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Changes in Leaf Litter Decomposition 
and Soil Nutrient Availabil ity Due to 
Buttress Roots 
 
Mitchell Gage 
 
Department of Biology, Hope College 
 
 
Abstract 
 
Buttress roots are found in many tropical forests and have well documented structural functions for 
trees.  Recent studies in Asian tropics have begun to look into the possible biological benefits of 
buttress roots.  This study evaluated decomposition rates in the upslope buttress catchment 
microclimate to investigate one of the factors possibly contributing to higher nutrient densities that 
have been observed in other tropical areas.  Leaf litter depth, topsoil depth, diameter at breast height, 
and soil nitrogen concentrations were measured between 20 trees with and 20 trees without buttress 
roots.  Leaf litter decomposition at these trees and nearby control sites was measured by placing leaf 
litter bags in the field for 2 weeks.  Buttress catchments were found to have higher leaf litter depth at 
5.47cm compared to non-buttressed height of 3.53cm.  Topsoil depth was found to be 6.08cm and 
3.2cm for buttressed and non-buttressed conditions, respectively.  Decomposition was found to proceed 
slower in bags placed directly upslope of buttress trees than in either control or non-buttress sites; with 
a mass lost of 0877g for the buttressed condition compared to .1168g for non-buttressed and .1292g for 
control.  These results did not find evidence that decomposition rates for leaves found within uphill 
facing buttress catchments of trees were relatively higher than rates found elsewhere within the same 
forest 
!
Resumen 
 
Las gambas en las raíces se encuentran en varios bosques tropicales y tienen funciones estructurales 
muy bien documentadas para los  árboles.  Estudios recientes en los trópicos asiáticos han empezado a 
analizar los posibles beneficios biológicos de las gambas.  Este estudio evalúa la tasa de 
descomposición en los microclimas que atrapan las gambas cuesta arriba para investigar uno de los 
posible factores que contribuyen a una mayor densidad de nutrientes que se ha observado en las áreas 
tropicales.  La profundidad de la hojarasca, el suelo, el diámetro a la altura del pecho y la 
concentración de nitrógeno se midieron para 20 árboles con y sin gambas.  La descomposición de la 
hojarasca en estos árboles y en un sitio control cercano a los mismos se midió colocando bolsas de 
hojarasca en el campo por 2 semanas.  Las gambas mostraron una mayor profundidad de la hojarasca 
de 5.47 cm comparado con 3.53 cm en los árboles sin gambas.  La profundidad del suelo fue de 6.08 
cm y 3.2 cm para árboles con y sin gambas respectivamente. La descomposición mostró ser menor en 
las bolsas puestas directamente sobre las gambas que las bolsas en el control o en los árboles sin 
gambas, con una perdida de masa de 0.877 g para las gambas comparado con 0.1168 g para los árboles 
sin gambas y 0.1292 para el control.  Estos resultados no encuentra evidencia que la tasa de 
descomposición para las hojas encontradas en la parte cuesta arriba de las gambas son relativamente 
mayores que las tasas encontradas en otros lugares dentro del mismo bosque 

!
Introduction 
!
Plants have evolved many different adaptations to better survive in their particular 
environments.  From producing chemicals to dissuade herbivores or stunt the growth 
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of rival species in the area, to growing longer taproots to access water deep 
underground there are a wide variety of adaptations that plants use to make the best of 
their environments or change the environment in their favor (Richards 1996, Duke et 
al. 2000).  Plants have been observed to increase habitat heterogeneity with some of 
these adaptations, increasing nutrient availability in specific areas for their own 
exploitation (Grubb 1977).  This heterogeneity can be very ecologically important to 
plants in tropical areas due to the relatively low nutrient concentrations characteristic 
of their soils (Wright 2002). 
 The buttress roots found in many species of tropical trees are one such 
adaptation.  Buttress roots have been found to provide extra stability to the trees 
possessing them, helping them better cling to hillsides and thin, unstable substrates 
frequently found in tropical forests (Richards 1996, Crook et al. 1997).  Many other 
possible benefits provided by the structures have not been extensively studied.  For 
instance, the presence of buttress catchments in the form of upslope facing root 
spreading patterns on hillside trees leads to increased soil moisture directly next to the 
trees and uphill of them within the buttress catchments (Nguyen 1996, Herwitz 2006, 
Tang et al. 2011).  In addition, the shape of the buttresses seems to catch leaf litter 
and other organic debris as it falls or is washed downhill leading to a greater base leaf 
litter depth (Nguyen 1996, Minifie 2011).  Wetter microclimates like those found 
directly uphill of buttressed trees have been shown to increase decomposition rates in 
tropical soils (Swift et al. 1979, Nguyen 1996, Tang et al. 2011).  The combination of 
more abundant organic debris and a wetter microenvironment at the uphill foot of 
buttress catchments may work in tandem to increase topsoil depth by increasing 
decomposition and providing more organic debris to be decomposed.  Having these 
conditions directly uphill should increase nutrient content in the soil around buttressed 
trees through higher rates of decomposition.  Higher nutrient levels in soil have been 
linked to greater growth in plants (Rustad et al. 2001); therefore, a potential function 
of buttresses is to increase nutrient content by creating favorable conditions for 
decomposition in order to increase the growth rate and fitness of the tree. 

Previous studies have tested whether buttress catchment soil contained higher 
nutrient concentrations, particularly Nitrogen (N).  Buttresses in Chinese tropical 
rainforests have been shown to have greater amounts of total N and biologically 
available N upslope (Tang et al. 2011).  Indian tropics have exhibited a similar 
increase in N upslope of buttresses (Pandey et al. 2011).  On the other hand tests of N 
content in upslope facing buttress catchments were inconclusive within the pre-
montane wet forest in Monteverde, Costa Rica (Mack 2003).   
 Here is tested whether the presence of buttress roots in neotropical montane 
forests leads to greater rates of leaf decomposition and deposition, thereby increasing 
habitat heterogeneity and therefore the fitness of the tree. Specifically I evaluated 
whether higher decomposition rates exist and help help contribute to the nutrient 
availability of the soil directly uphill of a buttressed tree by measuring topsoil depth, 
leaf litter depth, and amount of biologically available N within uphill buttress 
catchments compared to control areas and soil uphill of trees without buttresses. 
!
Materials and Methods 
 
To find the rate of decomposition I made fine mesh bags filled with leaves dried for 3 
days from a single tree of the genus Inga, each bag initially contained 1.5g of dried 
leaves.  These bags were placed on top of the leaf litter at 60 study sites: 20 buttressed 
trees with a DBH greater than or equal to 10cm, 20 trees without buttresses with a 
DBH greater than or equal to 10cm paired with a sampled buttressed tree that was 
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within 10m on the same slope,  and 20 control areas not at the base of a tree within 
10m of the buttress site they were a control for.  The decomposition bags near non-
buttressed trees were placed directly adjacent to and uphill of the tree in a line directly 
from the center of the trunk.  Decomposition bags were placed adjacent to the tree 
within the most upslope-facing buttress catchment for buttressed trees.  The bags were 
placed on top of the existing leaf litter and covered with just enough leaf litter from 
within 1m of the test site to keep them dark to promote decomposition.  Each sample 
bag was collected, dried for 3 days, and weighed after 14 days in the field.  The post-
decomposition weights of each sample type; buttress, non-buttress, and control, were 
compared using a one-way ANOVA test with related samples and post hoc 
independent contrast tests (general linear model with random effect equal to site).  
This specific test was chosen because of the grouped nature of the buttressed, non-
buttressed, and control test sites. 
 I also measured the topsoil and leaf litter thickness 30cm uphill from the 
center of each tree used in the decomposition experiment (i.e. 20 with and 20 without 
buttresses).  Leaf litter was measured by inserting a ruler down into it and measuring 
from where it met the ground to the highest level where the leaf litter was uniform, so 
that one errant twig or leaf sticking straight up would not impact the data.  Leaf litter 
depth was compared between buttressed and non-buttressed trees using a paired t-test 
due to the paired nature of the buttress and non-buttress sites.  Soil depth was 
measured by making a vertical cut into the ground in the same place where the leaf 
litter measurement was taken for each tree and using a flashlight and ruler to 
determine the depth at which the change from dark, nutrient rich topsoil to the reddish 
brown clay substrate occurred (Fig. 1). Topsoil depth was compared between 
buttressed and non-buttressed trees using a Wilcox signed rank test with continuity 
correction after determining the data were not normally distributed.  Four outliers 
were omitted from the topsoil measurements and one from the leaf litter 
measurements due to recently fallen, decayed trees providing a source of greater 
topsoil depth and the presence of a Coati trail removing all leaves from a site, 
respectively.   

                     
Figure 1: This picture provides an example of the methodology followed to obtain 
topsoil depth in cm.  The ruler and light source that would be used as well to find the 
depth are not pictured. 

 
 I measured diameter at breast height (DBH) for all sample trees to evaluate 

whether tree size influenced leaf decomposition and topsoil depth.  Potential 
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relationships between these variables were evaluated through linear regression 
analysis. 

I used a Lamotte NO3 testing kit to analyze the soil directly upslope of 10 test 
sites, five with and five without buttresses to find N concentrations.  I followed the 
methods in the Lamotte instruction manual for DCL-12, 13, 14, 15, 20 found on page 
10 and the NO3 testing kit 3110-01 manual.  The N concentrations were compared 
between each tree type using a paired t-test. Due to the small sample size, the p-value 
was determined through randomization of the dataset using 10000 replicates. 
!
Results 
!
Leaf litter depth was found to be significantly greater in buttress catchments than 
upslope of non-buttressed trees, with average depths of 5.47cm, and 3.53cm 
respectively (t = 2.8757, df = 18, p= 0.01006; Fig. 2). 
 

!
Figure 2: Mean leaf litter depth in centimeters by root morphology (n=39). B 
indicates buttressed trees while NB stands for non-buttressed trees.  Error bars 
represent 1 standard error.  Average leaf litter differed significantly between the 2 
groups.   
 

Topsoil depth was also found to be significantly greater in buttress catchments 
than upslope of non-buttressed trees (Fig. 3).  Average depths were found to be 
6.08cm and 3.2cm for buttressed and non-buttressed respectively (V=119, 
p=0.0008919). 
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!
Figure 3: Mean topsoil depth in centimeters by root morphology (n=36). B indicates 
buttressed trees while NB stands for non-buttressed trees.  Error bars represent 1 
standard error.  Average topsoil depth varied significantly between the 2 groups.   

 
The amount of mass lost to decomposition was found to differ significantly 

between site types (F=6.2672, df=2&34, p=0.0048., Fig. 4).  The mean rate of 
buttressed decomposition was found to be slower than at each other area type, with a 
mean weight lost due to decomposition per bag of .0877g compared to .1168g lost for 
non-buttressed and .1292g lost for control sites.  No significant difference was found 
between non-buttressed and control sites.  

 

!
Figure 4: Mean mass lost due to decomposition over 14 days in grams (n=57).  Bars 
with different letters over top are significantly different.  Mass lost varied 
significantly between buttressed and non-buttressed trees and between buttressed trees 
and control areas (p=.001; p=.016).  Mass lost did not vary significantly between 
buttressed and control areas (p=.32937). 

!
Diameter at breast height of the sample trees did not significantly correlate 

with decomposition rate (F=0.8036, R2=0.02184, df=1&36, p=.376).  Topsoil depth 

0!
2!
4!
6!
8!

B! NB!

To
ps

oi
l d

ep
th

 (c
m

)!

Tree Root Morphology!

Topsoil Depth!

A!
!

B!
B!
!

0!
0.05!
0.1!
0.15!
0.2!

Buttressed! Non-buttressed! Control!

M
ea

n 
le

af
 m

as
s l

os
t (

g)
!

Site Type!

Mass Lost to Decomposition!

!
!

 5 



was similarly non-statistically significant (F=.5501, R2=0.01505, df=1&36, 
p=0.46309). 

Nitrogen testing showed a non-significant trend of more NO3 in buttress 
topsoil than non-buttressed topsoil (t=1.3037, df=4 p=0.09; Fig. 5). 

!

!
Figure 5: Mean amount of Nitrogen in parts per million available in soil samples 
taken from buttressed and non-buttressed sites (n=10).  Nitrogen values did not differ 
significantly between buttressed and non-buttressed sites. 
!
Discussion 
!
The greater depth of leaf litter and topsoil at buttress sites was consistent with 
previous findings in tropical forests (Mack 2003, Tang et al. 2011).  The cause of the 
30% lower rates of decomposition in buttressed sites than non-buttressed sites and 
32% lower rates in buttressed than control sites is more puzzling.  Prior studies would 
seem to indicate that decomposition should have proceeded more rapidly in the 
microclimate fostered by the buttress roots (Swift 1979, Tang et al. 2011).  I believe 
this result may be a consequence of the placement of the sample leaf litter bags on top 
of the already present leaf litter at each site.  This was done so as to not disturb the 
leaf litter before its depth was measured, but it may have had the unintended side 
effect of keeping the sample bags within buttress catchments buoyed above the more 
effective microorganism drivers of decomposition nearer to ground level where 
moisture is more abundant (Nguyen 1996, Herwitz 2006, Tang et al. 2011).  Since 
buttresses were shown to have greater depths of leaf litter I postulate that this greater 
separation between the moist ground and the sample bags in buttress sites than in non-
buttress sites could have led to the result of this study, or this was simply an 
unexpected result perhaps due to a factor that has thus far escaped research scrutiny.  
It is possible that decomposition could occur more slowly on top of leaf litter at the 
sites measured in this study and yet the overall decomposition for a site could be 
higher because more total leaves are decomposing at once. 
 Despite my results to the contrary the greater topsoil depth combined with 
greater rates of organic debris deposition suggest that the rate of decomposition near 
ground level for buttressed trees should be higher.  Higher rates of decomposition 
would seem to be necessary to contribute to the deeper topsoil and the trend that was 
found of buttressed trees having more NO3 available in adjacent soil, as NO3 is often 
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found in greater concentrations where decomposition rates are higher (Swift 1979, 
Pandey et al. 2011). 

DBH was found to have no significant effect on either decomposition rate or 
topsoil depth.  This indicates that approximate age of the tree did not really matter to 
soil depth, so simply having more time for nutrient accumulation could not have been 
responsible for greater depth, and the size of the tree would not be a factor. 
 This data and previous studies have shown that the size in diameter of a tree 
does not matter in regards to the rate of decomposition and the amount of topsoil 
retained while the shape of the tree (i.e. buttressed or not) does have a significant 
effect on the soil in its immediate surroundings.  The accumulation of leaf litter and 
topsoil upslope of buttresses has been shown to increase nitrogen availability in many 
areas (Pandey et al. 1988, Tang et al. 2011).  And higher nitrogen availability in 
tropical soils has been linked to greater decomposition rates, so it stands to reason that 
the nitrogen trend found could be due to higher rates of decomposition in the deeper 
layers of the leaf litter that evaded this study (Swift et al. 1979).  There is also the 
possibility of some other biological or physical process leading to greater nutrient 
availability in buttress catchments, such as retaining nutrient rich stem runoff during 
rains and fine soil particles that would otherwise be washed away (Tang et al. 2011).  
This study did not find evidence that decomposition rates for leaves found within 
uphill buttresses of trees were higher than rates found upslope of other trees or in the 
surrounding area.  But, the recognition of a trend in nitrogen availability based on tree 
buttress morphology was achieved and the observation of greater topsoil and leaf 
litter depth due to buttresses all further support the case that they increase the 
competitive fitness of the trees that have them not just by providing mechanical 
support, but by creating favorable conditions for accumulating nutrients required for 
growth. 
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Changes in microfungal diversity and decomposition 
with elevation and slope in a Tropical Cloud Forest 
 
Mara Heil ig  
 
Department of Biology, Whitman College 
 
 
 
ABSTRACT 
Climate change causes distributional shifts and extinctions in plant and animal species. However, little research has 
investigated the effect of these changing abiotic factors on microfungal diversity and function. This study seeks to 
determine the effect of climate change along an elevational gradient of Pre-montante Wet to Lower Montane Rain 
forest on both the Caribbean and Pacific slopes in Monteverde, Costa Rica.  Soil samples were collected and 
analyzed for moisture content.  Petri dishes containing Malt-extract agar base were inoculated with soil samples to 
determine microfungal diversity and abundance.  In addition, leaf decomposition was measured at different sites 
over a 20-day period.  Soil moisture and species richness increased with elevation though the high Pacific slope 
contained more moisture than any site on the Caribbean, while the low Pacific contained considerably less.  
Conversely, diversity was significantly higher in the low Pacific due to the abundance of a single dominant species 
in all other sites.  Decomposition was also greatest at both elevations on the Pacific slope, as well as the continental 
divide.  This study indicates that microfungi composition responds to soil moisture with changing elevation, though 
with irregular trends in decomposition.  These trends seem to represent the interplay between optimal abiotic growth 
conditions and species interactions.  Microfungal composition and function will likely continue to be affected by 
climate change as it increases the height of cloudbanks and changes soil moisture levels. 
 
RESUMEN 
El cambio climático causa cambios en la distribución de especie y la extinción de las mismas.  Sin embargo, poca investigación 
se ha realizado para ver el efecto de el cambio en estos factores abioticos y la diversidad y función microfúngica.  Este estudio 
busca determinar el efecto del cambio climático a lo largo de un gradiente altitudinal en el bosque humedo pre-montano y el 
bosque lluvioso montano bajo en las vertientes Caribe y Pacífica en Monteverde, Costa Rica.  Muestras de suelo se colectaron y 
analizaron para contenido de humedad. Platos petri con agar con extracto de malta como base se inocularon con muestras de 
suelo para determinar la diversidad y abundancia microfúngica. Además, la descomposición de hojas se midio en los sitos en un 
periodo de 20 días.  La humedad del suelo, y la riqueza de especies aumenta con la elevación aunque la vertiente Pacífica 
contiene más humedad que cualquier sitio en el Caribe, mientras que el sitio más bajo en el Pacífico contiene menos. 
Contrariamente, la diversidad fue significativamente mas alta en el sitio bajo del Pacífico debido a la abundancia de un sola 
especies dominante en todos los otros sitios.  La descomposición fue también mayor en ambas elevaciones en la vertiente 
Pacífica, así como en la division continental.  Este estudio indica que la composicion microfungica responde a la humedad en el 
suelo con cambios elevacionales, asi con tendencias irregulars en descomposicion.  Estas tendencias parecen ser el entrejuego 
entre las condiciones abioticas optimas y la interaccion de especies.  La composicion y funcion microfungica probablemente 
continuara siendo afectada por el cambio climatico al aumentar la elevacion de los bancos de nubes y los cambios en los niveles 
de humedad en el suelo. 
 
INTRODUCTION 
Anthropogenic climate change can lead to drastic biological changes (Porter et al. 2013).  In 
tropical mountains, climate change causes upward range changes in plants and animals (Foster 
2001). Such changes in organismal distribution can stress ecosystem dynamics, leading to 
alterations of food-web structure, resource abundance, and even increased extinction rates 
(Albouy et al. 2014).  However, missing from many studies on the biotic affects of climate 
change are data on microbial soil composition.  Microbial communities, while easy to overlook, 
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play essential roles in nutrient cycling and decomposition, and ultimately help sustain the macro-
flora and fauna in the terrestrial world.  Microfungi represent a specific group of soil microbes 
essential to all terrestrial environments (Baldrian et al. 2011).  Their unique metabolisms allow 
them to transform macronutrients into compounds that can be utilized by plants and they are also 
vital decomposers that convert organic waste into humus (Akob & Kuesel 2011).  This improves 
soil fertility and ultimately supports the primary producers that sustain complex food webs 
(McLean & Huhta 2000).  Despite their global significance, little research has studied 
microfungal communities in relation to climate change.   
 Tropical mountains are particularly helpful in studying the effects of climate change, as 
they have already begun to experience clear abiotic and biotic transformations (Feeley et al. 
2013).  Rising sea surface temperatures result in the formation of higher cloud bases--a 
phenomenon that has been especially notable in Monteverde, Costa Rica (Still et al. 1999).  With 
clouds forming at higher altitudes due to slight increases in ocean temperature, places like 
Monteverde are receiving noticeably less mist during the dry-season (Pounds et al. 1999).  
Studies near Monteverde have already discovered shifting distributions of organisms like birds, 
lizards and anurans to higher elevations (Pounds et al. 1999).  Changing distributions and 
abundances of organisms has also been linked to functional changes in communities, which has 
been demonstrated by accelerated rates of resource depletion as a result of finer niche 
partitioning (Verberk 2010).  Understanding the impact of climate change on microfungal 
diversity in particular may have important implications for community function, especially 
related to decomposition.  
 The relationship between species diversity and ecosystem function has been studied in 
relation to various organisms and in different ecological contexts (McCann 2000).  These studies 
have provided important insight into how changing environments might affect population 
structure, and thus their impact on the ecological processes.  As vital decomposers, it is 
especially important to understand how microfungal diversity corresponds to functional 
productivity.  A previous study indicated that increasing the community evenness of denitrifying 
bacteria led to greater functional productivity when samples of bacteria were stressed (Wittebolle 
et al. 2009).    Understanding such a relationship between microfungi diversity and function may 
provide insight into how these organisms will contribute to ecosystem dynamics as climate 
change accelerates.           
  This study seeks to identify trends in microfungal distribution and diversity, and to relate 
these trends to changes in soil moisture and leaf decomposition.  The Tilaran mountain range 
near Monteverde, Costa Rica was chosen for the experiment since it straddles the continental 
divide. This allowed study sites to be placed along different elevations on the Pacific and 
Caribbean slopes, as well as the continental divide.  Since easterly trade winds lead to orographic 
cloud formation on the Caribbean Slope, a high degree of relatively constant rainfall results 
(Scholl et al. 2008).  Meanwhile, a rain shadow on the Pacific slope forms, leading to drier 
conditions and more pronounced wet and dry seasons.  It is hypothesized that the greater 
seasonality on the Pacific slope will be coupled with the drying conditions associated with 
climate change, and will result in less diverse microfungal communities.  Less diverse 
communities are expected to exhibit less functionality, resulting in lower rates of decomposition. 
 
METHODS 
Study Sites 
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This study examined microfungal diversity from soil samples collected at sites along the Pacific 
and Caribbean slopes of Pre-Montane Wet-Forest near Monteverde, Costa Rica.  Two study sites 
on each slope were located at elevations of 1630 m and 1730 m, while a fifth site was located at 
an elevation of 1830 m on the continental divide.  All sites had mature canopies of primary forest 
and were established uphill from a hiking trail, between one to five meters from the path.  
Soil Moisture Analysis 
 To compare moisture content between study sites, composite soil samples from three 
locations at each site were placed into a Ziploc bag.  At each location soil was removed from the 
surface to a depth of about 6 cm.  Soil was thoroughly mixed and returned to the lab where ten 
five gram samples were weighed for each site.  Each sample was then placed on a single layer of 
foil and dried in a food dehydrator for 36 hours.  Samples were reweighed and weight lost was 
calculated to account for water loss.   
Fungal Analysis 
 At each sampling site, soil was removed from three locations and then combined to create 
a single composite sample.  Leaf litter was raked away from the topsoil of each location and 
samples were obtained with a shovel by removing soil from a depth of 6 cm.  Samples from the 
three locations were placed into a single Ziploc bag labeled for each site.  Between sampling at 
sites, the shovel was sanitized with alcohol and water to avoid cross contamination.  All 
composite samples were returned to La Estación Biológica Monteverde and left in a refrigerator 
overnight.   
 Soil was prepared for analysis the following day by transferring five grams of soil from 
each Ziploc bag into an airtight container, and then rigorously shaking the samples with 125mL 
of distilled water. These functioned as stock solutions.  Serial dilutions were then performed by 
adding 5mL of the stock solution to 45 mL of distilled water and continuing the dilution series 
until a dilution factor of 1:1000 was achieved.  Between each dilution, samples were thoroughly 
mixed to evenly suspend the soil in water.  This was done for the composite soil samples from 
each of the five sites, and between each sample preparation, glassware was thoroughly washed 
with soap and boiling water.   
 After dilution, 1mL of soil solution was added to petri dishes containing Malt Extract 
agar base with rose Bengal solution (0.035 g/mL).  Rose Bengal contains an antibiotic that will 
not let bacterial colonies grow.  Twenty plates were inoculated for each of the five sites, yielding 
a total of 100 inoculated plates.  All plates were incubated at room temperature for four days, and 
were examined for colonial growth.  Plates were examined under a stereomicroscope to 
distinguish colonies and classify them morphologically based on color changes in the media, 
surface texture, and differences in hyphal extensions.  Additionally, plates were immediately 
photographed to allow for further analysis the following days.  Colonies that were countable by 
eye were recorded immediately while large clusters of colonies were counted using photos 
uploaded to open CFU colony counting software (http://opencfu.sourceforge.net/).  
Leaf Decomposition  
 Leaves from an unidentified understory plant were collected and immediately placed in a 
hot box for 48 hours to dry.  After dying, leaves were cut into thirds, weighed to about one gram, 
and placed into 50 individual mesh bags.  Ten bags were deposited at each study site on 
relatively flat soil surfaces.  Leaf litter was shoveled aside to allow each bag to lie directly on the 
soil surface and the disturbed litter was then spread over the bags.  Bags were recovered after 20 
days, and dried for another 48 hours in the hot box.  Leaves were reweighed to compare weight 
lost between sites.    
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RESULTS 
Moisture Analysis 
 Moisture at each sampling site was calculated by measuring the water lost from soil 
samples after 32 hours in a dehydrator.  Figure one indicates that both lower sites had the least 
soil moisture content with an average of only 2.43 g (+/- 0.017) and 3.08 g (+/- 0.037) of water 
lost from 5-gram soil samples from the Pacific and Caribbean slopes respectively.  The greatest 
soil moisture content was recorded for the continental divide and high Pacific with 3.83 g (+/- 
0.010) and 3.79 g (+/- 0.014), while 3.409 g (+/- 0.021) was lost on the high Caribbean slope.  
Overall, these results depict an increasing trend in moisture content with elevation.  Significant 
differences in moisture content were detected between sites (One Way ANOVA, F = 1519.316, 
d.f.= 4, p-value < 0.00001), and each site differed from all the others with the exception of the 
continental divide and the high Pacific slope (Fisher LSD Test, all p-values < 0.00001).       
   

 

Figure 1. Average soil moisture content from 10 soil samples collected from five study sites 
spanning an elevational gradient along the Pacific and Caribbean slopes of Lower Montane Wet-
Forest near Monteverde, Costa Rica (a total of 50 samples were collected).  From left to right 
abbreviated sites denote the “lower Pacific” (1630 m), “higher Pacific” (1730 m), “continental 
dive” (1830m), “higher Caribbean” (1730 m), and “lower Caribbean” (1630 m).  Soil water 
content was determined by dehydrating soil samples in a dehydrator for 32 hours and subtracting 
the post dehydration sample weight from the initial sample weight.  On average, higher sites had 
greater water content than lower ones.  Significant differences in moisture content were detected 
between sites (One Way ANOVA, F = 1519.316, d.f. = 4, p-value < 0.00001), and each site 
differed from all the others with the exception of the continental divide and the high Pacific slope 
(Fisher LSD Test, all p-values < 0.00001).  Error bars represent standard error.  
 
Fungal Diversity 
A total of 11 morphospecies and 36,807 colonies were recovered from 100 plates of soil 
samples.  Plates ranged from having 2 colonies per sample to 2,502, and the number of species 
represented on each plate ranged from 1 to 6.  Table one indicates the total number of each 
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species recorded for each site.  Species “B” accounted for over 90% of individuals at each site 
with the exception of the lower Pacific.  The continental divide showed the greatest richness of 
species with all 11 species present, while the higher site on the pacific slope had the greatest 
abundance of colonies with 12,477 colonies recorded. The lower site on the pacific slope had 
both the lowest abundance and richness with only 277 colonies representing 5 species.  Figure 
two and three depict the total species richness and abundance (considering all plates together) 
respectively for all study sites.  While no significant difference was detected between the total 
number of species identified at each site (Chi-squared = 2.865, d.f. = 4, p-value = 0.5807), a 
significant difference in the total abundance of colonies was detected (Chi-squared = 32791.052, 
d.f. = 4, two tailed p-value < 0.0001). 
 Species diversity was determined using the Shannon-Weiner Index of diversity.  The total 
number of colonies representing each species was tallied for each site and used to calculate H’.  
Table two indicates the different H’ values for different sites as well as their species richness (S) 
and evenness values (E).  The low Pacific site showed the highest diversity and evenness with 
the low Caribbean, high Caribbean, continental divide, and high Pacific sites decreasing in 
diversity respectively.  All sites differed in diversity statistically (Figure 4, paired t-tests, all p-
values < 0.05).  
 
Table 1.Total abundance of microfungal morphospecies isolated at each study site.  Different 
morphospecies are represented horizonally from A to K while sites are represented vertically.  
Abbreviated site names from top to bottom are lower Pacific, higher Pacific, continental divide, 
lower Caribbean, and higher Carribean.    The five study sites spanned an elevational gradient 
along the Pacific and Caribbean slopes of Premontane Wet-Forest near Monteverde, Costa Rica.  

 A B C D E F G H I J K 
LP 91 102 6 19 9 0 0 0 0 0 0 
HP 74 18155 3 32 59 5 4 3 7 0 0 
D 90 12307 2 5 37 11 1 12 6 4 2 

LC 66 4071 1 3 4 2 0 4 4 0 0 
HC 114 1394 7 2 12 0 1 1 10 0 0 
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Figure 2. Total number of microfungal species identified from soil samples of five study sites 
spanning an elevational gradient along the Pacific and Caribbean slopes of Premontane Wet-
Forest near Monteverde, Costa Rica.  From left to right abbreviated sites denote the “lower 
Pacific” (1630 m), “higher Pacific” (1730 m), “continental dive” (1830 m), “higher Caribbean” 
(1730 m), and “lower Caribbean” (1630 m).  The number of species identified (richness) for each 
site represents the total number of morphologically distinct microfungal species isolated on 20 
agar plates (19 plates were examined for the continental divide).  No significant difference in 
species richness was detected between any site (Chi-squared = 2.865, d.f. = 4, p-value = 0.5807).   

 
Figure 3.Total number of colonies isolated from soil samples of five study sites spanning an 
elevational gradient along the Pacific and Caribbean slopes of Premontane Wet-Forest near 
Monteverde, Costa Rica.  From left to right abbreviated sites denote the “lower Pacific” (1630 
m), “higher Pacific” (1730 m), “continental divide” (1830 m), “higher Caribbean” (1730 m), and 
“lower Caribbean” (1630 m).  The number of colonies identified (abundance) for each site 
represents the total number of colonies isolated on 20 agar plates (19 plates were examined for 
the continental divide).  A significant difference in abundance between sites was detected (Chi-
square = 32791.052, d.f. = 4, two tailed p-value < 0.0001).  
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Table 2. Shannon-Weiner test values comparing species richness and evenness of isolated 
microfungal morphospecies between five sites.  Abbreviated site names, represented from left to 
right are: lower Pacific (LP), higher Pacific (HP), continental divide (D), lower Caribbean (LC), 
and higher Caribbean (HC).    Lower sites were located at 1630 m, higher ones at 1730 m, and 
the continental divide at 1830 m along the Pacific and Caribbean slopes of Lower Montane Wet-
Forest near Monteverde, Costa Rica.  Soil samples were plated on petri dishes containing malt 
extract agar base with rose Bengal solution, and each morphopspecies along with its abundance 
was counted after four days of incubation.          

"
 LP  HP D HC LC 
H’ 1.158 .07186 0.0922 0.1168 0.3965 
E 0.7192 0.0327 0.03845 0.5616 0.1907 
S    5 7 11 8 6 
"

"
Figure 4.  Species diversity at five different study sites as determined by the Shannon-Weiner 
Index of diversity.  Samples were plated on petri dishes containing malt extract agar base with 
rose Bengal solution, and each morphopspecies along with its abundance was counted after four 
days of incubation.  Abbreviated site names, represented from left to right are: lower Pacific 
(LP), higher Pacific (HP), continental divide (D), lower Caribbean (LC), and higher Caribbean 
(HC).  Lower sites were located at 1630 m, higher ones at 1730 m, and the continental divide 
was at 1830 m.   Different letters above each bar indicate significant differences between sites.  
Paired t-tests indicate significant differences between each site (Modified t-tests, all p-values < 
0.05).    
 
Decomposition 
 After twenty days in the field, bags of leaves were recovered and the difference between 
the initial leaf weight and final leaf weight was calculated to determine amount of leaf mass lost 
over the 20-day period.   Leaf mass lost depicts the relative amount of decomposition per site.  
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Figure five indicates that the sites on the Pacific had the most decomposition with 0.172 (=/- 
0.0095) and 0.184 g (+/- 0.0048) lost in the lower and higher sites.  The continental divide and 
low Caribbean sites had similar losses with average weight loss of 0.159 (+/- 0.0198) and 0.151 
g (+/- 0.0115) respectively, and the high Caribbean had the least with 0.130 g (+/- 0.0071) lost.  
The percent of leaf weight lost at the low Pacific, high Pacific, continental divide, high 
Caribbean and low Caribbean respectively was about 17, 18, 15, 12 and 15%.   Sites showed 
significant variation in amount of decomposition (One Way ANOVA, F = 3.444, d.f = 4, p-value 
= 0.0154), with significant differences between the lower Pacific and higher Caribbean (Fisher 
LSD Test, p = 0.0099), the higher Pacific and higher Caribbean, (Fisher LSD Test, p-value = 
0.0012), and the higher Pacific and lower Caribbean (Fisher LSD Test, p = 0.0448).   
 

 
Figure 5. Average amount of leaf decomposition at five study sites spanning an elevational 
gradient along the Pacific and Caribbean slopes of Lower Montane Wet-Forest near Monteverde, 
Costa Rica.  From left to right abbreviated sites denote the “lower Pacific” (1630 m), “higher 
Pacific” (1730 m), “continental dive” (1830 m), “higher Caribbean” (1730 m), and “lower 
Caribbean” (1630 m).  Amount of decomposition was determined by comparing the average leaf 
mass lost of 50 mesh bags (10 at each site) containing leaves from an unidentified understory 
species that were placed under leaf litter directly touching the topsoil at each study site.  Leaves 
remained in the field for 20 days before being weighed. The amount of decomposition varied 
significantly with site location (One Way ANOVA, F = 3.444, d.f = 4, p-value = 0.0154).  
Significant differences were seen between the following sites: LP and HC (Fisher LSD Test, p = 
0.0099), HP and HC (Fisher LSD Test, p-value = 0.0012), and HP and LC (Fisher LSD Test, p = 
0.0448).  Error bars represent standard error.           

