received more visits from butterflies (22 versus 10 per hour), and had more nectar removed 
(only 12.6 percent of AY flowers had nectar versus 37.5 percent of N flowers).  Robbers were about ten times 
more likely to rob inflorescences with only yellow flowers than inflorescences containing yellow and red 
flowers (e.g. mean robbery per inflorescence was 3.71 and 0.334, respectively), even when reward and 
inflorescence size were similar.  In addition, a ring of red flowers reduced robbery of yellow flowers by a 
factor of 37.  Robbers may pollinate L. camara, as inflorescences visited only by robbers contained 
significantly more flowers with pollen on or near the pistil (1.64 flowers/infl) than inflorescences that were not 
visited (0.364 flowers/infl). L. camara plants may enhance fitness benefits by prohibiting large-scale robbery 
from yellow flowers yet provide some reward for robbery in red flowers as a way to assure their pollination. !
RESUMEN	!
Las flores jovenes de Lantana camara son amarillas y se posicionan en el centro de la inflorescencia rodeadas 
por un anillo de flores rojas más viejas. Este estudio investiga como los cambios en el color de las flores y la 
presencia/ausencia de néctar influencia la visitación por ladrones de néctar y polinizadores de L. camara.  Se 
encontró una proporción significativa de flores rojas viejas conteniendo néctar (promedio = 20.3%).  Además, 
la mayoría de las flores rojas y amarillas (alrededor del 90%) parecen tener polen y estar receptivas para la 
polinización.  Ambos polinizadores y ladrones de néctar prefieren las flores amarillas.  Los polinizadores 
toman néctar en una mayor proporción de las flores amarillas (p.e. 57%) contra las flores rojas (15%).  
Además, los polinizadores no muestran preferencia por las inflorescencia con el patrón de “ojo de toro”: las 
inflorescencias completamente amarillas que fueron del mismo tamaño que el “ojo de toro” recibieron más 
visitas por mariposas (22 contra 10 por hora), y más néctar fue removido (12.6%  de flores tienen néctar contra 
37.5%).  Los ladrones fueron cerca de diez veces más propensos a robar en inflorescencias con solo flores 
amarillas que en aquellas inflorescencias que contenían flores rojas y amarillas (p.e. promedio de robos por 
inflorescencia fue de 3.71 y 0.334 respectivamente), aún cuando el premio y el tamaño es similar.  También, el 
anillo de flores rojas disminuye el robo en flores amarillas por un factor de 37.  Los ladrones pueden polinizar 
L. camara ya que las inflorescencias visitadas únicamente por ladrones contienen significativamente más flores 
con polen en o cerca del pistilo (1.64 flores/inflorescencia) que las inflorescencias que no fueron visitadas 
(0.364 flores/inflorescencia).  L. camara puede aumentar su éxito reproductivo prohibiendo robos a larga 
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escala en las flores amarillas pero dando cierta recompensa a los robos en flores rojas como un mecanismo 
para asegura la polinización de las mismas. !
!
FLORAL TRAITS SHOULD MAXIMIZE THE LIKELIHOOD that visitors will pollinate while 
minimizing robbery (Weiss 1995, Maloof and Inouye 2000).  In some plants, flowers remain 
on the inflorescence and change color as they age (Weiss 1991, Weiss 1995).  This may 
increase attractiveness to pollinators (Weiss 1991, Weiss 1995) and/or protect younger, not-
yet-pollinated flowers from nectar robbers (Barrows 1976, Maloof and Inouye 2000).   
 Retention of post color change flowers around the outside of an inflorescence may 
augment its attractiveness to pollinators through color cues or by increasing its size 
(Barrows 1976, Weiss 1991, Weiss 1995).  Both of these possibilities have been considered 
in the tropical woody shrub, Lantana camara.  This plant has yellow, orange, and red 
flowers (Barrows 1976).  Yellow flowers are produced first in the center of the inflorescence 
and then subsequently darken to orange and then red, creating a characteristic ‘bulls-eye’ 
pattern (Barrows 1976).  These flowers cannot self-pollinate (Barrows 1976).  Since flowers 
that have changed color are assumed to have little or no nectar or pollen, color changes 
direct pollinators to more rewarding and viable younger flowers within an inflorescence 
(Barrows 1976, Gori 1989, Weiss 1991, Weiss 1995).  In one survey of 97 butterfly visits, 
butterflies went to yellow over orange-red flowers 99 percent of the time (Barrows 1976).  
In addition, pollinators may be particularly attracted to the ‘bulls-eye’ pattern on L. camara 
inflorescences.  One study found that pollinators prefer normal inflorescences (with the 
‘bulls-eye’ pattern) over inflorescences with only yellow flowers (Zurinskas 2003).  
However, this study did not control for inflorescence size: yellow inflorescences were 
smaller than normal inflorescences (Zurinskas 2003).  Size may be an important 
consideration; it has been found that butterflies choose larger over smaller inflorescences 
independent of the level of nectar reward offered or the color of the inflorescence (Weiss 
1991).  Thus, more visits to normal inflorescences could have been solely due to larger size.  
The larger size of L. camara inflorescences also allows butterflies with longer body lengths 
to serve as pollinators, as compared with the smaller inflorescences of L. trifola (Schemske 
1976).  This is because older flowers are a landing platform that allows larger butterflies to 
holdfast as they forage on the interior flowers (Schemske 1976). 

While the retention of older flowers may create a physical barrier to robbers, the 
impact of floral color change on these organisms is relatively unknown.  Barrows (1976) 
reported, after examining a limited sample of flowers, that a ring of older orange and red 
flowers on L. camara inflorescences reduced nectar robbing of the interior yellow flowers 
from 71 to 23 percent.  Nectar robbers may show a preference for younger pre-change 
flowers, as do pollinators (Weiss, 1991).  These robber interactions are important to consider 
as robbers may decrease the fitness of the plant, though they occasionally pollinate as well 
(Kendell and Smith 1976, Maloof and Inouye 2000, Richardson 2004).  A review of 18 
studies found that negative, neutral, and positive net effects of robbery were equally likely 
(Maloof and Inouye 2000).   
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I examined floral color changes in L. camara inflorescences in regard to pollinator 
and robber behavior.  Many of the hypotheses for how these changes impact pollinators and 
robbers are based on assumptions (older flowers have no nectar), conflations (size with 
‘bulls-eye’ pattern), a limited sample (reduction of robbery in yellow flowers), or remain 
largely untested (robbers as pollinators).  I intended to resolve these shortcomings by 
considering whether: 1) older flowers have no nectar and are reproductively unviable, 2) 
older flowers block yellow flowers from robbery, 3) floral color change is a cue to robbers 
as well as pollinators, 4) ‘bulls-eye’ coloration attracts pollinators independent of size, and 
5) robbers can serve as pollinators.  Answering these questions is essential in fully 
understanding the functionality of color changing flowers in L. camara: how these changes 
relate to pollinator and robber attraction, and whether the robbers are really only robbers. !
METHODS	
!
The study was conducted in Monteverde, Costa Rica, in April 2011.  Study sites were a 
small field located across from the Monteverde Butterfly Garden that contained 
approximately 50 small L. camara plants and a garden at the Cloud Forest School that 
contained several large L. camara plants.  Both sites were located in Pacific slope 
Premontane Moist habitats.  In the following subheadings, study sites (Field and Garden) are 
indicated in parenthesis. !
PLANT PHENOLOGY: COLOR, REWARD, AND REPRODUCTIVE POTENTIAL (FIELD).—To 
investigate the timing of changes in color and reward in L. camara, seven actively flowering 
inflorescences with unopened flowers were covered with a mesh bag (day 1) to exclude 
robbers and pollinators.  The number of flowers of each type (unopened, yellow, orange, 
red) was recorded the next day (day 2) at 0630, 0930, 1230, 1530, and 1830, and then at 
1230 for the next four days.   

To examine the reproductive phenology of L. camara, five inflorescences that had 
not been previously touched were collected and examined under a dissecting microscope.  
Flowers were dissected using a razorblade. The presence of pollen (both on the anthers and 
near the pistil) was recorded.  In addition, the appearance of the pistil—whether it was 
moist, erect, and generally healthy looking, was noted.   !
NECTAR CONSUMPTION AND VISITATION (FIELD).—To see whether orange and red flowers 
contain nectar and to assess whether pollinators prefer yellow flowers over orange and red, 
20 inflorescences were bagged on 14 plants one evening.  In addition, 20 inflorescences on 
the same 14 plants were marked with a piece of masking tape but otherwise left untouched.  
Care was taken so that every bagged inflorescence had an unbagged companion on the same 
plant.  All inflorescences were normal (N inflorescences), meaning they contained yellow, 
orange, and red flowers.  In addition, inflorescences were of similar size and condition.  The 
next day these inflorescences were examined at 0630 (dawn), 0930, 1230, 1530, and 1830 
(dusk).  This experiment was conducted throughout the day because the schedule of nectar 
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production in L. camara is unknown and to assure that nectar not taken was not reabsorbed 
throughout the day.  At each of the five time periods, one bagged and unbagged 
inflorescence on four plants (total of 16 inflorescences) was examined in detail.  The number 
of flowers of each color as well as the number of flowers with nectar were recorded for each 
inflorescence.  The presence of nectar was detected by gently removing the flower from its 
calyx and firmly pressing the base of the flower between two fingers.  If a visible drop 
appeared, the flower was considered to offer a nectar reward.  This method follows Barrows 
(1976).  

To test whether butterflies prefer inflorescences with ‘bulls-eye’ coloration 
independent of size, I compared nectar in N inflorescences to all yellow inflorescences (AY 
inflorescences) of the same size.  AY inflorescences were found on two plants in the field, 
and observation revealed that they contained approximately the same distribution of nectar 
as N inflorescences (i.e. flowers on the edge were less likely to contain nectar).  Thus, these 
inflorescences appeared to be identical to N inflorescences, with the exception that all 
flowers were yellow.  Four AY inflorescences were bagged along with four inflorescences 
from normal plants in close proximity.  Four additional AY and N inflorescences on the same 
plants were marked but otherwise untouched.  The next day at 1230, the number of flowers 
and the number with nectar on each inflorescence were recorded.   
 To compliment the above experiment, visitation for N and AY inflorescences was 
compared.  Ten AY and 10 N inflorescences in close proximity were watched for an hour.  A 
visit was a butterfly landing on an inflorescence.   !
ROBBERY (FIELD AND CLOUD FOREST SCHOOL).—To see whether old flowers block robbery 
and color change serves as a cue for robbers, 32 N inflorescences and 15 AY inflorescences 
were marked on 17 plants across from the butterfly garden on a sunny morning at 0630.  
Orange and red flowers were removed on 15 of the 32 N inflorescences to create 15 yellow 
inflorescences (Y inflorescences).  This left 17 N inflorescences.  All inflorescences were 
examined for robbery and robbed flowers were removed. Robbery was readily apparent as a 
small hole at the base of the corolla.  After robbery was removed, N and AY inflorescences 
contained 20-30 flowers and Y inflorescences contained 8-15 flowers.  That evening, at 
1600, the same inflorescences were checked for robbery that had accumulated that day.  The 
amount of robbery and the color of the flower robbed were recorded. 
 This same comparison was repeated at the Garden.  At 0630, approximately 40 N 
inflorescences (the actual number varied between 18 and 24) on three plants with seemingly 
equal amount of robbery were marked.  From half, orange and red flowers were removed to 
create 20 Y inflorescences.  Robbed flowers were removed.  Flower ranges on 
inflorescences were the same as above.  At 1600, these inflorescences were examined for 
robbery in the same way as before. 
 To erase possible effects of differential nectar quantity in flowers of different color/
age, the previous experiment was repeated with 10 N, 10 Y, and 10 added-nectar (AN) 
inflorescences on the same three plants.  AN inflorescences were created by adding nectar to 
orange and red flowers on normal inflorescences with a syringe.  Nectar added was a 30 

 

 229 



percent sugar solution, which matched the sugar content of L. camara flowers as previously 
measured with a refractometer. 
 To isolate the effect of size on robber preference, the experiment was repeated with 
10 Y, and 10 red inflorescences (R inflorescences) on each of the three plants.  R 
inflorescences contained only red flowers and were created by removing enough flowers on 
inflorescences with only red flowers to have a range of 8-12 flowers.  The range of the Y 
inflorescences was reduced from the usual 8-15 flowers to 8-12 flowers to match that of R 
inflorescences. 
 Finally, to assess robbery on the AY inflorescences while controlling for per-plant 
differences, nine AY inflorescences were picked from across the butterfly garden, placed in 
water, and brought to the Cloud Forest School.  These were placed in small plastic vials 
filled with water and taped to Plant 1 in the garden (see results) at 0630.  At the same time, 
11 N and 10 Y inflorescences (usual flower ranges) were marked on the same plant.  Robbed 
flowers were removed, and all inflorescences were examined at 1600 with the same methods 
as always.  This experiment was conducted because I had previously observed 
(unexpectedly) that AY inflorescences received a very small amount of robbery, and wished 
to investigate whether this was an inherent property of the inflorescences. !
POLLINATION (CLOUD FOREST SCHOOL).—At 0630, 11 normal inflorescences on the usual 
three plants in the Cloud Forest School were checked for robbery, robbed flowers were 
removed, and the inflorescences were bagged so that neither pollinators nor robbers could 
reach them.  At the same time, 14 normal inflorescences were subjected to the same 
treatment, and then the opening of the flower was sealed with a small drop of glue to prevent 
pollinators (but not robbers) from accessing them.  Fourteen additional inflorescences were 
subjected to the same treatment but left as is.  Later that day, at 1530, all inflorescences were 
collected and examined for pollen deposition around the pistil under a dissecting 
microscope.  Pollen was easily seen once flowers had been removed from the base of the 
inflorescence, leaving behind the pistil. The number of flowers with pollen deposited around 
or on the pistil per inflorescence was recorded.   !
RESULTS	
!
PLANT PHENOLOGY: COLOR, POSITION, REWARD, AND REPRODUCTIVE POTENTIAL.—New 
flowers began opening at dawn and the majority (92 percent of 84 flowers examined) were 
open by 0800 (figure 1).  All of the 84 yellow flowers that opened on day 2 stayed yellow 
the whole day, only darkening a bit towards the evening.  By the next morning, the 84 
flowers were orange.  Flowers lasted 4 days total (~50 percent of flowers that opened on day 
2 were missing on the morning of day 6).   
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"  
FIGURE 1.  Lantana color changes over time.  These two pictures depict the same 
inflorescence separated by 24 hours.  New flowers opened in the morning and turned orange 
by the next day.  Flowers lasted approximately 4 days. !
 Examination of five inflorescences under the dissecting microscope revealed that 
most flowers (an estimated 95 percent), including red ones, had viable looking pistils: these 
were moist and erect, and showed no signs of decay.  Only red flowers very near the outside 
of the inflorescence had pistils that looked withered (~10 percent of red flowers).  
Furthermore, the majority of flowers, including red ones, had pollen on the anthers (~90 
percent), although observation revealed that pollen in yellow flowers was the most 
abundant.  More flowers closer to the edge of the inflorescence had pollen deposited around 
the pistil (17.2 percent of 58 red-orange flowers versus 4.2 percent of 24 yellow flowers), 
yet many flowers even on the edge (82.8 percent) did not appear to be pollinated. 
 	
NECTAR CONSUMPTION AND VISITATION.—I observed Anartia and Danaus butterflies as the 
primary pollinators of the L. camara plants under study.  Trigona bees were observed as 
robbers. Patterns of nectar differed between bagged and unbagged flowers (figure 2).  Nectar 
in bagged yellow flowers peaked in the middle of the day (1230) and all examined had 
nectar (figure 2a).  In contrast, bagged yellow flowers were least likely to have nectar at 
1230 (only 43 percent of yellow flowers had nectar, figure 2b).  Thus the proportion of 
flowers with nectar dropped by 57 percent as compared to the bagged flowers.  Orange 
flowers in both the bagged and unbagged condition were most-likely to have nectar earlier 
in the day, at 0930 (69 and 38 percent of flowers had nectar, respectively) after which the 
proportion of orange flowers with nectar sharply dropped off (35 and 10 percent had nectar 
at 1230).  There are no data for orange flowers after 1230 because these had darkened so 
much by the time that they could no longer be distinguished from red flowers.  About 20 
percent of bagged red flowers contained nectar.  Nectar in red flowers peaked during the 
evening in both conditions (40 percent bagged had nectar and 10 percent unbagged had 
nectar), and in the unbagged condition they had the least nectar at 1230 (0 percent had nectar
—a drop of 15 percent when compared to bagged flowers).  It appears that yellow and red 
flowers replenish their nectar stores throughout the day. 
 Groups differed in proportion of flowers with nectar between N and AY 
inflorescences (Chi-squared, X2 = 5.71, df = 1, p = 0.017, figure 3).  Bagged N 
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inflorescences had slightly more nectar at 1230 than bagged AY inflorescences (46 and 40 
percent respectively), but this difference was not statistically significant (Chi-squared, X2 = 
1.02, df = 1, p = 0.312).  On the other hand, unbagged N inflorescences had nearly three 
times as much nectar as unbagged AY inflorescences (37.5 versus 12.6 percent; Chi-squared, 
X2 = 16.9, df = 1, p < 0.0001). 
 Butterflies visited AY inflorescences nearly twice as often as N inflorescences: 
visitation was 22 and 10 in one hour, respectively (Chi-squared, X2 = 4.5, df = 1, p = 0.034). !