DISCUSSION 
This study sought to understand the relationship between microfungal soil diversity and function 
in relation to climate change.  Five study sites were chosen along an elevational gradient on both 
the Pacific and Caribbean slopes (as well as the continental divide).  Due to orographic cloud 
formation on the Caribbean slope, and a rain shadow that forms on the Pacific slope, the 
Caribbean was expected to receive more consistent rainfall, while the Pacific was expected to 
experience slightly more seasonality (Still et al. 1999; Pounds et al. 1999).  While this should 
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create moister soils on the Caribbean slope and continental divide, the high Pacific site actually 
contained some of the moistest soil.  This is may be a result of microscale differences in habitat 
and landscape that may have allowed runoff to concentrate at the site and saturate the soil.  
However, the general trend for soil moisture indicated increasing wetness with altitude.  
 The compounding effect of recent climate change, which is causing significantly dryer 
days in low elevation sites on the Pacific, was also expected to more drastically alter soil 
moisture in the low Pacific site (1630 m; Pounds et al. 1999).  Since fungi tend to thrive in cool, 
moist environments, it was hypothesized that the dryer and warmer conditions in the low Pacific 
would have lower fungal diversity (Kouyeas, 1964). While moisture analysis for the low Pacific 
indicated significantly less soil water content, species diversity was also significantly greater 
there than at any other site.  This unexpected result was due to very low evenness, despite higher 
richness, among all other sites.  Though the other sites all had significantly greater abundance 
compared with the lower Pacific, they were also dominated by a single species.  Therefore, this 
specie’s abundance defined diversity.  Since the dominant species was only present on two plates 
containing soil samples from the lower Pacific, it may simply be a species with a fine thermal 
and moisture range that currently has few individuals well-adapted to the low Pacific conditions. 
 It is also noteworthy that the relative amount of leaf decomposition was greatest in both 
sites on the Pacific, as well as the continental divide. Though rate of decomposition does not 
exclusively represent the functional influence of the microfungi, more diverse communities have 
often been associated with higher rates of decomposition, as well as strong nutrient cycles 
(Setala & McLean 2004).  Different environmental conditions can have varied effects on enzyme 
production (even among individuals of the same species), and interactions between different 
fungi can affect enzyme production and decomposition (Setala & McLean 2004).  Since moist 
conditions are most often associated with optimal fungal growth, it is possible that fungal 
physiology happens to operate particularly well given the abiotic conditions at the high Pacific 
and continental divide (A’Bear et al. 2014).  On the other hand, fungal interactions may also play 
a role in increasing decomposition at the low Pacific site despite such dry conditions.  The 
relative lack of a dominant species might allow other species to exert more of an influence on the 
environment.  If these other fungi are no longer inhibited by such a dominant species, they can 
provide different enzymes that contribute to decomposition in unique or improved ways.  This 
would make them more functionally efficient in spite of dryer conditions.  Furthermore, this 
would help explain why the Caribbean sites, which had more richness than the lower Pacific site, 
still exhibited less decomposition.  The dominance of a single species may have inhibited the 
influence of other decomposing species seen in the Caribbean.  While the sheer abundance of 
this species may have overcome the lack of diversity in the high Pacific and continental divide, it 
may not have been great enough in the Caribbean.  In this case, optimal moisture conditions for 
the abundant species in the high Pacific and continental divide allowed the species to proliferate 
to such a degree that the high metabolic activity of a single species overcame the lack of 
physiological diversity.  Under these conditions, diversity seems more important in less abundant 
communities. 
 More research on the enzymatic productivity of these soil fungi in relation to moisture 
and to their interactions with one-another must be conducted to fully understand the interplay 
between community diversity and functionality.  Furthermore, the similarity between percent of 
leaf weight loss indicates that more time for leaf decomposition should be applied to future 
studies using decomposition as a measure of functionality.   However, if both soil moisture and 
species interactions influence microfungal function, then it may be possible to explain why sites 
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in the Caribbean had slow decomposition.  They may lack optimal diversity levels, or conversely 
optimal moisture levels that permit rapid proliferation and promote the greatest functionality.   
 Since the diversity values were so affected by a single dominant species, it is also 
important to look at composition in terms of species richness and consider its relation to 
elevation and function.  While no significant differences were detected between sites, a general 
trend towards greater richness with increasing elevation was evident.  Since decomposition rates 
did not correspond with this trend—the high Pacific and Caribbean sites had a similar number of 
species represented yet variable degrees of decomposition--richness cannot be used as an 
indication of functionality in this experiment.  Though richness increased with slope and 
moisture, there was no strong link to decomposition.  Richness as a factor of composition is not 
clearly correlated with microfungal composition. 
 While past studies investigating biotic responses to climate change have often depicted 
clear upward trends of animals and even plants along elevational gradients, this study indicates 
that the response of microfungi—in terms of diversity and function--may be more multifaceted.  
Diversity varied with elevation and decomposition, while overall richness increased with 
elevation but did not uniformly correlate with decomposition.   Clear abiotic trends were 
indicated by increasing soil moisture in higher elevations, but the response of microfungal 
diversity and decomposition was much more complex. Therefore, this study demonstrates that 
while microfungal communities respond to abiotic factors like altitude and moisture, the overall 
effects of these differences on function and diversity are nuanced and not as straightforward as 
recent studies on macro flora and fauna distributions.  If microfungal communities can remain 
highly functional in different environments, and with varying degrees of diversity, then their 
response to climate change may be a reflection of the interplay between many different factors--
soil moisture and diversity represent two.  Increasing cloud banks as a result of climate change 
are likely to continue altering soil moisture levels, thus impacting microbial diversity and 
function, even if not in straightforward ways.     
 
ACKNOWLEDGEMENTS  
I would like to thank Dr. Alan Masters for advising me on this project and providing support and reassurance during 
stressful times.  Thanks also go out to Moncho Calderón 
for taking the time to help me establish elevational gradients for my study sites, and for providing materials and 
answering my incessant questions.  An additional thank you to both Alan and Moncho for making the drive to San 
Jose to pick up my plates.  Finally, I would like to acknowledge Johel Chaves and Raquel Bone for always being 
available to answer questions and provide materials.        
 
LITERATIRE CITED   
 
A'BEAR, A., T. JONES, E. KANDELER & L. BODDY. 2014. Interactive effects of temperature and soil moisture 
on fungal-mediated wood decomposition and extracellular enzyme activity. Soil Biology And Biochemistry, 70151-
158. 
 
AKOB, D. M. & K. KUESEL. 2011. Where microorganisms meet rocks in the Earth's Critical Zone. 
Biogeosciences, 8(12), 3531-3543. 
 
ALBOUY, C., L. VELEZ, M. COLL, F. COLLOCA, F. LOC'H, D. MOUILLOT & D. GRAVEL. 2014. From 
projected species distribution to food-web structure under climate change. Global Change Biology, 20(3), 730-741 
 

 18 



BALDRIAN, P., J. Voříšková, P. Dobiášová, V. Merhautová, L Lisá & V. Valášková. 2011. Production of 
extracellular enzymes and degradation of biopolymers by saprotrophic microfungi from the upper layers of forest 
soil. Plant & Soil, 338(1/2), 111-125. 
 
FEELEY, K.J., J. HURTADO, S. SAATCHI, M.R. SILMAN, & D.B. CLARK. 2013. Compositional shifts in Costa 
Rican forests due to climate-driven species migrations. Global Change Biology. 19: 1472-3480. 
 
FOSTER, PRU. 2001. The potential negative impacts of global climate change on tropical montane cloud forests. 
Earth-Science Reviews. 55:73-106. 
 
KOUYEAS, V. V. 1964. An approach to the study of moisture relations of soil fungi. Plant & Soil, 20(3), 351. 
 
MCCANN, K.S. 2000. The diversity-stability debate. Nature, 405: 228-233.  
 
MCLEAN, M. A. & V.V. HUTHA. 2000. Temporal and spatial fluctuations in moisture affect humus microfungal 
community structure in microcosms. Biology & Fertility Of Soils, 32(2), 114. 
 
PORTER, E., W. BOWMAN, C. CLARK, J. COMPTON, L. PARDO & J. SOONG. 2013. Interactive effects of 
anthropogenic nitrogen enrichment and climate change on terrestrial and aquatic biodiversity. Biogeochemistry, 
114(1-3), 93-120. 
 
POUNDS, J., M.P.L. FOGDEN & J.H. CAMPBELL. 1999. Biological response to climate change on a tropical 
mountain. Nature, 398(6728), 611. 
 
SCHOLL, M. A., T.W. GIAMBELLUCA, S.B. GINGERICH, M.A. NULLET & L.L. LOOPE. 2008. Cloud water 
in windward and leeward mountain forests: The stable isotope signature of orographic cloud water. Water Resources 
Research 43, W12411: 1-13. 
 
STILL, C. J., P.N. FOSTER & S.H. SCHNEIDER. 1999. Simulating the effects of climate change on tropical 
montane cloud forests. Nature, 398, 608±610. 
 
VERBERK, W.P., G. VAN DER VELDE, & H. ESSELINK. (2010). Explaining abundance–occupancy 
relationships in specialists and generalists: a case study on aquatic macroinvertebrates in standing waters. Journal Of 
Animal Ecology, 79(3), 589-601. 
 
"

 19 



!

Epiphyll response to changing mist frequency in tropical Cloud Forest 
 
Chris J. Hughes 
 
Department of Biology, University of Wisconsin-Madison 
 
 
ABSTRACT 
 
While climate change elevates many tropical montane animal ranges who track historical 
mist frequencies, it is not known if fungi and plants do the same.  Colonization of 
epiphylls on new leaves makes them likely to respond to climate change rapidly. The 
purpose of this study was to explore how epiphylls respond to elevation and mist 
frequency. Epiphyll cover on Geonoma edulis (Araceae) was measured on the more 
seasonal Pacific slope, misty continental divide, and wetter Caribbean slope of the 
Monteverde Cloud forest in Costa Rica. Mist collectors were placed at each site. In 
addition, epiphyll laden Clusia stenophylla (Clusiaceae) leaves were removed and 
separated into three treatments of varying mist frequency to measure epiphyll growth 
over 21 days. Collected mist increased from the Pacific slope (50 ml), to the continental 
divide (175 ml), and was highest on the Caribbean slope (325 ml). The Pacific slope had 
the least epiphyll cover (20.12% +/- 0.228%, n = 50), followed by the continental divide 
(41.60% +/- 0.449%, n = 50) and the Caribbean slope (64.28% +/- 0.661%, n=50). 
Epiphyll cover on Clusia leaves increased when mist was added everyday (8.81% +/- 
0.0927%, n = 11), didn’t change when mist was added every five days (0.06% +/- 
0.0541%, n = 11), and decreased when no mist was added (-7.17% +/-0.0874%, n = 11). 
As climate change increases the number of consecutive dry days in tropical montane 
areas, epiphylls will track historical mist frequencies by dying back in drier areas. 

 

RESUMEN 
 

Mientras el cambio climático aumenta el rango elevacional de muchos animales 
tropicales que siguen la frecuencia de la neblina, no se conoce si las plantas y los hongos 
hacen los mismo.  La colonización de epífilos en hojas jóvenes los hacen susceptibles a 
responder rápidamente al cambio climático.  El propósito de este estudio fue explorar la 
respuesta de los epífilos a la elevación y la frecuencia en la niebla.  La cobertura de 
epífilos en Geonoma edulis (Araceae) se midió en la vertiente Pacífica que es mas 
estacional, la nubosa division continental y la húmeda vertiente del Caribe de el bosque 
nuboso de Monteverde.  Se colocaron colectores de neblina en cada sitio.  Además, hojas 
de Clusia stenophylla (Clusiaceae) con epífilos se removieron y separaron en tres 
tratamientos de diferente frecuencia de neblina para medir el crecimiento de epífilos en 
un tiempo de 21 días.  La neblina colectada aumenta desde la vertiente Pacífica (50 ml), a 
la división continental (175 ml), y fue mayor en la vertiente Caribe (325 ml).  La 
vertiente Pacífica tiene la menor cobertura de epífilos (20.12% +/- 0.228%, n = 50), 
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seguido por la división continental (41.60% +/- 0.449%, n = 50) y la vertiente 
Caribe (64.28% +/- 0.661%, n=50).  La cobertura de epífilos en hojas de Clusia aumenta 
cuando se agrega niebla cada día (8.81% +/- 0.0927%, n = 11), no cambia cuando se 
agrega niebla cada cinco días (0.06% +/- 0.0541%, n = 11), y disminuye cuando no se 
agrega niebla (-7.17% +/-0.0874%, n = 11).  Al aumentar el cambio climático el numero 
consecutivo de días secos en las areas montañosas tropicales, los epífilos pueden seguir 
las frecuencias de niebla históricas muriendo en las áreas secas. 
 

INTRODUCTION 
 
 
Climate change impacts tropical montane communities by lowering mist frequency for a 

given altitude (Pounds et al. 1999). As a result, many animals move up to encounter 

historically similar conditions (Freeman and Freeman 2014; Moritz et al. 2008; Chen et 

al. 2011). Fungal and plant responses are harder to detect as they are generally sessile. A 

possible exception may be epiphylls.  These are mostly small lichens and liverworts that 

rapidly colonize new leaves, and so may respond to changing mist frequency rapidly.  

Liverworts grow more rapidly in wetter sites and in wetter seasons (Olarinmoye 1974), 

Also, epiphyll cover increases when misted during dry conditions (Drake 2005). Mist 

deposition on tropical mountains is significant.  For example, Monteverde, Costa Rica 

(altitude 1500m) receives 22% of its annual precipitation as mist (Clark et al. 2000). As 

epiphylls are abundant in Cloud Forest and respond to wetness, including mist, they are 

likely to respond to changing mist frequency occurring there.   

Tropical mountains have high species turnover due to climatic differences 

between narrowly compressed life zones (Young and McDonald 2000). When air 

temperatures rise in places like Montevede, Costa Rica mist frequency is altered 

profoundly at altitudes of historical adiabatic cooling (Pounds et al. 1999).  Between 

1975 and 1980, 10 percent of dry season days had no mist deposition. This increased to 

 21 



!

35 percent between 1987 and 1998, and is correlated with the upslope migration of 17 of 

202 bird species and declines in the abundances of 20 of 50 amphibian species between 

1500 and 1800 m (Pounds et al. 1999). Climate change could cause clouds to rise 

hundreds of meters due to increased atmospheric CO2 concentration as early as 2050, 

further decreasing mist deposition (Still et al. 1999). A decrease in mist deposition and 

humidity could have a significant effect on epiphyll cover and their host leaves.  

Epiphyll cover has a significant effect on the community they inhabit. Epiphylls 

increase the probability of host colonization by pathogens by keeping the leaf surface wet 

for long periods of time (Coley and Kursar 1996). However, liverworts also increase 

defense against herbivores due to high concentrations of terpenoids and phenolic 

compounds (Coley and Kursar 1996). Lichens also contain secondary metabolites with 

antibiotic and antiherbivore properties (Coley and Kursar 1996).  Epiphyll cover also 

reduces photosynthetic capability by up to 19.7% (Roskoski 1981). These varying 

impacts have a serious affect on their host leaves, so knowing how epiphylls respond to 

changing mist is of community concern.  

Due to the potential effects of climate change on epiphyll cover, this study 

explores how epiphyll cover on Geonoma edulis (Arecaceae) changes across adjacent life 

zones with varying precipitations and mist frequencies. This study also simulates the 

potential effects of climate change on epiphylls by exploring how epiphylls on Clusia 

stenophylla (Clusiaceae) react to mist frequency. This simulates the effects of varying 

periods of present dryness on epiphyll cover compared to historical mist frequency. The 

everyday mist treatment simulates historical mist patterns, as just 10% of dry season days 

were mist-free. Now it is well over 35%. Those dry days can stretch together for days or 
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weeks, which are simulated in the mist every five days and the no mist treatments that 

this study did.   

 

METHODS 

 

EPIPHYLL COVER IN VARYING LIFE ZONES 

Data were collected from three different life zones in the Monteverde Cloud Forest, Costa 

Rica: along the continental divide, on the Pacific slope, and on the Caribbean slope (Fig. 

1). The Pacific slope is classified as a Lower Montane Wet Forest, while the Caribbean 

slope and continental divide are classified as Lower Montane Rainforests (Haber 2000). 

Data from the Pacific and Caribbean slopes were taken from between 1500m and 1650m 

in elevation, while data from the continental divide were taken at 1750 – 1800 m in 

elevation.  

 Percent epiphyll cover was measured using a laminated cell grid on 50 G. edulis 

leaves (Fig. 2) in each life zone. This was done by measuring the number of 1cm2 cells 

with more than 50% epiphyll cover in a transparent grid, and dividing that by the total 

number of cells covering the leaf. Between 60 and 120 cells were counted, depending on 

the size of the leaf. Individuals were of similar age, in good condition, not in forest gaps. 

Individuals had between three and seven leaves and between 1.5m and 2m tall. The 

middle leaf of each individual was sampled. If there was an even number of leaves, the 

middle leaf closer to the top was sampled. There were no observable differences between 

individuals other than epiphyll cover and small variations in height. Epiphyll cover was 

measured between 10 April and 6 May, which was the end of the dry season.   
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Mist collectors were placed at 1570m in elevation on the Pacific slope, 1588m in 

elevation on the Caribbean slope, and 1730m in elevation on the continental divide. Mist 

was allowed to collect for 24 days. Collectors were hung from branches along the trail 

(Fig. 3).  

 

    

Figure 1: From left to right: photos of the Pacific slope, continental divide, and the 

Caribbean slope. Data from the Pacific and Caribbean slopes were taken between 1500m 

and 1650m in elevation while data from the continental divide were taken from 1750m in 

elevation. The Caribbean slope was noticeably wetter than the continental divide, which 

was wetter than the Pacific slope.  
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Figure 2: Geonoma edulis with epiphyll                Figure 3: Mist collector setup. Mist  

cover in the Monteverde Cloud Forest,                  collectors were placed at 1570m in 

Costa Rica. 50 individuals were sampled from     elevation on the Pacific slope, 1588m  

each life zone. Individuals were between         in elevation on the Caribbean slope, 

1.5 and 2m in height, in good condition,               and 1730m in elevation on the  

and had three to seven leaves. Only                      continental divide. The collected  

individuals under unbroken canopy                      mist was measured after 24 days.    

were sampled. 

 

              

MIST FREQUENCY EXPERIMENT   

Thirthy-three leaves of the C. stenophylla with epiphyll cover between 25 and 50 percent 

were collected from the forest behind the Monteverde Biological Station. Epiphyll cover 

for each leaf was measured using a transparent cell grid (as above), and then the stem of 

each leaf was wrapped in a moist paper towel and plastic, and secured with a rubber band 

(Fig. 4) to prevent leaf desiccation.  Leaves were placed in separate aquariums with 

varying mist frequency. The first aquarium received no mist. The second and third 

aquariums received 200mL of mist via a water bottle attached to Repti Fogger Terrarium 

ultrasonic humidifiers every fifth morning and every morning, respectively. The leaves 

were removed after 21 days and the final epiphyll cover was measured.  
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Figure 4: C. stenophylla leaf exposed to one of three mist frequencies for 21 days to 

measure changes in epiphyll cover.  Percent epiphyll cover of leaves was measured using 

a transparent cell grid. The stems of the leaves were then wrapped in moist paper towel 

and plastic, and then secured using a rubber band. Leaves were then placed in three 

separate aquariums with varying mist frequency. Final epiphyll cover was measured after 

21 days. 

 

RESULTS 
 
 
EPIPHYLL COVER IN VARYING LIFE ZONES 
 
Collected mist increased from the Pacific slope, to the continental divide, and was 

greatest on the Caribbean slope with 50mL, 175mL, and 335mL collected over 24 days. 

150 G. edulis individuals were sampled with 50 in each life zone. Life zone significantly 

impacted epiphyll cover (One Way ANOVA, F=112.21, df=2, p < 0.0001). The Pacific 

slope had the least epiphyll cover with 20.12 percent (+/- 0.228%, n = 50), compared to 

41.60 percent (+/- 0.449%, n = 50) for the continental divide, and 64.28 percent (+/- 
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0.661%, n = 50) for the Caribbean slope (Fig. 5). All three life zones were significantly 

different from each other (Fisher LSD, p < 0.0001).  

MIST ADDITION EXPERIMENT 

Mist addition significantly affected epiphyll cover (One Way ANOVA, F=30.68, df=2, p 

< 0.0001). Change was always positive when mist was added every day (mean = 8.81% 

+/- 0.0926%, n = 11, Fig. 6), near zero when mist was added every five days (mean = 

0.06%, +/- 0.054%, n = 11), and negative when no mist was added (mean = -7.17% +/- 

0.0874%, n = 11). All treatments were significantly different from each other. (Fisher 

LSD, p < 0.01).  

  

Figure 5: Epiphyll cover of on leaves of neotropical understory palm Geonoma in varying 

climates. Epiphyll cover was calculated as percent epiphyll cover as measured with a grid 

with 1cm2 sampling units. Means are based on 50 Geonoma leaves per life zone. All life 

zones were significantly different (Fisher LSD, p < 0.0001). Error bars represent standard 

errors. 
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Figure 6: Change in epiphyll cover of C. stenophylla leaves with varying mist 

frequencies. Leaves were placed in three treatments. The first treatment received no mist, 

while the second and third aquariums received 200mL of mist via a water bottle attached 

[to ultrasonic humidifiers] every fifth morning and every morning, respectively. Means 

are based on 11 C. stenophylla leaves per treatment. Each bar is one individual. Epiphyll 

cover was measured before and after a 21-day treatment period. All treatments were 

significantly different from each other (Fisher LSD, p < 0.01).  

 

 
 
DISCUSSION 
 
 
Epiphyll cover increased from the Pacific slope, to the continental divide, and to the 

Caribbean slope, which corresponds to increased mist deposition.  An increase in epiphyll 

cover also correlated with increasing mist frequency, as found in the mist addition 

experiment. This shows that epiphylls respond to precipitation, and do so quickly.   
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It is predicted that the number of consecutive dry days in montane Costa Rica will 

continue to increase (IPCC 2013). This has already resulted in drought conditions similar 

to ones used in the mist addition experiment. Mist added every day resulted in a net 

increase in epiphyll cover, but mist added every 5 days halted epiphyll growth. 

Consecutive days without mist such as this are common during the dry season in 

Monteverde. This reflects the effects that climate change is already having on the growth 

of epiphylls at historically mistier altitudes. Severe drought conditions, as simulated in 

the no mist treatment, resulted in a net loss in epiphyll cover.  

This study shows the effects that climate change have already had on epiphyll 

cover. Longer dry periods with little mist deposition inhibit epiphyll growth and cause a 

loss in epiphyll cover. Longer dry periods also would likely inhibit epiphyll colonization. 

Epiphyll cover on the Pacific slope is already limited in the dry season due to little mist 

deposition. Climate change is reducing epiphyll cover from montane Pacific life zones 

during the dry season, and will cause the continental divide to slowly start to resemble 

that of the Pacific slope today.  

The effects of climate change on any habitat are complex and multifaceted. It has often 

been thought that the effects of climate change are far away and that they need not be 

solved today. However, climate change is already having an effect on our ecosystem. It 

has already influenced the migrations of birds and small mammals (Freeman and 

Freeman 2014; Moritz et al. 2008; Chen et al. 2011). While the effects of climate change 

on plants are harder to detect as their only means of migration are via seed dispersal, the 

effects of climate change on epiphylls are much more visible as they have been shown in 

this study to rapidly respond to mist. Due to the complex effects that epiphylls have on 
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their host leaves, the effect of climate change on epiphyll cover must be considered when 

considering the ramifications of climate change.  
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ABSTRACT

Tree ferns (Cyathaceae and Dicksoniaceae) release allelochemicals that decrease the species 

diversity and richness of plants nearby. How tree fern allelopathy inhibits the surrounding plants 

is not known, though impacts on the other plant's mycorrhizae might play a role. This experiment 

measured the abundance of mycorrhizae in the roots of plants growing 30, 60 and 120 cm 

downhill from a tree fern, as well as one sample uphill. A statistically significant trend was 

found, where mycorrhizal cover increased with distance (One Way ANOVA, n=20, F=10.5762, 

df=3, p=0.00001).  A second experiment was performed by watering plants with either tree fern 

leachate or distilled water, but there was no statistically significant difference between 

mycorrhizal cover in the control and treatment groups (n=9, df=2, p=0.169 and n=10, df=2, 

p=0.122, respectively). Mycorrhizal abundance increased with distance from the tree fern, 

indicating that allelopathy is at least in part mediated by disrupting mycorrhizal-plant 

interactions. However, controlled watering experiments may take longer to demonstrate these 

same effects.  

RESUMEN

Los helechos arborescentes (Cyathaceae y Dicksoniaceae) liberan aleloquímicos que disminuyen 

la diversidad y riqueza de especies de plantas en los alrededores.  Como la alelopatía de los 

helechos arborescentes inhibe las plantas alrededor es desconocido, aunque el impacto en las 

micorrizas de otras plantas puede tener un impacto.  Este experiment mide la abundancia de 

micorrizas en las raíces de plantas creciendo a 30, 60 y 120 cm cuesta abajo de un helecho 

arborescente, al igual que una muestra cuesta arriba.  Una tendencia estadísticamente 

significativa se encontró en donde la cobertura de micorrizas aumenta con la distancia (ANOVA 

de una vía, n=20, F=10.5762, gl=3, p=0.00001).  Un segundo experiment se realizó regando 

plantas ya sea con una dilución del helecho o agua destilada, pero no hubo diferencias 

significativas entrela cobertura de micorrizas entre el control y el tratamiento (n=9, df=2, 

p=0.169 y n=10, df=2, p=0.122, respectivamente).  La abundancia de micorrizas aumenta con la 

distancia desde el helecho arborescente, indicando que la alelopatía es al menos en parte mediada 

por la disrupción de las interacciones planta-micorriza.  Sin embargo, experimentos controlados 

de riego pueden tomar más tiempo para mostrar los mismos efectos.
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INTRODUCTION

Competition between plants can be strong, especially in the tropical understory, where there are 

limiting light and nutrient conditions (Quilambo 2004). Thus, many of these plants produce 

allelopathic compounds, which inhibit growth, survival and reproduction of neighbors (Nasim 

2013). Tropical tree ferns (Dicksoniaceae and Cyathaceae), have been shown to leach 

allelochemicals that inhibit plant growth directly downhill from them (Gomez 1983). However, 

the mechanism of this inhibition is not known. Relationships with mutualistic mycorrhizal fungi 

are essential for most tropical plants, as they capture important nutrients and minerals that would 

otherwise be leached away (Quilambo 2004).  Given the importance of mycorrhizae for tropical 

plant fitness, it is possible that allelopathy inhibits neighboring plants by interfering with their 

mycorrhizae.

Previous studies support the presence of allelopathic chemicals in tree ferns.  There is a 

significantly lower plant abundance as well as diversity directly downhill from tree ferns 

(Heckendorn & Saeman 2003, Kelly 2000). Additionally, seeds of tomatoes and other plants 

have lower germination rates when soaked in tree fern frond leachate (Duffield 1996, 

Heckendorn & Saeman 2003). The specific allelopathic chemicals that are released by tree ferns 

have not been studied in depth, but other fern species (eg Pteridium aquilinum) release a wide 

variety of biochemicals, including phenolic compounds, phenolic acids, flavanoids and tannins 

(Cooper-Driver 1990). Phenolic compounds in particular have antimicrobial properties, and their 

main role in plants is hypothesized to protect against fungi, bacteria, and viruses (San Fransisco 

& Cooper-Driver 1984).  However, some forms of fungi are beneficial to plants, as many plants 

worldwide form mutualistic associations with soil-borne mycorrhizal fungi. These are especially 

important in the poor soils of the tropics, where up to 80% of plants have mycorrhizae. 

Mycorrhizae form a mutualistic association where the fungus effectively increases the area of the 

plant's root, helping to absorb vastly more nutrients, especially phosphates, which tropical soils 

are notoriously poor in (Quilambo 2004). 

 Allelopathic chemicals in soils can suppress the mycorrhizae of other plants (Stinson 

2006).  Allelochemicals can remain in the soil even after the plant is gone, causing decreased 

mycorrhizal associations for plants grown there in the future (Grove et al. 2012).  In in some 

cases, allelopathic compounds in forest floor litter negatively affect the formation of mycorrhizal 

associations (Rose et al. 1982). Thus, allelopathic chemicals can indirectly harm plants by 

disrupting their mycorrhizal interactions, but it is not known whether this is the case for tropical 

tree ferns. To determine this, this study examines the mycorrhizal cover for plants growing at 

different distances from the frond canopy of tree fern, as well as mycorrhizal cover in plants 

watered with tree fern frond leachate. 

MATERIALS AND METHODS

MYCORRHIZAL COVER AND DISTANCE – Twenty tree ferns (Families Cyathaceae and 

Dicksoniaceae) were located along the Cariblanco and Jilguero trails near the Estación Biológica 

in Monteverde, Costa Rica. These individuals were located in the understory of tropical 

premontane moist forest, on the Pacific side of the Continental divide, with yearly rainfall of 

2500-3500mm (Nadkarni & Wheelwright  2000). Tree fern species were not differentiated as 

Heckendorn and Saeman (2003) found that allelopathic effects did not vary significantly between 

them. Tree ferns were sampled between 1498 and 1622m, with an average elevation of 1545m. 
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Ferns averaged 109 cm in height, measured from the ground to the start of the fronds. The 

diameter of the ferns averaged 31cm, measured approximately 20cm from the start of the fronds. 

Only ferns with between 3 and 6 healthy fronds (defined as minimum 75% intact) were selected 

(Figure 2A). Samples were gathered during the month of April. Care was taken to ensure that the 

light conditions for all ferns were similar, all growing in the low-light of closed-canopy 

understory.  

Fine root samples were gathered from plants growing at 30cm, 60cm, and 120cm from 

the trunk of the tree fern. There was a ± 5cm range for the locations, as some ferns did not have 

plants growing at exactly those intervals. As tree ferns typically grow on slopes, these root 

samples were gathered directly downhill from the fern, to account for water runoff. An additional 

sample was gathered directly uphill, in a location that was not underneath the frond canopy. 

The roots were then stained using a slightly modified technique from Vierheilig et al. 

(1998). Roots were rinsed with tap water and then boiled for five minutes in a 10% KOH 

solution, then rinsed again and boiled for four minutes in a 5% vinegar and Lactophenol Blue 

solution. Root were destained overnight in an approximately 1% vinegar solution, to increase 

contrast. Slides were prepared with approximately 0.5cm segments of root surface shaved from 

the collected root. Four slices were selected from each root (Figure 1A). Samples were then 

examined under a compound light microscope using 10x magnification. Each slice was 

photographed using a Celestron Digital Microscope camera attachment. The area that was 

visually determined to have the highest mycorrhizal cover was photographed. Each image 

(640x480 pixels) was later viewed in Adobe Photoshop at 100%, using a 10x7.5 grid overlay, 

with a grid line every 64 pixels. A grid square was determined to be covered if a hyphae crossed 

the square or if there was one large vesicle or several smaller vesicles (Figure 1B). Mean percent 

mycorrhizal cover was calculated for each root sample. 

Figure 1A. A typical slide, showing the relative size of the slices of the root surface that were 

examined. Root slices were cut from plants growing underneath tropical tree ferns (Cyathaceae 

and Dicksoniaceae) between 1498 and 1622m in tropical premontane moist forest of 

Monteverde, Costa Rica. Slices were then examined for mycorrhizae. 
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Figure 1B: A typical image of mycorrhizae (hyphae and a few scattered vesicles) on a root slice. 

Roots were collected from underneath tropical tree ferns (Cyathaceae and Dicksoniaceae) 

located between 1498 and 1622 m in tropical premontane moist forest in Monteverde, Costa 

Rica. This sample was boiled with 10% KOH and then stained with a 5% Lactophenol Blue and 

vinegar solution. Photograph was taken at 10x with a compound microscope, using a Celestron 

Digital Microscope camera attachment. Numbers show the number of grid squares in each 

column or row counted as covered by mycorrhizae. This sample has 36.5 grids with mycorrhizae, 

or 48.6% mycorrhizal cover. 

CONTROLLED WATERING – 20  Conostegia sp seedlings (Family Melastomataceae) were 

collected along the edge of the Cariblanco trail near the Estación Biológica in Monteverde, Costa 

Rica. This plant was chosen for its relative abundance in the understory and for its good contrast 

after mycorrhizal staining.  All plants were seedlings, with a minimum of 4 mature leaves 

(Figure 2B). Seedlings were transplanted into small pots and kept in the shade, only receiving 

diffuse light in the morning, to maintain understory light conditions. Plants were sheltered from 

the rain, though field mist and humidity levels were maintained. Control seedlings were watered 

every other day with 15ml of distilled water, while test seedlings were watered with 15ml of fern 

leachate. 
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Figure 2A and B. Left(A): An example of a tropical tree fern, showing moderate height and 3 

healthy fronds. Right(B): A Conestegia sp seedling with 4 mature leaves. Both plant species are 

from the tropical premontane moist forest in Monteverde, Costa Rica, between 1498 and 1622 m. 

Plants growing around the base of the tree fern were sampled and examined for mycorrhizae. 

Conestegia seedlings were watered with either fern leachates or water and then examined for 

mycorrhizae at day 1, 12, and 20. 

Fern leachate was prepared by mixing approximately 10g of fern fronds with 200ml of distilled 

water. Fern fronds were chosen from a mix of the previously sampled tree fern population. 

Fronds pieces were taken from the middle of the frond, and multiple fronds were sampled per 

fern. The frond pieces were rinsed in tap water and then lightly agitated with a pestle, to simulate 

the conditions that a frond might undergo during a rainstorm with wind. Leachate was then 

refrigerated overnight and allowed to steep. New leachate was prepared for each watering. Root 

samples were taken from each plant at day 1, 12, and 20 and prepared and analyzed using the 

same previously described procedure. 

 37 



RESULTS

MYCORRHIZAL COVER AND DISTANCE – 

Figure 3. Mycorrhizal abundance for plant roots at different distances from trunks of allelopathic 

tree ferns. Root samples were collected from plants growing the specified distance away from 

the trunk of a tree fern (Cyathaeceae or Dicksoniaceae). Samples were collected in the 

understory of a tropical premontane moist forest, between 1498 and 1622m elevation in 

Monteverde, Costa Rica. Roots were cleaned by boiling in 10% KOH, and then stained with a 

5% Lactophenol Blue and vinegar solution. Each box plot was calculated from 80 data points, 4 

root slices from each  location around 20 ferns.

Distance from the trunk of a tree fern had a significant impact on the percent mycorrhizal 

cover of plant roots (One Way ANOVA, F=10.5762, df=3, p=.00001). There was a clear trend of 

increasing mycorrhizal cover with increasing distance. 30 cm from the tree trunk had the lowest 

mycorrhizal cover, with a mean of 21.9% ± 0.227. 60cm had the next highest, with a mean of 

28.5%  ± 0.297). 120cm increased further, with a mean of 30.1% ± 0.322. The sample from 

uphill and outside the fern canopy had the highest mycorrhizal cover, of 37.8% ± 0.385. Post-hoc 

analysis using a Tukey B Test for Contrasts on Ordered Means reveals a borderline statistically 

significant difference between 30cm and 60cm (p=0.06).  The difference between 60cm and 120 

cm was not statistically significant (p=0.77). All other relationships, 30 vs 120, 30 vs Uphill, 60 

vs Uphill, and 120 vs Uphill were statistically significant (p<.05). 
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CONTROLLED WATERING – 

Figure 4. Mycorrhizal abundance over time for Conostegia sp roots watered with either 

allelopathic tree fern leachate or distilled water. Conostegia sp seedlings were collected at 1530m 

in the understory of tropical premontane moist forest in Monteverde, Costa Rica. Seedlings were 

transplanted and then watered with fern leachate (top) or distilled water (bottom) for 20 days. 

Roots were sampled at 1, 12 and 20 days (BEGIN, INTER and END). They were cleaned by 

boiling in 10% KOH, then stained with a 5% Lactophenol Blue and vinegar solution. Each box 

plot was calculated from 80 data points, 4 root slices from each of the 20 plants. 

A Friedman test found no statistically significant difference between sampling times and 

mycorrhizal cover, in either the experimental or control group (n=9, d.f=2, p=0.169 and n=10, 

d.f=2, p=0.122, respectively).  Additionally, there was not a statistically significant difference in 

mycorrhizal cover found between the treatment group and the control group (Students t-test, 

p=0.433). However, there was a trend of decreasing mycorrhizal abundance over time, in both 

the treatment and control groups. In the treatment group, the initial mean percent was 0.375 ± 

0.038, which declined to 0.334 ± 0.028 at the intermediate sampling and finally to 0.277 ± 0.024. 

In the control group, the same trend occurred, with an initial mean value of 0.385±0.045, 

intermediate of 0.325±0.033, and final of 0.299±0.027.  
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DISCUSSION

Allelopathic tree ferns negatively affected mycorrhizal abundance of neighboring plants. 

Therefore, decreases in plant diversity (Kelly 2000) and abundance (Heckendorn and Saemen 

2003) beneath tree ferns may be due, at least in part, to a decrease in mycorrhizae.  This 

relationship is supported by the graduated response of mycorrhizal abundance with distance from 

the fern: closer to a tree fern, plants exhibited lower mycorrhizal abundance. It is unlikely that 

this effect is due to shade or another factor, as the 30, 60, and 120cm were collected from the 

same environmental conditions of complete tree fern canopy cover. The large departure of the 

uphill sample, which is not subject to the downhill leaching of allelochemicals, also provides 

strong support for allelopathic effect on mycorrhizae. 

However, this relationship was not supported by the controlled growth experiment. There 

was a trend towards decreasing mycorrhizal cover over time in both the treatment and control 

group. It is likely that the controlled growth portion of the experiment did not last long enough to 

see true results. Most experimental watering studies are longer, as the allelopathic effect found in 

nature is a consequence of months and years of allelopathic chemicals slowly leaching from the 

fronds. Additionally, it is possible that the trauma of transplant, the increased watering, the small 

growing area, or loss of soil associations caused the mycorrhizae to decrease in both the control 

and treatment groups. Controlled watering experiments similar to this should be repeated, both 

with a larger sample size (as there was a trend of decreasing mycorrhizae, though it didn't reach 

significance) and over a longer period of time. Given the limitations of this portion of the 

experiment and the strength of the association between distance and mycorrhizal cover 

demonstrated in other experiment, it is likely safe to conclude that fern allelochemicals disrupt 

the mycorrhizal associations of neighboring plants. 

Fewer mycorrhizae could negatively affect plants directly– through decreased nutrient 

absorption and a general lack of resources, or in a more indirect way. Mycorrhizal associations 

increase the tolerance of plants to adverse soil and climatic conditions (Quilambo 2004). For 

instance, seedlings inoculated with mycorrhizal fungi were significantly less likely to die when 

treated with interrupted fern (Osmunda claytoniana) leachates than seedlings without 

mycorrhizal associations (Hanson & Dixon 1987). This illustrates the mitigation of the effect of 

allelopathic chemicals in soil by mycorrhizae. If so, only plants with significant mycorrhizal 

associations would be able to grow downhill from tree ferns. Thus, when allelochemicals from 

tree ferns decrease mycorrhizal abundance, plants lose that ameliorative effect and become less 

able to survive downhill from the tree fern. 

Overall, this study demonstrates a mechanism by which tree fern allelopathy acts on 

neighboring plants. Tree fern allelopathy greatly influences the composition of its surrounding 

plant community in both species composition and species richness, and this study suggests that 

this is due to tree fern allelopathic influence on the surrounding plant community through the 

disruption of their mycorrhizal associations. 
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ABSTRACT  
 
The Tropics are getting warmer and montane habitats that house species with narrow ranges may be especially 
vulnerable to resulting biotic change. Warming here causes clouds to rise and reduce the mist. Epiphytes, which are 
abundant in Cloud Forests, are especially vulnerable. In this study, I investigate the relationship between elevation, 
mist, and the reproductive fitness of the epiphytic orchid Lepanthes leyndliana in Cloud Forest. Reproductive 
structures (inflorescences, flower buds, and flowers) and leaf number and thickness were counted for 104 orchids on 
a 240 m elevation gradient. Mist collectors were used to measure mist at highest and lowest elevations. Additionally, 
an experimental group of plants were given supplemental mist (n = 41).  Elevation was positively correlated with 
number of reproductive structures. There were no open flowers at the bottom of the range and an average of almost 
one flower per plant at the top of the range (mean ± se = 0.85 ± 0.46). High elevation orchids also lost less leaf 
thickness during the study (-0.070 ± 0.025 mm) than lower orchids (-0.12 ± 0.033 mm). Misted plants did not have a 
greater mean number of flowers per plant (0.24 ± 0.08) than control plants (0.41 ± 0.1). Mist did not significantly 
affect leaf number or thickness. These results indicate that while L. leyndliana generally has greater reproductive 
fitness at higher elevations with more mist during the dry season, short term changes in mist do not affect the 
formation of inflorescences, buds and flowers.  
 
RESUMEN 
 
Los tropicos se están volviendo más calientes y los habitats montañosos que albergan especies con rangos de 
distribución angostos pueden ser especialmente vulnerables como resultado de este cambio.  El calentameinto aquí 
causa que las nubes suban y reducen la neblina.  Epífitas, las cuales son abundantes en el bosque nuboso, son 
especialmente vulnerables.  En este estudio, Investigue la relación entre la elevación, neblina, y el exito reproductive 
de la orquídea epífita Lepanthes leyndiana en el  bosque nuboso.  Las estructuras reproductvias (inflorescencias, 
botones florales, y flores) y el número de hojas y el grosor de las mismas fueron contadas para 104 orquídeas en un 
gradiente altitudinal de 240m.  Colectores de neblina se usaron para medir la misma a las elevaciones más alta y 
baja,  Adicionalmente, un grupo experimental de plantas fue tratado con neblina adicional (n = 41).  La elevación 
esta correlacionada positivamente con el número de estructuras reproductivas.  No habían flores abiertas en la parte 
más baja del rango y un promedio de casi una flor por planta en la parte más alta (promedio ± desv. es. = 0.85 ± 
0.46). Las orquídeas a elevaciones altas también perdieron menos grosor durante el estudio (-0.070 ± 0.025 mm) que 
las orquídeas en elevaciones bajas (-0.12 ± 0.033 mm).  Las plantas con neblina adicional no tuvieron un número 
mayor de flores por planta (0.24 ± 0.08) que las plantas control (0.41 ± 0.1).  La neblina no afecta significativamente 
el número de hojas o el grosor. Estos resultados indicant que con mayor neblina durante la época seca, cambios a 
corto plazo en la neblina no afecta la formación de inflorescencias, botones y flores. 
 
INTRODUCTION 
 
Climate change is predicted to warm the tropics 2.7 ̊ C by 2100 (Corlett 2012). This is already 
altering rainfall patterns by causing increased seasonality of precipitation (Hietz 1999; Still et al. 
1999). Plants and animals in Tropical Cloud Forests may be especially vulnerable because many 
rely on horizontal precipitation, or mist, during much of the dry season (Pounds et al. 1999; Still 
et al. 1999; Nadkarni & Solano 2002). With warming, cloud banks are moving up, reducing 

 42 



amount and frequency of mist during the dry season (Still et al. 1999; Nadkarni 2002). Increased 
frequency of mist-free days during the dry season is likely the cause of recent anuran declines 
and upward shifts in bird-ranges on tropical mountains (Pounds et al. 1999). As Cloud Forests 
house a diverse epiphyte community, including over 500 species of orchids, it is important to 
know how they are responding to climate change, as well.   

Neotropical montane forests are home to some of the most abundant and diverse epiphyte 
communities found anywhere in the world (Ingram et al. 1996). Epiphytes in Cloud Forests are 
especially vulnerable to drying because without ground contact they rely on ambient humidity 
and mist to avoid desiccation during the dry season (Zotz & Hietz 2001). In drier conditions 
epiphytes show reduced leaf size and decreased longevity (Nardkarni & Solano 2002). Epiphyte 
mats transplanted downslope into warmer, drier conditions show increased mortality and reduced 
recruitment compared to mats transplanted to the same elevation (Rapp & Silman 2014, in 
review). Cloud Forest epiphyte communities are at risk of decline due to climate change because 
losing dry season mist will make conditions unfavorable for plants reliant on high humidity 
(Benzing 1998). Even small changes in moisture availability can cause general decline in 
epiphyte abundance (Foster 2001). Loss of epiphyte mats in Tropical Cloud Forest would disrupt 
the water cycle and the nutrient cycle, decreasing the forest’s ability to store water and nutrients 
(Foster 2001). 
 Epiphytic orchids (Orchidaceae) are the richest plant family in the Cloud Forest of 
Monteverde, Costa Rica, with over 500 species representing 46% of all angiosperm epiphytes 
(Ingram et al. 1996). The region is also home to ten endemic species with narrow altitudinal 
ranges (Atwood 2000). While the effect of a rising cloud bank and climate change has been 
studied on epiphytes in general, little work has been done on orchids in particular (Nardkarni & 
Hietz 1999; Solano 2002). Generally it is understood that Cloud Forest epiphytic orchids lose 
fitness in drier conditions. Small Pleurothallid orchids prefer the mossy side of trees which 
receive more mist and retain more moisture (Prats 2012) and experience more leaf growth and 
less mortality when misted daily (McCall 2007). Two studies also show that mist contributes to 
orchids’ reproductive fitness, as seedling recruitment is negatively correlated with average 
number of dry days per year for a small epiphytic Pleurothallid orchid (Arenas et al. 2011) and 
small epiphytic orchids in the genus Lepanthes tend to flower the day after precipitation (Kemp 
2007). While prior research indicates the importance of mist for the fitness and reproduction of 
epiphytic orchids, these studies were conducted ex situ and transplantation may confound results 
if orchids are not allowed to acclimate.  
 This study attempts to better understand the effects of mist and elevation on epiphytic 
orchids in Tropical Montane Cloud Forest. To test these effects I compared reproductive and 
vegetative structures over a 240 m elevation gradient. I also studied an experimental group of 
Pleurothallid orchids receiving supplemental mist. As Pleurothallids are generally small and lack 
pseudobulbs or other obvious water holding organs, they are likely to rely on regular mist input.  
By investigating the contemporary effects of elevation and mist this study hopes to answer the 
question: How do climate change driven rising cloud banks and warming temperatures impact 
epiphytic orchids in Tropical Montane Cloud Forest?  
 

METHODS 
Study Area – The study was carried out at the Monteverde Biological Station in the Cordillera 
de Tilaran, Costa Rica (Fig 1). Orchids were sampled on an elevation gradient from 1525 m to 
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1770 m above sea level. The area is considered Tropical Montane Cloud Forest located in a 
Lower Montane Wet Forest life zone (sensu Holdridge). Annual rainfall is 2000-2500 mm yr – 1 
with windblown mist contributing another 500 mm or more during the dry season (November – 
April). Most precipitation falls during the wet season (May – October; Clark & Nadkarni 1990). 
The study was conducted during the end of the dry season, from 16 April to 6 May 2014. 
Sampling and Study Species – L. leyndliana individuals were sampled along the Sendero 
Principal and Sendero Cariblancos of the Monteverde Biological Station. Orchids were found on 
trunks within two meters of the trail from the ground to 2.5 m up the trunk. Dead trees and trees 
in light gaps were avoided. L. leyndliana individuals were identified by their distinctly 
segmented stems and elongate leaves (Fig 1). The Pleurothallid orchid L. leyndliana used in this 
experiment represents a useful study species because unlike larger orchids, it lacks water storing 
pseudobulbs and has high a high surface to volume ratio. These characteristics make L. 
leyndliana especially vulnerable to water loss and the potential effects of climate change. Only 
individuals with three or more leaves were counted in order to avoid immature plants. In total, 
105 orchids were sampled. 
Elevation Effects –Elevation was measured for each host tree using an altimeter. On the first day 
(16 April 2014) number of leaves, maximum leaf thickness, number of live inflorescences, 
number of buds, number of flowers, and number of pods were recorded for each orchid. 
Inflorescences were only counted if they were green or had a live bud on them. Flowers were 
counted once fully opened. Leaf thickness was measured using digital calipers. Leaf number and 
maximum leaf thickness were measured again at the end of the study (6 May 2014). Numbers of 
inflorescences, buds, flowers, and pods were counted on 14 days of the 20 day study. 
Mist Treatment – To test the effects of mist on L. leyndliana fitness a group of orchids located 
at 1620-1725 m received supplemental mist (n = 41). Approximately 10 ml of supplemental mist 
were sprayed from 30 cm away toward the orchid once a day on 14 of 20 days using a spray 
bottle. Misting kept an orchid’s mossy substrate moist for 24 hours. Days when the orchids were 
not misted were never consecutive. Control orchids were still exposed to natural mist. For the 
mist experiment, inflorescences, buds, and flowers that were already on the plant were not 
counted. Only structures that were formed during the experiment were scored. 
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FIGURE 1. Lepanthes leyndliana (Pleurothallidinae) studied for its response to altitude and mist 
frequency. A – L. leyndliana leaf with inflorescence and flower bud. B – L. leyndliana with an 
open flower and segmented stem. C – The lower portion of the elevation gradient (1530 m) has 
drier conditions and less epiphyte cover. D – At a higher elevation (1770 m) trees are covered in 
bryophytes and vascular epiphytes. Conditions are wetter due to more mist in the dry season.  
 
 

RESULTS 

Elevation - Higher elevations received more natural mist over the course of the study than lower 
elevations. Mist collectors caught 50 ml at 1570 m and 175 ml at 1730 m, a 350% increase. 
Elevation had a positive effect on number of live inflorescence number per orchid, as the R2-
value of 0.16 indicates that 16% of observed variation can be explained by elevation (Linear 
Regression, n = 64, p = 0.0009, Fig 2). At the lowest elevation, 1525 m, only 40% of orchids 
possessed a single active inflorescence. At 1770 m 100% of orchids had inflorescences with as 
many as four per individual. Mean number of live inflorescences per orchid increased from the 
bottom half (mean ± SE = 0.088 ± 0.12) to the top half (1.16 ± 0.22) of the range. Bud number 
also increased significantly with elevation (Linear Regression, n = 64, p = 0.0016, Fig 2). Fifty-
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eight buds were observed with 57% of these found above 1700 m. A total of 25 flowers were 
counted on only 17 plants of 64 plants. Plants produced more flowers at higher altitudes, with 
elevation explaining 15% of variation (Linear Regression, n = 64, p = 0.0014, Fig 2). Mean 
elevation for flowering individuals was 1698 ± 13 m (SE). Orchids in the lower half of the 
elevation range had a lower mean number of flowers per plant (0.13 ± 0.073) than orchids in the 
upper half (0.66 ± 0.16). Only three pods were observed in total, all on a single host tree at 1770 
m. Over the course of the study the number of leaves per individual did not change greatly. 
There was a nonsignificant trend of less leaf loss at higher elevations (Linear Regression, n = 64, 
R2 = 0.056, p = 0.059, Fig 2). Leaf thickness ranged between 0.31 mm and 1.27 mm. On average 
leaves had a reduction in thickness across the entire elevation gradient (-0.096 ± 0.02 mm), but 
orchids at the top of the gradient had smaller losses (-0.070 ± 0.02 mm) than lower orchids (-0.12 
± 0.03 mm; Linear Regression, n = 64, R2 = 0.088, p = 0.010, Fig 2).  

 
FIGURE 2. The effect of elevation on reproductive structures and leaves of L. leyndliana in 
Tropical Cloud Forest. Various structures and characteristics were measured for 64 orchids on a 
240 m altitude gradient and analyzed by linear regression to find correlations with elevation. A - 
The number of active inflorescences per plant increased with elevation. B - Orchids higher up the 
mountain produced more floral buds. C - Plants produced more flowers at higher elevations. D - 
Elevation was not strongly correlated with changes in number of leaves per plant. E – The 
change in thickness for each plant’s largest leaf was measured. Orchids lost more leaf thickness 
at lower elevations. 
 
Mist - L. leyndliana individuals sprayed with supplemental mist did not make more 
inflorescences than control orchids (T-test, n = 41, t = -0.349, p = 0.72, Fig 3). The number of 
new buds made by individuals receiving mist (mean ± SE = 0.58 ± 0.15) was nearly identical to 
control individuals (0.61 ± 0.14; T-test, n = 41, t = -0.117, p = 0.91, Fig 3). Misted orchids did 
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not produce a significantly different mean number of flowers (0.24 ± 0.08) than control orchids 
(0.41 ± 0.10; T-test, n = 41, t = -1.27, p = 0.20, Fig 3). Misted orchids did not gain or lose a 
significant number of leaves with a mean change of only -0.15 leaves per plant over 20 days 
(Paired T-test, n = 41, t = 0.846, p = 0.40, Fig 4). These plants began with a mean leaf count of 
6.92 ± 0.55 and ended with an average of 6.78 ± 0.47 leaves.  Control orchids also experienced 
minimal change in leaf number, with mean number of leaves per plant changing from 7.73 ± 
0.60 to 7.80 ± 0.61 during the study (Paired T-test, n = 41, t = -0.552, p = 0.58, Fig 4). Leaf 
thickness decreased for both misted and control individuals during the study. Mean maximum 
leaf thickness fell from 0.81 mm to 0.71 mm for mist orchids (Paired T-test, n = 41, t = 3.49, p = 
0.0012, Fig 4) and from 0.76 mm to 0.68 mm for control orchids (Paired T-test, n = 41, t = 3.70, 
p = 0.00065 Fig 4).  

 
FIGURE 3. The effect of mist on reproductive structures of L. leyndliana in Tropical Cloud 
Forest. Reproductive structures were counted for control and mist supplemented L. leyndliana 
orchids and means were compared with T-tests assuming equal variance. Misted orchids 
received approximately 10 ml of water from a spray bottle on 14 out 20 days. Mist and control 
orchids (n = 41) were located between 1620 m and 1725 m and received naturally occurring 
mist. A – Mean inflorescences produced per plant (± 1 SE). B – Mean buds produced per plant. 
C – Mean flowers produced per plant.  
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FIGURE 4. The effect of mist on leaf number and thickness for L. leyndliana. Mean number of 
leaves per L. leyndliana individual and maximum leaf thickness (± 1 SE) were calculated before 
and after mist or control treatments (n = 41). Control orchids received only natural mist while 
misted orchids received a supplementary 10 ml mist on 14 out of 20 days.  Means were 
compared using T-tests assuming equal variance. A – Mean number of leaves per plant was 6.9 ± 
0.55 before and 6.8 ± 0.47 mist treatment. B – Control plants began with a mean leaf count of 7.7 
± 0.60 and ended with 7.8 ± 0.61. C – The mean thickness of misted plants’ largest leaves 
declined from 0.81 ± 0.03 mm to 0.71 ± 0.03 mm. D – Mean leave thickness of control orchids 
fell from 0.76 ± 0.03 mm to 0.68 ± 0.03 mm. 
 
 

DISCUSSION 
This study found that reproductive structures per plant for L. leyndliana increase with elevation. 
Orchids at higher elevations also experienced less vegetative losses than orchids further down 
the mountain. Generally, L. leyndliana orchids have greater fitness towards the upper boundary 
of their range. This may be because the top of the elevation gradient received over three times as 
much mist as the bottom of the gradient over the 20 day study. Previous research has shown that 
Lepanthes rupestris has higher reproductive fitness in wetter years (Arenas et al. 2011). These 
small orchids lack pseudobulbs, making them especially vulnerable to changes in precipitation 
patterns. Although mist was not measured throughout the dry season, its variation up and down 
the mountain was likely an important determining factor of orchid fitness. Moving from the top 
of the mountain downward conditions get drier and orchid fitness suffers. As the cloud bank 
continues to rise these effects are becoming more pronounced and the lower extreme of the 
orchid’s range may no longer be suitable. 
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 Mist treated orchids did not produce more reproductive structures or differ in leaf 
thickness loss. Although mist treatments have been shown to increase leaf succulence (Kemp 
2007) and reduce mortality (McCall 2007) for Lepanthes orchids, experimental mist addition had 
no observable effect in this study. Mist was only applied once daily which may not have 
accurately simulated misty conditions which can last for hours, reduce temperature, and increase 
ambient humidity. Since orchids were observed in situ, even control orchids were exposed to 
natural mist, which may have been sufficient for these plants and reduced differences between 
treatments. However, the study was conducted in an especially dry year and less than one-third 
of days during the study were misty. The substrate of control orchids often appeared completely 
dry after consecutive dry days. This may mean that L. lepanthes is resilient enough to produce 
flowers and reproduced even during dry spells.  

Our results indicate that a three week addition of periodic mist does not significantly 
change an orchid reproductively or vegetatively.  However, mist input over the entire dry season 
may be important. Total number of dry days during a dry season negatively correlated with 
reproductive success for a Lepanthes species in subtropical wet forest (Arenas et al. 2011). 
Additionally, in short term droughts epiphytic orchids might draw on water stored in succulent 
leaves or in their substrate. Lepanthes orchids depend on bryophytes for suitable habitat, so the 
long term health of bryophyte mats acting like sponges may also affect orchid resilience (Crain 
2012). In short dry spells, orchids can access water stored from bryophytes, but when dry days 
become more common, these water reserves dry up (Foster 2001). Therefore, the impact of 
longer term trends of mist amount and frequency on epiphytic orchids should be studied further. 
 Climate change has already caused significant warming in montane habitats. On 
mountains in the temperate zone, warming has driven plants upslope at an average rate of 2.2 m 
yr - 1 (Kelly & Goulden, 2008). Warmer and drier conditions during the dry season are becoming 
common in Neotropical Montane Cloud Forests (Still et al. 1999). In such tropical mountains, 
upslope range shifts have already been documented (Feeley et al. 2013). Plants that cannot 
tolerate these warmer and drier conditions may be unable to reproduce, shrinking the effective 
population size of their species. Upslope individuals in cooler and wetter conditions may be able 
to disperse offspring higher up the mountain, although upward range shifts can only occur until 
the top is reach. In Monteverde L. leyndliana’s upper range limit is already close to the 
continental divide, so there is nowhere else to move. Warming and drying trends will likely 
continue pushing this and other orchid species higher up the mountain until there is nowhere for 
them to go. As the cloud base continues to lift and low elevation conditions move further up the 
mountain, fewer reproductively fit orchids may survive and this orchid may go locally extinct. 
Orchids already face generally low rates of reproduction due to low levels of pollinator visitation 
(Tremblay et al. 1997). Endemic species with narrower ranges will face an even greater threat of 
population declines and since orchids are notoriously difficult to cultivate, conservation actions 
may be limited.  
 In conclusion, this study shows that L. leyndliana orchids have higher reproductive 
fitness in the upper elevations of their range, likely due to greater mist amount during the dry 
season. While these orchids rely on mist to avoid desiccation, they are also resilient enough to 
tolerate less misty conditions for at least short periods of time. The upslope migration of this and 
other epiphytic orchids should be carefully monitored, since their reliance on dry season mist can 
act as an indicator of changing conditions in Tropical Montane Cloud Forest. 
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ABSTRACT 

Locating flowers can be difficult for pollinators in the understory of a tropical wet forest, especially if the flowers 
are inconspicuous. In some cases, plants may use non-floral signals to enhance visits. This study models red spots on 
leaves of Columnea consanguinea (Gesneriaceae) using Heliconia tortuosa (Heliconiaceae).  I compared 
hummingbird visits to the manipulated H. tortuosa and nectar removal from inconspicuous artificial flowers near 
leaves with and without red spots. As the days progressed in the study, significantly more nectar was being removed 
each day for both plants with and without red spots (One-way ANCOVA, F = 90.38, df = 1, p < 0.0001). Plants with 
red spots had flowers visited more often and with faster nectar removal (One-way ANCOVA, F = 19.17, p < 
0.0001). Experiment was conducted again after re-assigning with H. tortuosa had red spots and which didn’t. Again 
each day that went by, more nectar was being removed from both plants with and without red spots than the 
previous day recorded (One- ANCOVA, F = 39.81, p < 0.0001). Plants with red spots again had more nectar 
removed than those without red spots (One-way ANCOVA, F = 56.47, p < 0.0001). This suggests the adaptive 
purpose of red spots on leaves of C. consanguinea includes increased visitation to its inconspicuous flowers. 

RESUMEN 

La localización de flores puede ser difícil para los polinizadores en el sotobosque de los bosques humedos 
tropicales, especialmente si las flores son inconspicuas.  En algunos casos, las plantas usan señales no-florales para 
mejorar la visitación.  Este estudio simula parches rojos en hojas de Columnea consanguinea (Gesneriaceae) usando 
Heliconia tortuosa (Heliconiaceae).  Comparé la visitación de colibríes a las hojas manipuladas de H. tortuosa y la 
remoción de nectar de flores inconspicuas artificiales en hojas con y sin los parches rojos.  En cuanto los días 
progresan en este estudio, significativamente más néctar fue tomado cada día para ambas plantas, con y sin parches 
(ANCOVA de una vía, F = 90.38, df = 1, p < 0.0001).  Plantas con parches rojos tienen visitación a las flores más 
frecuentemente y con mayor remoción de néctar (ANCOVA de una vía, F = 19.17, p < 0.0001).  El experimento se 
condujo de nuevo re-asignando cual individuo de H. tortuosa tenía o no los parches rojos.  De nuevo, cada día que 
paso, más néctar fue tomado tanto de plants con y sin los parches rojos que el día anterior medido (ANCOVA de 
una vía, F = 39.81, p < 0.0001). Las plantas con parches rojos de nuevo tuvieron mayor remoción de néctar que 
aquellas sin los parches (ANCOVA de una vía, F = 56.47, p < 0.0001).  Esto sugiere que el proposito adaptativo de 
los parches rojos en las hojas de C. consanguinea incluye aumentar la visitación hacia sus flores inconspicuas. 

INTRODUCTION 

 Successful animal-mediated pollination results from coevolution for pollinators to locate flowers 
quickly, take their nectar reward and carry pollen to another plant of the same species (Bawa 
1990). Locating flowers can be difficult in tropical forests where species are usually rare and 
widely dispersed (Feinsinger 1978). In addition, lowland tropical flowers live on average one to 
two days (Primack 1985). Therefore, many tropical understory plants invest in longer lasting 
non-floral advertisements, like brightly colored bracts, and have inconspicuous flowers (Jones & 
Rich 1972). Most bright non-floral displays surround the flower (Keasar et al. 2009) and act as 
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colored petals.  Some plants, however, have bright non-floral parts away from flowers and it is 
unclear if these attract pollinators, as well.  Several Columnea sp. (Gesneriacea) have 
inconspicuous hummingbird flowers, which are small and yellow and hidden within the axils of 
the leaves (Morley 1974; Haehner 2006). These plants occur sporadically in the forest 
understory, making the discovery of their flowers difficult.   However, a handful of Columnea, 
like C. consanguinea, a tropical understory epiphyte, has an unusual leaf with large red spots 
(Figure 1; Morley 1973; Morley 1974). These spots are somewhat translucent and allow light to 
filter, through causing a “stained glass” effect (Haehner, 2006).  It has been hypothesized, but 
never demonstrated, that these red leaf panes attract hummingbirds to Columnea’s inconspicuous 
flowers (Jones & Rich 1972).   

Figure 1. Epiphytic 
Columnea consanguinea endemic to the Atlantic slope of the Tilarán Mountains in Monteverde, Costa Rica, as well 

as Nicaragua- Ecuador, at an elevation of 300-1900 m. It is found in the understory of Premontane Wet Forests 
(Holdridge 1967). Flowers of C. consanguinea are yellow and inconspicuous. Found at the base of the leaf along the 

axil. 

There is only anecdotal evidence that red spots on Columnea leaves increase flower visitation.  
Jones & Rich (1972) observed that two hummingbird species at similarly-colored C. florida 
approached red leaf spots before secondarily visiting some of the inconspicuous flowers.  
DeLong (2009) placed red spots on leaves of a single garden Clusia (Clusiaceae) bush and 
compared hummingbird visits to a neighboring, unaltered Clusia.  Artificial flowers nearby had 
more visits after 1-2 days by some but not all hummingbirds for the Clusia with red spots.  Given 
that Columnea are widely scattered understory epiphytes, it is unclear how this garden 
experiment plays out in a more natural setting.   

In this study, I test the pollination function of red spots on Columnea leaves. To do this, I place 
red spots on scattered understory plants and measure both nectar removal and hummingbird 
visits to nearby inconspicuous artificial flowers.   

MATERIALS AND METHODS 

Study Area 

Field work was conducted in the 40 hectares of largely undisturbed Premontane Wet Forest 
behind the Biological Station in Monteverde, Costa Rica at an elevation of 1400-1450 m above 
sea level. Study occurred in the understory of the forest where C. consanguinea naturally occurs 
(Haber 2000), however on the Pacific slope of the Tilarán Mountains. The average rainfall for 
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this area is 2.99 meters per year. Study was conducted in the transition between the dry and wet 
season (Figure 2). 

 

Figure 2. Understory of Premontane Wet Forest in Monteverde, Costa Rica behind the Biological Station. Heliconia 
tortuosa tagged at an elevation between 1400-1450 m on the pacific side of the Tilarán Mountains. Average rainfall 

is about 3 meters/year. Experiment done during the transition of dry season to wet season.   

Model System 

Although C. consanguinea is naturally occurring in the Cloud Forest in Monteverde, Costa Rica 
(Haber 2000), they are quite rare and difficult to find. Therefore, Heliconia tortuosa without 
bracts or flowers were used. Heliconia tortuosa is a good subject to manipulate because of their 
abundance in the Premontane Wet Forest and their lack of bracts and flowers during the 
experimental time frame.  Heliconia tortuosa (n=36) were located in the understory in areas of 
undisturbed forest, no closer than 10 m away from one other so that no manipulated Heliconia 
could be seen from another.  Horizontal leaves between 1.5-2.3 m above ground were selected to 
better mimic C. consanguinea. Each of the Heliconia tortuosa leaves had artificial flower 
attached with wire to the petiole against the base of the leaf (Figure 3). Flowers were made using 
see-through red Eppendorf tubes capable of holding 1.5 mL of sucrose solution. Lids were 
removed and the tubes were wrapped using yellow electrical tape. Five small “petals” made of 
yellow electrical tape extended beyond the mouth of the tube with adhesive exposed to mimic 
the corolla of C. consanguinea and prevent ants from entering the tube. Artificial flowers were 
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four cm in length and one cm wide at the mouth of the tube. Half of the Heliconia sp. were 
altered to have red spots (n = 18), while the other half were left without any red spots (n = 18). 

 

Figure 3. Artificial flower placement on petiole of Heliconia tortuosa with red spots (n = 18) and without any red 
spots (n = 18). Wire was wrapped as close to the base of the leaf as possible. Artificial flower was inserted into the 

wire hold at a slight angle to place it as close to the petiole as possible without spillage. 

To mimic red spots on the C. consanguinea leaves, I cut similarly sized and shaped red spots as 
those found on C. consanguinea out of red cellophane, averaging four cm long and three cm 
wide. Holes were cut into the tops of some of the Heliconia tortuosa (n = 18) near the base of the 
leaf. Cellophane was taped over the holes underneath the leaf (Figure 4).  

 

Figure 4. Red translucent spots placed onto H. tortuosa leaves to mimic those naturally found in C. consanguinea. 
Holes were cut about five to six inches from the placement of the artificial flowers at the leaf base to closely model  
C. consaguinea (n = 18).  Artificial flowers were slight longer than the flowers of C. consaguinea and mimicked the 

yellow coloration of the flowers with slight red at the mouth of the artificial flower. Red cellophane was then 
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attached to the bottom of the leaves over the holes ensuring that light passing through the holes went through the 
cellophane first. Holes were about 3 cm long by 3 cm wide. Artificial flower was placed at the very base of the leaf.  

Nectar Removal 

Each artificial flower (n = 36; no spots n = 18; spots n = 18) contained one mL of a 20% sucrose 
solution by volume, which is typical of hummingbird plants (McDade & Weeks 2004).Each day 
(n = 7), artificial flowers were either empty or emptied and one mL of sucrose solution was 
added to each of the flowers. The next day, I extracted the remainder and measured volume to 
the nearest hundredth ml. The flower was then rinsed using a solution of one part white vinegar 
to four parts water to inhibit mold. A water rinse followed to ensure no vinegar residue. Flowers 
were then re-filled with sucrose solution and left to be measured the following day. 

After seven days, the spots were removed from the H. tortuosa and flowers were re-filled as 
usual. The H. tortuosa that originally didn’t have spots in the first experiment had the red spots 
added to them. Sucrose solution was measured and recorded for four additional days. 

Hummingbird Visitation 

To ensure that sucrose solution was being removed by hummingbirds, observations were made 
for a total of six hours, one hour each at six different H. tortuosa (n = 3 red spot locations; n = 3 
no spot locations). The type of pollinator and amount of time in between each visit was recorded. 

RESULTS 

Nectar removal 

 More sucrose solution was consumed than that of the prior day (One-way ANCOVA, F = 90.38, 
df = 1, p < 0.0001) for both the plants with and without leaves with red spots (Figure 5). The 
plants with the red spots had a greater amount of nectar removed than those that did not have red 
spots (One-way ANCOVA, F = 19.17, p < 0.0001). The plants with red spots had significantly 
more sucrose solution removed than those without spots (Figure 5).  
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Figure 5. Nectar removed from artificial flowers from H. tortuosa with and without red spots on leaves in the Pacific 
Premontane Wet Forest of the Tilarán Mountains in Monteverde, Costa Rica on the property of the Biological 
station. Each day is represented by 36 nectar removal samples from two different appearances of the Heliconia 
tortuosa: red spots (n = 18) and no spots (n = 18). The amount of nectar removed by hummingbirds was measured 
using a syringe. Trend lines were created for both no spots and red spots to better show the progress of nectar 
removal. 

After re-assigning which H. tortuosa had red spots on the leaves and which did not, the sucrose 
solution was consumed and located by hummingbirds in a shorter number of days than the initial 
experiment for both plants with and without red spots (One- ANCOVA, F = 39.81, p < 0.0001).  
The plants with red spots were significantly located more quickly and their artificial flowers 
were emptied more rapidly than the plants without spots (One-way ANCOVA, F = 56.47, p < 
0.0001; Figure 6). 