"  
FIGURE 2.  Proportion of yellow, orange, and red L. camara flowers for bagged (a) and 
unbagged (b) inflorescences with nectar at five times of day.  Proportions for yellow flowers 
are shown in yellow (top line), while those for orange (middle line) and red (bottom line) are 
shown in orange and red, respectively.  Four inflorescences for each time period were 
examined (20-30 flowers per inflorescence). 
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"  
FIGURE 3.  Proportion of L. camara flowers with nectar in bagged and unbagged 
inflorescences on normal inflorescences (N) and all yellow inflorescences (AY).  All flowers 
on each inflorescence were counted.  Groups differed in proportion with nectar (Chi-squared 
test).  There was no difference between bagged N and AY inflorescences, but the difference 
between unbagged inflorescences was significant (Chi-squared test).  From left to right, n = 
117, 104, 108, and 103 flowers. 

ROBBERY.—Of the N, Y, and AY inflorescences examined for robbery in the butterfly 
garden, Y experienced the most robbery per inflorescence (mean ± 1 standard error = 2.7 ± 
0.958 flowers per inflorescence), followed by N inflorescences (1.7 ± 1.08), and finally by 
AY inflorescences, which experienced almost no robbery (0.13 ± 0.13).  However, these 
differences were not significant (One Way ANOVA, F = 2.33, df = 2, p = 0.110) because one 
plant of the 17 sampled dominated robbery: 93.8 percent and 90.2 percent of the total 
robbery on N and AY inflorescences, respectively, took place on this plant.  I had previously 
observed that this plant received a disproportionate amount of robbery, and that AY 
inflorescences were robbed only on extremely rare occasions (most days they had no 
robbery at all).  
 Y inflorescences at the Cloud Forest School experienced about ten times more 
robbery per inflorescence than N inflorescences (3.71 ± 0.323 versus 0.334 ± 0.340) and this 
difference was significant (Two Way ANOVA, F = 51.6, df = 1, p < 0.0001, figure 4).  There 
was also a significant difference between plants (Two Way ANOVA, F = 8.18, df = 2, p = 
0.0005), but this was because Y inflorescences on plant 1 had much more robbery than those 
on plants 2 and 3 (6.39 ± 0.864 versus 2.42 ± 0.662 and 2.33 ± 0.744, respectively).  In 
addition, yellow flowers were 37 times more likely to be robbed on Y inflorescences than 
those on N inflorescences: 37 percent of yellow flowers were robbed on Y inflorescences 
while only 1 percent of yellow flowers were robbed on normal inflorescences (n = 792). !
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"  
FIGURE 4.  Robbery per inflorescence for normal (N) and yellow (Y) inflorescences on 
three L. camara plants.  Error bars represent one standard error.  Y inflorescences were 
created by removing orange and red flowers from N inflorescences.  Y inflorescences 
experienced significantly more robbery than N inflorescences, and those on plant 1 had 
significantly more robbery than Y inflorescences on plants 2 and 3 (Two Way ANOVA, 
Tukey’s HSD test, p < 0.05).  From left to right n = 20, 24, 21, 18, 18, and 24 
inflorescences). 

ROBBERY—CONTROLLING FOR REWARD.  Robbery per inflorescence was significantly 
different between Y, N, and AN inflorescences (Two Way ANOVA, F = 80.6, df = 2, p < 
0.0001, figure 5).  Once again, Y inflorescences had significantly more robbery than other 
groups, with 6.67 ± 0.47 instances per inflorescence.  AN inflorescences had about twice as 
much robbery as N inflorescences (1.83 ± 0.34 versus 0.900 ± 0.227); however, this 
difference was not significant (Tukey’s HSD test, p > 0.05).  Plants 1, 2, and 3 were not 
significantly different from each other (Two Way ANOVA, F = 0.870, df = 2, p = 0.423). !
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"  
FIGURE 5.  Robbery per inflorescence between normal (N), yellow (Y), and added nectar 
(AN) inflorescences on three L. camara plants.  Error bars represent one standard error.  Y 
inflorescences were created by removing orange and red flowers from N inflorescences.  AN 
inflorescences were created by adding nectar (30% sugar) to orange and red flowers on N 
inflorescences.  Robbery per inflorescence was significantly different between inflorescence 
types, but not between plants (Two Way ANOVA).  Differences between N and AN 
inflorescences were not significant (Tukey’s HSD test, p > 0.05).  n = 10 inflorescences for 
each bar. !
ROBBERY—CONTROLLING FOR SIZE.  Robbery per inflorescence was significantly different 
between R and Y inflorescences (One Way ANOVA, F = 184.4, df = 1, p < 0.0001, figure 6).  
Y inflorescences had a large amount of robbery (8.13 ± 0.415) while R had very little—
slightly less than the usual for N inflorescences (0.227 ± 0.415).  There was no significant 
difference between plants (Two Way ANOVA, F = 0.973, df = 2, p = 0.384). !
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"  
FIGURE 6.  Robbery per inflorescence between red (R) and yellow (Y) inflorescences on 
three L. camara plants.  Error bars represent one standard error.  Y inflorescences were 
created by removing orange and red flowers from N inflorescences, and R inflorescences 
were created by removing flowers from all red inflorescences.  Both Y and R inflorescences 
had 8-12 flowers.  Robbery per inflorescence was significantly different between 
inflorescence types but not between plants (Two Way ANOVA).  n = 11 inflorescences for 
the first bar, and 10 for the rest.  !
ROBBERY—AY INFLORESCENCES.  Robbery per inflorescence for Y, N, and AY 
inflorescences at the Cloud Forest School (AY had been transplanted from the field near the 
butterfly garden) differed between groups (One Way ANOVA, F = 90.1, df = 2, p < 0.0001).  
Y inflorescences had 5.6 ± 0.830 instances of robbery per inflorescence, while N and AY 
inflorescences had much less: 0.81 ± 0.791 and 0.00 ± 0.875, respectively.  It is noteworthy 
that once again AY inflorescences experienced less robbery than N inflorescences; however, 
this difference was not significant (Tukey’s HSD test, p > 0.05). !
POLLINATION.—Inflorescences that both pollinators and robbers could access, that only 
robbers could access, and that neither pollinators nor robbers could access had significantly 
different amounts of pollen deposited near or on the pistil (One Way ANOVA, F = 15.0, df = 
2, p < 0.0001, figure 7).  Inflorescences that both pollinators and robbers could access had 
about twice as many pistils with pollen on them than those that only robbers could access 
(3.07 ± 0.450 versus 1.62 ± 0.269, Tukey’s HSD test, p < 0.05), while those that neither 
could access had significantly less pollen deposited on them (0.36 ± 0.203, Tukey’s HSD 
test, p < 0.05). !
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"  
FIGURE 7.  Pistils with pollen per inflorescence for three types of inflorescences.  ‘None’ 
signifies that neither pollinators nor robbers could access them, ‘Robbers’ that only nectar 
robbers could access them, and ‘Robbers & Poll’ that both pollinators and nectar robbers 
could access them.  Error bars represent one standard error.  The three conditions were 
significantly different from each other (One Way ANOVA).  From left to right n = 11, 14, 
and 14 inflorescences. !
DISCUSSION	
!
In contrast with the results of Barrows (1976), it was found that both orange and red flowers 
contain nectar.  It appears that the plant reabsorbs nectar from yellow and then orange 
flowers as they turn red and then maintains those smaller nectar quantities in red flowers by 
placing nectar in them throughout the day.  The plant invests the most heavily in yellow 
flowers, which also receive more visits than the other flowers (as evidenced by the larger 
drop in proportion with nectar for yellow unbagged flowers).  This supports the idea that 
pollinators use the color yellow as a cue for rewarding flowers (Barrows 1976, Weiss 1995).  
All flowers had nectar removed, which means each type of flower was visited by pollinators 
and/or robbers throughout the day.	
	 Examination of flowers under a dissecting microscope revealed that most flowers, 
including orange and red ones, were capable of pollinating and being pollinated.  This 
conflicts with previous claims by both Barrows (1976) and Weiss (1991, 1995) that red 
flowers contain spent male and female parts.  In addition, although more red flowers than 
yellow appeared pollinated, the majority were not.  These results, as well as those of the 
previous paragraph, imply that there is more to these older, red flowers than previously 
thought.  L. camara plants are still investing energy (nectar and reproductive capability) in 
mostly unpollinated, older flowers.	
	 ‘Bulls-eye’ coloration does not attract pollinators when size is controlled.  More 
nectar was taken from AY versus N inflorescences, even though they contained 
approximately the same number of flowers.  Visitation data substantiates this, as butterflies 
were more likely to visit the AY inflorescences.  This conflicts with Zurinskas (2003) and 
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suggests that there is no functional significance to the ‘bulls-eye’ pattern in terms of 
pollinator attraction.	
 The presence of orange and red flowers around the outside of the inflorescence 
severely decreases robbery of yellow flowers.  In fact, I found that orange and red flowers 
are much more effective at this than originally reported by Barrows (1976), who found that 
their presence reduced robbery by a little over a factor of three.  I found, after examining a 
sample several times larger than Barrows’, that robbery was reduced by a factor of 37.  This 
occurs because orange and red flowers physically block the corollas of yellow flowers from 
access by robbers.  Furthermore, the presence of older flowers decreases total robbery per 
inflorescence by about 10 times: these flowers do not just block yellow flowers from getting 
robbed, they dissuade large amounts of robbery overall.  The most likely explanation for this 
is that robbers have learned that older flowers often do not contain nectar, and therefore 
avoid inflorescences containing them in order to forage more optimally.  It may be that this 
occurs due to associative learning, as has been proposed for pollinators (Weiss 1991).  Post-
change flowers may be serving an important adaptive function if large-scale robbery reduces 
fitness of L. camara. 
 Like pollinators, robbers appear to use color as a cue for identifying rewarding 
flowers.  Y inflorescences were much more likely to be robbed than inflorescences 
containing yellow, orange, and red flowers, even when presence of nectar and inflorescence 
size were controlled.  It appears that robbers are hijacking color cues that are meant to aid 
pollinator efficiency for their own purposes, and this behavior is likely at net cost to the 
plant (once again, this is assuming that large-scale robbery of yellow flowers reduces fitness 
of L. camara). 
 My results provide some evidence that robbers are serving as pollinators of L. 
camara.  Inflorescences that only robbers could access had significantly more flowers with 
pollen deposited on or near the pistil than those that neither pollinators nor robbers could 
reach.  However, these data must be interpreted with caution, as robbers could simply be 
knocking pollen from the same flower onto the stigma.  L. camara cannot self-pollinate 
(Barrows 1975), so this action would not enhance the fitness of the plant.  Trigona bees, the 
only robbers seen in this study, are often associated with negative effects on seed set 
(Maloof and Inouye 2000).  One study of the tropical treelet, Quassia amara, found that 
exclusion of robbers resulted in 4-12 times greater seed production than in control flowers 
(Roubik et al. 1985).  With all this in mind, I propose that large-scale robbery of L. camara 
inflorescences, especially the most active and rewarding yellow flowers, may decrease the 
fitness of the plant—most likely through a reduction in pollinator visitation (Maloof and 
Inouye 2000).  This makes sense in light of the fact that a ring of red flowers is so effective 
at reducing robbery, and may have arisen due to selective pressure from robbers.  Another 
possibility is that these flowers are the outcome of pressure to enlarge the landing platform 
or to increase the attractiveness of the inflorescence with larger size, as has been suggested 
by Schemske (1976) and Weiss (1991), but it seems like an outstanding coincidence that 
they would also be so successful at reducing robbery at the same time.  It is likely that all 
these forces have contributed to the maintenance of older flowers. 
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 However, given that robbers are capable of pollinating, it makes sense to maintain 
limited nectar quantities and reproductive capabilities in orange and red flowers.  In this 
way, the plant is balancing fitness benefits from pollinators and robbers, or at least making 
the most of a bad situation: pollinator interactions are not greatly disrupted, since robbers 
cannot reach the yellow flowers and are dissuaded from (likely detrimental) large-scale 
robbery, yet the plant still receives some pollination from robbers at a low cost.  This 
hypothesis fits well with the results and explains why post-change flowers contain nectar 
and are reproductively active.  Of course, this could be solely for the pollinators’ benefit, but 
the results of previous studies suggest that pollinators visit older flowers very rarely: about 1 
percent of the time (Barrows 1976).  These limited pollinator interactions with older flowers 
may not be beneficial enough to explain the plant’s energy investment.  A future study 
examining seed set in N and Y inflorescences with differential robber visitation would be 
helpful in testing my hypothesis and resolving this question. 
 Finally, it appears that there is genetic variation in the population of L. camara, as 
AY inflorescences—discovered during the course of the study—contained no orange or red 
flowers, yet had the same distribution and amount of nectar as N inflorescences.  Despite 
these similarities, AY inflorescences appeared to be highly resistant to robbery, even when 
attached to a plant at the Cloud Forest School garden, where robbery was high.  The 
mechanism and selective forces associated with this resistance remain unknown. 
 This study has shed light on how color changes influence the behavior of pollinators 
and robbers.  The results suggest that these changes serve a dual function of directing 
pollinators to rewarding flowers and reducing robbery with the end of maximizing 
pollination from legitimate pollinators and possibly robbers.  Findings for L. camara may 
apply to the many species with similar floral changes; however, idiosyncrasies due to the 
identity of the legitimate pollinator and the robbers are likely.  Exploring these 
idiosyncrasies with L. camara in mind may be the next step in fully understanding the 
significance of floral color changes to plant fitness. !
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ABSTRACT	
!
Amount of resource available for individuals within a species strongly influences levels of intraspecific 
competition.  Aggression is a direct result of this competition.  Aggressive behavior was studied in the Steely-
vented Hummingbird (SVH, Amazilia saucerrottei) in normal and reduced resource treatments.  The purpose 
of this study was to determine if reduction in resource availability affects amount of aggression in SVHs. Half 
of a resource (field of flowers) was covered with bug nets for an experimental condition.  Number of chases 
between two or more hummingbirds was observed to quantify aggression.  SVHs were significantly more 
aggressive with a limited resource, with anywhere from 1.5-3 times as many chases observed in experimental 
trials.  This circumstantial increased aggression allows us to conclude benefits of territoriality (resource access) 
outweigh energetic costs when resource is limiting.  Organisms with more aggression will have more resource 
and therefore higher fitness.  	!
RESUMEN	
!
La cantidad de recursos disponibles por individuos entre un especie afecta niveles de competencia 
intraspecifico. Agresión es un resulta directa de este tipo de competencia. Estudiaba comportamiento agresivo 
en el Steely-vented Hummingbird (SVH, Amazilia saucerrottei) en dos tratamientos, normal y con los recursos 
reducidos. El propósito de este estudio era para entender si la reducción de disponibilidad de recursos afecta el 
nivel de agresión en SVHs. La mitad del recurso (flores) estaba cubierto con mosquiteros por un tratamiento 
experimental. La cantidad de persecuciones entre dos o mas colibrís era observado para cuantificar agresión. 
SVHs eran mas agresivas con un recurso limitada, con entre 1.5-3 veces mas persecuciones en pruebas 
experimentales. Esta aumentación en agresión permite que los beneficios de territorios (acceso a recursos) es 
mas importante que costos energéticos cuando el recurso esta limitada. Los organismos con mas agresión 
tendrá mas recursos y entonces un fitness mas alta. 	!
INTRODUCTION	!
The natural world is centered around competition for resources, and this competition is a 
major driver of ecological diversity (Svanbäck & Bolnick 2007).  Interspecific competition 
over resources is a major force of evolution, as certain species develop niches and locate 
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resources.  Intraspecific competition can be observed to lead to change in a similar way, as 
organisms within a species compete for resources, encouraging natural selection. Aggressive 
behavior is one result of resource competition in intraspecific relationships (Stamps 1977).  	
	 Territoriality is observed in taxa of all shapes and sizes, a result of the importance of 
an individual need to survive and natural selection (Stamps 1977).  Organisms are “selfish,” 
and for good reason.  This selfishness leads to the most fit individuals, often the most 
territorial ones, consuming resources and passing on their genes more often.  Hummingbirds 
come in two varieties.  Hummingbirds are either trapliners, meaning they fly distances to 
feed at more spread out flowers, or territorial hummingbirds that occupy a smaller area of 
resource (Gass & Garrison 1999).  These two types of hummingbirds have very different 
lifestyles, and for this study we will focus on territorial hummingbirds.  	