 

Figure 6. Nectar removed from artificial flowers over time after re-assigning which H. tortuosa had red spots and 
which did not. Plants that originally had red spots had their spots removed and those without spots had red spots 
added.  Each day is represented by 36 nectar removal samples from two different appearances of the Heliconia 
tortuosa: red spots (n = 18) and no spots (n = 18). The amount of nectar removed by hummingbirds was measured 
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using a syringe. Trend lines were created for both no spots and red spots to better show the progress of nectar 
removal. 

Observations 

The only hummingbird species to visit the artificial flowers, at both the plants with red spots and 
the plants without, was the Green Crowned Brilliant (Heliodoxa jacula). The plants with the red 
spots (n = 6,𝑋 = 2.0) had more visits during the three hour time period than the three hours 
observing the plants without spots (n = 2, 𝑋 = 0.66; Figure 7). 

 

Figure 7. Number of Green Crowned Brilliant hummingbirds that visited plants being observed for a total of 6 hours 
at both sites.  Observations were made in 1 hour time intervals at different sites for plants with red spots (n = 3) and 
plants without spots (n = 3). Total number of visits is recorded. Red spotted plants had a mean of 2 visits per hour 
and the non-spotted plants had a mean of 0.66 visits per hour. 

DISCUSSION 

Time had the greatest impact on sucrose solution consumed from artificial flowers for both the 
plants with and without red spots. However, plants with the red spots had greater amounts of 
nectar consumed earlier in the experiment and nectar consumed continued to be greater for red 
spot plants throughout. This suggests that the plants with red spots were found more quickly by 
pollinators in the understory and were easier to relocate or were more attractive. This concurs 
with DeLong’s (2009) garden experiment Jones & Rich’s observations (1972) that the initial 
hummingbird attractant is the red spot.  However, plants without red spots also got pollinator 
visits, just not as many or as quickly. Interestingly, many Columnea sp. have inconspicuous 
flowers like the C. consanguinea but lack red spots on leaves (Morley 1974).  Red spots are not 
necessary for pollination, but appear to help by increasing visitation and nectar removal.  
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Upon re-assigning which plants had red spots, it was found again that artificial flowers were 
found more quickly with red spots, and even more quickly than the first time around. This was 
done to try and trick the hummingbirds and see how long it would take them to re-locate a nectar 
source in similar vicinity. This perhaps shows that hummingbirds remember the locations of 
flowers and follow a specific route when gathering nectar and that the red on the plants created 
higher nectar consumption, even when the hummingbirds already knew the different locations. 
This suggests that the red coloration served as an attractant even when hummingbirds knew 
nectar could be found in a certain area.  

According to observations by Marten et. al. (2009), the Green Crowned Brilliant is the natural 
pollinator of C. consanguinea. This may explain why the only visitors observed in the field were 
the Green Crowned Brilliant.  

Although this study supports that the red spots are used to attract pollinators to the plants, it does 
not discount the other potential benefits of the red coloration. Wong & Srivastava (2010) 
suggested that the red spots on the leaves can have multiple adaptive advantages for the C. 
consanguinea. It was found that the leaves with the red spots were less likely to be eaten by 
herbivores than those without leaves. It was not thought that lack of herbivory was the main 
advantage to having red spots, but an additional benefit. 
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ABSTRACT  
 
This study looks at the frequency of tropical hummingbird visitation to artificial feeders 
according to nectar secretion rates in the lower montane wet-forest in Monteverde, Costa 
Rica. A similar study by Henderson et al. (2006) reported that temperate Rufous 
Hummingbirds optimally foraged by learning refill rates of eight artificial flowers. In 
comparison, this study provides a thorough assessment of nectar replenishment rates in the 
tropics and their impact on tropical pollinator behavior as well as the benefits of varying 
nectar secretion rates. I recorded species visitation to eight artificial flowers with different 
refill rates over a one-month period. Flowers were assigned a refill rate of ten-minutes or 
twenty-minutes. Every flower was filled with 25-30µl of 20% sugar solution to ensure a 
hummingbird drained a flower on the first visit. I then calculated the time between a 
hummingbirds current visit to a flower and its last rewarded visit to that flower (defined as 
the post-reinforcement pause or PRP) to determine whether tropical hummingbirds can learn 
nectar refill rates of flowers and demonstrate optimal foraging by matching or exceeding 
replenishment times. This experiment revealed a statistically significant difference between 
the return time of a Purple Throated Mountain Gem and the refill rate of ten- and twenty-
minute flowers. On average, the Purple Throated Mountain Gem returned to ten- and twenty-
minute flowers every 6.45 minutes. Therefore, the Purple Throated Mountain Gem did not 
learn the refill rates of these flowers. In addition, there was a statistically significant 
difference between the return time of Green Crowned Brilliant hummingbirds and the refill 
rate of ten-minute flowers, but there was not a statistically significant difference between 
their return time and the refill rate of twenty-minute flowers. Green Crowned Brilliant 
hummingbirds returned on average around 18 minutes for ten- and twenty-minute flowers. As 
a result, there is a slight possibility that Green Crowned Brilliant hummingbirds learned the 
twenty-minute refill schedule. Nevertheless, both tropical hummingbird species demonstrated 
little to no learning. This study provides evidence for the possibility that nectar secretion rates 
in the tropics differ from those in the temperate zone. This can have widespread implications 
for different pollinator behavior in both temperate and tropical zones and more specifically 
different optimal foraging tactics between temperate and tropic zones.   
 
RESUMEN  
 
Este estudio investiga la frecuencia de visitación de colibríes tropicales de acuerdo a las tasas 
de secreción de néctar en el bosque humedo montano bajo en Monteverde, Costa Rica.  Un 
estudio similar por Henderson et al. (2006) reporta que el Colibrí Rojizo de zonas templadas 
forrajea optimamente aprendiendo las tasas de relleno de las flores.  En comparación este 
estudio provee una valoración exhaustiva del reemplazo de néctar en los tropicos y el 
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impacto en el comportamiento de los polinizadores así como el beneficio de la variación en la 
secreción de néctar. Estime la visitación a ocho flores artificiales con diferentes tasas de 
reemplazo a lo largo de un periodo de un mes.  Se les asigno a las flores periodos de relleno 
de diez y veinte minutos.  Cada flor se relleno con 25-30µl de una solución al 20% de azúcar 
para asegurar que los colibríes acababan con el contenido de la flor en la primera visita.  
Calcule entonces el tiempo en que el colibrí visitaba la flor y la visita anterior en la que el 
colibrí fue recompensado (definido como pausa post-reenfuerzo PPR) para determinar si los 
colibríes tropicales pueden aprender las tasas de relleno de las flores y demostrar el forrajeo 
óptimo al igualar o exceeder los tiempos de relleno.  Este experimento muestra una diferencia 
estatisticamente significativa entre el tiempo de regreso  del Colibrí Montañes Gorgimorado 
y la tasa de relleno en flores de diez y veinte minutos.  En promedio, el Colibrí Gorgimorado 
regresa a las flores de diez y veinte minutos cada 6.45 mintuos.  Sin embargo, este no 
aprendió las tasas de relleno de estas flores.  Además, hay una diferencia significativa entre la 
tasa de retorno del Colibrí Brillante Frentiverde a las flores de diez minutos, pero no hay 
diferencias en el retorno a las flores de veinte minutos.  El Colibrí Frentiverde retornan en 
promedio alrededor de cada 18 minutos para las flores de diez y veinte minutos.  Como 
resultado, hay una leve posibilidad que estos colibríes aprendan el horario de relleno de 
veinte minutos.  Sin embargo, los colibríes tropicales muestran poco o ningun aprendizaje.  
Este estudio provee evidencia para la probabilidad de que la tasa de secreción de néctar 
difiere de las mismas en la zona templada.  Esto puede tener amplias implicaciones para el 
comportamiento de diferentes polinizadores en zonas templadas y tropicales y más 
específicamente diferentes tácticas de forrajeo óptimo entre las zonas templadas y tropicales. 

 
 

INTRODUCTION  
 
THE DYNAMIC CONTROL OF FLORAL NECTAR SECRETION RATES CAN  
influence pollinator behavior and frequency of visitation, thus impacting plant reproductive 
success. For instance, Passiflora coccinea secretes sugar-rich nectar over a short period of 
time and the rate at which nectar is secreted varies due to flower base diameter (Fischer and 
Leal 2006). On the other hand, P. kunthii takes at least an hour to replenish nectar after being 
emptied (Castellanos et al. 2001). Investment in nectar production requires a considerable 
amount of energy (Pyke 1991) and some plants may expend as much as 37% of 
photosynthetic energy for nectar production (Southwick 1984). Thus, plants may secrete 
nectar at different rates to optimize their fitness and conserve energy. These differing 
secretion rates can greatly influence the behavior of many pollinators, such as hummingbirds. 
Hummingbirds are essential to ecosystem functioning and pollination success. Brown et al. 
(1984) observed 13 species of plants within southwestern Puerto Rico and reported that 
hummingbirds were essentially the only pollinators during the hundreds of hours of 
observations. Hummingbird’s account for the pollination of nearly 17% of flowering plants 
(Bawa 1990), all of which may have varying rates of replenishment. Due to the high 
influence hummingbirds have on pollination success, it is essential to fully comprehend 
frequency of visitation according to nectar secretion rates.  
 In order to optimize foraging, hummingbirds should be capable of learning time 
intervals for replenishment to avoid revisiting emptied flowers. A study by Henderson et al. 
(2006) in the temperate zone revealed that free-living Rufous Hummingbirds were capable of 
remembering when they had last visited a number of artificial flowers. He reports that birds 
visited flowers that had been emptied during the recent foraging bouts with much less 
frequency. Furthermore, hummingbirds were able to optimize foraging by returning to 
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flowers at their designated times of refill. Hummingbirds capable of remembering the 
locations of multiple rewards and when they last visited each location enables high reward 
intake without expending large amounts of energy. This ability is essential for hummingbirds 
because they include some of the smallest birds in the world with the highest metabolic rate 
of any warm-blooded animal (Fogden and Fogden 2005). Optimizing foraging for 
hummingbirds is extremely beneficial because they require large amounts of food, but need 
to obtain it in the most energy efficient means. The ability to visit flowers in some repetitive, 
sequential order at reduced frequency foraging bouts allows the maximum replenishment of 
nectar by each flower and greater reward during future visits (Feinsinger 1978). The 
ecological benefits for flowers that secrete nectar over longer periods of time may not be as 
clear-cut. Koopowitz and Marchant (1998) estimated that nectar production in Aerangis 
verdickii expends 684 J of energy during one season. Therefore, secretion rates may vary 
among flowers to reduce caloric expenditures on nectar (Feinsinger 1978). Furthermore, 
different replenishment rates increase the duration of a hummingbird’s foraging bouts. If 
hummingbirds are foraging for a longer time, there are more chances during the day for 
plants to be pollinated (Feinsinger 1978).  

The question of whether nectar secretion rates between temperate and tropic zones 
differ is currently understudies. Marden (1984) reports significant variation in temperate 
secretion rates. Individual flower secretion rates in one hour ranged from 0 to 2.03µl of 
solution. On the other hand, Feinsinger (1978) reported that there was not a significant 
difference in nectar secretion rates among tropic plants in Monteverde. In fact, Feinsinger 
(1978) observed flowers secreting up to 48µl of nectar over 24 hours. Previous studies 
regarding territorial behavior in hummingbirds in response to food availability report that 
male hummingbird’s for most species generally dominate females (Wolf 1975). Different 
secretion rates between temperate and tropical regions can cause distinctive behavior 
responses in temperate and tropic hummingbirds. Whether temperate and tropic 
hummingbirds generally vary in territorial behavior has been reported in several studies. 
Boyden (1978) reported tropical White-vented Plumeleteer hummingbirds defending a 
feeding territory of 10 Isertia hankaeana bushes. In comparison, Henderson et al. (2006) 
reported extreme territoriality in temperate Rufous hummingbirds, enabling three individuals 
to take over the study site during different sessions. The dynamic interaction between nectar 
secretion rates and its impact on hummingbird behavior within the tropics currently lacks a 
full comprehension. Therefore, the goal of this study is to provide a better understanding 
regarding this topic.  
 This study examines the dynamic benefits of varying nectar secretion rates within the 
tropics and its effects on hummingbird behavior. In particular, this study observes whether 
tropical hummingbirds can learn different nectar secretion rates from artificial flowers. 
Timing of flowers will range from ten-minute to twenty-minute flowers. Henderson et al. 
(2006) used post-reinforcement pauses (PRPs) to define one interval between a bird’s current 
visit to a flower and its last rewarded visit to that flower. To allow a direct comparison with 
the study by Henderson et al. (2006), this study will also use PRPs to define this interval. If a 
hummingbird learns designated time intervals, it should demonstrate the tendency to match or 
exceed the refill rates of these flowers (PRPs should be longer than the refill rate). Because 
emptied flowers can take several hours to replenish nectar, hummingbirds should 
demonstrate this optimal foraging by avoiding them until nectar is present. If tropical 
hummingbirds demonstrate a different trend as seen in the Henderson et al. (2006) study, it 
may indicate that temperate and tropic nectar secretion rates differ, thus optimal foraging 
strategies may differ from temperate to tropic regions as a response.  
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METHODS 
 
This study was conducted from 10 April to 30 April, 2014 on the edge of the lower montane 
wet-forest adjacent to the Estación Biológica, Monteverde, Costa Rica. The study site is at an 
elevation of 1550-1800 meters, with average annual rainfall of 3,000 
mm, a range from 74%-97% humidity, and a mean annual 
temperature of 18 degrees Celsius. Following Henderson et al. 
(2006), eight artificial flowers were used for this experiment. 
However, this study had to alter several techniques from Henderson 
et al. (2006) due to feeding preferences of hummingbirds within the 
study site. Eight 16 oz. hummingbird feeders were used as artificial 
flowers: four with one white flower and four with one yellow 
flower. The flowers on the feeders were altered so that a syringe tip 
capable of holding 120µl was attached directly to the base 
of the flower (Figure 1). The flowers were then inserted 
into hummingbird feeder holes. This allowed control over 
how much solution was being put into each flower on 
each feeder. All feeders had two additional openings for 
more flowers, but these where covered with tape. Only 
one flower was placed on each feeder (eight total feeders with one flower each).  

Feeders were hung on the same string, in 
a slightly cleared patch of land, directly next to 
the forest (forest edge with slight canopy 
coverage) and arranged in a horizontal line 1.5 
meters off of the ground (Figure 2). Two fixed 
interval schedules were assigned for when 
nectar was refilled in flowers: four flowers were 
refilled every 10 minutes (ten-minute flowers) 
and four flowers were refilled every 20 minutes 
(twenty-minute flowers). Feeders were clumped 
in pairs along the string in an alternating fashion 

(i.e. ten-minute flower, twenty-minute flower, ten-
minute flower etc.) and each pair contained one 
ten-minute flower and one twenty-minute flower, 
one meter apart. Ten- and 
twenty-minute flowers within a 

pair were 7.62 cm apart. To see if hummingbirds were truly learning which 
flower they had visited last, the spatial arrangement of the feeders remained 
constant throughout the entire experiment. Both ten- and twenty-minute 
flowers were filled with 25-30µl of a 20% sugar solution. Such a small 
concentration was necessary for hummingbirds to drain the nectar in each 
flower on their first visit. Henderson et al. (2006) used 20µl of solution, 
which would have been preferred because the two species within this study 
ranged from 6 cm long to 13 cm and ate relatively the same amount of 
nectar as the 8 cm Rufous Hummingbirds (Garrigues and Dean 2007). 
However, lack of resources restricted this study to use a micropipette with 
accuracy to only 40µl of solution. Therefore, roughly half of the 40µl 
solution was inserted into each flower.  

During the first week, white flowers were 

FIGURE 1. A 120µl syringe attached to 
hummingbird feeder flower in order to 
control how much solution goes in each 
flower   

FIGURE 3. Session 1, ten-minute-flower 
refilled with 25-30µl of 20% nectar solution 
on the forest edge, under slight canopy, next 
to the Estación Biológica, Monteverde, Costa 
Rica at 1550-1800 meters elevation.   
 

FIGURE 2. Ten- and twenty-minute flower pairs 
hung on the forest edge, under slight canopy 
cover next to the Estación Biológica, Monteverde, 
Costa Rica at 1550-1800 meters elevation.   
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designated as twenty-minute flowers and yellow flowers were designated as ten-minute 
flowers. In order to evaluate whether hummingbirds learn secretion rates based on flower 
position only (not color), ten- and twenty-minute flowers were switched in the second week 
so that ten-minute flowers were white and twenty-minute flowers were yellow. Fourteen 
sessions were held in total (seven session during the first week and seven sessions during the 
second week) at 7 a.m., when hummingbirds are more actively feeding (Stiles & Wolf 1979). 
Each session was held for three to four hours. During these sessions, ten-minute flowers were 
refilled in ten-minute intervals and twenty-minute flowers were refilled in twenty-minute 
intervals with the 20%, 25-30µl solution (Figure 3). Observations were recorded during these 
intervals including the species, exact time of the visit, and flower type (ten- or twenty-minute 
flower). A visit was only counted when a hummingbird probed a flower within a foraging 
bout. Every species, regardless of how frequently they came to the feeders, was recorded.  

 
RESULTS 
 
A total of six different hummingbird species visited both ten- and twenty-minute flowers: 
Violet Sabrewing, Green Hermit, Green Crowned Brilliant, Purple Throated Mountain Gem, 
Stripe-tailed Hummingbird, and Coppery-headed Emerald. However, only the Purple 
Throated Mountain Gem (Lampornis calolaemus) and the Green Crowned Brilliant 
(Heliodoxa jacula) visited the study site enough times to analyze their data (both species 
were present in at least eight out of the 14 sessions, whereas the four other species had much 
lower visiting frequencies to the study site). The Purple Throated Mountain Gem most 
frequently visited ten-minute flowers between zero and five minutes (over 120 visits). 
Around 100 PRPs were observed between six and ten minutes. Less than 60 PRPs were 
recorded between 11 and 15 minutes and PRPs between 16 and 20 minutes decreased to only 
10 (Figure 4). Twenty-minute flower frequency distributions of PRPs (Figure 5) were the 
same as ten-minute flowers (Two-Sampled Kolmogorov-Smirnov test: D = 0.1, p = 1). In 
addition, there was a statistically significant difference for both ten- and twenty-minute 
flowers because the Purple Throated Mountain Gem returned to ten-minute flowers on 
average every 6.45 minutes (One Sample t-test: t = -11.88, df = 319, p < 2.2e-16) and 
returned to twenty-minute flowers on average every 6.64918 minutes (t = -42.99, df = 304, p 
< 2.2e-16). Twenty-five percent of hummingbirds returned to both ten- and twenty-minute 
flowers in three minutes or less. Fifty percent of hummingbirds returned to ten-minute 
flowers within five minutes or less, while 50% returned to twenty-minute flowers within 6 
minutes or less. Seventy-five percent of hummingbirds returned to both ten- and twenty-
minute flowers within nine minutes or less.  

Green Crowned Brilliant hummingbirds most frequently visited ten-minute flowers 
between zero to five minutes (nearly 20 visits). Around ten PRPs were observed between six 
to ten minutes. Over six PRPs were observed between 11 to 15 minutes. Only two PRPs were 
observed between 16 to 20 minutes; however, there was a spike at 21 to 25 minutes with four 
PRPs by Green Crowned Brilliant hummingbirds (Figure 6). Several Green Crowned 
Brilliant hummingbirds had much longer intervals between their last visit, with some arriving 
nearly two hours later. Twenty-minute flower frequency distributions of PRPs (Figure 7) 
were the same as ten-minute flowers (Two-Sampled Kolmogorov-Smirnov test: D = 0.0477, 
p = 1). There was a statistically significant difference for ten-minute flowers because Green 
Crowned Brilliant hummingbirds returned to ten-minute flowers on average every 18.74 
minutes (One Sample t-test: t = 2.4473, df = 52, p = 0.01781). However, there was not a 
statistically significant difference for twenty-minute flowers because Green Crowned 
Brilliant hummingbirds returned on average every 18.06 minutes (t = -0.5677, df = 49, p = 
0.5728), which is extremely close to 20 minutes. Twenty-five percent of Green Crowned 
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Brilliant hummingbirds returned to both ten- and twenty-minute flowers within two minutes 
or less. Fifty percent of Green Brilliants returned to ten- and twenty-minute flowers around 
eight minutes or less. Seventy-five percent returned around 23 minutes or less.  
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FIGURE 4. Ten-minute flower in lower montane wet-forest adjacent to the Estación 
Biológica, Monteverde, Costa Rica at 1550-1800 meters elevation. The interval between the 
Purple Throated Mountain Gem’s (Lampornis calolaemus) current visit to ten-minute flowers 
and its last rewarded visit to that flower placed in 4-minute bins.  
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FIGURE 5. Twenty-minute flower in lower montane wet-forest adjacent to the Estación 
Biológica, Monteverde, Costa Rica at 1550-1800 meters elevation. The interval between 
the Purple Throated Mountain Gem’s (Lampornis calolaemus) current visit to twenty-
minute flowers and its last rewarded visit to that flower placed in 4-minute bins.  
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FIGURE 7. Twenty-minute flower in lower montane wet-forest adjacent to the Estación 
Biológica, Monteverde, Costa Rica at 1550-1800 meters elevation. The interval between Green 
Crowned Brilliant’s (Heliodoxa jacula) current visit to twenty-minute flowers and its last 
rewarded visit to that flower placed in 4-minute bins.  

FIGURE 6. Ten-minute flower in lower montane wet-forest adjacent to the Estación Biológica, 
Monteverde, Costa Rica at 1550-1800 meters elevation. The interval between Green Crowned 
Brilliant’s (Heliodoxa jacula) current visit to ten-minute flowers and its last rewarded visit to that 
flower placed in 4-minute bins.  
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DISCUSSION 
 
 Despite Henderson’s results, this study did not coincide with his findings. The Purple 
Throated Mountain Gem as well as Green Crowned Brilliant hummingbirds frequently 
visited both flowers between zero to five minutes, instead of the expected 10 and 20-minute 
intervals. This indicates that the Purple Throated Mountain Gem and Green Crowned 
Brilliant hummingbirds did not learn the designated time intervals that would yield a 
maximum reward. In fact, the Purple Throated Mountain Gem returned on average to both 
flowers every 6.45 minutes, which is a significant difference from 10 and 20 minutes. 
Furthermore, 75% of the time the Purple Throated Mountain Gem came back to both flowers 
nine minutes or less. This is not even enough time to learn the shorter ten-minute flower refill 
rate. The Green Crowned Brilliant returned on average every 18.74 minutes; while this is 
significantly different from 10 minutes, it is not significantly different from 20 minutes. In 
addition, a slight spike can be see in Green Crowned Brilliant probes right after 20 minutes 
(Figure 7). This indicates the possibility that several Green Crowned Brilliant hummingbirds 
learned the twenty-minute flower refill rates (Figure 7). However, Green Crowned Brilliant 
hummingbirds only visited the study site eight out of fourteen days, leaving much less time 
for them to learn the refill rates (the Purple Throated Mountain Gem visited every session). 
Furthermore, the majority of Green Crowned Brilliants returned earlier than the refill time 
and it cannot be said for sure whether the Green Crowned Brilliant was the same individual 
or many different individuals within the same species. Thus, Green Crowned Brilliant 
hummingbirds did not learning at the significant rates Henderson et al. (2006) found in 
temperate hummingbirds.  

The fact that the tropical Purple Throated Mountain Gem and Green Crowned 
Brilliant returned before the refill rate of both flowers may indicate different optimal foraging 
tactics due to different nectar secretion rates in the tropics. To determine this, there must be 
evidence that tropic nectar secretion rates differ from those in temperate regions.  Haupt 
(1902) reported extrafloral nectaries begin secreting only when humidity is relatively high. It 
follows that tropical rainforests can have 9.5 to 12 humid months, with an average humidity 
ranging between 77%-88% (Galvin 2007). Specifically, the study site for this experiment had 
an average range of 74%-97% humidity (Nadkarni and Wheelwright 2000). According to 
Haup (1902), this excess humidity would stimulate secretion in extrafloral nectaries. 
However, many other environmental factors can influence secretion rates as well, making it 
difficult to estimate the actual rate of tropical secretion rates. For instance, soil moisture may 
have significant effects (Boose 1997, Wolf 2006). Feinsinger et al. (1987) reports that a 
tropical Heliconia species on the wettest soil produced flowers with higher nectar volumes at 
faster rates. Furthermore, several studies indicate that lower temperature yields lower nectar 
production (Jackobsen & Kristjansson 1994). Nevertheless one study by Feinsinger (1978) 
reported that there was not a significant difference in nectar secretion among plants in 
Monteverde - flowers secreted up to 48µl of nectar over 24 hours. A study by Marden (1984) 
found nectar secreted in temperate flowers ranged from 0 to 2.3µl of solution in one hour. 
Different temperate and tropic secretion rates may cause different optimal foraging tactics for 
tropical hummingbirds and temperate hummingbirds (as seen in the different behavioral 
responses of tropical hummingbirds in this study and temperate hummingbirds in Henderson 
et al. (2006)).  

Several studies highlight different behaviors in temperate and tropic hummingbirds 
when presented with flowers of differing secretion rates. A study by Feinsinger (1978) in 
Monteverde reported that hummingbirds foraged haphazardly among flowers and nearly all 
flowers received visits. Feinsinger (1978) appears to coincide with this study because the 
Purple Throated Mountain Gem and Green Crowned Brilliant hummingbirds returned to ten- 
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and twenty-minute flowers during almost every visit without learning the time intervals that 
would maximize their reward. On the other hand, a study by Marshall et al. (2012) in the 
temperate region appears to coincide with Henderson et al. (2006). Marshall et al. (2012) 
reported that seven of the eight birds tested learned to revisit twenty-minute flowers 
significantly later than revisiting ten-minute flowers. In addition, he reports that some birds 
were able to learn the ten- and twenty-minute refill rates within the first 50 floral visits. 
Conversely, the tropical hummingbirds in this study demonstrated little to no learning over a 
one-month period. If nectar secretion rates do not significantly differ in tropical plants, as 
suggested by Feinsinger (1978), tropical hummingbirds may not need to forage optimally by 
remembering specific flower secretion rates. Monteverde possesses high regional 
biodiversity, ranging from 3,021 named species, a minimum of about 60 species flowering at 
once in a given month, and more than 100 species can flower simultaneously during peek 
seasons (Nadkarni and Wheelwright 2000). This immense abundance of food allows 
hummingbirds to forage in many different patches that are closer together without wasting 
energy on learning specific refill intervals. Conversely, species richness tends to decrease 
within drier habitats with stronger seasonality, as seen in temperate regions (Nadkarni and 
Wheelwright 2000). Variation between temperate secretion rates, as suggested by Marden 
(1984), coupled with less species diversity in temperate regions (Nadkarni and Wheelwright 
2000), makes it more beneficial for temperate hummingbirds to learn secretion rates so they 
do not waste energy moving between patches that are farther apart.  

A study performed at the La Selva Research Station in Costa Rica reported that 
greater competition between hummingbirds increased frequency of visits to flowers even at 
the expense of receiving a smaller reward and gaining a lower (even negative) profitability 
(Garrison and Gass 1998).  This coincides with my results that showed the Purple Throated 
Mountain Gem and Green Crowned Brilliant hummingbirds revisiting flowers exceptionally 
early, in most cases before there was even a reward present in artificial flowers. Garrison and 
Gass (1998) reports that Phathornis longirostris visited feeders with competition more 
frequently to keep nectar levels low and discourage competitors from returning regardless of 
replenishment rates that would otherwise allow it to obtain maximum reward. This could 
indicate tropical hummingbirds that experience more competition must optimally forage by 
revisiting flowers at higher frequencies regardless of the maximum refill rate of a flower.   
 Overall, this study provides a better understanding on pollinator behavior in regards to 
the possibility of varying nectar secretion rates. The observations and analysis of this study 
coupled with the Henderson et al. (2006) study provide evidence that pollinator behavior and 
optimal foraging tactics may differ between temperate and tropic zones. This could possibly 
be a result of differing temperate and tropic nectar secretion rates. In the temperate zone, 
studies report different ranges of secretion rates (Marden 1984) and the ability of temperate 
hummingbirds to actively learn these different refill rates (Henderson et al. 2006, Marshall et 
al. 2012). Therefore, optimal foraging in temperate regions may mean learning specific 
secretion rates of individual flowers in a patch so there is no need to waste energy flying to a 
another far-off patch. On the other hand, studies in the tropics report that flowers do not have 
significantly different secretion rates (Feinsinger 1978) and this study as well as Garrison and 
Gass (1998) report a higher frequency of visitation (perhaps due to competition). Therefore, 
optimally foraging in tropical regions may mean the focus is not on learning specific 
secretion rates, but rather on higher frequency of visitation to many closer patches, thus 
counteracting competition. Greater abundance and greater availability of food may allow 
tropic hummingbirds to disregard specific secretion rates and timing of their last visit. In 
total, this study is the first to recognize the distinct behavioral differences in temperate and 
tropic hummingbirds. Furthermore, it is the first study that looks into the variation between 
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temperate and tropical nectar secretion rates and the impact this has on temperate and tropical 
hummingbirds.  
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ABSTRACT 
 
Many plants rely on animal dispersers to ingest seeds in order to increase germination 
success and the plants reproductive fitness. The amount of time seeds spend in the gut 
may have an affect on germination, and some plant species may have the ability to 
control time spent passing through their disperser. I experimentally tested the 
contribution of ingestion by fruit-eating bats, to the rate of seed germination of Ficus 
pertusa figs that are not eaten by bats and fruit of Acnistus arborescens that is eaten by 
bats. Amount of time spent in the gut was similar for both plant species. Germination was 
enhanced in A. aborescens by several days. Results demonstrate that F. pertusa seed 
germinability is greatly enhanced by passage through an animal system. 
 
RESUMEN 
 
Muchas plantas confían en la dispersión animal para ingerir semillas y aumentar el exito 
de germinación y aumentar el exito reproductivo de las plantas.  El tiempo que las 
semillas pasan en el tracto digestivo puede afectar la germinación, y algunas especies de 
plantas pueden tener la habilidad de controlar el tiempo de pasada en sus dispersores.  
Experimentalmente probé la contribución de la ingesta por murciélagos frugívoros, en la 
tasa de germinación de Ficus pertusa que no son consumidos por murciélagos y frutos de 
Acnistus arborescens que sí es consumido por murciélagos.  El tiempo que pasan las 
semillas en el tracto digestivo es similar para ambas especies.  La germinación se vio 
mejorada en A. arborescens por varios días.  Los resultados muestran que la germinación 
de las semillas de F. pertusa se ve mejorada ampliamente por el paso a través de un 
sistema animal.  
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INTRODUCTION 
 
More than 80% of Neotropical Rain Forest plants rely on frugivorous vertebrates for seed 

dispersal (Howe & Smallwood 1982). Animal disperseal can be evolutionarily 

advantageous for a parent plant by taking the seeds away from the parent plant (Howe 

1982).  In addition, theory suggests that frugivorous animals have coevolved with 

particular plant species in order to increase plant fitness through enhanced germination 

(Travest 1998). Specifically, seeds may be more likely to germinate after passing through 

the gut of an animal disperser (Travest 1998).  

 

Previous research suggests not only that plants and animals coevolved, but that the plant 

may have the ability to control their dispersal distance by controlling the passage rate of 

their seed through the animal (Wahaj et al, 1998). The way in which plant control 

passage rate and therefore dispersal distance is variable. While some studies suggest gut 

passage has been shown to enhance seed germination by allowing the digestive enzymes 

of the animal to break down the protective seed coat, others suggest that remaining in the 

gut too long may cause damage to the seed and negatively influence germination 

(reviewed in Traveset & Verdú 2002). For instance, a study on bird dispersers of 

Witheringia solanacea (Solanaceae) suggests that the plant itself exerts control over 

dispersal by producing fruit pulp with laxative properties to influence the retention time 

of the seed affecting dispersal distance and seed viability (Murray et al, 1994)..Studies on 

mammal dispersals are less common (Tang 2006). 
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Frugivorous bats have play an important role in forest regeneration in the Neotropics as 

seed-dispersers (Muscarella 2006). The effect that gut retention time of bats has on the 

germination rates of plants whose fruit they eat has not been well studied (Tang 2006). 

Monteverde fruit bats are known to eat the fruits of Acnistus arborescens (hereafter 

referred to as Acnistus), from the Solanaceae family that has been found to control gut 

passage time in other species. If Acnistus manipulates gut passage time in its dispersers to 

increase both dispersal distance and germination, both passage time and germination 

should be different compared to other species that did evolve to not manipulate the 

digestive system of frugivorous bats.  This hypothesis remains untested for Acnistus.  

 

This study compares the germination rates of seeds after passing through the digestive 

system of bats with those that do not. It also compares the gut passage time of a fruit that 

is known to be eaten by bats and birds, Acnistus aborescens with a fruit that is never 

eaten bats, Ficus pertusa (hereafter referred to as Ficus).  

 
METHODS 
 
Study Site 

The experiment was conducted at the Bat Jungle in Monteverde, Costa Rica. The Bat 

Jungle is a live bat exhibit where there are currently five species of frugivorous bats 

living on a daytime schedule. The jungle-simulated bat display is 17m x 2-3m x 2.5m 

flight cage (Shelley 2011). There are currently five species of fruit-eating bats in this 

enclosure (see below).  
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Figure 1. Inside the live bat exhibit at the Bat Jungle in Monteverde, Costa Rica. The tarp was duck taped 
to the floor to collect droppings of bat guano for experimental  
 
Study Species 

The Bat Jungle contains five species of frugivorous Phyllostomidae bats- Artibeus 

jamaicensis, Artibeus lituratus, Artibeus toltecus, Carollia brevicauda, Platyrrhinus 

vittatus. All species of bats were found to eat Acnistus in the wild, though it is not a 

preferred fruit (Lovoba 2009). Phyllostomidae bats are known to prefer four different 

species of Ficus in Monteverde, but have never been known to eat F. pertusa (LaVal 

2014 personal communication).  

 

Experiment 

A large tarp was constructed with duck tape and white garbage bags and taped to the bat 

jungle floor each morning 80 cm x 47 cm x 94 as seen in Figure 1. Bat guano was 

collected from this tarp placed on the bat flight path beneath two of the three feeders.  

Four dishes of experimental fruit were placed in the feeding bowls existing at the Bat 

Jungle before the bats were released for their first feeding at 8:30 a.m. Acnistus  berries 
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were placed directly in the bowls. Ficus figs were cut open, seeds scraped out and placed 

inside small papaya chunks (Figure 2). After 30 minutes, the treatment fruit bowls were 

replaced with bowls of the regularly eaten fruits for the captive bats, which possessed no 

seeds edible by bats (i.e. bananas, watermelon, papaya).  

 

Bats were fed either Acnistus or Ficus fruits on different days. The first day of the 

experiment for each fruit, droppings were collected to test seed germination. It was 

previously observed that a large portion of seeds ingested by bats passed through them 

within the first 30 minutes, while another large portion of seeds passed through the bats 

closer to 90 minutes (Dorobek 2012). For this reason I collected 20 samples (i.e. 

individual droppings) 30 minutes after treatment removal, and another 20 samples 90 

minutes after treatment removal. This totaled forty samples of Acnistus for germination, 

and forty samples of Ficus for germination. Each sample was examined under a 

dissecting scope, seeds counted, and placed in a petri dish for germination at the Estación 

Biológica Monteverde.The seeds from two different fruits, two Acnisus and two Ficus  

were also placed in petri dishes to serve as controls that did not pass through the gut of 

the bats. All fruits, including the control ones, were collected from the same tree.. All 

petri dishes were watered once a day with fungicide diluted in water and placed in front 

of a window. They were checked for germination daily.  
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Figure 2. The picture on the left is the Ficus pertusa experimental fruit before being fed to the bats. Seeds 
were scraped from the figs and placed in center holes cut into small chunks of papaya. The picture on the 
right is Acnistus arborescens which was placed into bowls and provided to bats directly.  
 
 

To evaluate whether gut passage times differed between species, the same procedure used 

to collect fruits for germination was repeated at a finer time scale. During the germination 

experiment it was observed that droppings began landing on the tarp 10 minutes after the 

food was brought out at 8:30 am, and seeds were almost completely absent in droppings 

after 50 minutes. For this reason, ten samples were collected 20 minutes after feeding. 

Fruit was replaced 30 minutes after feeding began, and another 10 samples were collected 

at 35 minutes after feeding time (9:05 a.m.), and for a third time 50 minutes after feeding 

time (9:20 a.m.). The fifteen minutes between collections allowed enough time to wipe 

off the tarp so that it could collect 10 more samples. This routine of data collection was 

performed for three morning feedings and two lunch feedings for each experimental fruit, 

Acnistus and Ficus. After samples were collected, they were counted under a dissecting.  

 
RESULTS 
 
All five frugivorous bat species present in the bat jungle were observed eating Acnistus 

and Ficus. For comparing the differences of number of seeds per dropping between the 

three collection times an Analysis of Variance (ANOVA) test was used, after the data 
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were normalized using logarithm.. The number of droppings decreased with time, as did 

the average number of seeds per dropping of Acnistus (F-16.33, df=2, p=0.0000000471; 

Figure 3). There was also a statistical difference in mean seeds per dropping between the 

three dropping times for Ficus (F=9.223, df=2, p=.00017; Figure 3).  

 

Similar proportions Acnistus seeds germinated per dropping before and after 30 minutes 

one week after collection (t-test: t= , df = 18.2, p=0.579; Figure ?) and two weeks after 

collection (df= 12.208, p=0.6724; Figure ?). The case of Ficus was similar after one ( t=, 

df=17, p=0.3313; Figure ?) and two weeks after collection (t=, df=3.399, p=0.3966; 

Figure ?).. Because the proportion of germinated seeds per dropping was similar before 

and after 30 minutes was similar, these two were combined (eaten seeds) a compared 

against the control fruits (uneaten seeds). For Acnistus, eaten seeds germinated more 

often than uneaten seeds after one week (t=-4.8017, df=22, p=8.525e-05; Figure 4), but 

the difference disappeared after two weeks (t=-1.7498, df=1.489, p=0.2631; Figure 5). In 

the case of Ficus, eaten and uneaten seeds germinated in similar proportions  after one 

week (t=-1, df=21, p=0.3287; Figure 4) but eaten seeds germinated more often than 

uneaten seeds after two weeks (t=-3.3177, df= 21, p=0.003272; Figure 5). In general, the 

average proportion of seeds germinated per dropping was higher in Acnistus on weeks 

one  (t=4.5155, df=24.387, p=0.0001377) and week two (t=4.4435, df=40.549, p=6.691e-

05). Because data in proportions are not normally distributed, the arcsine transformation 

was used to make them normal prior to running all the t-tests. 
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Figure 3. Mean number of seeds per dropping found after passage through bat. Study conducted at a live 
bat exhibit in Monteverde, Costa Rica that contained 5 different species of frugivorous bat. The two fruit 
types represented are Acnistus arborescens, eaten by bats in the wild, and Ficus pertusa, not eaten by bats 
in the wild. Three time periods represent the collection time of samples and the number of minutes after the 
fruit was provided to the bats, most bats consumed fruit immediately. The 20 min means are 
signifiantly different from the other two times in both species (Tukey post hoc test, p-
value <0.05 in all cases). Error bars represent ±1 standard error.  
 

 
Figure 4. Actual number of seeds germinated for Acnistus arborescens and Ficus pertusa. Germination 
period was one week. Two bars for each plant species represent the control, seeds that had not been 
ingested by bats, and eaten representing seeds that had been ingested by bat. Eaten samples were obtained 
from five frugivorous bat species maintained in captivity at the Bat Jungle, a live bat exhibit, in 
Monteverde, Costa Rica.  
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 Figure 5. Actual number of seeds germinated for Acnistus arborescens and Ficus pertusa. Germination 
period was two weeks. Two bars for each plant species represent the control, seeds that had not been 
ingested by bats, and eaten representing seeds that had been ingested by bat. Eaten samples were obtained 
from five frugivorous bat species maintained in captivity at the Bat Jungle, a live bat exhibit, in 
Monteverde, Costa Rica. 
 
 
Discussion: 
 
This study determined that the gut passage time for a fruit eaten by birds and a fruit eaten 

by bats and birds was relatively the same. The highest average number of seeds passed 

through bat digestive systems in 20 minutes and the lowest at 50 minutes. These results 

suggest that the Acnistus does not possess the laxative property that has been found in 

other species of the Solanaceae family (Murray et al. 1994). This study found that 

amount of time spent in the digestive system of a bat did not have an effect on seed 

germinability for either fruits eaten by bats in the wild or not eaten by bats in the wild.  

 

Results from the germination experiment comparing the germination of Acnistus between 

control and eaten reveal that Acnistus will likely germinate within two weeks regardless 

as it did in the control, though seed germinability was enhanced after passing through the 

digestive system of a bat as many of the eaten seeds germinated days faster than the 

control. Acnistus is a pioneer plant commonly found in abandoned pastures and 
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secondary growth forests in the tropics (Kuzee 2000). It is possible that Acnistus benefits 

from having bats as a disperser in addition to birds because bats have been found to fly 

over more open areas that are ideal habitat for pioneer species than birds (LaVal 2014 

personal communication). While the plant may benefit from seed dispersal by bats, there 

is no evidence to support that coevolution took place between them. Frugivorous bats in 

Monteverde have been found to eat Acnistus, but it is not preferred. 

  

The Ficus pertusa germination comparison between control and eaten seeds revealed that 

seeds were significantly more likely to germinate both after two weeks and after being 

eaten. After two weeks only 5% of Ficus control seeds began to germinate, but after 

being eaten by bats 20% of seeds germinated. Monteverde fruit bats are known to prefer 

four other species of Ficus in, but never to eat figs from F. pertusa (Dinnerstein 1983). 

Germination of fig seeds has been shown to be positively influenced by gut passage of 

Artibeus jamaicensis, one of the bats studied (Heer 2010). A connection may lie in the 

results that passing through an animal system enhances seed germinability for Ficus 

species, and that perhaps the seeds of the other Ficus species known to be eaten by bats 

have similar properties to that of F. pertusa.  
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ABSTRACT  
Fallen branches, logs, and exposed roots form important parts of trunk-trail systems for leaf-cutting ants, 
Atta cephalotes, in tropical forests. To understand the effect that branch size has on ant travel times, laden 
ants were timed in relation to branch width and height across 20 cm segments along trunk-trail: (1) 
preceding a fallen branch, (2) at the access point of a fallen branch, (3) across the branch, and (4) departing 
the branch. This is the first study to examine how fallen branch size affects travel times, including branch 
departure time, and branch selection. Ants were found to travel faster on branches than on cleared segments 
of trunk-trail, and may save a large nest 11,666 ant-hours per day; branch departure alone contributes 5,833 
ant-hours to this estimate, illustrating its importance in “time-saved” estimates. There was no correlation 
found between height and width of fallen branches and ant speed. In a second field study, ants were offered 
tall branches and normal height branches as wide as their trunk-trail, and branches as wide as and half the 
width of the trunk trail but a normal height, to see which they selected. Ants preferred normal height 
branches and full-width branches as opposed to other branch types, suggesting that certain branch sizes are 
selected for trail use that have no negative effect on travel times. These data help explain the prevalence of 
fallen branches in A. cephalotes trunk-trails and provide insight into the role that fallen branch size plays in 
ant speed and trail design. 
 
RESUMEN 
Ramas caídas, troncos y raíces expuestas forman parte importante de los sistemas de tronco-sendero para 
zompopas, Atta cephalotes, en los bosques tropicales. Para entender el efecto que el tamaño de una rama 
tiene en los tiempos de viaje de hormigas, el tiempo de las hormigas con carga se midió en relación con la 
anchura y la altura de la rama a través de 20 cm de segmentos a lo largo del tronco-sendero: (1) que 
precede a una rama caída, en el punto de acceso de una rama caída, a través de la rama, y saliendo de la 
rama. Este es el primer estudio que examina cómo el tamaño de una rama caída afecta a los tiempos de 
viaje, incluyendo el tiempo de salida de la rama, y la selección de la rama. Se encontró que las hormigas 
viajan más rápido en las ramas que en segmentos despejados de tronco-sendero, y pueden ahorrar para un 
nido grande, 11.666 horas de hormigas por día; la salida de una rama solo aporta 5.833 horas de hormigas a 
esta estimación, ilustrando su importancia en las estimaciones de "tiempo-salvado". No hubo una 
correlación encontrada entre la altura y la anchura de las ramas caídas y la velocidad de la hormiga. En un 
segundo estudio de campo, ramas altas fueron ofrecidas a las hormigas y ramas de alturas normales tan 
ancho como su tronco-sendero, y las ramas tan anchas como la mitad del ancho del tronco-sendero, pero de 
una altura normal, para ver que ramas se seleccionan. Las hormigas prefirieron ramas de una altura normal 
y ramas de ancho completo en comparación con otro tipo de ramas, sugiriendo que ciertos tamaños de 
ramas son seleccionadas para uso en el sendero que no tienen ningún efecto negativo en los tiempos de 
viaje. Estos datos ayudan a explicar la prevalencia de ramas caídas en A. cephalotes tronco-senderos y 
proporcionan información sobre el papel que el tamaño de una rama caída juega en la velocidad de la 
hormiga y diseño de senderos. 
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INTRODUCTION  
Optimizing foraging efficiency is essential to an organism’s survival. Theory surrounding 
this idea aims to predict the foraging behavior of organisms based on the hypothesis that 
organisms will forage in a way that will optimize their fitness (Pyke 1984). In tropical 
forests, leafcutter ants are important foragers and may reduce annual leaf production by 
as much as 17% (Cherret 1989). Optimizing leaf transport time may be beneficial to ants 
by reducing exposure time to parasitoid attack, enhancing information transfer to nest 
mates, and reducing moisture loss in leaf fragments (Burd 1996). However, the ever-
changing structure of the forest understory likely affects their foraging efficiency. For 
example, dense vegetation and leaf litter can drastically reduce ant travel times; therefore, 
some species of ants optimize foraging by removing leaf litter from trails, which 
decreases energy costs and travel time (Fewell 1988). Leaf-cutter ants in particular 
construct foraging trails, called trunk-trails. These are permanent trails that are 
maintained by cutting, clearing, and creating rubbish collections and often consist of 
fallen branches, logs, and exposed roots (Shepherd 1982). The construction and 
maintenance of these trunk-trails is essential to resource capture and is thought to cost 
considerable time and energy (Howard 2001).  

A species of leaf cutter ants, Atta cephalotes, has a well-studied trunk-trail 
system. These ants travel up to 200 meters (Cherret 1968) on trails up to 30 cm wide 
(Lewis et al. 1974), to cut leaves and bring them to the nest to cultivate fungal colonies 
used for larval food supply. Trunk-trails are conspicuous as a single nest can maintain as 
much as 3 km of debris-free trails (Howard 2001). A striking facet of the Atta trunk-trail 
system is their use of fallen branches and logs—these ants will preferentially construct 
trunk-trails to include fallen branches and logs (Farji-Brener et al. 2009, Deniaud 2013). 
For example, in the forests of Panama as much as 30% of the trunk-trail will be 
composed of them (Howard 2001). Estimates by Mogollón & Farji-Brener (2007) suggest 
that trunk-trails in Costa Rican forests of 40 m length can be composed of 7 m of fallen 
branches. While the role of trunk-trails in the foraging behavior of leaf-cutting ants has 
been extensively studied, there is little research on how fallen branches and logs in these 
systems affect foraging efficiency or the rules governing their incorporation into trunk-
trails.  
 Some studies have examined the role fallen branches play in trail construction and 
foraging behavior. These studies determined they might guide trail design, direct foraging 
efforts, (Farji-Brener et al. 2009, Deniaud 2013) increase speed, (Mogollón & Farji-
Brener 2007, Farji-Brener et al. 2009, Deniaud 2013) and save ants more travel time as 
branch length increases (Mogollón & Farji-Brener 2007). However, these did not account 
for the effect that height, width, and branch departure has on ant travel time or branch 
selection. Since leafcutter ants transport leaves slower on uphill trail gradients than on 
downhill gradients, including travel time consumption as a result of both branch access 
and departure in relation to height is essential (Lewis et al. 2008). Furthermore, head-on 
encounter rates between ants have been shown to decrease travel time. Small branch 
widths could increase the possibility of this occurring (Burd & Aranwela 2003).  
 Since branch departure times have not been included in previous studies, it is 
unknown if branches actually optimize ant travel speeds. If branches truly do increase ant 
travel speeds, then the time it takes for the ants to travel up, across, and down a branch 
should be faster than if they were to avoid it altogether. To test this, ant travel times were 
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compared in relation to branch size, across 20 cm segments along trunk-trail preceding a 
fallen branch, at the access point of a fallen branch, across the branch, and departing the 
branch. Travel times across 60 cm of trail and 60 cm of fallen branch, including travel 
time up, across, and down a branch were also compared. Additionally, ants should only 
incorporate branches into their trunk-trail systems with sizes that do not negatively 
impact travel time and avoid branches that do. In order to examine this, a second field 
study compared the frequency of branch selection by ants of branches with widths or 
heights that would be potentially detrimental to travel times versus branch sizes that were 
not. By isolating width and height, it will become clear whether or not branch selection is 
independent of these factors This is the first study to examine how fallen branch size 
affects ant travel times, including branch departure time, and branch selection. 
 

METHODS 
Study Site 
 
The study was conducted on Guillermo’s Farm in Cañitas, Costa Rica on a mid-elevation 
pacific slope (Figure 1). The area is a premontane wet forest at around 1300 meters 
elevation that receives a mean annual rainfall of 2-4 meters. The farmland consisted of 
pasture bordered by secondary growth, regenerating forest.  
 

 
FIGURE 1: Study site on farmland in a pacific coast premontane wet forest at 1300 
meters elevation in Cañitas, Costa Rica. The farmland consisted of pasture bordered by 
secondary growth, regenerating forest.  
 
Experiment 1 

To test if traveling on branches is faster than traveling on a trail, six large A. cephalotes 
nests were located in and around the forest edge and in the pasture. For each nest, four 
fallen, flat (as in parallel to the ground), branches were selected anywhere along!any of 
the main trunk-trails. Five total segments were defined across the fallen branch and its 
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preceding trail (Figure 2). All data were collected between 0800-1200 hours and on 
sunny days to control for variations in ant activity.  

 
FIGURE 2: Experimental set-up of timed trail and branch segments in a pacific 
premontane wet forest at 1300 meters elevation. The trail and branches were segregated 
as follows: (1) a 20 cm segment of trunk-trail before the fallen branch, (2) a 40 cm 
segment before the fallen branch, (3) a 20 cm segment centered over the fallen branch at 
its access point, (4) a 20 cm segment in the center of the branch, and (5) a 20 cm segment 
centered over the fallen branch at the point of departure. All segments chosen were clear 
of debris and the same laden ant was timed across each segment.  
 
The travel time of a single laden ant was measured across all 5 segments and was 
replicated for 15 ants per a branch, across 4 branches per a nest, for a total of 6 nests. In 
cases where the access or departure point on the branch was not at a 90 degree vertical 
angle, the 20 cm segments were still centered over the ends of the branch, even if this did 
not account for the full branch height. These measurements were taken without disturbing 
the ants. To examine the contribution each segment has on ant travel time, travel times 
along segments 1, 3, 4, and 5 (Figure 2) were compared using a Related-Samples 
ANOVA (general linear mixed model; colony, branch and ant were included as random 
effects). An Independent Contrast post-hoc test was performed when means were 
significant.  
 The effect that fallen branch height and width has on these ant travel times was 
determined by measuring the width of each of the segments. The height of each branch 
segment was also measured and both width and height were compared against ant travel 
times using regression analysis. Width was measured at the narrowest part of the trail or 
branch segment and height was measured at the highest point on each of the branch 
segments. A paired t-test was used to compare travel times along segments 1 and 2 (60 
cm total), against 3, 4, and 5 (60 cm total) to see if using a branch was truly faster (Figure 
2).  
 
Experiment 2 
 
To examine the effect of branch size on branch selection, one large and active A. 
cephalotes nest was selected and examined over the course of a week between the hours 
of 0800 and 1200. The width of one main trunk-trail was measured by choosing a 
segment that was representative of the rest of the trail. In order to determine if fallen 
branch width and height affects branch selection for the trunk-trail systems, four different 
branch treatments were created: (1) five branches that were half the width of the trunk-
trail and 90 mm tall, (2) six branches equal in width to the trunk-trail and also 90 mm tall, 
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(3) five branches that were as wide as the trunk-trail but 250 mm tall, and (4) five 
branches that were as wide as the trunk-trail and only 90 mm tall. In this way, the only 
variable changing in the width treatments (1 and 2) was width, and in the height 
treatments (3 and 4) was height. The purpose of this is to offer the colony the choice 
between a branch that would be beneficial to their travel times (treatments 2 and 4) and a 
branch that could potentially increase their travel time (treatments 1 and 3). For width 
treatments, the 90 mm branch height was chosen out of convenience since this height of 
branch was easy to locate. For tall treatment branches, the height of 250 mm was selected 
to provide ants with a potentially detrimental branch height as well as to ensure the 
branch would not be blown down overnight—the 90 mm width for one of the branch 
types in this treatment was also selected based on how easy it was to locate in nature. All 
branches had relatively smooth surfaces and were found around the farm. It was also 
ensured that no other nest was making use of them.  
 To construct the tall branches, unused branches found around the farm were cut 
flat on either side so that they could be stacked to 250 mm. The topside of the uppermost 
branch in the stack was not manipulated. All branches were cut to 80 cm in length and at 
a 90-degree angle on both sides. This controlled for length and ensured the ants 
experienced the full effect of the branch height. Starting from the beginning of the trunk-
trail at the nest entrance, five half-width branches and full width branches were placed 
directly in the middle of the trunk-trail. After 24 hours, it was recorded whether the ant 
column had moved to incorporate the branch. All branch conditions were then removed 
and ants were given 30 minutes to readapt to the changes before methods were repeated 
for height treatment branches—no branch was used more than once. The entire 
experiment was replicated again at the same nest but on a different trail of the same width 
and results were analyzed using Fisher’s Exact Test.  
 

RESULTS 

Experiment 1 
 
The travel segments ants were walking across had a statistically significant effect on 
mean ant travel time (Related Samples ANOVA, F = 278.9, df = 3, P < 0.0001; Figure 
3).  Each travel segment differed significantly from one other (Independent Contrast post-
hoc Test, all comparisons P < 0.0001). It took nearly 50% less time to travel on cleared 
segments across fallen branches (9.132 �SE 0.2802) than it did to travel on cleared 
segments of trail (17.65 �SE 0.3674). It took more time to travel up the branch (15.24 
�SE 0.2802) than it did to travel down (14.399 �SE 0.2428), but accessing and 
departing the branch was slower than walking across it. Both traveling up and down the 
branch was faster than walking across the trail. Compared to the time it takes to walk 20 
cm of cleared trail segment, ants gained on average 2 seconds traveling up a branch, 9 
seconds to travel across a branch, and 3 seconds departing the branch. 
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FIGURE 3: Mean total travel times of A. cephalotes across four segments of trail and 
branch on farmland in a pacific premontane wet forest at 1300 m elevation. Ants were 
timed to see how long it takes them to travel 20 cm cleared segments: (1) a segment of 
trail preceding the fallen branch, (2) centered over the access point of the branch, (3) in 
the center of the branch, and (4) centered over the departure point of the branch. Mean 
travel times for ants across the four segments of trunk-trail and branch differed 
significantly (Related Samples ANOVA, F = 278.9, df = 3, P < 0.0001) and differed 
significantly from each other (Independent Contrast post-hoc Test, all comparisons P < 
0.0001). n = 390 ants. Error bars represent standard error. 

 

 The total travel times across 60 cm of cleared trunk-trail and 60 cm of fallen 
branch, including branch access and departure, differed significantly from each other 
(Paired t-test, df = 222, t = -15.84, P < 0.0001; Figure 4). On average, it was 18 seconds 
faster for an ant to travel up, across, and down 60 cm of cleared branch (40.66 �SE 0.51) 
than it was to travel across an equal-length cleared segment of trail (58.66 �SE 1.016). 
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FIGURE 4: Mean total travel times of A. cephalotes across 60 cm of cleared trail 
segments and 60 cm of cleared fallen branch segment, including branch access and 
departure. Data were recorded on farmland in a pacific premontane wet forest at 1300 m 
elevation. Ants were timed to see how long it takes them to travel 20 cm cleared 
segments: (1) a segment of trail preceding the fallen branch, (2) centered over the access 
point of the branch, (3) in the center of the branch, and (4) centered over the departure 
point of the branch. Travel times differed significantly between trail and fallen branch (P 
< 0.0001). n = 223 ants. Error bars represent standard error. 

 

 There are no meaningful correlations between branch width and height in regards 
to traveling up and down a branch (Figure 5, 6, 7, 8). However, branch width traveling 
down was significantly and positively correlated with ant travel times (Regression 
Analysis, R2 = 0.0154, P = 0.014; Figure 7). Despite its significance, the slope of the 
equation is minimally different from zero and thus has nearly zero explanatory power for 
the relationship. While not statistically significant, branch height traveling down also 
demonstrated a trend that was positively correlated with ant travel time (Regression 
Analysis, R2 = 0.0086, P = 0.068; Figure 8). This is also biologically meaningless since 
the slope of the equation hardly differs from zero. 
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FIGURE 5: Mean A. cephalotes travel time at fallen branch access point as a 
consequence of branch width on farmland in a pacific premontane wet forest at 1300 m 
elevation. Ants were timed across fallen branches to see how long it takes them to travel 
20 cm cleared segments: (1) centered over the access point of the branch, (2) in the center 
of the branch, and (3) centered over the departure point of the branch. Heights were 
measured at the highest point in the segments at branch access and departure. Widths 
were measured as the smallest point in the segments at branch width and departure. Each 
data point represents a single ant’s speed at a specific branch width while accessing a 
branch. Ant travel time accessing a branch was not significantly correlated with branch 
width (y = 0.0011x + 15.17, P = 0.768, R2 = 0.0002). n = 390 ants. 
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FIGURE 6: Mean A. cephalotes travel time at fallen branch access point as a 
consequence of branch height on farmland in a pacific premontane wet forest at 1300 m 
elevation. Ants were timed to see how long it takes them to travel 20 cm cleared 
segments: (1) centered over the access point of the branch, (2) in the center of the branch, 
and (3) centered over the departure point of the branch. Heights were measured at the 
highest point in the segments at branch access and departure. Widths were measured as 
the smallest point in the segments at branch width and departure. Each data point 
represents a single ant’s speed at a specific branch height while accessing a branch. Ant 
travel time accessing a branch was not significantly correlated with branch height (y = 
0.0002x + 15.221, P = 0.951, R2 = 9.7e-06). n = 390 ants. 

 

!
FIGURE 7: Mean A. cephalotes travel time at fallen branch departure point as a 
consequence of branch width on farmland in a pacific premontane wet forest at 1300 m 
elevation. Ants were timed to see how long it takes them to travel 20 cm cleared 
segments: (1) centered over the access point of the branch, (2) in the center of the branch, 
and (3) centered over the departure point of the branch. Heights were measured at the 
highest point in the segments at branch access and departure. Widths were measured as 
the smallest point in the segments at branch width and departure. Each data point 
represents a single ant’s speed at a specific branch width while departing a branch. Ant 
travel time departing a branch is significantly correlated with branch height, but the 
correlation is not strong (y = 0.0091x + 13.849, P = 0.0142, R2 = 0.0154). n = 390 ants. 
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FIGURE 8: Mean A. cephalotes travel time at fallen branch departure point as a 
consequence of branch height on farmland in a pacific premontane wet forest at 1300 m 
elevation. Ants were timed to see how long it takes them to travel 20 cm cleared 
segments: (1) centered over the access point of the branch, (2) in the center of the branch, 
and (3) centered over the departure point of the branch. Heights were measured at the 
highest point in the segments at branch access and departure. Widths were measured as 
the smallest point in the segments at branch width and departure. Each data point 
represents a single ant’s speed at a specific branch height while departing a branch. 
Though not significant, there is a positive trend between ant travel time departing a 
branch and branch height. However, the correlation is not strong (P = 0.0677, R2 = 
0.0086). n = 390 ants. 
 

 Based on these regressions, it is clear that the majority of branches seen were 
around 10 mm in width and height to about 100 mm in width and height. Only a few 
branches were seen being used at larger heights and widths. 
 

Experiment 2 
 
After 24-hour periods, ants had used a total of one half-width branch, but walked around 
the other nine half-width branches. For full-width branches, ants had used seven, but 
walked around the other three (Figure 9). These distributions were not due to chance 
(Fisher’s exact test P=0.0198).  
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FIGURE 9: Number of half-width branches used and avoided versus number of full-
width branches used and avoided by A. cephalotes. Data were collected on farmland in a 
pacific premontane wet forest at 1300 m elevation. In a single nest on two separate main 
trunk-trails, ants were offered 10 branches of equal height but half the width of the 
foraging trail, and 10 branches of equal height (to each other and to the half-width 
branches) but the same width as the foraging trail. “Yes” refers to branches used, and 
“No” refers to branches ignored. Distributions were not due to chance (Fisher’s Exact 
Test, P = 0.0198) 
 
 After 24-hour periods, ants had not used any of the ten tall condition branches. It 
was observed that ants would rather walk around or only partway up the branch, than 
ascend it completely. For the normal height branches, ants had used eight of the branches, 
but formed the trail around the other four (Figure 10). These distributions were also not 
due to chance (Fisher’s Exact Test, P = 0.002). 
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FIGURE 10: Number of tall branches used and avoided versus number of normal height 
branches used and avoided by A. cephalotes. Data were collected on farmland in a pacific 
premontane wet forest at 1300 m elevation. In a single nest on two separate main trunk-
trails, ants were offered 10 constructed branches equal to the width of the foraging trail, 
but 250 mm tall. Another 10 constructed branches of the same width, but only 90 mm tall 
were also offered to the ants. Branches were placed directly in the center of the foraging 
trail. “Yes” refers to branches used, and “No” refers to branches ignored. Distributions 
were not due to chance (Fisher’s Exact Test, P = 0.002). 
 
 
DISCUSSION 
 
Experiment 1 
 
The purpose of this experiment was to determine if using a fallen branch or log is faster 
than walking along the trail. These results support the hypothesis that using fallen 
branches enhance ant travel times. Even after including time consumption caused by 
departing a branch, using a branch is still more beneficial than walking on the trail. This 
is likely because fallen branches offer a smooth substrate for ants to walk across (Farji-
Brener et al. 2009). By using a branch instead of an equal length trail segment, ants saved 
an average of 18 seconds (s) per 60 cm of branch, including accessing and departing. 
Given the estimates by Mogollón & Farji-Brener (2007), that a trail of 40 m length can be 
composed of 7 m of fallen branches—this would represent 210 s of time reduction for 
laden ants (18 s per 60 cm saved by taking a branch, scaled to 700 cm). Since a large Atta 
nest contains 50,000 foragers and that each foraging trail has a mean of four fallen 
branches, a nest may save 11,666 ant-hours (194 ant-days) per nest per day—assuming 
only one trip per an ant. This number is much larger than previous estimates by Mogollón 
& Farji-Brener (2007) at 3,000 ant-hours (125 ant-days).  
 Differences between estimates may be due to the fact that branch departure time 
was not considered by Mogollón & Farji-Brener (2007). My results show that the time it 
takes to depart a branch saves an ant on average 3 s per 20 cm of branch. Scaled to 700 
cm, departing a branch may save a nest 5,833 ant-hours. Hence, departing a branch 
effectively contributes to half of the total time saved by a nest per day when it uses a 
fallen branch. Subtracting this number from the previous 11,666 ant-hours reveals 5,833 
ant-hours saved by a nest per day without departure time included—this number is much 
closer to previous estimates. Regardless, since ant speed may be affected by a number of 
factors such as characteristics of leaf fragments carried (Burd 1996), number of head-on 
encounters with other ants (Burd & Aranwela 2003), or microclimate conditions (Lewis 
et al. 1974) it is expected that the speed of a laden ant will vary for each study.  
 The data suggest that there is no time bottleneck when accessing or departing a 
branch and that travel time actually decreases at these segments. During higher rates of 
ant flow, a time bottleneck may exist given that fallen branches were typically narrower 
than trunk-trail segments (Burd 2003, Mogollón & Farji-Brener 2007). However, it is 
likely that none was seen in this experiment since nests were typically observed below 
their peak ant flow. Nests seemed to be less active than expected because data were 
collected during an unusually warm month and temperature changes have been show to 
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affect foraging activity (Lewis et al. 1974). The lack of a bottleneck could also explain 
further discrepancies between the ant-hours saved as calculated here and that observed by 
Mogollón & Farji-Brener (2007). In addition to this, the data also corroborate findings by 
Lewis et al. (2008) which say ants transport leaves faster on downhill gradients than on 
uphill gradients—when departing a branch, ants were on average a second faster than 
when they were accessing the branch. This contribution to the amount of time conserved 
is important as it accounts for half of the estimated ant-hours saved per nest per day.  
 When examining how branch width and height affect ant speeds, it is clear these 
two variables are almost unrelated to speed. While the correlation between branch width 
down and ant time down (Figure 7) was significant, it only describes less than 2% of the 
relationship; this also applies for the trend seen with branch height down and ant time 
down (Figure 8). Perhaps the lack of strong correlations can be attributed to the angle at 
which the branch or log was broken off. The large logs and branches examined in this 
study (200 mm to 350 mm in width or height) were all easy to ascend because of the 
angle at which the branch or log broke off from a tree (pers. obs). The branches therefore 
had little effect on travel time. Another option is that ants select branches or logs of 
certain widths and heights that will have little effect on their speed. Since reducing leaf 
transport time is beneficial to ants (Burd 1996), it would make sense to select branches or 
logs that are only beneficial to ant travel times.  
 
Experiment 2 
 
The purpose of the experiment was to determine whether or not ants would select fallen 
branches or logs beneficial to their travel times and ignore branches that may be 
detrimental. The fact that ants preferred full-width branches to half-width branches 
suggests that ants recognize the potential detriment half-width branches have on travel 
times. Since a smaller width may increase the number of head-on encounters with other 
ants, thus increasing ant travel time (Burd 2003), it makes sense they would not 
immediately use half-width branches. It is possible that, if given more time, they would 
eventually use the branch—especially since most of the branches seen in the field were at 
least half the width of the trail. However, it is still clear that the benefit of using a full-
width branch is more evident to the ants, while the potential benefit of a half-width 
branch is not.  If this were not the case, the ants would have selected the half-width 
branches as often or as quickly as the full-width branches.  
 In the height treatments, the fact that ants selected normal height branches more 
often than tall branches suggests that the benefit of walking across a normal height 
branch is evident after a 24-hour period. It was observed that ants would rather climb part 
way up the branch or walk around it than walk up its full height. Since no ants climbed 
the full height of the tall branches, this perhaps indicates that the ants may recognize the 
potential detriment the full height of the branch could have on their travel time. Again, if 
this were not the case, ants would have used the entirety of the tall branches and selected 
tall branches as often and as quickly as normal height branches. These data are 
corroborated by the lack of correlations between width and height and ant travel times up 
and down branches (Figures 5, 6, 7, and 8) because ants avoided branch widths and 
heights that would potentially increase their travel times.  
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 These results are important because they demonstrate that using branches in 
trunk-trails, including the time it takes to access and depart a branch, is much faster than 
traveling on the trail. It was shown that departing a branch contributes to a substantial 
increase in time saved by a nest per day—raising previous time-saved estimates 
immensely. Unlike previous studies, no bottleneck effect was observed when accessing 
or departing a branch with decreasing branch width, but this was likely a result of below-
peak ant flow (Farji-Brener et al. 2009). Furthermore, results confirm studies that suggest 
transporting leaves going downhill is faster than going uphill (Lewis et al. 2008). It was 
also discovered that fallen branch width and height might help govern the rules of branch 
incorporation into trunk-trails. Branches that increase travel times are avoided and those 
that decrease travels times are favored. The data presented here help explain the 
prevalence of fallen branches and logs in the trunk-trails of A. cephalotes. It also 
demonstrates that ants select branches for incorporation into their trunk-trails in such a 
way that optimizes their foraging efficiency.  
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ABSTRACT 
 Four species of pioneers, Bocconia fructescens, Cercropia obstusifolia-angustifolia (hybrid), 
Piper rivioides, and Psidium guajava, and four species of shade tolerant, Sorocea pubivena, 
Psychotria uliginosa, Quercus insignis and Calyptrogyne ghiesbreghtiana, were used to create 
methanol extracts which were placed on oat flakes in order to test the Palatable Forage 
Hypothesis. This hypothesis states that herbivores will choose pioneer species with more 
desirable leaf qualities over shade-tolerant species with less desirable qualities. The oats were 
then presented to Atta cephalotes in a Smorgasbord Leaf Assay. The number of oats taken per 
treatment was recorded. A preference for three of the pioneers, C. obstusifolia, P. rivioides, and 
B. fructescens, was found. To elucidate on this preference of pioneer plants during actual 
foraging behavior of the ants, water content, nitrogen content, and toughness were examined for 
both groups, pioneer and shade tolerant, to determine if significant trends found in previous 
studies held true for these species as well.  Pioneers were found to have a significantly higher 
water and nitrogen content, but there was no significant difference in toughness of leaves. Since 
A. cephalotes preferred pioneers to shade tolerant plants they have potential use as bioindicators 
of forest age, but most importantly this preference further corroborates the palatable forage 
hypothesis under conditions that had yet to be tested.  
RESUMEN 
Cuatro espescies de plantas pioneras Bocconia fructescens, Cercropia obstusifolia-angustifolia 
(híbrido), Piper rivioides, y Psidium guajava, y cuatro especies de sotobosque tolerantes a la 
sombra Sorocea pubivena, Psychotria uliginosa, Quercus insignis y Calyptrogyne 
ghiesbreghtiana se usaron para crear extractos con metanol que se colocaron en hojuelas de 
avena para probar la Hipótesis de Forrajeo Apetecible.  Esta hipotesis establece que los 
herbivoros seleccionaran especies pioneras de hojas con cualidades más deseables sobre especies 
tolerantes a la sombra con cualidades menos deseables.  La avena fue presentada a Atta 
cephalotes en un Ensayo Smorgasbord de Hojas. El número de hojuelas tomadas por tratamiento 
se tomó.  Se encontró una preferencia por tres de las especies pioneras C. obstusifolia, P. 
rivioides, and B. fructescens. Para elucidar en esta preferencia por las plantas pioneras durante el 
actual comportamiento de forrajeo de las hormigas, se examinó el contenido de agua, nitrogeno, 
y la dureza para ambos grupos, pioneras y tolerantes a la sombra, para determinarsi hay 
tendencias significativas encontradas en estudios previos son también para estas especies.  Las 
especies pioneras tienen un contenido significativamente mayor de agua y nitrogeno, pero no 
hubo diferencia significativa en la dureza de las hojas.  Debido a que A. cephalotes prefiere las 
especies pioneras sobre las tolerantes a la sombra tienen el potencial de ser usadas como 

 100 



!