A hummingbird known for its extreme territoriality, both inter- and intraspecific, is 
the Steely-vented Hummingbird (SVH, Amazilia saucerrottei).  Aggression is exhibited by 
both sexes (Stiles & Skutch 1989, Tiebout 1991, Tiebout 1996).  Tiebout (1991) also found 
that A. saucerrottei will only spend 10-20% of its time foraging while in its territory.  The 
remainder of that time consists largely of territory defense.  Also in Tiebout’s (1991) study, it 
was found that A. saucerrottei had lowest flower visitation but highest flight time of all 
hummingbirds compared, such as the Chlorostilbon canivetii which had significantly less 
flight time.  In order to invest such large amounts of energy in territory defense A. 
saucerrottei must compensate for reduced feeding time.  One option for these hummingbirds 
is to seek flowers with higher sucrose content.  Lobelia laxiflora, family Campanulaceae, is 
a small tubular orange flower found in many tropical habitats especially forest clearings and 
roadsides.  They grow between 1,000-2,600 m elevation in Costa Rica and flower year 
round.  L. laxiflora do not succeed in extremely dry environments, but are very sun-loving 
(Baker 1975).  They average 22% sucrose-nectar content, slightly higher than the 21% 
average for native mountain flowers found in Baker’s 1975 study.  L. laxiflora are 
exceedingly abundant around Monteverde, Costa Rica due to their hardy, shrublike nature.  
SVH have been observed to feed on flowers such as L. laxiflora (Stiles & Skutch 1989). 	

Intraspecific competition among A. saucerrottei occurs due to large resource need 
and natural territorial nature.  Tiebout (1991) examined responses to foraging constraint and 
found that flight time was higher in situations when less food was available.  Much of this 
extra flight time was to defend territory.  So, will change in resource availability affect 
territoriality and aggressive behavior among the Steely-vented Hummingbird?  This study 
tests if limiting resources by 50% will increase aggression in the SVH. 	!
MATERIALS AND METHODS	!
Study Site	!
This study was conducted in San Luis Arriba, Puntarenas, Costa Rica. San Luis is in the 
Premontane Moist Forest Holdridge Life Zone (Holdridge 1966).  The study site was a 48 
m2 field of Lobelia laxiflora.  The field was surrounded on two sides by trees that SVH 
frequently perched on.  The field was 300 m off the road in La Finca Bella on Mario Picaro 
Mora’s land next to a banana field.  Half of the field (24 m2) was used for actual 
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observations.  For experimental data, the unobserved half of the field was covered in bug 
nets, and the other half (previously observed) was used for data collection.  	!
Study Organisms	!
The Steely-vented Hummingbird (Amazilia saucerrottei) was used for this study.  An 
estimated 10-20 individuals inhabited the study site.  SVH are green with a copper rump and 
gray-blue tail.  They are found from Nicaragua to Costa Rica, and in Colombia and 
Venezuela (Stiles & Skutch 1989).  Within Costa Rica, they are found most commonly in the 
northwestern Pacific up to 1,200 m in elevation. The SVH average 9 cm in length and 4.5 
grams in weight (Stiles & Skutch 1989, Garrigues & Dean 2007).  	!
Data Collection	!
Data were taken for eight days from late April to early May during late dry season.  On the 
first two days, data were taken from 6 am to 10 am, and 10 am to 2 pm respectively to get an 
idea of when the hummingbirds were most active.  The next six days (three baseline, three 
experimental) data were taken from 8-11 am.  Number of chases every 15 minutes was 
recorded.  A chase was quantified as at least two hummingbirds flying-one chasing the other.  
Often there were more than 2 birds involved in a single chase, however it was still counted 
as one chase.  At the beginning of each 15 minute period, I scanned the half of the field and 
recorded the numbers of hummingbirds either perching, feeding, or flying within the flower 
patch.  This was considered the “Hummingbird Count” and provided an idea of how many 
active hummingbirds there were at that moment.  Number of chases and hummingbirds were 
averaged and values were analyzed with Repeated Measures ANOVA Analysis.  	!
RESULTS	!
Normal conditions:	
Steely-vented Hummingbirds exhibited activity until the early afternoon (Fig. 1).  8 am to 11 
am was chosen as study time range because of stable observed activity levels. Three factors, 
Number of Chases, Number of Hummingbirds, and Time were compared with Pearson 
Correlation Tests.  Number of chases and time of day for baseline data, were not correlated 
(n=32, R=0.07, p=0.70).  There was also no correlation found between number of 
hummingbirds and time of day for baseline data (n=32, R=-0.11, p=0.57).  A positive 
correlation was found between number of chases and hummingbirds for baseline data  
(n=32, R=0.48, p=0.005).  For experimental data no correlation was found between number 
of chases and hummingbirds (n=12, R=-0.14, p=0.66; Fig. 2 & Fig. 3).	
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� 	
Figure 1.  Relationship of number of Steely-vented Hummingbirds and number of chases 
over time in normal conditions, in a patch of Lobelia laxiflora in San Luis, CR.  There was 
no relation between number of chases and time, and time and number of SVH.  There was a 
positive correlation between number of SVH and number of chases (n=32, R=0.48, 
p=0.005).  	!!
Hummingbird count in normal vs. experimental conditions:	
Hummingbirds present during normal and experimental treatments were not significantly 
different, demonstrating that hummingbird presence did not change during the experiment or 
over time in either treatment (Repeated Measures ANOVA, F=0.09, df=1,4, p=0.59; Fig. 2).  
During normal periods number of hummingbirds present from day to day was much more 
variable than during the experimental phase (Fig. 2).  	
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� 	
Figure 2.  SVH presence over time in a patch of Lobelia laxiflora under normal and 
experimental conditions, San Luis, CR.  Points represent averages (+SD) of 3 days of 
observations.  A repeated measures-analysis found no differences of counts over time or 
between treatments (F=0.09, df=1,4, p=0.59). 	!
Hummingbird aggression in normal vs. experimental conditions:	
Hummingbird activity was much greater when resources were cut by (Repeated Measures 
ANOVA, F=3.23, df=1,4, p=0.02; Fig. 3).  Hummingbird chases were anywhere from about 
1.5-3 times more frequent during partitioned treatments (Fig. 3).  For both covered and 
uncovered trials, time was not a significant factor on total number of chases (Repeated 
Measures ANOVA, F=3.23, df=2.47, 9.89, p=0.61). For experimental data no correlation 
was found between number of chases and hummingbirds (n=12, R=-0.14, p=0.66).  	!
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� 	
Figure 3.  Number of SVH chases observed in a patch of Lobelia laxiflora in a study in San 
Luis, CR, in baseline and experimental conditions.  Points represent averages (+SD) of 3 
days of observations.  A repeated measures-analysis a significant difference between chase 
number in normal and experimental conditions (F=3.23, df=1,4, p=0.02).	
!
DISCUSSION	!
Number of SVH chases increased in times of less resource availability.  When resources 
were limited by 50% hummingbird count remained the same, supporting the notion that 
increase in chases was caused by an increase in aggression, not merely an increase in 
number of hummingbirds.  A. saucerrottei chase count increased with less available resource 
up to three times as much as during normal resource availability, also showing aggression 
increase.  	

A. saucerrottei is a hummingbird known for its aggressive behavior defending its 
flower patches, often spending more time in resource defense than in actual resource use 
(Tiebout 1991).  Intraspecific competition is high among all territorial breeds of 
hummingbirds, and increases with resource depletion (Tiebout 1991).  The SVH especially 
will show more aggression towards other SVHs than other species (Stiles & Wolf 1970).  
This intraspecific competition is driven by individual need and is an important influence in 
natural selection.  Hummingbirds that more successfully defend their territory have access to 
more resource, providing them more nutrients and increasing individual fitness (Stamps 
1977).	

There is also evidence that aggressive behavior in hummingbirds may provide other 
benefits.  Stiles (1982) discusses connections between aggression and courtship.  Breeding 
males will display aggression in patches of flowers considered their territory (Stiles 1982).  
In this study, the observed increase in resource territoriality may have contributed to 
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breeding success because the SVH nesting season is December-April (Stiles & Skutch 
1989), and observations were taken in late April and May.  	

The results of this study support the prediction that resource depletion will increase 
aggressive behavior in the SVH.  The experiment does not identify which hummingbirds are 
participating in the chases.  Because individual hummingbirds were not identified and 
labeled, it is possible a small number of hummingbirds were doing all the chasing.  In future 
research, a system of tagging chasing hummingbirds could be used.  Additionally, it would 
be interesting to look at continuous hummingbird count during resource treatments.  This 
would require another individual to spot perched hummingbirds, who were often hard to see 
because of absence of movement.  Lastly, comparing SVH behavior in late dry season with 
other seasons may produce relevant results, this being due to L. laxiflora’s more noticeable 
flowering (Zuchowski 2007) in the dry season.  Should aggression change in different 
seasons, more behavioral conclusions could be drawn.  Additional research on seasonality of 
behavior would shed light on hummingbird territoriality patterns and connections to feeding 
sources. 	!
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ABSTRACT	!
	 The International Tropical Timber Organization (ITTO 2002) estimated that secondary forest make up 
60% of all tropical forests. By definition, that means that a majority of tropical forests have gone through 
succession in the recent past. In the present study I looked at differences between foliage dwelling insects at 
different stages of succession.  A total of eight sweep samples were taken from a regenerating field (RF), a new 
growth forest (NGF), and an old growth forest (OGF) in San Luis, Puntaranes, Costa Rica to assess the 
diversity and evenness during the dry season and at an altitude of around 1200 meters.  Of 34 morpho-species, 
the NGF had the greatest amount of diversity and evenness, followed by OGF and finally RF, which suggest 
that insect foliage sampling and composition analysis has potential to be used for monitoring forests for 
succession progress and disturbances.	!
RESUMEN	!
La Organización Internacional Maderera Tropical (ITTO 2002) estima que los bisques secundarios ascienden a 
un 60% de todos los bosques tropicales.  Por definición, esto significa que la mayoría de los bosques tropicales 
han pasado por sucesiones en el pasado reciente.  En el presente estudio, observe las diferencias entre los 
insectos que viven en el follaje a diferentes estados de sucesión.  Un total de ocho barridas se tomaron en un 
campo en regeneración (CR), un bosque joven (BJ) y un bosque viejo (BV) en San Luis, Puntarenas, Costa 
Rica para determinar la diversidad y similitud durante la estación seca a una altitud alrededor de los 1200 
metros.  De las 34 morfoespecies, el BJ tiene la mayor diversidad y similitud, seguido por el BV y finalmente 
el CR, lo que sugiere que los insectos del follaje  pueden ser usados para el análisis y monitoreo de los 
progresos de sucesión de los bosque y los disturbios de los mismos.	!
!
INTRODUCTION	
	 	
Humans manipulate forested land to fulfill desires and demands of human consumption 
(Vitousek et al. 1986), however these actions unintentionally affect habitats, watersheds, and 
biodiversity. Impacting wild habitats not only could hurt wildlife systems but it could cause 
problems for humans by dampening services we rely on from natural systems such as 
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pollination, dung burial, and pest control. In the U.S.A., alone, wild insects provide $57 
billion USD worth of these services (Losey & Vaughan 2006), which could be put at risk 
without careful land management. Despite the prevalence of forest disturbances, they are 
still not well understood. However it is obvious that they are causing negative affects on 
biodiversity and habitats and that balancing trade-offs between satisfying human needs and 
maintaining habitats and biodiversity requires knowledge about impacts of land use (DeFries 
et al 2004).  	

The International Tropical Timber Organization estimated that new growth forest 
makes up roughly 60% of the forest in the tropics (ITTO 2002). This indicates that more 
than 60% of all tropical forest has been disturbed and is going through succession. However 
60% is a conservative estimate considering that the 60% does not include the amount of 
cleared land that once hosted tropical forest. With succession so abundant across the tropics 
it is important to understand ecological differences and implications at various stages and to 
be able to recognize the different stages. Success may be achieved through using 
bioindicator species or species compositions and findings may be used to choose and 
monitor conservation efforts. This knowledge can be applied to conservation strategies and 
may serve useful in situations when resources are limited it is tough to know whether to pick 
the larger tract of land with newer forest or a smaller tract of older forest.	

Arthropod compositions were first suggested for use as bioindicators in 1981 by Pyle 
et al. The short life cycles of arthropods add a higher resolution to the mapping of 
disturbances than organisms with longer generation times where it would take a couple of 
decades to see trends in populations. In addition, arthropods tend to be small, easy to handle 
and transport, and many have very large population sizes. In the present study I took sweep 
net samples of foliage dwelling insects at three different stages of succession to see if there 
were differences between community compositions, to establish a baseline for future studies, 
and to note any potential bioindicator candidates. 	
!
METHODS	!
A total of eight sweep samples were collected from a old growth forest (OGF), a new growth 
forest (NGF), and a regenerating field (RF) in the Premontane Moist Tropical Forest life 
zone located in the town of San Luis, Puntaranes, Costa Rica (Holdridge et al. 1971). San 
Luis was first settled in 1915 and by 1940 there was a considerate amount of deforestation 
and conversion of land for agricultural and pastoral purposes, which left the forests that 
remain, a mosaic of new growth and old growth fragmented forests. 	

 Three sweep samples were collected from RF, three samples were collected from 
OGF, and two samples were collected from NGF. Photographs and details about the study 
sites can be found in Appendix 1-3. Knowing that insect behaviors may change with season 
and time of day (Janzen 1973), all sample collections occurred between 12:00pm and 
2:00pm and during the end of the dry season, between April 23rd and April 28th.  The 
weather at the time of collections varied from direct sunlight to partly cloudy days. The wind 
strength was about the same during each collection and the foliage was never wet.	

To obtain the samples, I swept continuously and consistently walking forward with a 
sweep net with a diameter of 40cm and a 80cm long handle. The sweep netting lasted 3 
minutes for each sample and the same foliage was never swept twice. I operated the sweep 
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net at each site, as expected for sweep sampling, my movements with the sweep net were 
aimed at catching whatever flying insects were flying or resting on the foliage in my path 
while retaining insects already caught within the mesh. Each sample was taken at least 25m 
from the others. Foliage ranging from 5 cm to 250 cm off the ground was swept with the net 
and often the sweeping damaged plants. Usually foliage ended up in the samples, which 
made it more difficult to separate the insects. About twenty minutes after the samples were 
taken, the insects were killed by freezing the sample. 	

Insects were categorized into 34 taxa (morpho-species). The taxonomic groups 
specified in this study were chosen based on time constraints and my confidence in my 
ability to categorize the insects based on my familiarity with insects and available resources. 
I thoroughly went through each sample separating all insects from plant debris to adequately 
extract and categorize all insects in the sample.	
	 To compare the diversity between sites, I calculated the Shannon-Weiner index of 
diversity (H’) with the total number of individuals for each site, and then compared the 
values between all sites. Evenness was also calculated based on this index (H’ /Hmax).	
!
!
RESULTS	

I categorized a total of 3997 insects. Through applying the Shannon-Weiner index to the data 
we found significant differences diversity and evenness between all three types of sample 
sites. With a Shannon-Weiner diversity index of 2.32 and an evenness of 0.75, the NGF had 
significantly higher diversity and evenness than the RF (t=9.46, degrees freedom (df) = 
741.80, p < 0.00005) and the OGF (t = 2.06 , df = 818.57, p = 0.04; Table 1). The field had 
the lowest diversity and evenness leaving OGF as the intermediate (t = 9.24, df = 3141.86, p 
<0.0005; Table 1). There are obvious differences between order composition among the sites 
(chi-squared = 1492.31, df = 12, p < 0.0001; Fig. 1).	
	 The RF had a total representation of 28 of the 34 taxa (morpho-species), NGF had a 
total of 20, and OGF had a total of 29. I observed that more that half of each RF sample 
consisted of leafhoppers (Table 1, Fig. 1). Additionally, the remaining smaller majorities 

TABLE 2.  Shannon-Weiner index diversity (H’) 
values and evenness (E) values of 34 morpho-species 
across the three different types of sites. The new 
growth forest had a higher diversity and evenness than 
both the old growth forest (OGF) (t = 2.06, df = 
818.57, p = 0.0398) and the regenerating field (RF) (t 
= 9.46, df = 741.80, p < 0.00005). The OGF had 
higher diversity and evenness than the RF (t = 9.24, df 
= 3141.86, p <0.0005).

H’ E

Regenerating Field 1.745 0.524

New Growth Forest 2.320 0.750

Old Growth Forest 2.190 0.644
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consisted of grasshoppers, flea beetles, miscellaneous dipterans, small parasitic wasps and 
other miscellaneous hemipterans in RF samples. The majorities among NBF samples 
consisted of leafhoppers, crane flies, miscellaneous dipterans, ants, and small parasitic 
wasps. Among the OGF, the majorities appear to be spiders, dipterans, little wasps, beetles, 
and leafhoppers. Leaf hoppers, appear to have a strong presences across all environments 
however they have an overwhelming presence in the RF.  While the hymenoptera 
composition of NGF and OGF (28% and 23% respectively) appear to be very similar, it is 
important to note that 24% of hymenoptera in NGF were ants while only 7% of 
hymenoptera were ants in the OGF. Also, every adult insect specimen collected possessed 
wings.	!!!!

	

!
DISCUSSION	!
NGF was found to have the highest diversity and evenness, contrary to the original 
prediction that OGF would have the highest diversity and evenness. At first thought, it may 
seem that NGF had more diversity and evenness because insects from RF and OBF could 
have just been passing through NGF since an older forest on one side and a pasture on the 
other side surrounded the NGF site. However it is not necessarily just the morpho-species 
richness that separated NGF from the other two, it was the lack of domination from a few 

FIGURE 1. Percent composition of foliage dwelling arthropods by order in three different 
stages of succession.  A chi-squared test confirmed significant differences between orders 
across the three environments (chi-squared = 1492.31, df = 12, p <0.00005).  The 
regenerating field (RF) had a total of 2252 individuals, new growth forest (NGF) had 397, 
and old growth forest (OGF) had 1344. More detailed categorization based on morpho-
species revealed that the NGF had a higher diversity and evenness than both the OGF (t = 
2.06, df = 818.57, p = 0.0398) and the RF (t = 9.46, df = 741.80, p < 0.00005). The OGF 
had higher diversity and evenness than the RF (t = 9.24, df = 3141.86, p <0.0005). 
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morpho-species. This is evident when one notices that NGF had the least amount of morpho-
species representation, both RF and OGF had at least eight more morpho-species 
represented. The diversity and evenness indexes appeared to be affected by domination by 
leafhoppers in the RF and Misc. Diptera and < 5cm parasitic wasps in the OGF samples. 	

Perhaps this finding could be explained by the extremity of each stage of succession 
chosen for the study. The RF had existed as a field for many years and had only just begun 
the process of succession four years ago while the NGF had well progressed through the 
transition back to forest but was very far from achieving old growth status, and OGF was 
well established and mature but still needed a relatively few more community developments 
to achieve pristine forest status. Brown Jr. (1996) portrays a forest disturbance system where 
the presence of field and edge species dominates pasture areas but wanes as forests age. 
Leafhoppers have been observed to be fast and prevalent colonizers of grass fields (Novotny 
1995) and had a strong presence in the RF samples and weaker presences in the NGF and 
OGF. At the other side of the spectrum, the OGF, having been a forest for many years, has 
had time to achieve an established forest community and did not have relatively as many 
leafhoppers. It can be argued that the NGF, of fifteen years, has more diversity and evenness 
because it is in a transitional phase where is starting to loose the edge species and host more 
forest species as the trees develop and the canopy closes.  	

It would be interesting to see if this higher diversity and evenness found in NGF 
would hold true if samples were sorted town to species. Coleoptera, Diptera, and 
hymenoptera are extremely diverse insect groups whose diversity was disproportionately 
underrepresented in this study.	
	 Additionally the RF appears to be composed of about 75% herbivores, while the 
NGF is composed of 27% herbivores, and the OGF has a composition of 16% herbivorous 
morpho-species. The OGF had a large proportion of small parasitic wasps which function at 
the third trophic level. Spiders are also a third trophic level taxa, which had a notably greater 
presence in the composition of the OGF arthropods. Perhaps the balance of trophic levels 
present at each successional indicates complexity or complexity of the community. The 
greater amount higher trophic levels present may indicate the habitat a higher level of 
complexity and perhaps productivity in the community since the sustaining higher trophic 
levels requires more energy at lower trophic levels. Further studies should look to explore 
this idea.	
	 On a different note, Huston (1982) brings up the idea that nutrient availability greatly 
affects competition during succession. Through experimentation, he found that one 
succession tree species to dominate in higher nutrient conditions and not in lower nutrient 
conditions. Further studies could incorporate soil nutrition or plant composition into the 
evaluation of insect composition in forest succession since insects often have close 
interactions with plants and would probably be affected by changes in plant composition. 	
	 Differences across the three stages of succession is significant and therefore could be 
used for monitoring the statuses of forests and disturbances however further samples must 
be collected and analyzed to provide better species resolution and at more stages of 
succession. 	
!
!
!
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TABLE 1. Number of individuals of morpho-species collected in each of eight 
sweep-samples in San Luis, Puntaranes, Costa Rica across three stages of 
succession, a four year old regenerating field (RF), a fifteen year old new growth 
forest (NGF), and an old growth forest (OGF).  The NGF had a higher diversity 
and evenness than both the (OGF) (t = 2.06, df = 818.57, p = 0.0398) and the RF 
(t = 9.46, df = 741.80, p < 0.00005). The OGF had higher diversity and evenness 
than the RF (t = 9.24, df = 3141.86, p <0.0005).

Order

Taxon 
(morpho-
species

R
F	
1

R
F	
2

RF	
3

RF 
TOT
AL

NF
G	
1

NF
G	
2

NFG 
TOT
AL

O
GF
1

O
GF
2

OG
F3

OGF	
TOT
AL

Hemipter
a

Leaf 
Hoppers

44
8

24
7

60
2 1297 28 38 66 47 21 18 86

Hemipter
a Myridae 11 2 10 23 - - - - - - -

Hemipter
a

Red Leaf 
Hop 2 1 1 4 - - - - - 1 1

Hemipter
a

Misc 
Hemiptera 36 34 41 111 7 6 13 10 8 7 25

Coleopte
ra Flea Beetle 15 2

13
7 154 5 1 6 11 10 4 25

Coleopte
ra Staph - 5 1 6 2 2 4 11 5 7 23

Coleopte
ra Weevil 5 9 14 8 9 17 24 2 8 34

Coleopte
ra

Misc 
Beetles 10 16 14 40 7 10 17 67 15 20 102

Diptera Syrphidae 18 9 6 33 - 1 1 2 1 1 4

Diptera Sarcophag 6 4 7 17 - 1 1 1 - - 1

Diptera Tabanidae - 1 - 1 2 - 2 - - - -

Diptera Tipulidae 1 1 - 2 11 26 37 52 5 16 73

Diptera misc Dip 14 57 74 145 45 47 92
27
4

10
1 113 488

Lepidopt
era butterfly 3 3 2 8 - - 0 1 1 - -

Lepidopt
era moth - 2 - 2 2 2 4 7 3 3 13

Odonata damselflies 3 - 2 5 - - 0 - - - -
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Tricopter
a Tricoptera 2 - - 2 2 - 2 6 - - 6

Hymeno
ptera Formicidae 2 9 1 12 15 12 27 11 4 - 15

Hymeno
ptera

Parasitic 
wasp 
<0.5cm 19 31 76 126 46 31 77

12
3 82 80 285

Hymeno
ptera misc wasp 13 17 12 42 7 2 9 2 3 2 7

Hymeno
ptera misc bee 5 5 12 22 - - - - - - -

Orthopte
ra

Grasshoppe
rs 64 28 45 137 3 - 3 2 1 3 6

Orthopte
ra Katydid - 2 - 2 - 2 2 - 1 1

Phasmid
a Phasmid - - - - - - - 1 - 3 4

Opilione
s Opilionid - - - - - - - 1 - 1 2

Isopoda Isopod - - - - - - - 4 4 8 16

Gastropo
d Snail - - - - - - - 13 4 7 24

Diplopod
a Millipede - - - - - - - - - 2 2

Thysano
ptera Thrips - - 4 4 3 - 3 8 - 3 11

Araneae Spider Misc 15 8 13 36 3 4 7 21 24 19 64

Araneae Salticidae 2 1 - 3 - - - 5 3 4 12

Blattode
a Cockroach - - 1 1 1 1 2 2 1 1 4

Lepidopt
era Caterpillar - 2 1 3 3 2 5 3 1 2 6

Dermapt
era Dermaptera - - - - - - 1 1 - 2

Total N
69
4

48
7

10
71 2252 200 197 397

71
0

30
0 334 1344
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!
!
!
!
!
!
!
!
!

Number of Taxa 
Present S 21 23 22 19 18 27 22 25

!
APPENDIX 1. The Regenerating Field Site. 
This field site consists of two four year old 
regenerating pastures located on the property 
of University of Georgia’s Costa Rican 
Campus in San Luis. At an altitude of 
approximately 1150 meters. The first and 
second field samples were taken from 
pasture on the southern side (pictured) of the 
dirt road that runs in between the fields and 
the third sample was taken from the pasture 
on the north side of the road. Secondary 
forest encroaches on the edges of both fields 
that do not boarder the road. There is one 
small 10m-25m laguna in each field at the 
forest edge. The size of the lagunas vary 
depending on rain. The fields consisted of 
grasses of plants that were up to a meter in 
height along with a few scattered trees.

!!

�
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!
APPENDIX 2. Secondary 
Growth Forest. This slightly 
sloped forest site was in 
between a gently sloped 
pasture and a steeply sloped 
primary growth forest in the 
town of San Luis, 
Puntaranes, Costa Rica. 
Understory growth was thin 
throughout the forest. The 
canopy is lower and more 
open than a mature forest. 
Fifteen years ago this site 
was used for cow pastures. 
Since then the site has been 
left to grow on its own.

�
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!
!
!

!!

!
APPENDIX 3. Old 
growth site. These 
sweep samples were 
taken from the primary 
forest surrounding the 
stream that leads up 
the often tourist visited 
San Luis waterfall. 
The forest has most 
likely maintained its 
pristine state because 
of the remarkably 
steep inclines 50m to 
each side of the 
waterway, which, aside 
from leaving it 
untouched for water 
potability purposes, 
significantly lowers 
economic potentials 
that entail developing 
the land.	

�
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!
ABSTRACT	!
Forest regeneration will play an important role in the future of tropical biodiversity, as much has been lost to 
deforestation and continues to be degraded. Terrestrial arthropod composition in a community could be an 
indicator of succession level as arthropods are a highly diverse phylum and their short generation periods allow 
communities to adapt to changes much faster than plants or animals. This study tests the changes in community 
composition of terrestrial arthropods along a successional gradient. Pitfall traps were placed in four sites of 
varying regeneration, from farmland to old growth. It was found that abundance, species richness, and diversity 
increased as site age increased. Old growth had higher abundance of Arachnida and Coleoptera, 15-year had 
higher abundance of Orthoptera and moderate abundance of all other orders, 5-year had overall low abundance, 
and farmland had high abundance of Hymenoptera coupled with low abundance in every other category. 
Through this, it was determined that terrestrial arthropod composition does change along a successional 
gradient and that terrestrial arthropod community composition can be used as a tool to assess succession level.	!
RESUMEN	
!
La regeneración de bosques será una parte importante en el futuro de la cubierta forestal. Hasta ahora hay 
mucho bosque que están perdidos a causa de deforestación y continua la degradación de bosques hoy. La 
composición de comunidades de artrópodos terrestres puede ser una indicador mejor de niveles de sucesión 
porque artrópodos son un filo muy diverso y sus cortos periodos de generaciones permiten que las 
comunidades adaptan a cambios mas rápido que plantas o otros animales. Este estudio examine los cambios a 
la composición de comunidades de artrópodos por un gradiente de sucesiones. Puse trampas pitfall en cuatro 
sitios de regeneración diferentes, desde pasto a bosque primario. Encontre que abundancia, la riqueza de 
especies, y diversidad aumentaron con edad de bosque. Bosque primario tenia abundancias mas altas de 
Coleoptera y Arachnida, el bosque que tenia 15 años de edad tenia una abundancia mas alta de Orthoptera y 
abundancias promedias de los otros Ordenes, el área de 5 años de regeneración tenían abundancias bajas de 
todos los artrópodos, y el área de pasto tenia abundancias altas de Hymenoptera y abundancias bajas de todos 
los otros categorías. Determine que podemos usar la composición de comunidades de artrópodos terrestres 
como entender niveles de sucesión.         	!
INTRODUCTION	
!
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TROPICAL FOREST HABITATS have the highest biodiversity on the planet, but also the highest 
rate of degradation (Lewis 2008). This threat is driven by high population growth and the 
resulting demand for land and resources (Lewis 2008). Roughly 350 million hectares have 
been deforested and 500 million more hectares are degraded (Lamb et al. 2005). This 
deforestation and its recovery have unknown effects on biodiversity, ecosystem, and 
community interactions (Lewis 2008). 	