!

bioindicadores de la edad del bosque, pero más importante esta preferencia corrobora la hipótesis 
de forrajeo apetecible bajo condiciones que todavía necesitan ser probadas 
 

INTRODUCTION 
Herbivore species have relatively greater abundance in some regions and low representation in 

others. These differences can be attributed to many biotic factors: one of the most influential 

being the availability of food resources (Coley & Barone 1996).  For herbivores that are sessile 

or establish nests, the amount of accessible palatable leaves is extremely important in 

determining colony or nest location (Farji-Brenner 2001).  

According to the Palatable Forage Hypothesis, herbivores tend to select pioneer species 

over shade-tolerant species. Some have speculated this preference is because shade-tolerant 

species generally contain lower nutrient levels and higher levels of secondary chemicals (Farji-

Brenner 2001). The pressure for palatable leaf selection is especially strong on Atta cephalotes, 

commonly known as leafcutter ants, which are sessile herbivores (Coley 1983). Leafcutter ants 

are extremely important herbivores of tropical forests since they continuously forage and harvest 

leaves in order to support their symbiotic relationship with the fungus they cultivate as a food 

source for their larvae (Howard 1991). These colonies contain thousands of ants and therefore, 

they require a large amount of leaves to produce a sufficient amount of fungus (Mogollón & 

Farji-Brener 2007). It is estimated that they are responsible for 12-17% of all herbivory in 

tropical forests (Coley 1983). Despite being prolific herbivores they are highly selective in their 

choice of leaves since certain leaf qualities can be harmful or beneficial to their cultivated fungus 

(Kost et al. 2011).  Leaf characteristics like anti-fungal properties, levels of phenols, water, 

nitrogen, and toughness of leaves can all influence whether A. cephalotes will forage for them 

(Marrs et al. 1988, Navas 2011, Nichols & Schultz 1989). !
While A. cephalotes is responsible for a large portion of herbivory they do not occur 

evenly throughout the forests. This means that some areas of the forest are subject to increased 

herbivory. In Costa Rica there is an average of 7-16 nests per hectare in 10-year secondary 

growth forests, which is much larger than the average of 3 nests per hectare in primary growth 

forests (Perfecto and Vandermeer 1993). It has been proposed that the greater abundance of nests 

in young forests is due to the greater abundance of pioneer species, which are more desirable to 

many herbivores (Price et al 1991).  
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Farji-Brenner (2001) conducted a study where pioneer and shade-tolerant species were 

offered to four species of leafcutters and their selections were recorded. This study was 

conducted on ten separate nests located in Costa Rica, Colombia, Cuba, Guyana, and Panama in 

dry or moist lowlands forests. He found a clear pattern of preference for pioneer species over 

shade-tolerant species supporting the Palatable Forage Hypothesis. His data show that nearly 

70% of the leafcutter ants diet consisted strictly of pioneers; too high of a percentage to attribute 

it solely to greater availability of these species. (Farji-Brenner 2001). Other studies in the 

Brazilian Amazon have replicated these findings, but none have been conducted in montane or 

premontane forest habitats.  

In a study by Price et al. (1991) she found that water content, nitrogen content, and leaf 

toughness were the three characteristics that varied most significantly between pioneer plants and 

shade-tolerant plants. While pioneer and shade tolerant plant forms have other varying leaf 

qualities as well, the aforementioned characteristics have been proven significant in previous 

studies (Howard 1978, Marrs et al. 1988,!Nichols & Schultz 1989). !
This study was conducted in a similar manner to Farji-Brenner, but in Monteverde, Costa 

Rica and surrounding areas in premontane wet forest on the pacific coast. Different pioneer and 

shade tolerant species from Farji-Brenner (2001) were selected, but presented to the ants in the 

same fashion. This was done to understand if A. cephalotes would behave similarly in montane 

moist conditions with different plant species, and to determine if the Palatable Forage Hypothesis 

applies generally or only under certain specifications.  After the ants were presented with four 

pioneer and four shade tolerant plants, each species was analyzed for toughness, percent water 

content and nitrogen content to assess whether these species followed trends from previous 

studies that deemed these qualities significant factors in A cephalotes leaf selection during actual 

foraging behavior.  

 

METHODS AND MATERIALS 
Data were collected in Cañitas, Cerro Plano, and Santa Elena, Costa Rica in Premontane Wet 

Forest (2-4 m of rainfall) in the months of April and May on the Pacific Slope.  Ten A. 

cephalotes nests were located in Cañitas, the Ecological Sanctuary in Santa Elena, and the Hotel 

de Montaña in Cerro Plano (Figure 1). Four species of pioneers, Bocconia fructescens, Cecropia 

obstusifolia-angustifolia (hybrid), Piper rivioides, and Psidium guajava, and four species of 
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shade tolerant, Sorocea pubivena, Psychotria uliginosa, Quercus insignis, and Calyptrogyne 

ghiesbreghtiana were collected from the surrounding forest and garden of the Biological Station. 

These were presented to these ten colonies using the methods described below. 

 

   
A.         B. 

 
C. 

Figure 1.  A. Cañitas, Costa Rica in Premontane Wet Forest on the mid-Pacific Slope between 1300 and 
1400 m elevation. B. Hotel de Montaña in Cerro Plano, Costa Rica in Premontane Wet Forest on the mid-
Pacific Slope between 1300 and 1400 m elevation. C. Ecological Sanctuary in Santa Elena, Costa Rica in 
Premontane Wet Forest on the mid-Pacific Slope between 1300 and 1400 m elevation. 
  

Methanol Extract Assays 

A methanol extract was created from each plant species using 5 grams of fresh (less than 

12 hours old) leaf matter that was ground for 5 minutes using a mortar and pestle (Lowe 2000). 
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Then 40 milliliters of 80% methanol was added to the leaf matter and ground for 10 additional 

minutes to ensure all secondary compounds were extracted (Figure 2a). The leaf matter was then 

filtered out and the extract placed in a vial (Lowe 2000). Two drops of extract were applied to 

each oat flake. The control oat was saturated with straight methanol to provide a solvent control. 

To maintain freshness extracts were made twice a week. Each colony of ants was presented with 

oat flakes from each of the eight plant species and one oat for control in a Smorgasboard Leaf 

Assay as was done in Farji-Brenner (2001). The oats were placed along an active ant trail two 

meters away from the entrance of the colony (Figure 2b). The oats were placed 5 cm apart. 

Following an eight-minute trial the oats were rotated, with the first disc being moved to the last 

place, and the subsequent discs each moving up a spot. As soon as an ant removed an oat it was 

replaced by another oat of the same treatment to ensure continuous availability. The number of 

oats removed per species was recorded. Each nest was observed for a total of 88 minutes. These 

methods are similar to those of Farji-Brenner (2001), but differ in that eight plant species and 

one control were offered instead of just three (pioneer, shade-tolerant, and control) plant forms.  

 

 

 
 

 

A.             B. 
Figure 2.  A. Methanol extracts were created for each plant species. Leaf samples were crushed with 
mortar and pestle and mixed with methanol and stored in vials. B. Oats being presented along an active 
trail of A. cephalotes 2 m from the main entrance to the colony. This nest was located in Cañitas, Costa 
Rica between 1300 and 1400 m elevation. 
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Plant Analysis 

For each species, percent water content, nitrogen content and toughness were analyzed. 

Percent water content was measured by taking the fresh leaf weight, then placing the leaves in a 

dessicator overnight, and then taking the dry weight. The dry weight was then subtracted from 

the wet weight and the difference was divided by the wet weight and multiplied by 100 to get the 

percent water.  

To measure the nitrogen content in each species a Model Sth Series LaMotte soil kit was 

used according to the procedure in the manufacturers instruction manual (Figure 3a). To prepare 

each sample the procedure outlined by Dushkin (2011) was followed. Each sample required two 

4 cm2  areas taken from each leaf and cut into 1/8 by 1/8 cm pieces. These pieces were added to a 

vial containing Nitrogen Extracting Solution, which was then shaken for 5 minutes. The solution 

was filtered and then nitrate was tested for following the LaMotte SMART2 Colorimeter 

Operator’s Manual. Five milliliters of Mixed Acid Reagent were added to 5 milliliters extracted 

solution and mixed for 2 minutes. Then 0.2 grams of Nitrate Reducing Reagent were added to 

the solution and the vial was inverted approximately 50 times per minute for 4 minutes. The 

solution was then allowed to stand for 10 minutes to allow maximum color development (Figure 

3b). The sample was tested using a SMART2 colorimeter, using the 64 Nitrate-N LR test (Figure 

3a). The colorimeter measured the concentration of Nitrate Nitrogen in the sample, which was 

then converted to Nitrate in part per million by multiplying by 4.4 as stated in the instructions.  

Toughness was determined using a penetrometer. In this procedure, the leaf was placed 

between the tiles of the penetrometer and a beaker of water was placed on top (Figure 3c). The 

volume of water was increased until the leaf was punctured. That volume was then recorded. 

These procedures were repeated three times for each plant using three different leaves. 
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A. B. 

 
C. 
Figure 3. A.  A LaMotte Sth Model Series soil kit was used to test for Nitrogen following the directions 
in the users manual. The 64 Nitrate-N LR test was used and then the result was multiplied by 4.4 to 
convert it to Nitrate in parts per million. B. The process of creating the solution for P. rivioides, which 
was then placed in the shown vial and run through the colorimeter shown in Figure 3a.  C. A 
penetrometer was used to obtain toughness. A leaf was placed between the plates and a beaker was placed 
on top. Water was added until the top plate penetrated the leaf and then the amount of water was 
measured using a graduate cylinder. This was repeated three times with three separate leaves per species. 
 

Statistical Analysis 

 Since the data for the number of oats collected per plant species contained a large number 

of zeros it was first analyzed using a zero inflated analysis of variance model in glmmADMB R 

package which also analyzed the data related by trial. Nitrogen, water content, and toughness 

were compared between the two groups, pioneer and shade-tolerant, using t-tests. 
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RESULTS 
Methanol Assays 

 There was a significant difference in mean number of oats taken between species (Zero 

Inflated ANOVA, z= 6.87, p < 0.001). Although the pioneer species, C. obtusifolia, B. 

fructescens, and P. rivioides, were not significantly different from each other (Tukey Post Hoc, 

all comparisons p > 0.2; Figure 4), the ants selected for these species significantly more often 

than all other species (Tukey Post Hoc, all comparisons p < .001; Figure 4). The Control, S. 

pubivena, and Q.insignis were not significantly different from each other (Tukey Post Hoc, all 

comparisons p > 0.22), but were selected significantly less than the C. obstusifolia, B. 

fructescens, and P. rivioides (Tukey Post Hoc, for all p < 0.001; Figure 4). However the Control, 

and S. pubivena were also selected for significantly more often than the P. guajava, C. 

ghiesbreghtiana, P. uliginosa, (Tukey Post Hoc, all comparisons p < .001; Figure 4). P. guajava, 

C. ghiesbreghtiana, P. uliginosa, and Q. insignis were not significantly different from each other 

(Tukey Post Hoc, all comparisons p > 0.25; Figure 4). However they were selected significantly 

less than all other species (Tukey Post Hoc, all comparisons p < 0.001; Figure 4) 

 

 
Figure 4.  Mean number of oats taken per species for shade tolerant and pioneer plants. All specimens 
found on the mid-Pacific slope in Premontane Wet Forest of Costa Rica between 1300 and 1400 
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elevation. Means with different letters are significantly different (Tukey Post Hoc, p < 0.001). Error bars 
represent standard errors. 
 

Plant Analysis 

Percent water content of pioneer species in comparison to shade-tolerant species was 

significantly higher (T-test, t = -4.741, df = 5.164, p = 0.005). Pioneers had a mean water content 

of 79.77%, while shade tolerant species was 32.23% lower at only 47.54% (Figure 5) 

Nitrogen content of pioneer species in relation to shade tolerant species was also 

significantly higher (T-test, t = -7, df = 3, p = 0.006, Mann Whitney U rank sum Test, u = 6.4, df 

= 1, p = .0114). Shade tolerant plants registered no nitrogen content while pioneers had a mean 

of 0.0077 (Figure 6). 

When toughness for pioneer species was compared to shade-tolerant species no statistical 

significance was found (Paired T-test, t = 1.4545, df = 5.036, p = 0.201). This was despite a 

relatively large difference in means with pioneers have a mean of 75.5 ml while shade tolerant 

plants had a mean of 149.5 mL (Figure 7). There was, however, a very large variation in both. 

The lack of significant difference could possibly be attributed to the P. guajava since its 

toughness level was double that of the other three pioneers species and was similar to the shade 

tolerant species.  
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Figure 5. Mean percent water content of two plant forms, pioneer and shade tolerant found on the mid-
Pacific slope in Premontane Wet Forest of Costa Rica between 1300 and 1400 m elevation. The pioneer 
group consists of the four plants species C. obtusifolia, B. fructescens, P. rivioides, and P. guajava.The 
shade-tolerant group consists of the species S. pubivena, C. ghiesbreghtiana, P. uliginosa, and Q.insignis. 
Error bars represent standard errors.  
 

 
Figure 6. Mean nitrogen content in parts per million of two plant forms, pioneer and shade tolerant found 
on the mid-Pacific slope in Premontane Wet Forest of Costa Rica between 1300 and 1400 m elevation. 
The pioneer group consists of the four plants species C. obtusifolia, B. fructescens, P. rivioides, and P. 
guajava. The shade-tolerant group consists of the species S. pubivena, C. ghiesbreghtiana, P. uliginosa, 
and Q.insignis. Error bars represent standard errors.  
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Figure 7. Mean toughness of two plant forms in milliliters, pioneer and shade tolerant over three trials, 
found on the mid-Pacific slope in Premontane Wet Forest of Costa Rica between 1300 and 1400 m 
elevation. The pioneer group consists of the four plants species C. obtusifolia, B. fructescens, P. rivioides, 
and P. guajava. The shade-tolerant group consists of the species S. pubivena, C. ghiesbreghtiana, P. 
uliginosa, and Q.insignis. Error bars represent standard errors.  
 
DISCUSSION 
 Leaf cutter ants preferred pioneer leaves, since three of the four pioneers species were 

selected for twice as often as all the shade tolerant species and the control. These results support 

the Palatable Forage Hypothesis, which corroborates the findings of Farji-Brener (2001). This 

indicates that leafcutter ants choose pioneer species more often than shade-tolerant species.  

Three potential factors were measured in an attempt to further elucidate the ants’ 

preference under natural conditions when they choose leaves based on other factors and not only 

secondary compounds. It was found that water content in the pioneer group was nearly double 

that of the shade-tolerant group. In a study by Howard (1978) he discovered that Attine ants 

consistently select leaves that contain high water content. This could potentially be due to larger 

amounts of water aiding in the growth of the symbiotic fungus on which the ant larvae feed, but 

a study using leaf discs of these species would need to be conducted to truly understand if this 

would be the case.  

While three of the pioneer species were preferred one, the P. guajava, was actually 

selected less than even the S. pubivena.  Studies have shown that P. guajava has anti-fungal 

properties (Navas 2011). In a study done by Nichols and Schultz (1990) extracts of young leaves 

showed inhibition of fungal pectinases and the authors suggest that leaf-cutter ants are capable of 

distinguishing which leaf types are most suitable for the growth of their symbiotic fungus. As P. 

guajava has anti-fungal properties A. cephalotes may actively select against it.  

Nitrogen was tested and pioneer species were found to have a mean of 0.0077 ppms 

while shade tolerant plants displayed no sign of any nitrogen. It has been shown that ants may 

prefer leaves with higher nitrogen level because nitrogen is a limiting factor in tropical forests 

and nitrogen is a nutrient utilized by the symbiotic fungus the ants rely on (Marrs et al. 1988). 

Nitrogen tends to decrease with elevation making it especially important in premontane and 

montane habitats. Therefore, plants with more nitrogen could be beneficial to the growth of the 

fungus, which would account for the ants’ preference (Marrs et al. 1988). This result is consistent 

 110 



!

!

with those of Price et al. (1991) who also found a pioneers tend to have a significantly higher 

nitrogen content than shade tolerant species. 

The results showed no significant difference between pioneer and shade tolerant plants 

toughness, despite the large differences in means. However, this could be due to the P. guajava, 

which was a significant outlier from all the other tested pioneers. This result contradicted those 

of Farji-Brener (2001) in which toughness was a significant factor. Toughness could be an 

important factor because not all ants from the colony have the ability to cut through tough leaves. 

In addition, ants that are able to do so at a very reduced speed, decreasing efficiency of the 

colony overall (Nichols & Schultz 1989).  However in this specific case the toughest plant was 

also found to have anti-fungal properties and since the ants selected the P. guajava extract oats 

so much less than the other species it would appear that the anti-fungal properties play a much 

larger role than toughness in leaf cutter ant leaf selections. 

This preference of pioneer species that tend to grow in secondary forest means A. 

cephalotes could have potential use as bioindicators of forest age, but most importantly this 

study has affirmed the Palatable Forage Hypothesis under premontane wet forest conditions and 

with different plants. This study corroborates that the Palatable Forage Hypothesis is applicable 

generally and not only in certain scenarios.   
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Leafcutter Ants (Atta cephalotes) as 
Bioassays for Medicinal Plants. 
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ABSTRACT 
Tropical forests contain a staggering amount of biodiversity. However, deforestation 
poses a serious threat to these areas. With such a high rate of deforestation it is unknown 
how many unidentified species are being lost (Achard et al. 2002). Many of these species, 
especially plant species, may have medicinal properties beneficial to humans. The current 
“Hit Rate” for finding a plant with medicinal qualities is 1 in 12,000 (Lesser and 
Krattiger, 2007). Therefore, it is integral, for the advancement of medicine, to find more 
efficient ways of identifying these plants. In this study, four different treatments of plant 
extracts, two with anti-fungal properties, one without, and one as a solvent control were 
used to determine if A. cephalotes could identify plants with anti-fungal properties. The 
methanol extracts of Cecropia obtusifolia- angustifolia (hybrid), Psidium guajava, and 
Hamelia patens were placed on oats and used in a “Smorgasboard Leaf Disk Assay” on 
their trunk-trail. Ten different colonies were used at three different locations: The 
Ecological Sanctuary, The Mountain Hotel, and Guillermo’s farm in Cañitas, Costa Rica.  
A. cephalotes demonstrated a preference for oats containing extracts without antifungal 
properties. This suggest  that A. cephalotes has a preference for leaves without antifungal 
properties. Furthermore, the results show that A. cephalotes has potential as a bioassay 
for medicinal plants with antifungal properties.  
 
RESUMEN 
Los bosques tropicales contiene un cantidad asombrosa de diversidad. Sin embargo, la 
deforestación es una amenaza grave en estas áreas. Con una alta tasa de desforestación, 
no sabemos cuantas especies se están siendo perdiendo (Achard et al. 2002). Muchas de 
estas especies, especialmente las especies de plantas, podrían tener propiedades 
medicinales que son beneficiales para los humanos.  El “Hit Rate” actual, para encontrar 
una planta con cualidades medicinales, es 1 en 12.000 (Lesser and Krattiger, 2007). Por 
eso, es fundamental, para el adelanto de la medicina, para descubrir maneras más 
eficientes de identificar estas plantas. En este estudio, cuatro tratamientos de extractos 
plantas, dos con propiedades anti-hongos, uno sin, y uno por un control de solvente, 
fueron usadas para determinar si A. Cephalotes puede identificar plantas con propiedades 
anti-hongos. Los extractos de metanol de Cecropia obtusifolia-angustifolia (híbrido), 
Psidium guajava, and Hamelia patens, fueron puestos de avena y fueron usadas en un 
Ensayo Smorgasboard de hoja de disco en su sendero-tronco. Diez colonias diferentes 
fueron usadas en tres ubicaciones diferentes: el santuario ecológico, el Hotel Montaña, y 
la finca de Guillermo en Cañitas, Costa Rica.  A. cephalotes mostró una preferencia para 
las avenas que contienen extractos sin propiedades anti-hongos. Esto sugiere que A. 
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cephalotes tiene una preferencia por hojas sin propiedades anti-hongos. Además, los 
resultados muestran el potencial de A. cephalotes como un bioensayo para las plantas 
medicinales con propiedades anti-hongos. 
 
INTRODUCTION 
Tropical rainforests are home to a staggering amount of species diversity. However, 
tropical deforestation is a prevalent problem with the deforestation rate at 5.8 ± 1.4 
million hectares a year (Achard et al. 2002). With such a high rate of deforestation, it is 
impossible to fully determine the magnitude of unknown species loss, although there are 
many different estimates. Amongst these lost species may be undiscovered medicinal 
plants that may hold medical cures for humans (Huston, 1994).  The current estimated 
“Hit Rate”—the rate at which plants with medicinal value are discovered—is 1 in every 
12,000 plants (Lesser and Krattiger, 2007). With current practices unable to quickly, 
inexpensively, and reliably identify medicinal plants, it is important to discover new 
methods before important species are lost (Techen et al. 2004).  
 Leaf-cutter ants (Atta cephalotes) can potentially be used to identify plants with 
broad-spectrum anti-fungal properties.  These ants maintain a mutualistic relationship 
with Leucocoprinus gongylophorus, the fungus they cultivate and use as a food source for 
their larvae (Pinto et al. 2009). In order to maintain this fungus, they cut and collect 
leaves, which decompose and offer vital nutrients to the fungus. As this mutualistic 
fungus is the sole food source for larvae and therefore integral to their survival, A. 
cephalotes are extremely selective in their choice of leaves (Howard et al. 1988).  
Selectivity could be related to the presence or absence of terpenoid compounds in the 
leaves of specific plants, which have antifungal properties. These chemical compounds 
are known to repel A. cephalotes or to deter the harvest of otherwise acceptable substrates 
(Howard et al. 1988). A study by Hubbell et al. (1983) found that A. cephalotes distaste 
for Hymenaea was most likely due to the presence of caryophyllene epoxide, an 
extremely potent antifungal terpenoid—not only to the fungus cultivated by A. 
cephalotes, but to other species of fungi as well. With their dependence on both leaves 
and fungus A. cephalotes may act as important indicators of general anti-fungal 
properties of different plants. 
 The goal of this experiment is to test the efficiency of A. cephalotes as an 
effective and reliable bioassay for anti-fugal properties in three different plant types: 
obtusifolia- angustifolia (hybrid), Psidium guajava, and Hamelia patens to cure human 
fungal infections. Hedin (2010) demonstrated that A. cephalotes selected oat flakes less 
and at lower rates when they were contaminated with antifungal powder used in 
commercial antifungal cream. Therefore, since both P. guajava and H. patens have been 
shown to contain antifungal properties that are effective in combating human fungal 
infections (Navas 2011; Bernhardt 2008), A. cephalotes should select against these 
treatments and favor C. obtusifolia (which does not have antifungal properties (Bernhardt 
2008)). Specifically, the purpose of this experiment was to determine if A. cephalotes 
avoid food items that contain leaf extracts of native plants with anti-fungal properties. 
This is important in order to determine if they choose specific plants in order to protect 
their mutualistic partner.  
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METHODS 
Leaves from native plant species of P. guajava, H. Patens, and C. obtusifolia, were 
collected in the garden of the Biological Field Station in Monteverde, Costa Rica.  
Antifungal compounds were extracted in methanol in the following way: 5.0 grams of 
each leaf sample were crushed using a mortar and pestle for 5 minutes. Then, 40 mL of 
80% methanol were added directly to the solution in the mortar for extraction (Figure 1a). 
The plants were then crushed with a pestle in the methanol for an additional 10 minutes 
and the leaf matter was strained from the mixture using filter paper in a funnel over a vial 
(Lowe 2000).  Vials were then sealed for later use and left at room temperature until use. 
In order to maintain the effectiveness of the extract, new extracts were made twice a 
week (Lowe 2000).  
 Data for this experiment was taken in Cañitas, The Mountain Hotel, and the 
Ecological Sanctuary (1300-1400 m elevation, pre-montane wet forest) in Monteverde, 
Costa Rica using 10 different colonies of Atta cephalotes (Figure 1b, c, and d). Oat flakes 
are commonly used as a food substrate for plant extracts offered to leaf cutting ants 
(Howard 1987). Therefore, two drops of extract were placed on oat flakes and then dried 
under four different conditions: extract from P. guajava, extract from H. Patens, extract 
from C. obtusifolia, and methanol as a solvent control. Then, using the “Smorgasboard 
Leaf Disk Assay” (Manlove 2009) five oats of each treatment were placed next to the ant 
line (Figure 1e).  Two of the treatments were placed on one side of the ant line, and the 
other two treatments were placed on the other side of the ant line. For each trial, the 
treatments were rotated clockwise to remove the placement of oats in relation to the 
colony as an influencing factor. Every time an oat flake was taken, it was replaced with 
one of the same treatment allowing all options to be continuously available. Each trial 
was conducted for 10 minutes and the total number of oats removed in the time interval 
was counted. Fours trials were conducted for every ant colony (Hedin 2006). In order to 
standardize the data, data collection occurred arbitrarily 1 meter from the entrance to the 
nest for every colony.  
 The mean number of oats removed for each treatment was compared using 
Analysis of Variance controlling for colony and trail identity (technically defined as a 
general linear mixed model). This analysis made comparisons of treatments within trials, 
generalizing across all the trials. 

        
 A.       B. 
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 C.       D.  

  
 E) 
FIGURE 1. A) Mortar and pestle used to create extracts for three different plant treatments. B) 
Guillermo’s Farm, Cañitas, Costa Rica in pre-montane wet forest on the mid pacific slope 
between 1300-1400 m elevation where data was taken. C) The Ecological Sanctuary Monteverde, 
Costa Rica in pre-montane wet forest on the mid-pacific slope between 1300-1400 m elevation. 
D) Mountain Hotel in Monteverde, Costa Rica located in a pre-montane wet forest on the mid-
pacific slope between 1300-1400 m elevation. E) Oats were soaked in four different treatments of 
leaf extracts placed in a “Smorgasboard Leaf Disk Assay”. Five oats of each treatment were used. 
 
RESULTS 
The number of oats taken ranged from no oats for a single treatment to a maximum of 20 
oats removed. The type of plant extract used had a statistically significant effect on the 
number of oats taken (ANOVA, F = 47.6, df = 117, p < 0.0001). C. obtusifolia. had the 
largest amount of oats taken with an average of 8.375 ± SE 0.678 while the other three 
treatments had substantially lower averages. Oats for C. obtusifolia was taken twice as 
often as the other three treatments. P. guajava had an average of 2.677 ± SE 0.344 oats 
taken while H. patens had an average of 4.50 ± SE 0.431. The solvent control had an 
average of 3.575 ± SE 0.382 oats taken (Figure 2). In total, C. obtusifolia was preferred 
(had the most oats removed) over the other treatments 34 out of 40 total trials. The 
solvent control was preferred over P. guajava and H. patens 6 only out of 40 total trials 
and H. patens was preferred over P. guajava 28 out of 40 trials. Finally, the number of 
oats of H. patens taken was statistically different from P. guajava (ANOVA, F = 47.6, df 
= 117, p = 0.0006).  
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FIGURE 2. Average number of oats taken by A. cephalotes based on four different treatments of 
methanol extracts. Data was taken from pre-montane wet forest in three different locations in both Cañitas 
and Monteverde, Costa Rica. Ten different ant colonies were sampled using a “Smorgasboard Leaf Disk 
Assay” and the number of oats taken for each treatment was recorded. Means with different letters are 
significantly different (Independent Contrasts, p < 0.05).  Error bars represent one standard error. 
 
 
DISCUSSION 
There is a significant difference between the C. obtusifolia treatment groups in 
comparison to the other three treatment groups.  C. obtusifolia had almost 50% more oats 
taken when compared to P. guajava, H. patens, and the solvent control. These three 
treatments all had similar amounts of oats taken for each trial. However, the amount of 
oats taken for P. guajava was statistically significant in comparison to H. patens. P. 
guajava was chosen significantly less that H. patens. This may have been due to P. 
guajava having much more potent antifungal properties.  
 C. obtusifolia was the only plant extract without antifungal properties. This may 
explain why A. cephalotes demonstrate a clear preference for it in comparison to the 
other treatment options. Many tropical plants contain antifungal terpenoids that have 
proven harmful to A. cephalotes’ mutualistic fungus (Howard et al. 1988; Hubbell et al. 
1983). Terpenoid compounds have also been shown to repel A. cephalotes and deter the 
harvest of otherwise acceptable substrates (Wiemer 1985).  P. guajava and H. patens 
contain such terpenoids (Meckes et al. 1998; Rios and Aguilar-Guadarram, 2006). 
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Therefore, this may explain the why A. cephalotes showed a clear aversion to treatments 
with antifungal properties (Hudson 1994). 
  In addition, A. cephalotes only chose the solvent control over P. guajava and H. 
patens 6 out of the 40 trials. This may be because the solvent control does not contain a 
“leafy taste”. In other words, the solvent control did not mimic the attributes of a leaf. 
The fungus that A. cephalotes cultivate metabolizes cellulose from leaves to survive 
(Howard et al. 1988). As the fungus specifically needs cellulose, this may explain why 
the solvent treatment was selected against almost as much as the treatments with anti-
fungal properties. Hedin (2010) found a similar patter control (bare flakes) and antifungal 
flakes did not differ significantly in the rate taken. In this experiment there no statistical 
significance between the solvent control and the two treatments with antifungal 
properties. The solvent was most likely selected against due to its lack of a “leafy taste” 
while H. patens and P. guajava were selected against due to their antifungal properties. 
Therefore, if H. patens and p. guajava did not have antifungal properties it is possible 
that they would have been chosen more often than the solvent control. 
 These data provide evidence that A. cephalotes actively select leaf extracts of 
plants without antifungal properties. The antifungal terpenoids found in H. patens and P. 
guajava are currently used treat medical conditions in humans (Bernhardt 2008). As the 
current “Hit Rate” for finding a plant with medicinal value is 1 in every 12,000 plants, 
these data demonstrate the usefulness of using A. cephalotes as bioassays for antifungal 
properties. Therefore, A. cephalotes may be important in increasing the rate at which we 
find plants with medicinal value (Lesser and Krattiger, 2007). Furthermore, A. cephalotes 
are quite common in the tropics (Perfecto & Vandermeer 1993). With such a common 
species acting as an important bioindicator, there is a possibility that other organisms 
could also be used as future bioassays. The quicker different medicinal plants can be 
identified the faster that new advances in medicine can be developed.  
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ABSTRACT 
 
Like synthetic pesticides, organic pesticides can have significant effects on habitat islands in cultivated 
areas.  In Costa Rica, organic coffee farms, which commonly use organic fungicides, are essential harbors 
for biodiversity.  This study examined the response of the leaf-cutting ant Atta cephalotes to substrate 
treated with the organic fungicides Tricho-D and Agrilife.  A. cephalotes plays an important role in 
ecosystem function and is dependent on cultivation of the fungus L. gongylophorus, which may be sensitive 
to organic fungicides.  Although there is reason to believe Tricho-D and Agrilife may be detrimental to L. 
gongylophorus, the response of A. cephalotes to Tricho-D and Agrilife in the wild has not previously been 
tested.  Oats with and without organic fungicides were placed next to the trail of A. cephalotes, and the 
number of oats of each treatment harvested was recorded.  11 naïve colonies showed no evidence of 
fungicide recognition, harvesting means (±SE) of 7.18 ± 0.80 control, 6.30 ± 0.71 Tricho-D, and 6.04 ± 
0.69 Agrilife oats.  A colony with extended exposure showed no evidence of delayed rejection, instead 
increasing total oat harvests over time.  These results suggest the organic fungicides tested do not affect the 
fungus cultivated by A. cephalotes, but further research is necessary to confirm this preliminary conclusion.  
This project highlights the importance of studies on the effects of pesticides on ecosystems as primary 
habitats shrink in area and human-altered landscapes become increasingly critical refuges for global 
biodiversity.  
 