Although ecologically important at a global scale, Costa Rica experienced the fifth 
highest rate of deforestation worldwide between 1976 and 1980, with 3.2% forest lost/year 
(FAO 1990). Much of this forest loss was due to clearing land for cattle and agriculture 
(Nygren 1995). Due to pressure from countries concerned by the rapid rate of deforestation, 
the Costa Rican government began taking steps to preserve forest by creating national parks 
(Persson & Munasinghe 1995). Costa Rican conservation programs now currently protect 
more than 12% of the country as national parks (Nygren 1995).	
	 Although Costa Rica has made great strides in conservation, there is still much room 
for improvement as biodiversity continues to be threatened (Sánchez-Azofeifa et al. 2001). 
It is not just biodiversity, but many economic benefits such as bio-prospecting and tropical 
hardwood harvesting, that are threatened by this deforestation and degradation. Therefore 
there are both intrinsic and economic benefits to reforestation. However, not all successional 
forests are created equal. Various factors can affect regeneration rate: degree of 
fragmentation, proximity to forest, residual seed bank composition, and previous use of the 
land (Lamb et al. 2005). Guariguata & Dupuy (1997) found that land compacted from 
logging took 80 years to reach the status of the logged forest and even longer to regain 
species richness. Additionally, tropical grasslands tend to persist although surrounded by 
forest (Lamb et al. 2005). A loss of topsoil from erosion, as can be caused by agricultural 
practices (Holt & Coventry 1990), can also hamper regeneration from decreased soil 
nutrients. It seems that there are thresholds an ecosystem can cross, making natural 
regeneration difficult (Lamb et al. 2005).	
	 Succession age is therefore not a good indicator of level of regeneration because so 
many factors affect regeneration rate (Lamb et al. 2005). Instead, terrestrial arthropods could 
be an accurate representation of the ecosystem (Kremen et al. 1993). Terrestrial arthropods 
serve a diverse array of functions to an ecosystem in nutrient cycling as both predators and 
prey (Kremen et al. 1993). They are the most species-rich phylum and due to short life 
cycles, respond to environmental changes more quickly than both plants and vertebrates, and 
are therefore the best early indicators of environmental change (Kremen et al. 1993). Past 
studies have shown that the diversity of forest-floor arthropods changes along a successional 
gradient (Niemelä et al. 1996). It was found that clear-cut land received new species rapidly 
and that over time, abundance of species varied more than species richness (Niemelä et al. 
1996). The goal of this experiment was to determine whether the diversity and composition 
of terrestrial arthropods could be used as an indicator of forest succession. Terrestrial 
arthropods were collected at four sites along a successional gradient to determine how 
community composition changes over time. I hypothesized that diversity will increase over a 
successional gradient and that there will be a difference in abundance among species within 
this gradient. This will help establish a baseline of the composition expected at pre-, early-, 
mid-succession, and primary forest and provide a guideline for determining stage of forest 
succession for a given neotropical forest regeneration plot.	!
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MATERIALS AND METHODS	
!
Study Site	
This study was conducted in San Luis, Costa Rica (10° 5’ N, 83° 26’ W). San Luis is 
surrounded by premontane moist forest, which is highly seasonal with a pronounced wet and 
dry season. It receives between 1200-2200 mm of rainfall each year and has a mean annual 
temperature between 17-24°C. The forest that surrounds San Luis is composed of mainly 
evergreen species (Haber 2000). There were four site types; the first were fields that are 
currently being cultivated (Site 0). These fields were located on organic coffee farms. Site 0 
was open and exposed to the sun; the fields had no plant cover other than coffee and banana 
plants. The second site type is early regeneration (Site 5); these fields had been fallow for 
five years. Site 5 had a few sporadic trees no higher than 3 meters, and low-level plant cover. 
There was a riverbed to the side of Site 5 and a windbreak on the other separating it from the 
pasture. The third site represents mid succession (Site 15), and had been left to fallow fifteen 
years ago. Site 15 had previously been pasture and was surrounded by pasture, but located 
close to intact primary forest. Site 15 was composed of fragments of regeneration; the trees 
were small with a low (~10 m), mostly closed canopy. The fourth site is an old growth forest 
sample (Site O.G). This was located on a hillside behind a cattle farm. This forest patch was 
continuous and surrounded San Luis. This site had a higher and more closed canopy than the 
other sites. It also had larger and more numerous trees. 	!
Data Collection	
Data was collected over a ten-day period, from April 24th to May 4th, 2011. 200 ml pitfall 
traps were placed in each site. Site 15 had 15 pitfall traps, Site 0 and Old growth had 14 
pitfall traps, and Site 5 had 12 pitfall traps. Traps were between 5 and 100 meters apart 
depend on possible placement sites, as some areas were too rocky to dig deep enough to 
place traps. Traps were checked and reset every other day and insect abundance and species 
per trap were recorded. Insects were identified to order and then separated into morpho-
species within orders. For analysis of all data from one pitfall trap was grouped as one 
sample, for a total of 55 samples. 	!
RESULTS	
!
Data Summary	!
A summary of data collection can be seen in Table 1. A total of 3,073 terrestrial arthropods 
were collected, which were separated into 12 orders and 62 morpho-species. It can be seen 
how many individuals from each family were collected at each site. Averages for 
comparison between sites were not calculated from this table.	!!!!!!
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!!

!!!
Abundance and Diversity	!
Abundance varied significantly between sites (One-way ANOVA, F = 5.533, df = 3, P = 
0.0023; Fig. 1). Site 5 had the lowest average number of individuals per trap (30.5) followed 
by Site 0 (50.4). Both Sites 15 and O.G. had similar averages (73.73 and 72.78, 
respectively). 	

TABLE 1.    Compilation of all terrestrial arthropods along a regeneration gradient in San 
Luis, Costa Rica. There were four sites; 0 = farmland, 5 = young growth, 15 = 
early regeneration forest, O.G = old growth. Table 1 Provides number of 
individuals from each order sampled at each site. Also gives total number of 
arthropods counted at each site, total number of individuals from a given order 
sampled across sites, and number of morpho-species found for each order.	

Site

Order 0 5 15 O.G Total Morpho-Species

Arachnida 46 46 258 396 746 8

Blattodea 9 23 118 81 231 4

Chilopoda 2 2 2 3 9 2

Coleoptera 19 16 33 263 331 16

Dermaptera 1 10 3 14 1

Diptera 13 90 19 53 175 4

Hymenoptera 595 36 327 21 979 10

Isopoda 3 28 71 77 179 1

Lepidoptera 2 7 3 12 4

Orthoptera 12 16 219 101 348 6

Staphylinid 9 16 18 43 5

Worm 3 1 2 6 1

Total 704 275 1075 1019 3073 62
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	!!!!!!!!!!!!!!!!

!
Species richness was calculated as the average number of species per trap per site. It 

can be seen that species richness increases with sites age and there is a large jump in 
richness from 5 to 15 years. A comparison between sites showed a significant difference in 
species richness (One-way ANOVA, F = 28.38, df = 3, p <0.0001; Fig. 2). The two older 
sites are about twice as species-rich as the younger sites. 	
	!!!!!

                                                                       	!
	 	!!!!!!!!

!

FIGURE 1.  Average (± SE) number of terrestrial arthropods collected 
over 10 days per pitfall trap along a successional gradient in San Luis, 
Costa Rica (May 2011) Those not connected by the same letter have 
significantly different abundances (Tukey’s HSD test, p < 0.05).

 

FIGURE 2. Average (± SE) number of species per pitfall trap per 
site along a successional gradient in San Luis, Costa Rica 
collected over 10 days in May 2011. Points not connected by the 
same letter are significantly different (Tukey’s HSD test, p < 
0.05)
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! !!!!!!
Diversity was calculated using the Shannon-Weiner index. Diversity increased 

between site 0 and site 5 and then remained relatively constant (Fig. 3). There is a significant 
difference between diversity and site age (One-way ANOVA, F = 4.98, df = 3, p = 0.0043). 
The diversity of site 0 is the lowest, 0.95; the next three sites have about a 1.74 fold 
increase. 	!!!!!!!!!!
	!!!!!!!!!!

!!!!!!

FIGURE 3.  Average (± SE). Shannon-Weiner index diversities of 
terrestrial arthropods per pitfall trap across regeneration gradient 
in San Luis, Costa Rica (May 2011). There is an increase in 
diversity between site 0 and site 5, and then diversity levels off. 
Significant differences in diversity are given different letters.
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Composition Comparisons	!
Average abundance of the five most common orders (Table 1) per trap was calculated and 
compared. The orders compared were Arachnida, Hymenoptera, Coleoptera, Blattodea, and 
Orthoptera. Each order showed a significant difference in abundance between Site ages, but 
where the orders were most or least abundant varied between orders. 	
	 Average Arachnid abundance varied significantly with site age (One-way ANOVA, F 
= 13.14, df = 3, p < 0.0001). Arachnid abundance increased with age (Fig. 4), as abundance 
was low in both Sites 0 and 5, and then increased dramatically for Sites 15 and old growth. 
Sites 0 and 5 were significantly different from Sites 15 and old growth, but not different 
from each other (Tukey’s HSD test, p < 0.05). Sites 15 and old growth were also not 
significantly different from each other. 	
	 Hymenoptera showed an opposite relationship from Arachnida (Fig. 4). They were 
most numerous at site 0 and showed a general trend towards lower abundance at older sites. 
There was a significant difference between abundance and site age (One-way ANOVA, F = 
10.38, df = 3, p < 0.0001). Site 0 varied significantly from sites 5 and old growth (Tukey’s 
HSD test, p < 0.05), which had average hymenoptera abundances of 3.00 and 1.5, 
respectively.  Site 15, however, did not vary significantly from either site and had an average 
abundance of 21.8 hymenoptera per trap. 	!!!!!!!!!!
	!!!!! !! !!! !!
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!!!!
Abundance of Coleoptera was low for the first three sites and then increased 

dramatically for the old growth site (Fig. 5) and had a significant relationship with site age 
(One-way ANOVA, F = 18.45, df = 3, p < 0.0001). Coleoptera individuals are about 9 times 
more abundant in old growth fields than any other site. When comparing abundances site by 
site, there is a significant difference between the old growth site and the three younger sites, 
while there is no difference between the three younger sites (Tukey HSD test, p < 0.05). 	

Blattodea abundance changed between sites in a general trend of increased 
abundance with increased site age (Fig. 5). There is a relationship between age and 
Blattodea abundance (One-way ANOVA, F = 8.82, df = 3, p < 0.0001). Site 15 had the 
highest average abundance, 7.87, and was significantly higher than sites 5 and 0 (Tukey’s 
HSD test, p < 0.05). The old growth site had an average abundance of 5.8 and was 
significantly higher than site 0. Site 5 was similar to both sites 0 and old growth, and 
different from site 15. 	

Site age is a significant factor in Orthoptera abundance and they show an increase in 
abundance as site age increases, but abundance peaks at site 15 (One-way ANOVA, F = 
17.78, p < 0.0001), and is significantly higher than every other site (Tukey’s HSD test, p < 
0.05). The old growth site has the second highest abundance, 7.21, and is significantly 
different from sites 15 and 0, but not site 5. Site 5, was only significantly different from site 
15, but similar to old growth and site 0. The old growth was significantly lower than both 
sites 15 and old growth. 	!!!!
	 	!!!!!!!!!!!! !!!
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!
!
!!!!!
DISCUSSION	!
There is a general trend towards more abundance, richness, and diversity as a site ages. This 
suggests that as fields progress in regeneration, there should be an increase in the number of 
terrestrial arthropods. Though Site 0 had a higher abundance than Site 5, this may be 
explained by the fact that Site 0 is located on an organic farm. This is consistent with 
findings by Asteraki et al. (2003) that abundance of arthropods was higher in organically 
managed plots. A likely reason that organic fields facilitate more insects is the absence of 
chemical use. Also, it is important to note that the majority of the abundance is due to the 
high number of Hymenoptera typically found in each cup and that every Hymenoptera found 
at Site 0 was an ant. Ants are both social organisms (Hoyt 1996) and certain species such as 
Solenopsis invicta are prevalent in pastures (Apperson & Powell 1984). Therefore, 
abundance does not amount to diversity or a necessarily healthy environment.  	
	 As expected, species richness increased dramatically between younger and older 
sites. The main increase occurred between Site 5 and Site 15. This suggests that between 5 
and 15 years of regeneration, a major change occurs that allows for the accumulation of 
many more species. Then after this change, richness stabilizes. This change that increases 
arthropod richness is most likely an increase in species richness of plants (Asteraki et al. 
2003). Diversity too, increased with age. There was an increase from Site 0 to Site 5 and 
after the initial increase, diversity stabilized. This is consistent with the results of species 
richness and the summary in Table 1. Species richness increased along the regeneration 
gradient, as did evenness. As the fields aged, there were a similar number of individuals 
found per order and fewer extreme outliers as well as more species overall. These factors all 
lead to an increase in diversity. This is consistent with and supports my hypothesis. 	

Results show that a high abundance of Arachnida and Coleoptera could potentially 
be used as indicators of old growth forest in the premontane moist life zone. Both orders 
showed a dramatic increase as site age progressed and were the most abundant orders found 
in old growth sites. Arachnids are predators (Anderson 2003) and Asteraki et al. (2003) 
found that most Coleoptera species in regeneration were predators, so this suggests that old 
growth forests might be abundant in predators. This could be explained by the higher overall 
richness and abundance found in older regeneration sites. The higher richness of both plants 
and insects (Asteraki et al. 2003) could help to support the higher trophic level of the 
predators and represent an overall rich and resource abundant community (Hairston & 
Hairston 1993). 	
	 It appears that high abundances of Orthoptera have potential to be used as indicators 
for early secondary forest, the status of Site 15. High abundances of Orthoptera are might 
good indicators, as Orthoptera abundances in Site 15 were significantly higher than every 
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other site. There was also moderate abundance of every order except Coleoptera at Site 15. 
This implies that early succession could be a transitional environment in which many orders 
are present from both early regeneration and late succession, but not many in high 
abundances because it is not an ideal environment for many species. 	
	 The two younger sites, 0 and 5, have no real trends other than general low 
abundance. This implies that there may be no specific order indicative of younger 
regeneration sites. However, lack of abundance could potentially be used to define sites that 
are still in their first stages of succession.	
	 However, in all cases, more research must be done. These findings should be tested 
across more sites of the same age, and across more site factors such as altitude and life zone 
to see if they hold true for a more general area. With more comprehensive data, more set 
guidelines for determining the health and regeneration of forests can be created.	!
Conclusions	!
Many factors impact speed of regeneration. Therefore, age of regeneration is not necessarily 
an accurate indicator of level of succession (Lamb et al. 2005). Instead terrestrial arthropods 
can be used as indicators of level of succession because they are both highly diverse and 
respond to environmental changes rapidly (Kremen et al. 1993). Data support the 
hypothesis; terrestrial arthropod diversity increases across a successional gradient and there 
are patterns in community composition. Coleoptera and Arachnida were abundant in old 
growth and Orthoptera abundance high for early successional forest. These patterns could be 
used as a guideline for the identification of succession level, but more data is needed for this 
to be fully supported. This has important implications for conservation biology as it provides 
a new methodology for determining relative site health. As different types of sites appear to 
have different compositions, scientists can lay pitfall traps in multiple sites instead of 
intensive tree sampling to determine regeneration stage. This can both save time and help 
pinpoint the sites that might be in the best position to be conserved so that conservation 
funds can be allocated to the best places.	!
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Mist Frequency and Butterfly Emergence from the 
Chrysalis: Implications for Tropical Cloud Forest 
Climate Change!
!
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!
ABSTRACT	
	 The cloud bank in Monteverde, Costa Rica is rising due to global warming. This is causing fewer 
misty days and 	
is impacting the habitats of local organisms. Butterflies have been shown to be negatively impacted by 
moisture in terms of livelihood. Heliconius charithonia, a butterfly species occurring from 0-1200 meters, and 
Heliconius hecale zuleika, occurring from 0-1700 meters, were exposed to intermittent (five minutes mist, five 
minutes dry over the course of the day) and intense mist conditions (10 hours of constant mist a day) to 
measure the effect of mist on survivorship, days to eclosion, and development (in terms of mass, wing length, 
and wing quality). As the climate of Monteverde becomes dryer, these butterflies may move up in elevation to 
take advantage of the dry conditions. Intermittent mist had no effect on survival or days to eclosion. Twenty 
butterflies eclosed from the intermittent mist tank and 27 from the dry. In dry conditions, 88% (n=17) of H. 
charithonia survived while 71% (n=17) of H. hecale zuleika. Ten of each species survived in the misted 
environment, therefore 59% (n=17) survival for both. The intermittent mist did significantly decrease wing 
quality, wing length, and mass for H. charithonia, but not for H. hecale zuleika. For wing length of H. 
charithonia, the average length was 4.19 +/- 0.16 cm in the dry and 3.53 +/- 0.2 cm in the wet. The masses of 
H. charithonia were nearly significantly different between the two climates; in the dry tank their mass was 0.19 
+/- 0.02 g and in the wet was 0.15  +/- 0.02 g. H. charithonia may not be as well adapted to mist as H. hecale 
zuleika, since H. charithonia showed decreased development. Constant mist killed most of butterflies and 
caused the eclosion rates of those that did eclose to increase. A total of seven butterflies eclosed from the 
constant mist and 29 from the dry. In the dry tank, H. charithonia had 79% (n=17) of the butterflies survive; H. 
hecale zuleika had 93% (n=17). In the wet tank, 30% (n=17) of the H. charithonia survived and 7% (n=17) of 
the H. hecale zuleika. In the dry tank, the average days to eclosion was 8.6 +/- 0.5, almost 3 days less than 
those in the wet tank, 11.8 +/- 0.49; Constant mist was not shown to affect development, but probably because 
of the low number of butterflies that eclosed. Overall, as the mist recedes and the number of dry days increases, 
the conditions improve for these butterflies to move up in elevation. H. charithonia may move up to 
Monteverde for breeding and living, also, H. hecale zuleika may increase their breeding and time in 
Monteverde.	!
RESUMEN	

El banco de nubes en Monteverde, Costa Rica esta subiendo debido al calentamiento global. Esto está 
causando menos días nubosos y está impactando el hábitat de organismos locales.  Las mariposas han mostrado 
un impacto negativo por la humedad en términos de sobrevivencia.  Heliconius charithonia es una mariposa 
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que se encuentra entre los 0-1200 mts y Heliconius hecalezuleika se encuentra entre los 0-1700 mts, fueron 
expuestos a niebla intermitente (5 minutos niebla, 5 minutos seco) y condiciones intensas (10 horas constantes 
de niebla durante el día) para medir el efecto de la sobrevivencia, días para eclosionar y desarrollo (en términos 
de masa, largo del ala y calidad del ala). En cuanto el clima de Monteverde se torne más seco estas mariposas 
se pueden mover a elevaciones mayores. Neblina intermitente no tiene efecto alguno en sobrevivencia o días 
en eclosionar.  20 mariposas eclosionaron de la niebla intermitente y 27 del ambiente seco. En condiciones 
seca, 88% (n=17) de H. charithonia sobreviviero mientras 71% (n=17) de H. hecale zuleika. Diez de cada 
especie sobrevivió en el ambiente con niebla constante.  La niebla intermitente disminuyo significativamente la 
calidad de las alas, el tamaño del ala y la masa para H. charitona pero no para H. hecalezuleik.La masa de H. 
charitona fue diferente entre los dos ambientes en el tanque seco la masa fue 0.19 +/- 0.02 g and y en el 
húmedo fue 0.15  +/- 0.02 g. H. charithonia puede estar no tan bien adaptada a la niebla como la otra especie 
ya que demuestra una disminuación en el desarrollo. Un total de siete mariposas eclosionaron de la niebla 
constante y 29 del seco. En el tanque seco  H. charithonia tiene un 79% de sobrevivencia (N=17) y H. 
hecalezuleika un 93% (N=17).  En el tanque húmedo 30% (N= 17) de H. charithonia sobrevivió y 7% (N=17) 
de H. hecalezuleika. En el tanque seco el promedio de días de eclosíon fue de 8.6 +/- 0.5, casi 3 días más que 
en el tanque humedo 11.8 +/- 0.49.  La niebla constante no muestra un efecto en el desarrollo pero 
probablemente debido al número bajo de mariposas que eclosionaron.  Sobre todo, al aumentar el número de 
días secos, las condiciones se prestan para que estas mariposas se muevan a elevaciones mayores, H. 
charithonia puede moverse a Monteverde para reproeducirse y vivir, además H. hecalezuleika puede aumentar 
su reproducción y tiempo en Monteverde.	

!!
INTRODUCTION	

It is widely accepted that our planet is warming (Walther et al. 2002). Average 
surface temperature has increased around 0.6°C during the 20th Century and is anticipated to 
increase between 1.4 and 5.8° C by 2100 (Houghton et al. 2001).  This temperature increase 
is caused by an increase of greenhouse gases in the atmosphere (such as carbon dioxide, 
methane and nitrous oxide) and is largely the outcome of human activities, such as tropical 
deforestation and burning of fossil fuels (Houghton et al. 2001).	

Global warming has caused different climatic changes.  The poles have seen melting 
of glaciers and the snow and ocean levels are changing worldwide (Houghton et al. 2001).  
Some areas of the Northern Hemisphere will see increases in precipitation while others will 
see a decrease (Walther et al. 2002). El Niño phenomenon is expected to be more frequent 
(Walther et al. 2002). These abiotic changes have lead to biotic changes, as well: plants are 
flowering earlier, birds are changing their migration patterns, and invasive plants and 
diseases are spreading (Walther et al. 2002).  Although all areas of the globe will be affected 
somehow by global warming, diversity hotspots, such as the Tropical mountains, will be 
greatly affected due to their narrow abiotic variability and high species richness and/or 
endemism. 	

The Cloud Forest of Monteverde, located between 1500-1800 meters, often 
experiences humid, cloudy or foggy conditions.  Global warming is causing the cloud bank 
to rise in Monteverde (Pounds et al. 1999).  The Raising Cloud Bank theory predicts misty 
days will be replaced by more dry days (Pounds et al. 1999).  This alteration in climate has 
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caused some biological changes for many species in the area, most notably, the 
disappearance of the Golden Toad (Bufo periglenes). In addition, the disappearance of other 
amphibians and upward movement of bird species are likely the result of warming and 
consequent drying (Pounds et at. 1999). The impact of lower mist frequency and more 
consecutive dry days on most taxa is poorly understood, however.  The effects on Cloud 
Forest butterfly communities, for example, is unknown. 	

The life cycle of butterflies depends a great deal on climate (Roy et al. 2001).  After 
the butterfly emerges from the chrysalis, time is needed for the wings to dry before flight can 
be attempted.  Warm, dry seasons can favor successful eclosion and may help explain why 
dryer conditions generally favor the survival and population sizes of many butterfly species 
(Pollard 1988).  At the chrysalis stage, intermittent and constant precipitation have been 
shown to increase mortality rates and eclosion time (Clifford 2008).  Both quality of wing 
and wing length were negatively impacted by precipitation (Clifford 2008). Also, too much 
moisture can provide an environment for pathogens (Murphy et al. 1992).  However, a 
certain amount of mist may be needed for survival, in order to prevent desiccation of the 
chrysalis (Smetacek 2009).  	

Changes in precipitation and moisture levels also have an impact on butterfly ranges. 
Two checkerspot butterflies were shown to go extinct as a result of variable precipitation 
caused by global warming (McLaughlin et al. 2002). In the temperate United States, a 
drought caused the displacement of butterflies into a new habitat (Debinski et al. 2006). 
These changes in butterfly populations as a result of a decrease in moisture could be seen in 
the Tropics as well. With misty conditions in Monteverde decreasing, those butterflies 
accustomed to mist may not survive and/or may become displaced by more dry adapted 
butterfly populations.	

Higher elevations in Monteverde experience a higher frequency of misty conditions. 
This study used an aquarium fogger to mimic the misty conditions of the Monteverde Cloud 
Forest. I aim to test how butterflies from lowland areas, respond to intermittent mist, 
continuous mist, and dry conditions by looking at their eclosion from the chrysalis. Misty 
conditions are expected to limit lowland species, suggesting that the lowland species may 
move into higher elevations of Monteverde as mist frequency declines.	!
METHODS	!
Study organisms	

Two butterfly species of the Heliconiinae (Nymphalidae) were used for this study: H. 
charithonia, a black butterfly with cream to yellow stripes and dots (Figure 1a) and H. 
hecale zuleika, black with white spots and orange (Figure 1b).  Both are found on both 
slopes of Costa Rica but differ in their elevational habitats.  H. charithonia, the lowland 
species, and H. hecale zuleika, the highland, can both be found on both slopes of Costa Rica. 
Both feed on Passiflora spp found in the Monteverde Cloud Forest (DeVries, 1987, Haber, 
2000), but while H. charithonia is reported for the Monteverde community, it does not reach 
the higher elevations of the Monteverde Cloud Forest. 	!
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                     1a.	 	 	 	 	 1b.	

!
H. charithonia are found from sea level to 1200 meters in Costa Rica, they are restricted to 
environments that, while rainy, have parts of most days that are sunny and dry. H. hecale 
zuleika, a butterfly species found from sea level to 1700 meters (DeVries 1987) is found 
higher and well into Monteverde Cloud Forest (Haber, 1983). Also, it is important to note 
that ranges are based on adult sightings and may not mean that the butterflies differ in 
breeding range.	!
Experiment 1 Intermittent Mist and Butterfly Development	

The study took place in the laboratory at the University of Georgia Biological Station 
in San Luis, Costa Rica.  This is surrounded by pasture and secondary forest that used to be 
Pacific slope Premontane Moist Forest. It experiences a pronounced dry season from 
January to mid May. This study was performed at the end of the dry season in April 2011. 
Sixty-eight chrysalises, 34 of each species, were purchased from a grower that supplies the 
Monteverde Butterfly Garden.  The chrysalises were tacked to Styrofoam and placed in two 
terrariums, each terrarium containing 17 of each species of equal and known age.  One 
terrarium exposed the chrysalis to a low humidity environment which was the ambient 
conditions of the laboratory (20° C and 60% humidity).  The other terrarium had 
intermittent, on and off mist from a fogger (Figure 2).	

The intermittent mist terrarium had a fogger (Zoo Med Reptile Fogger Terrarium 
Humidifier, www.zoomed.com) attached to a Humidity Controller (Zoo Meds 
HygroTherm™ Humidity and Temperature Controller). This controller was set to its highest 
setting of 95% relative humidity. As a result, the fogger would fill the terrarium with fog, at 
which time the controller would turn the fogger off. When relative humidity dropped below 
85%, the fogger would turn back on and fill the terrarium with mist once more. This resulted 
in intermittent mist where there was about five minutes of mist followed by five minutes of 
gradually dissipating mist (Figure 2a). In the end, visibility in the terrarium was about 30 
minutes of a given hour. The fogger generally delivered a liter of water in a 24 hour period.	
	 	 	 	   	 	!!!

Figure 1. Morphological differences between the two study butterfly species; both are 
widespread species from Heliconiinae (Nymphalidae) and found on both slopes of Costa 
Rica. 1a shows Heliconius charithonia, found from 0-1200 meters.  1b shows Heliconius 
hecale zuleika, found from 0-1700 meters. 
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2a	 	 	 	 2b	

	!!!!!!!!!!
   2c    	!

!
Both terrariums were placed in front of an air conditioning unit, to help keep the tank 

cool and the temperature in both tanks constant. The average temperature in both tanks was 
20° C.  	

Every day the terrariums were monitored to see if any of the butterflies had emerged 
or had died.  When a butterfly emerged from its chrysalis, it was allowed to dry for at least 
an hour, before its forewing length was measured.  The adult butterfly was also weighed and 
the status of the wing was noted.  The wing status was ranked on a scale from 1 to 5.  1 
corresponded to wings of excellent quality, with no wrinkles and/or folding of the wings; 5 
corresponded to wings of very poor quality, with extreme wrinkles and/or folding (Figure 3).  	!

Figure 2. Different climate environments for H. charithonia and H. hecale zuleika. 
Seventeen chrysalises of each butterfly species were exposed to dry, intermittent mist, and 
constant mist for 16 days and the survival, eclosion, wing length, wing quality, and mass 
were noted. Mist was provided by a Zoo Med Reptile Fogger Terrarium Humidifier and the 
controller. 2a shows the intermittent mist tank, mist filled the tank until it reached 95% 
humidity, then the controller would shut it off. The mist would start again after the 
humidity reached 85%. 2b shows the intensely misted environment, constant mist would 
fill the tank for 10 hours a day. 2c shows the dry mist environment. 
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	 	      3a.	 	 	 	 	      3b.	

!
Experiment 2 Intense Mist and Butterfly Development	
	  The second experiment involved the same set-up as the first, except the fogged 
terrarium was disconnected from the humidity controller. It misted with intense fog for an 
average of 10 hours, from morning until early evening. Without the controller, the fogger 
would mist for five hours, so I would fill it during the day. The fogger would not mist 
through the night, so it was hooked up to the controller and the chrysalises were exposed to 
intermittent mist throughout the night.	!
Observations	
	 H. charithonia is overall a smaller butterfly species in size than H. hecale zuleika. 
Therefore, the two were not compared in terms of mass, wing status, and wing length. When 
recording data, those butterflies that did not survive were documented as having 14 days 
until eclosion. Chrysalises were watched for a total of 16 days, but the last adult emerging 
occurred on day 13. Therefore, counting dead chrysalises as Day 14 was a convenient yet, 
conservative way to include all individuals, even those that never eclosed. 	!
RESULTS	
!
Intermittent Mist and Butterfly Development	!
	 In the dry tank, 15 H. charithonia emerged (n = 17) and 2 died while 12 H. hecale 
zuleika (n = 17) survived and 5 died; This represents 88% survival for H. charithonia and 
71% for H. hecale zuleika. Ten of each species survived in the misted environment, with 
both species having 7 deaths, therefore 59% survival for both (Figure 4).  27 total butterflies 
survived in the dry tank, while only 20 in the wet tank survived. 	
                	

Figure 3. Differing statuses of wings of H. hecale zuleika and H. charithonia. After the 
butterflies emerged from the intermittent mist, constant mist, or dry environment, they 
were allowed to dry for at least one hour; then their wing status was noted. Wing status 
was assigned based on a scale from 1-5 based on quality. A score of 1, shown in 3a, reflects 
wing of very high quality (no folds, wrinkles). A score of 5, shown in 3b, reflects wings of 
very low quality (significant folds and wrinkles that would affect the flight).
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!
Although more survived in the dry tank, there was no significant effect of mist on survival of 
the two species of butterflies (chi-square = 0.095, df = 1, p > .05).  	

The average mass for H. charithonia in the dry environment was 0.19 +/- 0.02 g and 
in the wet was 0.15  +/- 0.02 g, a difference of 0.4g. These weights were not statistically 
different, though were nearly so (t = 2.00, df = 24, p = 0.06).  The average mass for H. 
hecale zuleika in the dry tank was 0.27 +/- .03 g and in the wet tank 0.35 +/- .03 g.  The wet 
tank had on average, butterflies that were 0.12g larger than those in the wet tank, however, 
there was no significant difference between the two tanks (t = 1.642, df = 21, p = 0.11).    	

The wing status of the H. charithonia differed significantly between the wet and dry 
tanks. In the wet tank the butterflies had an average score of 2.5, while in the dry the average 
was 1.2. Since a lower score signified a better wing condition, the dry tanks had wings in 
significantly better conditions (t=2.841, df=24, p=.009).  H. hecale zuleika also showed a 
difference between the two environments (t=2.524, df=21, p=.02).  In the wet tank, the 
average score was 2.5, while in the dry, the score was 1.25. Again, the butterflies in the dry 
tank had wings of significantly higher quality.	

For wing length of H. charithonia, the average length was 4.19 +/- 0.16 cm in the 
dry and 3.53 +/- 0.2 cm in the wet, this difference is statistically significant (t=2.528, df=24, 
p=.02).  The H. hecale zuleika had an average length of 4.23 +/- 0.12 cm in the dry tank and 
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Figure 4. Number of survivors of H. charithonia and H. hecale zuleika in each 
climate treatment. Seventeen chrysalises of each species were exposed to dry and 
intermittent mist conditions for 16 days and survivorship noted. Dark gray represents 
the intermittent mist treatment while light grey represents the dry. Intermittent mist 
was provided by Zoo Med Reptile Fogger Terrarium Humidifier with a controller 
that would shut the mist off after 95% humidity reached. Overall, the misted 
environment received 30 minutes of mist an hour. The mist had no significant effect 
on survival of the two species (chi-square = 0.095, df = 1, p > .05). 
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a similar average of 4.16 +/- 0.14 cm in the wet tank.  These differences were not 
statistically significant (t=.379, df=21, p=.71). 	

For the days to eclosion, the species and climate were both considered.  Climate was 
not shown to have an effect on eclosion (Two Way ANOVA, F= 1.14, df= 1, p=.29).  The 
average days to eclosion in the intermittent mist climate was 11.0 +/- 0.68, while in the dry 
environment the average was 10.3 +/- 0.56, 0.7 days less than the misted (Figure 5).  	

                 	

                �                       	!