RESUMEN 
 
Como los plaguicidas sintéticos, los plaguicidas orgánicos pueden afectar islas de hábitat en áreas 
cultivadas en maneras importantes.  En Costa Rica, fincas de café orgánico, las cuales usan fungicidas 
orgánicas, son asilos indispensables para la biodiversidad.  Este estudio examinó la reacción de la hormiga 
zompopa Atta cephalotes a un sustrato tratado con los fungicidas orgánicas Tricho-D y Agrilife.  A. 
cephalotes tiene un papel importante en la función del ecosistemas y es dependiente del cultivo del hongo 
L. gongylophorus, que puede ser susceptible a los fungicidas orgánicos.  Aunque no hay razón para creer 
que Tricho-D y Agrilife pueden hacer daño a L. gongylophorus, la reacción de A. cephalotes a Tricho-D y 
Agrilife en la naturaleza no ha sido estudiado antes.  Hojuelas de avena con y sin fungicidas se pusieron al 
lado del sendero de A. cephalotes, y el numero de hojuelas de cada tratamiento que se cosecharon fue 
notado.  11 hormigueros que no han sido expuestos a fungicidas no mostraron evidencia de reconocimiento 
de fungicidas, y cosecharon un promedio (±EE) de 7.18 ± 0.80 hojuelas control, 6.30 ± 0.71 Tricho-D, and 
6.04 ± 0.69 Agrilife.  Un hormiguero con exposición extendida no mostró evidencia de rechazamiento 
retrasado, sino aumentó  las cosechas totales con tiempo.  Estos resultados sugieren que los fungicidas 
probados no afectan el hongo que A. cephalotes cultiva, pero se necesita más investigación para confirmar 
esta conclusión preliminar.  Este proyecto subraya la importancia de estudios sobre los efectos de los 
plaguicidas en los ecosistemas mientras los hábitats primarios se encogen en área y los paisajes alterados 
por los humanos se hacen cada vez más indispensables para la biodiversidad global. 
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INTRODUCTION 
 

The use of pesticides can have unintended effects on flora and fauna in 
agricultural areas.  Many synthetic pesticides are acutely toxic to wildlife, and at sub-
lethal levels their endocrine-disrupting properties interfere with growth and reproduction 
(Colborn et al. 1993).  Although one of the goals of organic agriculture is greater 
environmental friendliness (Raynolds 2000), organic agricultural systems still affect local 
ecosystems.  Many organic farms use organic pesticides, which are derived from sources 
such as plants, microbiota, nematodes, and fungi (Karunamoorthi 2012).  Organic 
pesticides can have an impact on ecosystems that is equal to or greater than that of 
synthetic pesticides (Bahlai et al. 2010). 
 In Costa Rica, it is common for organic coffee farmers to use organic pesticides to 
combat fungal leaf diseases such as Cercospora coffeicola and Mycena citricolor 
(Samayoa Juárez & Sánchez-Garita 2000; G. Fernández-Estrada, pers. comm.).  As 
traditional systems of organic shade coffee cultivation provide important refuges for 
biodiversity—especially in areas that have suffered significant deforestation—it is 
essential to examine the effects of organic pesticides on habitats in and around organic 
coffee farms (Perfecto et al. 1996, Somarriba et al. 2004).  
 The leaf-cutting ant Atta cephalotes is a convenient species for such a study.  A. 
cephalotes has an obligate mutualism with the basidiomycete fungus Leucocoprinus 
gongylophorus, which it cultivates on harvested organic matter within the nest.  The 
fungus serves as the main food source for A. cephalotes larvae (Ortiz & Orduz 2001).  On 
organic coffee farms, coffee leaves can make up as much as 5% of the substrate A. 
cephalotes harvests (Varón et al. 2007).  Thus, it is reasonable to expect that long-term 
exposure to organic fungicides on coffee farms would affect L. gongylophorus and A. 
cephalotes in particular.  As A. cephalotes workers forage at a maximum direct distance 
of 235 m from the nest (Lewis et al. 1974), the effects of organic fungicides on A. 
cephalotes could occur well beyond cultivated areas, in habitat islands that are essential 
to the preservation of biodiversity near agriculture (Bengtsson et al 2005).  Due to the 
important role of A. cephalotes in nutrient cycling, seed dispersal, and floral and faunal 
species composition (Roth et al. 1996), as well as in the rapid recovery of regenerating 
secondary forests (Moutinho et al. 2003), such an effect on L. gongylophorus would be 
detrimental to ecosystem function and counter to the environmental goals of organic 
agriculture (Raynolds 2000).   

This study focused on A. cephalotes behavior toward substrate treated with the 
organic fungicides Tricho-D and Agrilife, both of which are commonly used on Costa 
Rican organic coffee plantations (G. Fernández-Estrada, pers. comm.).  There is reason to 
believe these fungicides may negatively affect L. gongylophorus and that A. cephalotes 
alters its behavior to protect its fungus garden from substances with antifungal properties.  
A. cephalotes readily accepts the mature leaves of only a small portion of available 
species, suggesting that it specifically rejects leaves that contain secondary compounds 
recognized as unsuitable for the growth of L. gongylophorus (Rockwood 1976).  For 
fungicides that it does not immediately recognize, A. cephalotes has been shown to 
exhibit delayed rejection several hours after incorporation of contaminated substrate into 
the fungus garden (Herz et al. 2007).  The fungicide Tricho-D contains live cultures of 
the fungus Trichoderma harzianum (Chemexc), which invaded 100% of L. 
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gongylophorus colony surface area and inhibited L. gongylophorus growth by 22% in a 
laboratory study (Ortiz & Orduz 2001). Agrilife contains three carboxylic acids: ascorbic, 
citric, and lactic acid, which cause cellular membrane rupture in a variety of fungal 
species (Agrocosta 2014).  This study examined A. cephalotes’ ability to recognize and 
reject substrate treated with Tricho-D and Agrilife by testing for immediate recognition in 
naïve colonies and delayed rejection in a single colony over time.     
 
MATERIALS AND METHODS 
 
Study site 
 
 This study observed 11 A. cephalotes colonies on a property in the Cañitas area of 
Monteverde, Puntarenas, Costa Rica at the end of the dry season.  The property is located 
in the premontane wet life zone between 1300 and 1400 m elevation (Holdridge 1967).  
The property is currently used for cattle grazing and contains a mixture of pastures and 
secondary growth forest.  Six colonies were located in secondary growth forest, while 
five colonies were located in pasture adjacent to the forest (Fig. 1). 
 

 

Experimental procedure 
 
 First, solutions of the organic fungicides Agrilife and Tricho-D were prepared.  
Using the directions on the bottles, the amounts of fungicide necessary for approximately 
1 m2 of cultivated area were calculated.  For Agrilife, this was 1.5 x 10-4 L, and for 
Tricho-D, it was 0.06 g.  The fungicides were put into plastic bottles and mixed with 
approximately 0.5 L of water.  
 BioLand organic Bran Rich Whole Oatmeal flakes were treated and presented to 
the ants. The mornings of trials, approximately 100 oats each were dipped into solutions 
of Agrilife, Tricho-D, and water as a control.  The oats were placed in separate containers 
and left in the sun to dry for approximately one hour. 

Figure 1. Data were collected at 11 A. cephalotes colonies on a property in Cañitas, 
Monteverde, Costa Rica.  The property sits at 1300-1400 m elevation in the premontane 
wet life zone.  Six colonies were in secondary forest (left) and five were in cattle pasture 
adjacent to forest (right).  
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For phase 1, 11 separate colonies were tested for behavior toward fungicide-
treated substrate.  Data were collected on six mornings from April 19-26, 2014.  For each 
trial, tweezers were used to lay oats in parallel lines 1-2 cm away from either side of the 
heaviest-trafficked width of the ant trail, at a location 4-11m from the nest entrance.  Ten 
oats of each treatment were laid out at once, with five on either side of the trail.  
Treatments were grouped together for easiest identification (Fig. 2).  The treatment 
closest to the nest was laid out first, followed by the middle treatment and the far 
treatment.  To reduce losses to ant harvesting between setup and the start of the trial, 
trials were started when four oats of each treatment had been laid out, and the number of 
oats laid out was immediately increased to 10 for each treatment.  For eight minutes, the 
number of oats of each treatment taken by the ants was recorded.  When an oat was taken 
from a treatment group, it was immediately replaced with another oat of the same 
treatment.  Oats harvested near the end of the trial were counted as taken if the ants had 
moved them at least 2 cm from where they lay.  After the trial, a timer of four minutes 
was immediately started, and the oats were cleared from the trail.  At the end of four 
minutes, the next trial was set up.  Six trials were conducted at each colony, using each of 
the six possible permutations of respective trail location for the three treatments.  The 
order of the permutations was rotated at each colony. 

 

 

 
In phase 2, I studied a single colony in eight experiments in the morning or early 

afternoon from April 26-May 5, 2014.  The 11th colony from phase 1 was also counted as 
the first day of phase 2.  Experiments were conducted approximately 4 m from the nest 

Figure 2. Eleven A. cephalotes colonies were studied on a property in Cañitas, 
Monteverde, Costa Rica (elevation 1300-1400 m, premontane wet life zone).  In each trial, 
ten oats of each of three treatments—control (water) and the commercial organic 
fungicides Tricho-D and Agrilife—were placed with tweezers in parallel lines 1-2 cm 
away from either side of the trail of A. cephalotes.  Oats of each treatment were grouped 
together, with five on either side of the trail.  Experiments consisted of six trials—one 
using each of the six possible permutations of treatments.  In each trial, the number of 
flakes the ants took of each treatment over the course of eight minutes was recorded.  The 
trail was cleared of oats for four minutes between trials. 
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entrance.  The methodology of phase 1 was used, with 10 oats of each treatment laid out 
for eight minutes at a time with four minutes between trials in which oats were cleared 
from the trail.  Six trials were conducted per day, using all six permutations of respective 
treatment location, and the order of permutations was rotated each day. 
 
RESULTS 
 
Different Naïve Colonies 
 
 There was no statistically significant difference in the mean number of oats taken 
by ants between treatments over the course of six trials each at 11 different colonies.  The 
ants readily brought all three treatments back to the nest, and they took the fungicide-
treated oats almost as much as the control.  The ants preferred control oats overall in 8 of 
11 colonies, but there was considerable variation among trials.  The ants took control oats 
the most per trial (7.18 ± 0.80), followed closely by Tricho-D oats (6.30 ± 0.71) and 
Agrilife oats (6.04 ± 0.69) (Fig. 3).  In a single 8-minute trial, the range of oats taken was 
0-27 control, 0-21 Agrilife, and 0-20 Tricho-D.  The range of oats taken per colony was 
12-111 control, 10-67 Agrilife, and 10-83 Tricho-D.  
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Figure 3. Mean number of oats (± SE) of each treatment taken by A. cephalotes workers 
per eight-minute trial over the course of six trials each at 11 different colonies (n = 66) 
in Cañitas, Monteverde, Costa Rica.  Means were not statistically significantly different 
between control and the organic fungicides Tricho-D and Agrilife [ANOVA for related 
samples (general linear model with trial and colony as random effects), F = 1.96275, dF 
= 2, p = 0.1446].  
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One Colony over Time 
 

There was no statistically significant difference in oat treatment selection over 
time in a single colony.  On days 1-2, the ants took the most control oats (8.33 ± 1.30), 
followed by Tricho-D (7.17 ± 1.28) and Agrilife (6.08 ± 1.53) oats, although this trend 
was not statistically significant (ANOVA, F = 1.91077, dF = 2, p = 0.1717).  On days 3-
4, the ants took significantly more control (10.50 ± 0.97) than Agrilife (8.00 ± 1.40) or 
Tricho-D (5.17 ± 1.16) oats (ANOVA, F = 13.32126, dF = 2, p < 0.0002).  On days 5-6, 
the ants took the most control oats (11.50 ± 2.27), followed by Agrilife (10.08 ± 1.42) 
and Tricho-D (9.00 ± 1.29) oats, although this trend was not statistically significant 
(ANOVA, F = 1.38494, dF = 2, p = 0.2713).  On days 7-8, the ants took the most Tricho-
D oats (10.75 ± 1.97), followed by control (10.67 ± 1.66) and Agrilife (9.50 ± 1.46) oats, 
but this trend was not significant (ANOVA, F = 0.45147, dF = 2, p = 0.6425) (Fig. 4).  
The ants took an increasing total number of oats throughout the experiment, with 259 on 
days 1-2, 284 on days 3-4, 367 on days 5-6, and 371 on days 7-8. 
 

 

DISCUSSION 
   

There is reason to believe that both Tricho-D and Agrilife would be detrimental to 
the L. gongylophorus fungus cultivated by A. cephalotes (Ortiz & Orduz 2001, Agrocosta 
2014).  However, this study found no evidence of immediate rejection in naïve colonies, 
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Figure 4. Mean number of oats (± SE) of each treatment taken by A. cephalotes workers 
per eight-minute trial over the course of six trials each in eight experiments at the same 
colony in Cañitas, Monteverde, Costa Rica.  The only significant difference among 
means was for days 3-4 (ANOVA, F = 13.32126, dF = 2, p < 0.0002).  Means were not 
significantly different for days 1-2 (ANOVA, F = 1.91077, dF = 2, p = 0.1717), days 5-6 
(ANOVA, F = 1.38494, dF = 2, p = 0.2713), or days 7-8 (ANOVA, F = 0.45147, dF = 2, 
p = 0.6425).  
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nor of delayed rejection in colonies exposed over a period of several days.  These results 
are puzzling, considering that ants have been shown to avoid leaves with antifungal 
agents with which they are familiar and to reject unrecognized agents once they have 
detected antifungal properties on substrate within the nest (Rockwood 1976, Herz et al. 
2007).  
 A. cephalotes’ lack of protective behaviors against Tricho-D and Agrilife suggests 
that these fungicides do not affect L. gongylophorus.  Naïve workers’ acceptance of all 
oat treatments suggests that A. cephalotes do not recognize the fungicidal ingredients in 
Tricho-D or Agrilife.  It is therefore likely that the treated oats were not intercepted 
within the nest and were added to the fungus garden.  The lack of delayed rejection of 
treated and control oats suggests that once in the fungus garden, the fungicides did not 
significantly affect the growth of L. gongylophorus.  North et al. (2002) conclude that 
delayed rejection occurs when workers introduce a substrate contaminated with a novel 
fungicide into the fungus garden, the fungus becomes stressed, and the fungus-tending 
ants communicate this to other workers.  Within 12-16 hours of fungicide introduction, 
the workers permanently alter foraging behavior, thereafter rejecting all substrate of that 
type, whether or not it is contaminated.  Thus, had the organic fungicides significantly 
stressed L. gongylophorus, the ants likely would have rejected all treatments of oats 
within a day.  Instead, the ants steadily increased their total harvest over the course of 
several days. 

There are a few possible explanations as to why Tricho-D and Agrilife would not 
have affected L. gongylophorus.  Leaf-cutting ants, including A. cephalotes, cultivate a 
bacterium of the genus Streptomyces that suppresses the growth of the Escovopsis 
fungus, which parasitizes the fungus garden (Currie et al. 1999).  It is possible that 
Streptomyces and other understudied A. cephalotes symbionts also suppress the growth of 
other competing fungi, such as Trichoderma.  Because Ortiz & Orduz (2001) specifically 
isolated L. gongylophorus in their laboratory study, their results do not account for the 
suppression of Trichoderma that Escovopsis might have caused in wild colonies of A. 
cephalotes.  Agrilife has not been specifically tested on L. gongylophorus, and thus, it 
cannot be assumed that contact would be significantly detrimental or fatal.  This study 
suggests that Tricho-D and Agrilife may be safe for use on coffee farms near A. 
cephalotes colonies, but further research is necessary to decisively determine whether 
these and other organic fungicides affect L. gongylophorus and, by extension A. 
cephalotes. 

This study provides new evidence that leaf-cutting ants do not reject all 
fungicides, suggesting that L. gongylophorus may tolerate certain fungicides.  A. 
cephalotes’ garden of L. gongylophorus is supported by complex fungicide-resistance 
mechanisms involving at least one other symbiont, and it is not clearly understood why 
the garden is resistant to some fungicides and vulnerable to others.  Similar studies on the 
effects of pesticides on ecosystems will be essential in the future as the global area of 
primary habitat shrinks and biodiversity becomes increasingly dependent on human-
altered landscapes.  Such studies will help determine how to maximize the value of 
agricultural areas as critical refuges for biodiversity.  
    
ACKNOWLEDGEMENTS  
 

 127 



I would like to thank my project advisor, Johel Chaves-Campos, for his wise guidance 
and endless patience.  Thanks also to Chris for his very helpful comments on my draft.  
My classmates and I are indebted to Guillermo and family for allowing us to study leaf-
cutting ants on their finca.  Many thanks to my host family, los Arguedas Villalobos, for 
their warm hospitality, and especially for the night hikes.  And finally, thanks to my real 
parents for making my experience in Monteverde possible. 
 
LITERATURE CITED 
 
Agrocosta (2014). Agrilife 2 SL: Ficha Técnica. 

http://www.agrocosta.net/files/productos/49_ftmsdsagrilife.pdf. Accessed May 11, 2014.  
Bahlai, C. A., Xue, Y., McCreary, C. M., Schaafsma, A. W., & Hallett, R. H. (2010). Choosing organic 

pesticides over synthetic pesticides may not effectively mitigate environmental risk in soybeans. 
PloS one, 5, e11250. 

Bengtsson, J., Ahnström, J., & WEIBULL, A. C. (2005). The effects of organic agriculture on biodiversity 
and abundance: a meta‐analysis. Journal of applied ecology, 42, 261-269. 

Chemexc. Tricho-D. http://chemexc.com/trichod.html. Accessed May 11, 2014. 
Colborn, T., vom Saal, F. S., & Soto, A. M. (1993). Developmental effects of endocrine-disrupting 

chemicals in wildlife and humans. Environmental health perspectives, 101, 378. 
Currie, C. R., Scott, J. A., Summerbell, R. C., & Malloch, D. (1999). Fungus-growing ants use antibiotic-

producing bacteria to control garden parasites. Nature, 398, 701-704. 
Herz, H., Hölldobler, B., & Roces, F. (2008). Delayed rejection in a leaf-cutting ant after foraging on plants 

unsuitable for the symbiotic fungus. Behavioral Ecology, 19, 575-582. 
Holdridge, L. R. (1967). Life zone ecology. Tropical Science Center. 
Karunamoorthi, K. (2012). Medicinal and Aromatic Plants: A Major Source of Green Pesticides/Risk-

Reduced Pesticides. Med Aromat Plants, 1, e137. 
Lewis, T., Pollard, G. V., & Dibley, G. C. (1974). Rhythmic foraging in the leaf-cutting ant Atta cephalotes 

(L.)(Formicidae: Attini). The Journal of Animal Ecology, 129-141. 
Moutinho, P., Nepstad, D. C., & Davidson, E. A. (2003). Influence of leaf-cutting ant nests on secondary 

forest growth and soil properties in Amazonia. Ecology, 84, 1265-1276. 
North, R. D., Jackson, C. W., & Howse, P. E. (1999). Communication between the fungus garden and 

workers of the leaf‐cutting ant, Atta sexdens rubropilosa, regarding choice of substrate for the 
fungus. Physiological Entomology, 24, 127-133. 

Ortiz, A., & Orduz, S. (2001). In vitro evaluation of Trichoderma and Gliocladium antagonism against the 
symbiotic fungus of the leaf-cutting ant Atta cephalotes. Mycopathologia, 150, 53-60. 

Perfecto, I., Rice, R. A., Greenberg, R., & Van der Voort, M. E. (1996). Shade Coffee: A Disappearing 
Refuge for Biodiversity. BioScience, 46, 598-608. 

Raynolds, L. T. (2000). Re-embedding global agriculture: The international organic and fair trade 
movements. Agriculture and human values, 17(3), 297-309. 

Rockwood, L. L. (1976). Plant selection and foraging patterns in two species of leaf-cutting ants (Atta). 
Ecology, 48-61. 

Roth, D. S., Perfecto, I., & Rathcke, B. (1996). The effects of management systems on ground-foraging ant 
diversity in Costa Rica. Ecosystem Management, 313-330. 

Samayoa-Juárez, J. O., & Sánchez-Garita, V. (2000). Enfermedades foliares en café orgánico y 
convencional. Leaf diseases on organic and conventional coffee. Manejo Integrado de Plagas., 58, 
9-19. 

Somarriba, E., Harvey, C. A., Samper, M., Anthony, F., González, J., Staver, C., & Rice, R. A. (2004). 
Biodiversity conservation in neotropical coffee (Coffea arabica) plantations. In Schroth, G., et al. 
(eds.) Agroforestry and biodiversity conservation in tropical landscapes. Island Press, 
Washington, DC, 198-226. 

Varón, E. H., Eigenbrode, S. D., Bosque‐Pérez, N. A., & Hilje, L. (2007). Effect of farm diversity on 
harvesting of coffee leaves by the leaf‐cutting ant Atta cephalotes. Agricultural and forest 
entomology, 9, 47-55. 

 

 128 



 

Personalities and freshwater crabs: comparing 
behavioral plasticity and consistency 
 
Brian Friel 
 
Department of Environmental Analysis, Pomona College 
 
 

ABSTRACT 

While animal behavior had long been thought to be highly variable in response to temporal changes in 
conditions, it has recently been noted that constraints on sensory acuity and cognitive structure may limit 
behavioral plasticity. Such limits in plasticity have since given rise to the idea of animal personalities, as 
studies of numerous species have demonstrated consistent differences in the behavior between individuals 
from the same population. Individuals of many species have been shown to consistently differ in their level 
of boldness – otherwise known as their willingness to take risks. Boldness is positively correlated with 
growth and dispersal in killifish, foraging and growth in larval salamanders, and longevity and reproductive 
success in bighorn sheep. To date, however, only a handful of studies have investigated the role of 
personality in crustacean decapods. In this study, I determined whether Ptychophallus sp. freshwater crabs 
display individual personalities with respect to response time to a novel food item across contexts and time. 
While crabs modulated their behavior to a degree, the effect size for behavioral consistency was greater 
than that of behavioral plasticity, thus indicating the presence of personalities in Ptychophallus sp. crabs. 
 

RESUMEN 

Mientras se ha pensado por mucho tiempo que el comportamiento animal es altamente variable en 
respuesta a cambios temporales y diferentes condiciones, se ha notado recientemente que restricciones en la 
agudeza sensorial y la estructura cognitiva pueden limitar la plasticidad del comportamiento.  Estas 
limitaciones en la plasticidad han dado cabida a la idea de personalidades en los animales, al estudios con 
numerosas especies demostrar diferencias consistentes en el comportamiento entre individuos de la misma 
población.  Individuos de varias especies han demostrado variar consistentemente en el nivel de audacia - 
también conocido como la disposición de tomar riesgos.  La audacia esta correlacionada positivamente con 
crecimiento y dispersión en Ciprinodontidae, forrajeo y crecimiento en salamandras, y longevidad y éxito 
reproductivo en ovejas de cuernos largos.  Al día de hoy, sin embargo, son pocos los estudios que han 
investigado el papel de la personalidad en crustáceos decapodos.  En este estudio, determine si los 
cangrejos de agua dulce Ptycophallus sp. muestran personalidades individuales con respecto al tiempo de 
respuesta a un artículo alimenticio nuevo a lo largo de contextos y tiempo.  Mientras que los cangrejos 
cambiaron su comportamiento a un grado,l efecto del tamaño para la consistencia del comportamiento fue 
mayor que la plasticidad del comportamiento, indicando así la presencia de personalidades en los cangrejos 
Ptycophallus sp 
 

INTRODUCTION 
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Recent studies in the emerging field of behavioral ecology have popularized the idea of 
animal personalities – the notion that individuals within a single population consistently 
differ in their behavioral responses across contexts and time (Bell 2006, Dingemanse et 
al. 2010). Behavior had long been thought to be a more plastic phenotypic trait, as the 
ability to appropriately adapt to changing conditions should clearly be beneficial (Briffa 
et al. 2008). However, it is also clear that organisms cannot consistently exhibit the 
optimum level of plasticity without incurring high developmental and evolutionary costs 
(DeWitt et al. 1998). Behavioral plasticity relies on a number of mechanisms that are 
costly to produce and maintain, including sensory capabilities required for receiving 
information and cognitive structures required for processing information (Hazlett 1995).  

As a result of the high costs associated with behavioral plasticity, many organisms 
are faced with evolutionary trade-offs between two possible methods of coping with 
uncertainty. Organisms must either invest in costly mechanisms that allow for accurate 
plastic behavior (e.g. complex sensory systems) or avoid these higher costs and exhibit 
behavioral consistency at the risk of not being able to properly respond to changing 
environments (Briffa et al. 2008). In investigating the balance between behavioral 
plasticity and consistency, a hypothetical framework is illustrated in Figure 1 that shows 
four possible outcomes of the presence or absence of consistent animal personalities and 
behavioral plasticity (Figure 1) (Briffa et al. 2008). Between situations, a population of 
animals could show (a) plasticity in average responses but with individuals showing 
consistent levels of response relative to one another, (b) plasticity in average responses 
without consistency in individual responses, (c) consistency in individual responses 
without any average plasticity, or (d) no individual consistency and no plasticity (Briffa 
et al. 2008). Despite the possibility of these four outcomes, possibility (a), which 
includes a degree of both individual plasticity and consistency, has been most supported 
by empirical studies (Dall et al. 2004, Briffa et al. 2008). For example, fishing spiders as 
a whole have been shown to change their behavior in response to different situations, 
while individual spiders still show a consistent difference in their level of response 
relative to other individuals (Johnson & Sih 2007). In cases where both plasticity and 
consistency are present, the relative strength of each can be compared by calculating 
effect size estimates tests of plasticity (e.g. repeated measures ANOVA) and tests of 
consistency (e.g. Kendall’s coefficient of concordance) between situations (Levine  
& Hullet 2002, Briffa et al. 2008). Tests in which the strength of consistency outweighs 
the strength of plasticity are evidence of animal personalities. 

One key aspect of animal personality that has been studied in several taxa is 
variation within the shyness-boldness axis (Wilson et al. 1993). Under this model, 
individuals are presented with novel stimuli such as new environments or objects. Those 
that take more time to exhibit exploratory behaviors are deemed more timid than those 
who are bold and take less time to display such behaviors (Briffa et al. 2008). Studies of 
numerous species have identified consistent differences in boldness between individuals 
in response to predation threat, and this boldness may be indicative of behavior in other 
contexts (Budaev 1997, Coleman & Wilson 1998, Dingemanse et al. 2002, Johnson & 
Sih 2007). Boldness towards predators is positively correlated with growth and dispersal 
in killifish (Fraser et al. 2001), foraging and growth in larval salamanders (Sih et al. 
2003), and longevity and reproductive success in bighorn sheep (Réale et al. 2009). To 
date, however, only seven studies have investigated the effect of animal personalities on 
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crustacean decapods (As reviewed in Gherardi et al. 2012). As such, behavioral 
information on the majority of crustaceans – especially freshwater crabs – is sorely 
lacking. 

The aim of this study is to determine the strength of behavioral plasticity and 
consistency with regards to boldness in a crustacean previously unstudied from this 
perspective: the Ptychophallus sp. freshwater crab. Specifically, I investigate whether 
there are consistent differences in individual response time to a novel food item both 
across contexts and time.  

 
 

 
FIGURE 1. Cross-situational testing for the presence (+) and absence (−) of behavioral 
plasticity and behavioral consistency. Grey bars represent an average behavioral response 
from three individuals under three different situations, A–C. The measure from each 
individual is represented by circles in different shades. (a,b) Significant differences in the 
average response between the situations indicate the presence of behavioral plasticity 
whereas (c,d) the absence of a significant difference would suggest that this behavior is 
not plastic between the situations. (a,c) Significant concordance between the ranks of 
individual responses between the three situations would indicate the presence of animal 
personalities whereas (b,d) a lack of concordance between individual responses between 
the situations would indicate that animal personalities are not present. (taken from Briffa 
et al. 2008). 
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METHODS 
 
Crabs were collected along a 1.5 km stretch of the Quebrada Máquina stream in 
Monteverde, Costa Rica between April and May of 2014. The stream is located within 
Pacific tropical Premontane Moist Forest (Holdridge 1967) between 1450m and 1600m 
in elevation. All crabs collected were Ptychophallus sp., a genus of detritivorous 
freshwater crabs that primarily eat plant matter (Yau 2003). 
 Crabs were captured either by hand or with a small net. For each crab, carapace 
width, sex, and location were recorded and each crab was numbered with a water proof 
paint pen so as to prevent unintended re-sampling (Figure 2).  Any crabs that were 
missing appendages were excluded from the study. Crabs were placed in a small bucket 
and transported to a field station where they were individually placed in water filled glass 
tanks (Figure 3). Once in these tanks, each crab was kept overnight without food. 
 The following morning, crabs were tested for individual boldness in terms of 
response time to the introduction of a novel food item. A small capsule of fish food flakes 
was placed roughly one body length in front of crab and the duration of time it took for 
the crab to attempt feeding was recorded (Coleman & Wilson 1998) (Figure 3). Each crab 
was then tapped once with a pencil on its carapace so as to simulate an attack by a 
predator and the duration of time it took for it to resume feeding was recorded (Kralj-
Fiser et al. 2012). Following the second attempt at feeding, the capsule was removed 
from the tank and each crab was left alone for 30 minutes. After 30 minutes, the 
experiment was repeated and feeding response times both with and without the predator 
threat were recorded. Following the completion of both trials, crabs were returned to their 
original locations within the Quebrada Máquina and each tank was cleaned and refilled 
for the next crab. 
 

 
FIGURE 2. Ptychophallus sp. crabs collected from the Quebrada Máquina in Pacific 
tropical Premontane Moist Forest between 1450m and 1600m elevation. (A) Ventral side 
of a male as characterized by its triangular abdomen. (B) Ventral side of a female as 
characterized by its rounded abdomen. (C) Carapace of a crab marked with water proof 
paint pen so as to prevent future resampling. 
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FIGURE 3. Laboratory experiment for individual boldness. (A) Ptychophallus sp. crabs 
individually placed in water filled glass tanks. Crabs were left in tanks overnight without 
food and then tested the following morning. To test for boldness, a novel food item was 
placed roughly one body length in front of the crab and the duration of time it took for the 
crab to attempt feeding was recorded. This test was then repeated with the crab being 
tapped once with a pencil in order to simulate a predator threat.  (B) Small capsule of fish 
food flakes used as a novel food item in both trials.  
 
RESULTS  
 
Descriptive Results 
 
Of the 47 crabs collected, 32 were male and 15 were female. For all crabs, size as 
measured by carapace width ranged from 19.01 mm to 59.25 mm. Response times 
without a simulated predator threat ranged from 6.4 seconds to 1,246.3 seconds and 
responses times following a simulated predator threat ranged from 10.12 to 1,800 
seconds. 
 
Effects of crab size and gender 
 
While a few larger crabs showed shorter response times both in the presence and absence 
of a predator threat, in general neither male nor female crab size significantly effected 
response time (Linear Regression Coefficients: males t = -1.57, p = 0.13, n = 32; females 
t = -1.49, p = 0.16, n = 14) (Figure 4). Conversely, crab gender significantly impacted 
response times in that females who exhibited the same response time as males in the 
absence of a threat responded significantly quicker than those same males with the 
presence of a threat (ANCOVA F = 4.78, p = 0.03, df =1,44). The slope of the 
relationship between response times with and without a simulated predator threat was 
significant and similar between sexes (ANCOVA F = 138.3, p < 0.0001, df = 1,44) 
(Figure 5). 
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Consistency across situations 
 
Kendall’s coefficient of concordance was conducted in order to determine the degree of 
similarity in the duration of attempted feeding response time between the four different 
situations measured (Figure 6). Individual attempted feeding responses were significantly 
concordant across situations with and without predation threat (Kendall’s coefficient of 
concordance, W = 0.74, p < 0.0001, n=47). 
 
Plasticity between situations 
 
Repeated measure ANOVAs were calculated to investigate the effect of trial types on the 
duration of attempted feeding response (Figure 7). For each trial, the mean response time 
without a threat (trial one = 128.31 +/- 11.72, trial two = 198.77 +/- 21.01) was 
significantly less than the mean response time with a threat (trial one = 254.51 +/- 27.09 
sec, trial two = 409.75 +/- 45.51). Additionally, all four response times differed 
significantly from each other (Pairwise comparisons: Holm method). 
 
Comparing strength of plasticity and consistency in behavior 
 
In accordance with the statistical findings of Levine & Hullet (2002), effect size estimates 
were calculated so as to compare the relative strength of concordance and plasticity. 
Strength of concordance was represented by Kendall’s coefficient of concordance ‘W’ 
where W = 0 indicates no agreement in the ranking of responses between trials and W = 1 
indicates complete consistency between trials (supplementary material from Briffa et al. 
2008).  Strength of plasticity was represented by the main effect calculated from the Eta 
squared values associated with repeated measures ANOVA (n2 = SSeffect / SStotals where 
SS = sum of squares). n2 = 0 indicates that none of the variance in response time is due to 
the effect of the treatment group, while n2 = 1 indicates that all of the variance in 
response time is due to the effect of the treatment group. Direct comparison of these two 
coefficients revealed that effect sizes for consistency outweighed those for plasticity 
between situations (Kendall’s coefficient of concordance W = 0.74, main effect = 0.08). 
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FIGURE 4. Comparison of response time to a novel food item without a predator threat 
and crab size between males and females in trial one. Crab size was measured as carapace 
width. Crab size was negatively correlated with response time without a predator (males 
R2 = 0.05, females R2 = 0.09). Neither male nor female crab size significantly impacted 
response time (Regression test on slope: males t = -1.57, p = 0.13, n = 32; females t = -
1.49, p = 0.16, n = 14). 
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FIGURE 5. Comparison of response time to a novel food item in the presence and 
absence of a predator threat between males and females in trial one. Both males and 
females demonstrated positive correlations between response time in the presence and 
absence of a predator threat (males R2 = 0.54, test on slope: t = 6.01, p < 0.0001; females 
R2 = 0.84, test on slope: t = 8.70, p < 0.0001).  
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FIGURE 6. Comparison of response times to a novel food item between trials in the 
presence and absence of a predator threat. Crabs were left alone without food for 30 
minutes between the two trials. Both trial one and two exhibit significant positive 
correlations between response time in the presence and absence of a predator (trial one R2 
= 0.76, est on slope: t = 12.12, p < 0.0001; trial two R2 = 0.68, test on slope: t = 9.83, p < 
0.0001). This trend is also true across all four trial conditions (Kendall’s coefficient of 
concordance, W = 0.74, p < 0.0001, n=47). 
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FIGURE 7. Plasticity in response to a novel food item between trials in the presence and 
absence of a predator threat. Crabs were measured for response times after spending one 
day in individual tanks. (-) threat indicates the absence of a predator threat while (+) 
threat indicates the presence of a predator threat as characterized by the tapping of a crab 
with a pencil. Trials one and two took place 30 minutes apart from one another. All 
response times are significantly different from each other (Pairwise comparisons: Holm 
method). (Repeated measures ANOVA, F = 31.51, p < 0.0001, df = 45). Error bars 
represent standard error.  
 