!
Species also did not statistically affect rate of eclosion (Two Way ANOVA, F=3.61, 

df=1, p=.06).  H. charithonia eclosed on average after 10.0 +/- 0.64 days, while H. hecale 
zuleika exlosed after 11.2 +/- 0.60 days, about a day later on average (Figure 6). 	
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Figure 5. Average days +/- SE to eclosion under two different climates for H. 
charithonia and H. hecale zuleika.  Both environments had 17 chrysalises of each 
species. Intermittent mist involved on and off mist during the treatment by Zoo 
Med Reptile Fogger Terrarium Humidifier, while the control was a dry 
environment. The butterflies were watched for a total of 16 days. Climate did not 
have an effect on the rate of eclosion (Two Way ANOVA, F= 1.14, df= 1, p=.29).
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!
The interaction between species and climate also showed no effect on eclosion (Two 

Way ANOVA, F=.02, df=1, p=.89, Figure 7).  H. hecale zuleika eclosed after a similar 
amount of time in both climate conditions; after 11.6 +/- 0.53 days in the mist, in the dry 
environment they eclosed after 10.9 +/- 0.67 days (Tukey’s HSD test p>.05).  H. charithonia 
also eclosed after similar amounts of time in both tanks; 10.3 +/- 0.82 days to eclosion in the 
mist and 9.8 +/- 0.45 days in the dry (Tukey’s HSD test p>.05).  Although both species 
showed a slower time to eclosion when exposed to intermittent mist, this difference was not 
significant.	
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Figure 6. Average +/-  SE days to eclosion for H. charithonia and H. hecale zuleika. 
Seventeen chrysalises of each species were placed in dry and intermittent misted 
environments and monitored for 16 days. Intermittent mist was from the Zoo Med 
Reptile Fogger Terrarium Humidifier; intermittent mist delivered 30 minutes of mist 
per hour. The species did not have an effect on rate of eclosion (Two Way ANOVA, 
F=3.61, df=1, p=.06). 
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!
Intense Mist and Butterfly Development	!
	 In the dry tank a total of 15 H. charithonia emerged (n = 17), while 4 died.  Of the H. 
hecale zuleika, 14 emerged (n = 17) and 1 died.  H. charithonia had 79% of the butterflies 
survive; H. hecale zuleika had 93%.  In the intensely fogged tank, 6 H. charithonia emerged 
and 14 died.  One H. hecale zuleika emerged and 14 died.  30% of the H. charithonia 
survived in the fogged and 7% of the H. hecale zuleika (Figure 8).  Overall, 29 butterflies 
emerged from the dry tank and 7 emerged from the fogged tank.  	!
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Figure 7. Average +/- SE eclosion rates for H. hecale zuleika and H. charithonia 
exposed to intermittent mist and dry environments. Light gray represents the dry 
environment while dark gray shows the misted. Seventeen chrysalises of each 
species were exposed to intermittent and dry conditions. Intermittent mist was 
from a Zoo Med Reptile Fogger Terrarium Humidifier and would cause the tank to 
be filled with fog for 30 minutes of every hour. Species and climate showed no 
effect on days to eclosion (Two Way ANOVA, F=.02, df=1, p=.89).
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!
Four times as many emerged from the dry than from the intensely misted tank. H. 
charithonia showed a significant difference in survivorship between the two climates (chi-
square = 3.86, df = 1, p < .05).  H. hecale zuleika also showed a difference in survival 
between dry and fogged environments (chi-square = 11.3, df = 1, p < .05).	
	 In the dry and fogged tanks, the average masses were very similar for H. charithonia, 
0.17 +/- 0.04 and 0.18 +/- 0.01 g respectively.  These masses were not statistically 
significant (t = 0.180, df = 20, p = 0.8594).  H. hecale zuleika also showed no difference 
between masses in both climates (t = 0.043, df = 14, p = 0.9663).  The average mass in the 
dry was 0.29 +/- 0.05 g, only 0.01g less than the average mass in the wet tank, 0.30 +/- 0.03 
g.	
	 The average wing status for H. charithonia in the dry tank was 2.1, which was very 
similar to the status in the wet tank, 2.2; these data were not statistically significant (t=.046, 
df = 20, p = .9637).  H. hecale zuleika also did not show a significant difference between 
tank environments (t = .709, df = 14, p = .4906).  The average status in the dry was 1.9, and 
the average in the wet was 1.0. 	
	 Wing length between the two tanks of H. charithonia was not significantly different 
(t = 0.666, df = 20, p = 0.51330).  Average wing length of the H. charithonia in the dry 
environment was 3.64 +/- 0.10 cm, only 0.21 cm less than the wing length of those in the 
wet tank, 3.85 +/- 0.17 cm.  The H. hecale zuleika also did not have differences between 
wing sizes (t = 0.873, df = 14, p = 0.3987). In the dry tank, the wing length was 4.22 +/- 
0.18 cm and 0.06 cm less in the misted tank, 4.16 +/- 0.09 cm. 	
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Figure 8. Number of survivors of H. charithonia and H. hecale zuleika in each climate 
treatment. Seventeen chrysalises of each species were exposed to dry and intermittent 
mist conditions for 16 days and survivorship noted. Dark gray represents the constant 
mist treatment while light gray represents the dry. Constant mist was provided by Zoo 
Med Reptile Fogger Terrarium Humidifier for 10 hours a day. The mist had a significant 
effect on survival of H. charithonia (chi-square = 3.86, df = 1, p < .05). The mist also 
significantly caused a decrease in survival for H. hecale zuleika (chi-square = 11.3, 
df=1, p < .05).
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	 Climate was shown to have an effect on rates of eclosion (Two Way ANOVA, F = 
19.07, df = 1, p < .0001).  In the dry tank, the average days to eclosion was 8.6 +/- 0.5, 
almost 3 days less than those in the wet tank, 11.8 +/- 0.49 (Tukey’s HSD test p<.05, Figure 
9).  	!

                          � 	

!
Species also significantly affected eclosion (Two Way ANOVA, F = 9.96, df = 1, p = .0024, 
Figure 10).  H. charithonia eclosed overall earlier than H. hecale zuleika; H. charithonia 
waited 9.3 +/- 0.46 days before eclosing, while H. hecale zuleika came out after 11.5 +/- 
0.53 days (Tukey’s HSD test p<.05).        	
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Figure 9. Average days +/- SE to eclosion under two different climates for H. 
charithonia and H. hecale zuleika.  Both environments had 17 chrysalises of each 
species. Intense mist involved 10 hours of mist by Zoo Med Reptile Fogger 
Terrarium Humidifier, while the control was a dry environment. The butterflies 
were watched for a total of 16 days. Climate was shown to have an effect on the 
rate of eclosion, those in the dry tank eclosed earlier (Two Way ANOVA, F = 
19.07, df = 1, p < .0001).
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!
The climate and species interaction did not significantly affect eclosion rates (Two 

Way ANOVA, F = 3.60, p = .0622, Figure 11).  H. hecale zuleika, while in the fogged tank, 
took 12.3 +/- 0.50 days to eclose, while in the dry environment took about two days less, 
10.6 +/- 0.60.  These results were not statistically different (Tukey’s HSD test p>.05).  H. 
charithonia did differ significantly between the wet and dry tanks (Tukey’s HSD test p<.05).  
In the fogged tank they took 11.5 +/- 0.20 days and in the dry 7.0 days, about 4.5 days less.  
Within the dry tank, the two butterfly species differed significantly (Tukey’s HSD test p<.
05).  The H. charithonia took 7.1 days and the H. hecale zuleika took 10.6 +/- 0.40 days.	
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Figure 10. Average +/-  SE days to eclosion for H. charithonia and H. hecale 
zuleika. Seventeen chrysalises of each species were placed in dry and intermittent 
misted environments and monitored for 16 days. Constant mist was from the Zoo 
Med Reptile Fogger Terrarium Humidifier; mist was delivered constantly for 10 
hours a day. The species did have an effect on rate eclosion, H. charithonia eclosed 
earlier on average (Two Way ANOVA, F = 9.96, df = 1, p = .0024).
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!
DISCUSSION	!
	 Overall, the intermittent mist did not have a significant effect on survival or rate of 
eclosion; there was ample time for the chrysalises to dry and it did not affect their survival 
and eclosion. The mist did negatively affect wing status of H. charithonia; H. charithonia 
had much better quality of wings in the dry tank. Wing length was also significantly 
different; H. charithonia had significantly smaller wings in the wet tank. Also, the mass of 
H. charithonia was shown to be nearly significant between the two tanks; the misted tank 
had smaller H. charithonia on average.  This could be due to the fact that H. charithonia is 
not well evolved to deal with misty conditions, since it is found from 0-1200 meters, while 
H. hecale zuleika may be slightly more adapted since it can be found in the Monteverde 
Cloud Forest.	
  	 The intensely misted environment played a big role in eclosion and survival. The 
intense mist caused the days to eclosion to increase and it also killed most of the butterflies. 
Constant rain has been shown to affect the survival and development of butterflies in their 
chrysalis (Clifford 2008).  The intense mist did not affect the mass, wing length, and wing 
status of the butterflies. This could just reflect the small number of surviving individuals in 
constant mist conditions. Overall, both species performed worse in the presence of intense 
mist. This constant mist is more characteristic of Monteverde weather, therefore, as the mist 
recedes and the number of dry days increases, the conditions improve for these butterflies to 
move up in elevation. H. charithonia may move up to Monteverde for breeding and living, 
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Figure 11. Average +/- SE eclosion rates for H. hecale zuleika and H. charithonia 
exposed to intermittent mist and dry environments. Light gray represents the dry 
environment while dark gray shows the misted. Seventeen chrysalises of each species 
were exposed to intermittent and dry conditions. Constant mist was from a Zoo Med 
Reptile Fogger Terrarium Humidifier and would cause the tank to be filled with fog for 
10 hours a day. Species and climate showed no effect on days to eclosion (Two Way 
ANOVA, F = 3.60, p = .0622).
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also, H. hecale zuleika may increase their breeding and time in Monteverde. The populations 
of butterflies in Monteverde may change to include those that are used to dry, warm 
conditions. These new species will impact host plants, nectar sources, and highland endemic 
butterflies.  Future studies could involve testing the effect of mist on endemic highland 
species, to see if lowland species could displace the endemics that are more adapted to misty 
conditions.  	!
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Abstract 
Amphibians are being forced to change their habits and lifestyles to adapt to human transformations. Some 
species of amphibian are becoming dependent on man-made ecosystems to carry out their lifecycles. Also, 
climate change is affecting the seasonality by changing the amount of precipitation and the phenology of 
amphibians.  This study was conducted in San Luis Costa Rica in an area characterized by a premontane wet 
forest during the dry season (April 2011). Pitfall traps and drift fences were set up in a forest location and in a 
man-made pond location to compare the number species within each location. Rainfall was also measured, and 
amphibian activity was found to be positively correlated. B. marinus and Rana  vaillanti was most abundant at 
the man-made pond site and was found to have significant difference when compared to other amphibian 
species inhabiting the same area and mammal species.  The change of seasonality and land transformation 
initiated by humans could have devastating consequences on amphibian species.  

Resumen 
Los anfibios se han visto forzdos a cambiar sus hábitats y modos de vida para adaptarse a las transformaciones 
humanas. Algunas especies de anfibios se están volviendo dependientes de ecosistemas modificados por el 
humano para desarrollar sus ciclos de vida.  Además, el cambio climático está afectando la estacionalidad 
cambiando la cantidad de precipitación y la fenología de anfibios.  Este estudio se condujo en San Luis, Costa 
Rica en un área caracterizada por un bosque húmedo premontano durante la época seca (abril 2011).  Trampas 
de caída y cercas de deriva se ubicaron en el bosque y en un lago artificial para comparar el número de 
especies en cada locación.  La precipitación se midió también, y la actividad de anfibios está correlacionada 
positivamente.  Bufo marinus y Rana vaillanti fueron más abundantes en el lago artificial y hay una diferencia 
significativa en comparación con otras especies de anfibios que habitan el área y especies de mamíferos.  El 
cambio en la estacionalidad y la transformación de la tierra iniciada por los humanos puede tener 
consecuencias devastadoras en las especies de anfibios. 

!
Introduction  

!
Deforestation has been an every growing concern especially in the tropics and within Costa 
Rica.  As much as 60 percent of the world’s remaining tropical forests are degraded or have 
been turned into secondary forest (FAO 2005). In the case of biodiversity, as the forest 
composition changes so do the species thriving within it (Hamer & McDonnell, 2008). 
Much of the deforested land is transformed into an urban setting. A complex array of 
interacting biotic and abiotic factors impact amphibians in urban and urbanizing landscapes 
(Hamer & McDonnell, 2008). 
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!
Urbanization and habitat transformation currently threaten over 30 percent of amphibians 
species. Most empirical studies on the effects of urbanization on amphibians reported a 
decrease in species richness, and individual species presence and abundance, with increases 
in the degree of urbanization (Hamer & McDonnell, 2008).  Also, in a study conducted by 
Gibbs (1993) it was determined that habitat transformation may lead to population declines 
of amphibians if critical aquatic or terrestrial habitats are destroyed. However, species of 
amphibian can have different reactions to habitat transformation including potentially 
benefitting. Maes et. al, (2008) found that species of Rana (Rana esculenta) was found to be 
dependent on roadside man-made bodies of water. Several highly adaptable species of 
amphibian are Bufo marinus (Bufonidae) and Rana vaillanti (Ranidae). B. marinus natural 
habitat consists of forest clearings, either natural or man-made, and they are rarely found in 
undisturbed habitats (Savage 2002). As humans continue to remove forested areas, the ideal 
habitat of B. marinus is thought to increase.  

!
This study took place in a premontane wet forest with the mean annual rainfall being 
between 2000-4000 mm per year (Haber, 2000).  For amphibians this is very adequate 
amount of rainfall to carry out their complex lifecycles. Not only do their life cycles often 
require the use of an aquatic ecosystem but also they are highly at risk of desiccation 
(Stebbins & Cohen, 1995).Their activity is often limited by the amount of moisture available 
(Stebbins & Cohen, 1995). Foraging and other activities must take place within reachable 
distance of a water source for many amphibians such as Rana spp. The further an amphibian 
travels from a water source the higher the risk of desiccation. However, if there is an 
abundance of moisture in the air due to precipitation amphibians may have the capacity to 
travel further and therefore be more active. A study conducted by Pounds et. al (1999) 
showed that the average amount of precipitation in the dry season is declining leading to 
more dry days. This could be devastating to many species of amphibian. !
The aim of this study was to determine the effect of two factors that impact amphibian 
distribution: seasonal variation and adaptability to habitat transformation. I compared the 
frequency of amphibians caught in a man-made habitat and a forest clearing in San Luis, 
Costa Rica. Also, the seasonal variation for the dry season was taken using the amount of 
precipitation.  

!
Methods 

Study Sites 

This study took place in San Luis, Costa Rica in a premontane wet forest life zone. Two 
separate locations were used: a man-made forest edge pond, and a forest clearing in a 
secondary forest. The secondary forest location was surrounded by cattle pastures but would 
be considered an ideal habitat of Bufo marinus and other amphibian that adapt well to 
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disturbances There was no livestock disturbance within the forest clearing chosen. The study 
site was located near the forest edge but far away from direct human influence including 
lights and noises. The second site was a transformed and disrupted man-made pond located 
on the property of The University of Georgia Station Costa Rica Campus. The pond is 
frequently used as a watering location for cattle but was not being put to use at the time of 
this study. It is located in a cattle pasture near the forest edge.  

Trapping methods 

Drift nets and pitfall traps were set up in the locations as previously described. The drift 
fences were constructed of silt fence netting. The drift fences were 30cm in height and 5 
meters long. On either end of the drift fence a 20 liter bucket was placed below ground to act 
as the pitfall trap. The pitfall traps contained a wet sponge to prevent the specimens caught 
from desiccation. The buckets also had holes drilled in the bottom to prevent the collection 
of water and, therefore, eliminate the danger of specimens drowning. The drift fence was set 
up to form a perpendicular angle with two and a half meters of silt fence on either side of the 
center point. The silt fence net was dug into the ground slightly to prevent specimens from 
crawling under the fence. The traps remained open Sunday- Thursday nights. Days 
following the nights when the traps were open, traps were checked in the morning. The 
number of organisms was recorded and they were immediately released. The traps were then 
closed and remained closed until sunset. 

Rainfall 

The amount of rain and the temperature for each day was taken. The daily minimum and 
maximum temperature was recorded each day the traps were open. The amount of 
precipitation was collected with a rain gage that was emptied at the beginning of each day 
and every night that data was collected from the pitfall traps.  

Results 

 

Species UGA Trap Forest trap Total

Sphenomorphus 
cherrei

0 1 1

Rana vaillanti 10 0 10

Bufo marinus 29 1 30

Oryzomys 
talamancae

1 1 2

Cryptotis nigrecens 0 3 3

 

Figure 1. The number of each species caught at the two different sites using 
pitfall traps and drift fences over a 12 day time period.
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!
I caught a total of 46 individuals from 5 different species over 12 days. 40 of those 46 were 
amphibians (fig 1). Amphibians were more often caught at the site near the pond. B. marinus 
was caught most frequently than any other species. R. vaillanti was the next most frequently 
caught amphibian. Cryptotis nigrecens and Oryzomys talamancae were the only species of 
mammal caught. One species of reptile (Sphenomorphus cherrei) was caught in the forest 
trap but only once. 

"  

FIGURE 2.  Relative abundance of organisms caught near a man-made pond at the forest 
edge and inside the forest in San Luis Costa Rica, using drift fences. Composition of 
organism present varied between habitats (X2; p<0.0001). 

!
Habitat type 

There was a difference in the composition of organism caught in the 2 different habitats (X2 
= 30.15, df = 3, p<0.0001 Fig. 2). B. marinus predominantly caught in the pond, while R. 
vaillati was only caught in this habitat. The number of mammals caught in the forest 
clearing site more than doubled when compared to the man-made pond site. Shrews 
(Cryptotis nigrecens ) were only caught in the forest site. 

Rainfall  

There was a significant positive relationship between the number of amphibians caught and 
rainfall (F = 9.59, df = 1, p = 0.0113; Fig. 3).  For every millimeter of rain the amount of 
amphibians caught increases by approximately one individual.   

!
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"  

!
!
Discussion 

Habitat transformation and its effect on amphibians and other terrestrial vertebrates 

This study found that B. marinus is the most abundant species in the disturbed, man-made 
pond site suggesting that they are more adaptable to habitat transformation B. marinus has 
been known to inhabit areas disturbed by humans (Savage 2002). The forest clearing site 
was similar to a natural undisturbed habitat as described by Savage (2002) but there were 
still more B. marinus found and the site directly impacted by humans and livestock. The 
next most abundant species was the R. vaillanti, but there were none in the forest suggesting 
an even bigger dependence on human disturbance. As Maes et. al, (2008) found, many 
amphibians are becoming dependent on man-made sites as their natural habitats disappears. 
My study corresponds with Maes et. al in that R. vaillanti and B. marinus are becoming 
dependent on man-made sites. The future of these species is become reliant on human 
transformed areas. Human transformed areas are often greatly associated with air and water 
pollution (Hamer & McDonnell, 2008). This pond pollution will often cause limb 
deformities and mortality (Taylor et. al 2005).  
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FIGURE 3.  The relationship of rainfall and the number of amphibians 
caught in drift fence, April 2011 (Dry season). The fences were set up in a 
forest clearing and near a man-made pond on the forest edge in San Luis, 
Costa Rica. Each point represents a different night (12 nights total). 
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This study suggests that the amount of rainfall has an impact on the activity level of 
amphibians.  Past studies have concluded that amphibians are very dependable on the 
moisture in the atmosphere and on bodies of water due to their permeable skin (Stebbins & 
Cohen 1995). The fact that amphibians are more active as a response to rainfall could simply 
be explained by their requirement to remain in moist environments. The rainfall will provide 
excess moisture and could greatly lower the risk of desiccation allowing travel further from 
a water source. Foraging must still take place even on the dry days although there is a higher 
risk of desiccation. If climate change creates dryer days as suggested in Pounds et. al (1999) 
then I suspect that the amphibian population will greatly decrease. Also, the number of 
permanent bodies of water is likely to decrease limiting amphibians in potential breeding 
locations.   
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ABSTRACT 	
In Monteverde the practice of using non-native garden ornamentals is widespread. This 
practice could be economically and ecologically costly in the future if these non-native 
species escape gardens. Because many non-native invasive fruits are dispersed by birds, this 
study assesses non-native and native fruit species and tropical birds as non-native and native 
fruit dispersers. To determine whether fruits from an introduced species or a native species 
were preferred by dispersers and more frequently visited by birds, fruits from, Rubus 
rosifolius, a common roadside non native, and Acnistus arborescens a common native 
garden ornamental were monitored for presence or absence and levels and proportion of 
ripeness, and number of bird visits. Fruit observations show that the introduced fruits took 
longer to ripen than the native fruits, they provided a smaller proportion of ripe fruits, but 
they were taken sooner than the native fruits. Bird visit observations show a significantly 
higher number of bird visits to the native A. arborescens than the introduced R. rosifolius. 
This difference can be explained by mammal dispersal agents and depredation by insects. 
Potential invasive species in Monteverde should be monitored for a better understanding of 
invasion mechanisms.  
!
RESUMEN	
En Monteverde la practica de usar las plantas exóticas como tipo ornamental en la jardinería 
es muy común. Esta practica podría ser economicamente y ecologicamente costoso en el 
futuro si se escapan estas plantas exóticas de los jardínes. Dado que muchos de los frutos de 
invasoras exoticas están dispersados por aves, este estudio investiga especies de frutos 
nativos y frutos exóticos e aves tropicales como dispersadores de frutos nativos y frutos 
exóticos. Para determinar si dispersadores prefieren frutos de un especie introducido o un 
especie nativo y cual especie visitan mas los dispersadores, frutos de Rubus rosifolius, una 
planta exotica que se encuentra creciendo al la orilla de las calles, e Acnistus arborescens, 
una planta nativa con uso frequente en la jardinería como tipo ornamental, fueron 
monitoreados por la presencia, absencia, niveles y proporciones de madurez, y numeros de 
visitas por aves. Obsevaciones de los frutos muestran que los frutos introducidos duraran 
mas para madurar que las los frutos nativos, brindan una proporcion de frutos más pequeña, 
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pero fueron recolectados más rapido que los frutos nativos. Observaciones de las visitas por 
aves a los dos especies muestran un numerero significantemente más alto de visitas por aves 
a Acnistus arborescens, el especie nativo que al introducido, Rubus rosifolius. Esta 
diferencia peude ser explicada por dispersion de mamiferos y depredacion por los insectos. 
Especies de plantas con la potencial de ser invasoras deben ser monitoreados por un 
conocimiento major de los mecanismos de invasion.  
INTRODUCTION	
Invasive, non-native species can change the structure and functioning of ecosystems, which 
has been shown to threaten global biodiversity (Levine et al. 2003, MacDougall & 
Turkington 2005). These ecosystem level changes may affect the availability and/or quality 
of space and direct resources for native species (Levine et al. 2003). Although many tropical 
moist forests seem to resist non native plant invasions (Rejmánek 1996), there have been 
some documented cases like that of Musa velutina, in La Selva Biological Station in Costa 
Rica, which was most likely dispersed by birds (Orlando Vargas perscomm). A factor that 
increases the probability that a non-native plant species becomes invasive is its ability to 
incorporate native animal species in mutualistic interactions such as pollination or seed 
dispersal (Richardson et al. 2000). This disruption of native plant-native animal interactions 
can decrease effective seed dispersal and population growth of native plant species (Traveset 
and Richardson 2006). This effect has been observed in Europe with the introduction of 
Impatiens glandulifera (Himalayan balsam), an invasive non native plant species, that 
disrupted native plant and insect interactions resulting in a reduction of pollinators for native 
Stachys palustris by 50% and native seed set by 25% (Chittka and Schurkens 2001). 	
	 Non-native plant species that produce fleshy fruits may be more attractive to dispersers 
(Knight 1986). By producing larger more appealing fruits to attract dispersers or larger 
flowers to attract pollinators, non-native invasive plants exhibit a type of display 
competition. This type of competition was tested in Western Oregon, where American 
Robins were shown to choose Crataegus monogyna fruit by fruit abundance, fruit size, and 
fruit pulpiness; fruit abundance significantly explained 33% of variance found in fruit 
consumption and fruit size significantly explained 25% of variance found between shrubs 
(Sallabanks 1993).!
	 In Neotropical wet forests, animals are the major seed dispersers for over 90% of trees 
and shrubs, birds being the most important diurnal disperser (Frankie et al. 1974). Because 
birds are major seed dispersers in tropical habitats, their foraging behavior can influence 
plant distribution patterns through fruit selection and preference (Herrera 1985, Lawton and 
Putz 1988). One study found that bird droppings commonly contained seeds from more that 
one plant species and composition of species found in bird droppings differed by species, 
showing that birds differ in fruit selection and show preferences for some fruit over others 
(Loiselle 1989). The important role birds play in their interactions with fruiting plants was 
demonstrated in the invasion of Lonicera maackii in North America, where one study found 
that four native bird species in southwest Ohio had incorporated L. maackii into their diet 
and served as seed dispersers for L. maackii; 94% of the L. maackii seeds found in American 
robin droppings were viable along with, 100% in hermit thrush, 83% in cedar waxwing, and 
75% in northern mockingbird droppings (Bartuszevige and Gorchov 2006). Therefore, 
mechanisms to explain non-native invasive plant success include the ability of bird 
dispersers to incorporate non-native fruits into their diet, as well as the ability of non-native 
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species to outcompete native species. This highly competitive nature of invasives is 
observed on oceanic islands where flora sizes doubled when including them as naturalized 
exotics (Sax et al. 2002). !
  In Monteverde, as with most developed areas, the practice of using non-native 
ornamental plant species in gardens is widespread. Since the community is located in close 
proximity to the Monteverde Cloud Forest Reserve and the Children’s Eternal Rainforest, it 
is important to monitor potential non-native invasives and investigate bird dispersal of 
introduced species. Two bird dispersed plants found in Monteverde are Rubus rosifolius, an 
introduced plant from Asian or Australian origin, commonly found along roadsides and 
Acnistus arborescens, a commonly used native garden ornamental. In this study I ask the 
questions: Are introduced or native fruits preferred by bird dispersers? Do fruit-eating birds 
visit native or introduced species more? I predict that birds do not discriminate between 
native and non native species but simply select what is available and visit each species 
equally, therefore, taking ripe fruits from both species at the same rate.  
!
METHODS	!
Study sites	
This study was conducted at 1350 meters above sea levels along roadsides and residential 
and commercial gardens in Monteverde, Costa Rica from April to 11th to May 4th 2011. The 
observation location for R. rosifolius was conducted on a 150 m roadside stretch from La 
Colina to Finca Stuckey. Sampling for R. rosifolius was located at Rebecca’s Cabina, a 
private residential property in order to control for human removal of R. rosifolius fruits. 
Acnistus arborescens observations were conducted at Casa de Arte and the CIEE study 
center in Cerro Plano, Monteverde. Sampling for A. arborescens was taken from the same 
observation areas as well as from la residence of Nuria Fonseca. All locations were within 
100 m from each other. 	!
Infructescence monitoring	
Fruit from five infructescences of six A. arborescens individuals (30 infructescences total) 
were counted and marked numerically to observe ripeness for 11 days. Every day each fruit 
on all 30 infructescences was recorded as unripe, ripening, ripe or taken.  Thirty 
infructescences on nine plants of R. rosifolius were also marked numerically and recorded 
for ripeness following the same procedure, but due to morphological differences between A. 
arborescens and R. rosifolius infuctescences, each R. rosifolius infructescence was counted 
as one fruit bunch or fruit unit. Acnistus arborescens produces tomato like berries while R. 
rosifolius produces black berry like clusters of aggregate drupes ( Fig 1).	!
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"   "  
        

! !!!
Observation of R. rosifolius and A. arborescens fruit removal by birds 	!
Bird visits to a patch of eight A. arborescens individuals and a 150 meter roadside area of R. 
rosifolius were observed over six different days for an hour at each site each day. Each bird 
species seen eating fruits or exhibiting foraging behavior was identified and recorded.	!
Data analysis 	
Data were taken on 240 A. arborescens fruits and 30 R. rosifolius fruit bunches over 11 days. 
To compare the mean number of days for the fruit of each species to ripen, the mean number 
of days each fruit or fruit bunch was ripe on the tree or plant before being eaten, the 
proportion of ripe fruits per day, and the proportion of mature fruits not taken t-tests were 
used. To compare the number of bird visits to the introduced R. rosifolius and native A. 
arborescens a chi-squared test was used.	!
RESULTS	!

FIGURE 1. Infructescences. Left to right: non-native R. rosifolius cluster 
of aggregate drupes and native A. arborescens berries	
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The mean number of days for a R. rosifolius fruit to ripen 6.64 ± .014 was significantly 
higher than that of an A. arborescens fruit 4.94 ± .025 (t test = 1.99, P < 0.05). 

" 	

!!!!!!!!!!!

FIGURE 2. Average number of days for introduced R. rosifolius and 
native A. arborescens fruits to ripen. R. rosifolius fruits (N = 6) took more 
days to ripen than A. arborescens fruits (N = 25). Error bars express +/ - 
one standard error of the mean.  
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There were a smaller proportion of ripe fruits per day on R. rosifolius (0.17 ± .036) 
than A. arborescens (0.53 ± .026; t test = 6.75, P < 0.05). 

"  

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

FIGURE 3.  Mean proportion of ripe fruits per day found on introduced species, R. 
rosifolius and native species A. arborescens. The proportion of ripe A. arborescens 
fruits (N = 257) was significantly larger than the proportion of R. rosifolius ripe fruits 
per day (N = 66). Error bars express +/ - one standard error of the mean.  
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Ripe R. rosifolius fruit spent fewer days ripe before being removed (2.11 ± .186) than 
ripe A. arborescens (2.95 ± .184; t test = 2.04, P < 0.05).	!

   "  
   !

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

FIGURE 4.  Average number of days for fruits to be ripe before being 
taken on introduced R. rosifolius and native A. arborescens. R. rosifolius 
fruits (N = 6) were taken sooner than A. arborescens fruits (N = 28) Error 
bars express +/ - one standard error of the mean.  
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The number of birds observed visiting A. arborescens (N = 51) was 
significantly higher than those visiting R. rosifolius (N = 3) (Chi-squared, X2 = 42.67, 
df = 2; P < 0.0001). Bird species found in Table 1. 	

!

"  !

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

FIGURE 5. Observed bird visits to introduced species R. rosifolius and native species 
A. arborescens. A higher number of visits to native species (N = 51) than introduced 
species (N = 3).
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!
!
!
!
DISCUSSION	
R. rosifolius had a smaller proportion of ripe fruits per day than A. arborescens, meaning 
that fewer were available to be eaten per day. Given the display competition idea, this would 
suggest that dispersers are more likely to visit native A. arborescens, since it fruits in more 
in abundance than the R. rosifolius. 

R. rosifolius fruit also took longer to ripen than A. arborescens fruit. One might 
conclude that taking longer to ripen would be unfavorable for R. rosifolius since dispersers 
seeking ripe fruits immediately would most likely visit other plants offering an abundance of 
ripe fruits, however data show that R. rosifolius fruits were removed faster than A. 
arborescens. These findings seem to differ from previous predictions, showing that 
dispersers are not indiscriminant in fruit selection, and therefore, suggest that dispersers 
favor R. rosifolius non-native fruit over native, A. arborescens, fruit. 

Because birds are shown to visit non native R. rosifolius significantly less than A. 
arborescens, bird visit observations seem contradictory to fruit observations, however, from 

TABLE 1. Birds observed visiting R. rosifolius and A. arborescens 

Black-headed Tody Flycatcher (Todirostrum nigriceps)                        Clay-colored Robin (Turdus grayi)	!
 A. arborescens                                                                                        R. rosifolius        	
Blue-gray Tanager (Thraupis episcopus)	
Bronzed Cowbird (Molothrus aeneus)	
Brown Jay (Cyanocorax morio)	
Clay-colored Robin (Turdus grayi)	
Dusky-capped Flycatcher (Myiarchus tuberculifer)	
Emrald toucanet (Aulacorhynchus prasinus)	
Yellow-throated Euphonia female (Euphonia hirundinacea)	
Flycatcher juvenile	
Grayish Saltator (Saltator coerulescens)	
Mistletoe Tyrannulet (Zimmerius vilissimus)	
Mountain Elaenia (Elaenia frantzii)	
Red-billed Pigeon (Columba flavirostris)	
Red-legged Honeycreeper (Cyanerpes cyaneus)	
Rufous-collared Sparrow (Zonotrichia capensis)	
Social Flycatcher (Myiozetetes similis)	
Unknown warbler male	
Unknown warbler female	
Yellow-faced Grassquit male (Tiaris olivacea)	
Yellow-faced Grassquit female (Tiaris olivacea)	
Yellow-throated Brush-finch (Atlapetes gutturalis)	
White-eared Ground-Sparrow (Melozone leucotis)

 

 301 



these observations one can conclude that birds are not the primary dispersers of R. rosifolius 
fruits and that mammal dispersal agents and depredation by insects are the most likely 
factors in the observed non native fruit preference. This is concordant with other studies 
where mammals have also been observed as non-native fruit dispersers as documented in the 
dispersal of L. maackii fruits by white-tailed deer (Odocoileus virginianus)(Bartuszevige 
and Gorchov 2006). Therefore, bird visit data suggest that birds prefer native A. arborescens 
fruits to non-native R. rosifolius fruits.  This preference may be due to the larger display that 
A. arborescens offers, but because R. rosifolius is most likely primarily dispersed by 
mammals it would be better to test fruit display competition with a more comparable native 
fruit species such as Rubus urticifolius.	

Extensive ecological damage by exotic invasive species has not yet occurred in 
Costa Rica but has in the United States. According to Pimentel et al., economic costs linked 
to invasive species in the USA are about $137 billion annually (2000). Although negative 
impacts of invasive non-native plant species on ecosystems are known from the United 
States, the methods and biological adaptations of non-native plant species for outcompeting 
native plant species are still under investigation. Future studies of Rubus sp. could involve 
germinating native and exotic seeds in the same microhabitat as well as observing plant – 
animal interactions in terms of mammals dispersal systems. Potential invasives in 
Monteverde should be continually observed for a better understanding of underlying 
mechanisms of invasions.  
!
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