 
 
DISCUSSION 
 
The primary purpose of this study was to determine whether Ptychophallus sp. crabs 
display individual personalities as characterized by consistent differences in feeding 
responses across contexts and time. Differences in crab response times were significantly 
consistent both between treatments with and without the presence of a simulated predator 
threat and trials spaced apart by 30 minutes. Additionally, crabs demonstrated significant 
plasticity between situations, as the average response time of all crabs as a whole 
increased with the addition of a simulated predator threat. Comparison of effect sizes 
revealed that the strength of consistency outweighed that of plasticity. As such, it is 
evident that while Ptychophallus sp. crabs modulate their behavior to a degree for a given 
situation, they exhibit an even stronger display of individual consistency in behavior 
relative to one another. 
 The behavior demonstrated by Ptychophallus sp. is consistent with scenario (a) 
from Figure 1. While Ptychophallus sp. are able approximately adapt to given situations, 
they rely most strongly on their consistent differences in behavior (i.e. animal 

0"
50"
100"
150"
200"
250"
300"
350"
400"
450"
500"

(6)"threat"1" (+)"threat"1" (6)"threat"2" (+)"threat"2"

R
es
p
on
se
't
im
e'
(s
ec
)'

Trial'type'

 138 



 

personalities). This may be in part due to the high evolutionary and developmental costs 
associated with being fully plastic, as crabs would have to devote a large portion of their 
energy into maintaining sensory systems and cognitive structures capable of eliciting a 
perfect response to a given environmental cue. Instead, there appears to be a point of 
diminishing returns at which crabs stop investing in behavioral plasticity and instead 
relies mostly on their individual personalities – thereby conserving a large amount of 
energy. Another interesting hypothesis – especially for shy individuals – is the idea that 
consistent individual behavior could be maintained by selection (Dingemanse & Réale 
2005). The absence of data on the heritability of a behavioral trait, however, makes such 
hypothesis impossible to pursue.  
 The further study of crustacean personalities may significantly benefit 
conservation efforts. Owners of captive breeding and recovery programs for endangered 
species could implement this knowledge in order to selectively breed and release 
individuals whose personalities would be best suited for wild conditions (Gherardi et al. 
2012). As evidenced by this study, bolder individuals may possess a higher level of 
fitness in the wild as they are better suited to adjust to different food sources. 
 Interestingly, crab size did not significantly affect boldness. While it would seem 
intuitive that larger crabs would be better suited to secure a novel food item than their 
smaller counterparts, perhaps the amount of time spent in isolation tanks prior to 
experimentation allowed each crab to accommodate to its given environment to the 
degree that it no longer properly simulated a natural environment. A study of hermit 
crabs by Briffa et al. (2008) also found that size did not significantly impact boldness. 
The finding that males took significantly longer to respond than females while under the 
simulated predator threat treatment is not supported by the available literature. This may 
be in part due to the small sample size of females compared to males. 
 In this study, I have demonstrated a clear consistency in individual Ptychophallus 
sp. crab boldness between across contexts and time. While crabs demonstrated the ability 
to modulate behavior in response to an increased threat of predation, comparison of effect 
sizes shows that the pattern of consistency is the dominant force driving Ptychophallus 
sp. behavior, thus indicating the presence of personalities in Ptychophallus sp. freshwater 
crabs. 
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Temperament predicts outcome of aggressive interactions in  
Habronattus spp. spiders 

 
 
ABSTRACT 

The effect of personality on the outcomes of intraspecific interactions has been 

fairly understudied in spiders. This aim of this study was to determine if personality 

exists in these spiders and whether their interactions could be predicted based off their 

observed personalities. A population of 77 Habronattus spp spiders underwent a series 

of tests to establish personality scores. The tests were performed at Estacion Bioloigca 

in Monteverde, Costa Rica. Three tests were performed; one simulated a physical 

predator attack, the second simulated an avian predator attack, and the third measured 

the latency in attacking prey when given a Drosophila fruit fly. Spiders were scored 

between 0 and 4, 4 being boldest. These scores were then added together to determine 

an overall personality score. An aggressive spider was then chosen to interact with a 

submissive spider, based on scores, and their interactions were observed. Aggressive 

spiders with higher scores consistently dominated the opponents that had received 

lower personality scores. Sex and weight were not significant for adults in this study, but 

weight did play a contributing factor on juvenile interactions. This study supported the 

idea that behavior is not random and plays an important role in how individuals interact 

with their surroundings.  

 

RESUMEN  
El efecto de la personalidad como consecuencia de las interacciones 

intraespecíficas han sido poco estudiadas en arañas.  El objetivo de este estudio fue 

determinar si existen personalidades en estas arañas y si estas interacciones pueden 

ser predichas basado en las personalidades observadas.  Una población de 77 arañas 

del genero Habronattus spp. se sometieron a diferentes pruebas para establecer 

marcadores de personalidad.  Las pruebas se realizaron en la Estación Biológica en 

Monteverde, Costa Rica.  Se realizaron tres pruebas: uno simulando el ataque de un 
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depredador, el segundo simulando el ataque de un ave depredadora, y el tercero 

midiendo la latencia en atacar una presa cuando se les dio unas mosca de la fruta 

Drosophila.  Se les dio un marcador de 0 a 4, 4 siendo el más atrevido.  Estos 

marcadores fueron luego sumados para determinar marcador general de 

personalidad.  Una araña agresiva se selecciono para interactuar con una araña 

sumisa, basado en los marcadores, y se observaron las interacciones.  Las arañas 

agresivas con altos marcadores dominaron consistentemente a los oponentes que 

habían recibido menor marcador de personalidad.  El sexo y el peso no fueron 

significativos para los  adultos en este estudio, pero el peso es un factor importante en 

las interacciones de los juveniles.  Este estudio apoya la idea que el comportamiento no 

es aleatorio y juega un papel importante en como interactuan los individuos en los 

ambientes bióticos y abióticos. 

 
 
INTRODUCTION 
 

The term ‘personality’ refers to consistency of behaviors of individuals relative to 

each other across context and time (Grinsted et al 2013). In other words, animals 

exhibit personality if individual behaviors are repeatable over time and across situations 

(Menzies et al 2013). Studies in field ecology have shown a lot of variation among 

single populations of species, implying that different individuals of populations could 

have varying degrees of personalities (Werner 1992). Different behavioral syndromes 

have been observed in many different taxa, including birds, rodents, and fish 

(Dingemanse and Reale 2005). Though age, size, and sex may influence specific 

behavioral traits, the differences between individual personalities remains relatively 

constant (Grinsted et al 2013). 

Personality has many implications for species interactions. Recent studies have 

shown that personality may have an impact on life history and fitness through 

associations with gaining resources, reactions to predators, reproductive ability, and 

overall length of life (Menzies et al 2013). For example, individual aggression in species 

is the driving factor of many species interactions and often influences how often and 

how detrimental these interactions prove to be (Grinsted et al 2013). For animals, 
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aggression has been defined as behavior explicitly directed at harming or threatening 

another individual with the intent of gaining some advantage (Werner 1992). Size by no 

means indicates the more aggressive individuals, or even that the larger individual will 

dominant in aggressive encounters (Foelix 2011). 

Spiders are known to demonstrate aggressive tendencies, especially when it 

comes to hunting and breeding. More aggressive individuals will have wider dietary 

ranges than less aggressive spiders because they will be more apt to attack a wider 

range of prey. Bolder spiders will also have many more interactions with prey, 

competitors, and predators (Pruitt and Riechert 2012).  Studying species interactions 

among spiders will help to better understand the ways individuals interact with the 

surrounding environment. 

 For this experiment, a population of Habronattus spp. was observed. Each spider 

was previously scored for response to tactile predator threat, response to air puff 

predator threat, and latency in attacking prey with the goal of testing whether personality 

scores can predict the outcome of future intraspecific interactions.  

 
 
MATERIALS AND METHODS 

This spider is fairly common in the United States east of the Rocky Mountains, as 

well as down through Mexico and into Central America. Habronattus has been known to 

prefer sand substrate but it also 

occurs on low vegetation and 

bushes (Miller 1971). This study 

was conducted at Estación 

Biológica Monteverde, a 

biological research station 

located in Monteverde, Costa 

Rica. This site is at 1550m 

elevations and is a lower 

montane wet forest Holdridge life 

zone. Spiders were collected in Figure 1. Estación Biológica,location of Habronattus spp 
population !
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open areas surrounding the station. These open areas are surrounded by primary forest 

(Figure 1). 

During each study period, spiders were captured and placed in separate petri 

dishes for analysis. Spiders were weighed to determine whether weight would play a 

role in interactions and personality. They were then marked with non-toxic paint pens. 

Individuals were sexed under a microscope by looking at specific sexual structures. 

Adult females show a reproductive opening, called an epigynum, located on the 

underside of the abdomen.  Adult males show very distinguishable swollen palps 

(Museum Victoria 2014). Males Habronattus are between 5 and 6 mm and females are 

between 5 and 6.5 mm (Miller 1971). Juveniles have neither characteristics, and are 

much smaller in size and weight than adults.  

Initially, juveniles were mistaken for small females, regularly scored low and were 

dominated by aggressive opponents. Once juveniles were being properly identified, they 

only faced other juveniles. Size played a significant role in personality score in juveniles 

only.  

Analysis began at least 10 minutes after initial processing. Four personality tests 

were run giving spiders a score between 0 and 4 for each test, 4 being the boldest. 

Spiders were released after the experiments were completed each day. 

 

Test 1: Tactile predator threat 

This test was to observe the spider’s reaction 

to the physical touch of a pencil while in a 

petri dish. Scores were based on reaction to 

the pencil; remaining stationary (score=0), 

moving away from pencil (score=1), lifting 

legs in an exploratory manner (score=2), 

moving away and orienting themselves 

toward pencil (score=3), and attacking pencil 

(score=4). These scores were based off a similar study done by Rossi in 2013. This test 

simulated physical predator threat (Kralj-Fiser et al 2011). 

  

Figure 2. Spiders were kept in controlled 
environments for the study 
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Test 2: Air predator threat 

Using a squeeze bottle, spiders experienced a puff of air that was similar to what they 

would experience under threat of an avian predator (Gunnarsson 2008). Spiders would 

huddle down and freeze once they felt the air, and scores were given based on how 

long it took them to recover from the stimulus. Remaining motionless for 0-5 seconds 

(score=4), 6-10 seconds (score=3), 11-20 seconds (score=2), 21-30 seconds (score=1), 

and 30+ seconds (score=0).  

 

 Test 3: Latency in attacking prey 

This test was a measure of how long it 

took spiders to attack prey. Drosophila 

flies were captured and used as prey. 

Drosophilas were chosen because of their 

abundance and easy capture. Spiders 

were scored based on time elapsed 

before they attacked their prey: 0:00-1:00 

(score=4), 1:00-5:00 (score=3), 5:00-

10:00 (score=2), 10:00-20:00 (score=1), 

and 20:00+ minutes (score=0). 

 Each test was conducted ten minutes apart, and final personality score was the 

sum of the three test scores. 

 Once personalities were determined for each spider, their interactions were 

observed when put together in the same petri dish. A spider that had received a higher 

score was chosen to interact with a spider that had received a lower score. Predictions 

were made based off theses scores that the spider with the higher score would be 

dominant in the interaction. Male-male interactions, male-female interactions, female-

female interactions, as well as interactions with juveniles were observed. New spiders 

were collected each day for observation.  

 A one-way ANOVA test was used to compare the difference between scores of 

the two spiders placed in a petri dish. A linear regression test analyzed whether weight 

Figure 3. Male Habronattus spp marked and under 
observation 
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had any relationship with personality score, and Pearson’s correlation tests were used 

to evaluate the correlations between tests.  

 

 
RESULTS 

A total of 77 spiders were observed throughout this study. Reactions to one type 

of stimulus were seen to correlate with reactions to other tests. Reaction to being poked 

with a pencil positively correlated with experiencing a puff of air (Pearson correlation 

0.54, P=<0.0001; Figure 4). In other words, if a spider received a high score for one of 

the two tests, it would likely receive a high score for the other. The tactile predator threat 

and air predator test were positively correlated. 

 

 
Figure 4. Positive correlation between tactile predator threat and air predator threat. An 
individual with a high score on the tactile predator threat test, would most likely receive 
a high score on air predator threat, and vice versa. Personality scores were based off of 
77 observations with spiders receiving a score of between 0 and 4 for a personality 
assessment, 4 being boldest, 0 least bold.  
 

Time elapsed in attacking prey was directly correlated to boldness score received 

during the first test (Pearson correlation, 0.30, P=0.0459; Figure 5). In other words, if a 

spider was more timid about the pencil, they tended to take longer to attack prey, and 

vice versa. 

 

0!

1!

2!

3!

4!

5!

0! 0.5! 1! 1.5! 2! 2.5! 3! 3.5! 4! 4.5!

Te
st
%2
%

Test%1%

 146 



 
Figure 5. Tactile predator threat and latency in attacking prey were also positively 
correlated as shown by the line of best fit. If an individual received a low score for tactile 
predator threat, they would likely receive a low score in latency in attacking prey as well. 
Personality scores were based off of 77 observations with spiders receiving a score of 
between 0 and 4 for a personality assessment, 4 being boldest, 0 least bold.  
 
 
  There was almost no correlation between air predator attack and latency in 

attacking prey (Pearson correlation, 0.06, P=1, Figure 6). The line of best fit is almost 

flat, showing that the result of air predator threat had little to do with the results in 

latency in attacking prey.  
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Figure 6. Air predator threat and latency in attacking prey had little correlation, as 
shown by a line of best fit.  Personality scores were based off of 77 observations with 
spiders receiving a score of between 0 and 4 for a personality assessment, 4 being 
boldest, 0 least bold.  
 
 Weight did not have any significance in the trials between adult Habronattus 

individuals (Females: Linear regression, t=3.163, Pr=0.00434, R-squared= 0.005, 

df=23, Figure 7; Males: Linear regression, t=3.81, Pr=0.000618, R-squared=0.011, 

df=31, Figure8). However, it did have significance for juveniles. The heavier the juvenile, 

the higher personality score they received (Linear regression, t=2.131, Pr=0.048, R-

squared= 0.1644, Figure 9). This implies that the heavier juveniles were also the more 

aggressive, and therefore dominant when faced with other juveniles. However, when 

faced with male and female adults, juveniles were always dominated and often injured 

during the encounter. Response of adults to juveniles didn’t seem to vary based on sex. 
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Figure 7. Variance in weight for female Habronattus spp. No correlation is seen 
 

 
Figure 8. Variance in weight for male Habronattus spp. Negative correlation is seen. 
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Figure 9. Variance in weight of juvenile Habronattus spiders. The heavier spiders 
received higher scores than lighter spiders.  
 

More aggressive spiders would either attack their opponent, often causing the 

opponent physical harm, or perform a territorial display by lifting their legs, wiggling their 

bodies, and vibrating their palps. Less aggressive spiders would typically by driven 

away from the aggressor and take extreme measures to keep as much possible 

distance between themselves and the dominant spider. If they weren’t driven away, the 

less aggressive spider was often physically hurt by attacks from the dominant spider 

and, in some cases, killed. Spiders who had negative differences in their personality 

scores were consistently driven away or hurt/killed. The mean difference in scores for 

the submissive spiders was -3.937 and -3 respectively. Spiders who had a positive 

difference in personality score were individuals attacking or performing territorial 

displays. The mean difference in scores for the aggressive spiders was 2 and 3.2 

respectively (ANOVA, f=14.16, df=25, P=<0.0001, Figure 10). 
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Figure 10. Habronattus responses to intraspecific interactions. Spiders either attacked, 
backed away and kept their distance, performed territorial displays, or physically 
harmed the opponent when exposed to one another. The Habronattus spp who had 
negative difference in their personality score either backed away or were physically 
harmed during the interaction. Spiders who had a positive difference in personality 
score would always attack or perform territorial displays when faced with their opponent. 
Means are based off of 28 observed trails with two spiders per trial. Not all means are 
significantly different from each other. Error bars represent standard error. 

 

 

The difference for the winning Habronattus was 3.464, and the difference for the 

losing Habronattus was -3.464. 28 trails were observed. Spiders that had a higher 

personality score dominated the opponent consistently while spiders with a lower score 

were consistently submissive (ANOVA, f=80.67, df=27, p= <0.0001, Figure 11).  
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Figure 11. Variance between the Habronattus spp who were dominated and 
Habronattus spp who dominated when facing each other. The outcome of each contest 
was significantly predicted by the difference in score of each spider. Means are based 
off of 28 observed trials with two spiders per trial. Error bars represent standard error. 
 
   

 
DISCUSSION 
  
 When Habronattus spp scored well on one test, it was observed that they would 

also score well on other tests. Weight did not play a significant role in test outcomes for 

adult spiders. Both of these imply that spiders have distinct personalities that can be 

repeated and tested several times. Bolder spiders received higher scores, and therefore 

proved dominant when faced with other spiders.  

Body size did not predict boldness or aggression of adult spiders, as seen in 

Figures 7 and 8. This eliminates the possibility that personality could be a product of 

age or maturity (Grinsted et al 2013). There are many implications of having 

personalities independent of size in adults. Spiders that had higher scores had typically 

attacked Drosophila very quickly. This implies that these spiders are more likely to 

attack prey aggressively and quickly in the wild as well, regardless of their size. More 

aggressive species also had more physical interactions with opponents (Werner 1992). 

They physically attacked the other spiders with little provocation. Spiders that attacked 

others frequently would likely do so in the wild as well. This could have either positive or 

negative implications for fitness of that individual. If the attacker was dominant in the 
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wild, it would likely benefit from this physical altercation. However, if it attacked a 

similarly aggressive spider then the attacker would be more likely to be injured by the 

interaction (Werner 1992).  

 Results show that spiders that had negative difference in personality scores were 

always dominated by spiders that had positive difference. Submissive spiders would run 

or be hurt/killed when confronted with a more aggressive opponent, no matter the size. 

In fact, several aggressive females were observed eating males that attempted to 

copulate with them. This result also holds interesting implications for interactions in the 

wild. It was found that dominant females would attack and eat the submissive males, 

but submissive females were often observed participating in courtship behavior with the 

males. Once again, sexually mature females are much larger than sexually mature 

males (Miller 1971), yet they did not attack them. This implies that in the wild, less 

aggressive males will most likely be unsuccessful in mating attempts and be killed. This 

decreases the fitness of submissive males and increases the competitiveness of 

aggressive males (Kralj-Fiser et al 2011). 

 Juveniles were at a significant disadvantage when faced with other spiders. It 

can be assumed that larger individuals had undergone more molts than smaller 

individuals, and were therefore older than smaller spiders (Museum Victoria 2014).  

 It was observed that spiders do have individual personalities and one can predict 

their interactions if the personality of the spider is known. This implies that bold, 

aggressive, and active spiders are likely to have more community connectivity, i.e. 

interactions, than the less aggressive spiders (Pruitt and Riechert 2012). Temperament 

impacts the ways that spiders interact with their communities and thus influences 

community dynamics. This study supported the idea that behavior is not random and 

plays an important role in how individuals interact with other individuals and their 

surroundings. 
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ABSTRACT 
Thanatosis, or death feigning, is a defensive strategy used by chemically protected ithomiine butterflies to deter 
predation.  The purpose of this study was to investigate factors that affect duration of thanatosis in ithomiine 
butterflies. Wild caught ithomiines visiting flowers were identified, sexed and measured for forewing length.  
Additionally, newly-eclosed Greta morgana oto were fed nectar or nectar with pyrrolizidine alkaloid (PA)-
producing flower extracts. Wild butterflies of 15 species were caught on Ageratum petiolatum flowers were 
measured for wing size and duration of thanatosis.  The seven most caught species differed in duration of thanatosis.  
Genus and color pattern did not appear to matter, however.  Larger wings decreased thanatosis duration only in 
Episcada salvinia. Thanatosis was longer in newly eclosed male G. morgana oto than in similar females, with males 
in thanatosis for 15.22 ± 3.41 seconds and females for 7.15 ± 1.93 seconds, but this difference was not observed 
once the butterflies were fed and 24 hours old. Butterflies fed PA floral extracts with 20% sucrose solution stayed in 
thanatosis longer than those fed 20% sucrose alone. Each group stayed in thanatosis for 19.28 ± 9.11 seconds and 
3.96 ± 0.80 seconds respectively. This study confirms the influence of PAs on thanatosis duration as well as 
suggests that wing size and sex also contribute to thanatosis duration in some species. This indicates that there may 
be factors in addition to unpalpability that impact butterfly survival that may have to do with variation in predator 
behavior. 

RESUMEN 
Tanatosis, o simular la muerte, es una estrategia defensiva usuada por ithominos protegidos químicamente para 
evadir depredación. El propósito de este estudio fue investigar los factores que afectan la duración de la tanatosis en 
mariposas ithominas.  Individuos silvestres capturados visitando flores fueron identificados, sexados y medidos en el 
largo del ala frontal.  Adicionalmente, individuos de la especie Greta morgana oto recién eclosionados se 
alimentaron con néctar o néctar con alcaloides pirrolizidino (AP) producto de extractos florales.  Mariposas 
silvestres de 15 especies se capturaron en flores de Ageratum petiolatum y se midió el tamaño del ala y la duración 
de la tanatosis.  Las siete especies capturadas más comúnmente difieren en la duración de la tanatosis.  Sin embargo, 
el genero y el patrón de coloración parece no afectar.  Las alas más grandes disminuyen la duración de la tanatosis 
solo en Epsicada salvinia.  La tanatosis fue más larga en machos recién eclosionados de G. morgana oto que en 
hembras similares, con machos en tanatosis por 15.22 ± 3.41 segundos y hembras por 7.15 ± 1.93 segundos, pero 
esta diferencia no se observó una vez que las mariposas se alimentaron y tenían una edad de 24 horas.  Las 
mariposas alimentadas con extracto floral con AP y sacarosa al 20% se mantuvieron en tanatosis por más tiempo 
que aquellas alimentadas solamente con solución de sacarosa al 20%.  Cada grupo se mantuvo en tanatosis por 19.28 
± 9.11 seconds y 3.96 ± 0.80 segundos respectivamente.  Este estudio confirma la influencia de los APs en la 
duración de la tanatosis, al mismo tiempo que sugiere que el tamaño del ala y el sexo también contribuye a la 
duración de la misma en algunas especies.  Esto indica que pueden haber factores adicionales a la impalpabilidad 
que influye la sobrevivencia de las mariposas.  

INTRODUCTION  

In thanatosis, animals cease to move for a time (Coutinho et al. 2013). This behavior is found in 
a variety of animal taxa, including mammals, snakes, amphibians (King & Leaich 2005), 
crustaceans (Coutinho et al. 2013), spiders, beetles, cicadas, crickets, odonates, hymenopterans 
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(King & Leaich 2005), coleopterans (Hozumi & Miyatake 2005), and lepidopterans (King & 
Leaich 2005). Factors that influence thanatosis are many and depend on the underlying 
adaptiveness of such behavior.  In chemically-protected species, thanatosis could allow predators 
to “taste” prey, and release the before killing them (Vasconcellos-Neto & Lewinsohn 1984).  If 
so, degree of chemical defense may determine thanatosis duration.  
 Thanatosis is seen in aposematic (Beccaloni & Gaston 1994) and chemically defended 
ithomiine butterflies.  The factors that cause variation in thanatosis duration in ithomiine 
butterflies are not well understood. It has been suggested that thanatosis is linked to high levels 
of pyrrolizidine alkaloids (PAs), which make ithomiine butterflies unpalatable to predators 
(Vasconcellos-Neto & Lewinsohn 1984; Masters 1991).  Studies with Nephila clavipes, an orb 
weaving spider, have shown that spiders “taste” the butterfly in thanatosis without having to kill 
it, and can release it unharmed (Vasconcellos-Neto & Lewinsohn 1984). Ithomiines vary in 
palatability, however (Masters 1991), and this could make the risks of thanatosis differ and alter 
time spent feigning death.   
 Thanatosis duration in ithomiine butterflies is variable (Pincus 2002). Ithomiinae are fully 
palatable when they eclose from their chrysalis (Masters 1991), and adult males acquire PAs 
from certain flowers (Brown 1984). Males use PAs to synthesize pheromones to attract females, 
and then transfer PAs to females during mating via spermatophores (Trigo et al. 1996).  Thus, 
newly-eclosed ithomiines should not exhibit thanatosis until they acquire PA protection.  
Furthermore, males may have more PAs or get them sooner than females.  Larger species may 
spread the same PAs over a larger surface and require more to be unpalatable.  For visual 
predators, more aposematic species may be handled with greater caution.  Finally, phylogenetic 
differences may occur.  Each of these changes the risk of being eaten before release, so should 
also change duration of thanatosis. This study investigates these factors and their impact on 
thanatosis duration in wild-caught and reared ithomiine butterflies. The first experiment 
considers the effects of species, phylogeny, color pattern and size on thanatosis duration.  A 
second experiment looks at the effects of sex and PA level on thanatosis duration.  

MATERIALS AND METHODS 

Experiment 1: Thanatosis in wild ithomiine butterflies 
Wild ithomiine butterflies were captured in a garden at 1300 m elevation, surrounded by 
premontane wet forest on the Pacific slope of the Tilarán Mountain Range near Monteverde, 
Costa Rica from April 20th to May 5th, 2014 (Figure 1). The garden contained Ageratum 
petiolatum (Eupatorieae: Asteraceae), a plant that attracts male ithomiine butterflies (Figure 1, 
2).  
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Figure 1: Garden containing A. petiolatum in Premontane Wet Forest on the Pacific slope of the 
Tilarán Mountain Range near Monteverde, Costa where wild ithomiine butterflies were 
measured from April 20th to May 5th, 2014.  

 

Figure 2: Ithomia xenos butterflies feeding on A. petiolatum flowers in a garden in Premontane 
Wet Forest on the Pacific slope of the Tilarán Mountain Range near Monteverde, Costa Rica.  

Identification to species occurred while butterflies fed on A. petiolatum flowers.  
Differences and similarities between wing color patterns were noted to evaluate mimicry. 
Butterflies captured displayed two colorations: clear-winged and golden translucent.  
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Figure 3: Seven most common wild butterfly species caught in in Premontane Wet Forest on the 
Pacific slope of the Tilarán Mountain Range near Monteverde, Costa Rica. Forewing length and 
thanatosis duration was measured for each butterfly.  A. Ithomia xenos, B. Ithomia heraldica C. 
Pteronymia fulvescens, D. Pteronymia notilla, E. Pteronymia fulvimargo F. Pteronymia simplex 
simplex, G. Episcada salvinia.  A, B, C, D, and E have a golden translucent color pattern.  F and 
G have a clear-wing color pattern. Images from DeVries 1987.  

Butterflies were captured from flowers by gently grabbing their wings in a scissor fashion 
(Figure 2).  The sex of each butterfly was determined by the presence of androconial hairs 
between the fore and hindwings (DeVries 1987).  Only males were included in the study, as they 
represented nearly all captures. Forewing length was then measured (Figure 4) and a mark was 
put on each butterfly’s forewing with a nontoxic paint pen.  Finally, each butterfly would be 
placed in the palm of the hand, and light pressure was put on the butterfly’s thorax for five 
seconds with an index finger to initiate thanatosis. Time in thanatosis was measured as time 
between removing the index finger and the butterfly flying away (unharmed).  
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Figure 4: Ithomia heraldica butterfly being held in order to measure forewing length in a garden 
in Premontane Wet Forest on the Pacific slope of the Tilarán Mountain Range near Monteverde, 
Costa.  Immediately after, thanatosis duration was measured. 

 

Figure 5: Ithomiine butterfly Oleria rubescens in thanatosis in a protected area near a garden of 
A. petiolatum flowers in Premontane Wet Forest on the Pacific slope of the Tilarán Mountain 
Range near Monteverde, Costa. 

Experiment 2: Thanatosis in newly eclosed Greta morgana oto  
Newly emerged Greta morgana oto butterflies were sorted into two groups with equal sex ratios. 
Forewing length and time in thanatosis was measured initially as before.  Each butterfly was fed 
by unfurling its proboscis into a drop of sucrose solution.  One group was fed a 20% sucrose 
solution. For the other group, A. petiolatum flowers were crushed and added to a 20% sucrose 
solution (1g flower/ 20 ml 20% sucrose solution), and then fed to butterflies.  Each butterfly fed 
on a single drop (approximately 0.05 ml) for at least one minute, and was allowed to continue 
feeding until full.  All butterflies fed for at least five minutes and all butterflies imbibed nearly 
the entire drop of solution. Abdomens were visibly large, indicating all butterflies fed to 
satiation.   The following day, forewing length and time in thanatosis was measured as described 
previously.  
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RESULTS 

Experiment 1: Thanatosis in wild ithomiine butterflies 
Experiment one was performed on 401 ithomiine butterflies of 15 species. Of the 15 species, 
seven had more than ten individuals and were thus included in statistical analyses. The most 
common species found was Ithomia xenos with 202 individuals. The least common species still 
included in analysis was Ithomia heraldica with 11 individuals. Pteronymia fulvescens had the 
longest mean time in thanatosis of 32.16 ± 0.181 seconds. Pteronymia fulvimargo had the 
shortest mean time in thanatosis of 6.82 ± 0.262 seconds (Table 1).  

There were statistically significantly differences in thanatosis length between the seven 
common species (One Way ANOVA, F = 5.89, df = 6, p = 0.00001) (Figure 6). The differences 
between Episcada salvinia and I. xenos (Fisher LSD, p = 0.00022), E. salvinia and P. fulvimargo 
(Fisher LSD, p = 0.0013), E. salvinia and Pteronymia simplex simplex (Fisher LSD, p = 0.0031), 
I. xenos and P. fulvescens (Fisher LSD, p = .00001), P. fulvescens and P. fulvimargo (Fisher 
LSD, p = 0.0004), and P. fulvescens and P. simplex simplex (Fisher LSD, p = 0.0009) were 
found to be statistically significant (Figure 6). 

Table 1: Species, number, mean time in thanatosis, and mean wing size of wild caught ithomiine 
butterflies from a garden in Premontane Wet Forest in Monteverde, Costa Rica (alt. 1300), with 
standard error. Species in bold were included in statistical analysis.  

Species N Mean Thanatosis 
Duration (s) 

Mean Wing Size 
(mm) 

Dircenna chiriquensis 5 42.32 ± 29.69 39.88 ± 2.053 
Episcada salvinia 43 31.13 ± 6.63 26.78 ± 0.164 
Greta andromica lyra 1 42.28 ± 0.00 29.36 ± 0.000 
Greta anette 1 0.00 ± 0.00 29.54 ± 0.000 
Greta nero 1 147.06 ± 0.00 28.12 ± 0.000 
Ithomia heraldica 11 10.47 ± 8.47 28.84 ± 0.255 
Ithomia patilla 1 5.50 ± 0.00 22.76 ± 0.000 
Ithomia xenos 202 12.39 ± 1.54 30.80 ± 0.065 
Melinaea ethra lilis 1 15.59 ± 0.00 43.96 ± 0.000 
Oleria rubescens 1 0 ± 0.00 23.60 ± 0.000 
Pteronymia artena artena 1 2.68 ± 0.00 28.17 ± 0.000 
Pteronymia fulvescens 61 32.16 ± 5.60 25.80 ± 0.181 
Pteronymia fulvimargo 25 6.82 ± 1.72 27.59 ± 0.263 
Pteronymia notilla 12 22.46 ± 7.21 25.33 ± 0.234 
Pteronymia simplex simplex 35 10.87 ± 5.26 26.35 ± 0.154 
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Figure 6: Mean time in thanatosis for seven species of ithomiine butterflies caught in Premontane 
Wet Forest in Monteverde, Costa Rica (alt. 1300) grouped by genus.  Yellow bars represent clear 
winged butterflies.  Orange bars represent golden translucent winged butterflies. Error bars are 
standard error. Bars with matching letters are significantly different from each other (p < 0.05) 

There was no significant general trend between mean wing length and mean time in 
thanatosis among butterfly species (Linear regression, R2 = 0.0059, p = 0.786, n = 15, Figure 7).  
The linear regression followed a trendline of y = 0.4921x + 11.116 (Figure 7).  
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Figure 7: Mean forewing length and duration of thanatosis for wild ithomiine butterflies caught 
in Premontane Wet Forest in Monteverde, Costa Rica (alt. 1300). Each data point is a different 
species.  Error bars represent standard error.  

Forewing length was not correlated with the duration of thanatosis within species for P. 
simplex simplex (Linear regression, R2 = 0.0614, p = 0.151, n = 35), I. heraldica (Linear 
regression, R2 = 0.0772, p = 0.408, n = 22), I. xenos (Linear regression, R2 = 0.0004, p = 0.783, n 
= 202), P. fulvescens (Linear regression, R2 = 0.0177, p = 0.307, n = 61), P. fulvimargo (Linear 
regression, R2 = 0.0054, p = 0.728, n = 25), nor P. notilla (Linear regression, R2 = 0.1684, p = 
0.185, n = 12, Table 2).  However, wing length was correlated with duration of thanatosis in E. 
salvinia (Linear regression, R2 = 0.1382, p = 0.0141, n = 43; Table 2, Figure 8).  The linear 
regression followed a trendline of y = -14.992x + 432.57 (Table 2).  

Table 2: Linear regressions of mean time in thanatosis (s) and wing length (mm) of seven 
different ithomiine butterfly species from premontane wet forest in Monteverde, Costa Rica (alt. 
1300).  

Species Equation R2 p n 
P. simplex simplex y = 8.554x - 214.53 0.0614 0.151 35 
E. salvinia y = -14.992x + 432.57 0.1383 0.0141 43 
I. heraldica y = 9.2226x - 255.2 0.0772 0.408 22 
I. xenos y = -0.4655x + 26.725 0.0004 0.783 202 
P. fulvescens y = 4.1112x - 73.911 0.0177 0.307 61 
P. fulvimargo -0.4794x + 20.048 0.0054 0.728 25 
P. notilla y = -12.627x + 342.3 0.1684 0.185 12 

 

y = 0.4921x + 11.116
R² = 0.0059
p = 0.786
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Figure 8: Time in thanatosis and wing length of the ithomiine butterfly E. salvinia from 
Premontane Wet Forest in Monteverde, Costa Rica (alt. 1500 m). 

 
Experiment 2: Thanatosis in captive Greta morgana oto  
Before any feeding, newly-ecolsed females were in thanatosis for a mean time of 7.15 ± 1.93 
seconds while males were in thanatosis longer at 15.22 ± 3.41 seconds (Figure 9). There was a 
statistically significantly difference between the males and females before treatment (Two-tailed 
test, t = 2.21, df = 62, p = 0.031; Figure 9).  

 

 
Figure 9: Mean time in thanatosis for freshly-eclosed male and female G. morgana oto 
butterflies before feeding. Error bars represent standard error. n = 38 females, 26 males.  

y = -14.992x + 432.57
R² = 0.1383
p = 0.01407
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 After treatment, the control group fed only 20% sucrose was in thanatosis for a mean 
time of 3.96 ± 0.80 seconds. The experimental group fed PA flowers was in thanatosis for a 
mean time of 19.28 ± 9.11 seconds (Figure 10). There was a statistically significant difference 
between the control “minus” and experimental “plus” group after treatment (One-tailed test, t = 
1.65, df = 0.59, p = 0.05) (Figure 10).  

 
Figure 10: Mean time in thanatosis for G. morgana oto butterflies after treatment.  The “minus” 
control group was fed nectar without PAs.  The experimental “plus” group was fed nectar with 
PAs.  One day after treatment, the duration of thanatosis was measured. Error bars represent 
standard error. n = 31 minus, 32 plus.  

 After treatment, female butterflies in the control group were in thanatosis for 5.055 ± 
1.29 seconds and male butterflies in the control group were in thanatosis for 2.63 ± 0.82 seconds.  
Female butterflies in the experimental group were in thanatosis for 14.49 ± 6.27 seconds and 
male butterflies in the experimental group were in thanatosis for 24.22 ± 18.87 seconds (Figure 
11). There was not a significant difference found between the males and females in the two 
groups (Two-Way ANOVA, F = 0.13, df = 1, p = 0.72).  Additionally, there was not a 
statistically significant difference between males and females in the same group (Two-Way 
ANOVA, F = 0.46, df = 1, p = 0.50).  
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Figure 11: Mean time in thanatosis for male and female G. morgana oto butterflies after 
treatment.  The “minus” control group was fed nectar without PAs.  The experimental “plus” 
group was fed nectar with PAs.  One day after treatment, the duration of thanatosis was 
measured. Error bars represent standard error.  

DISCUSSION 

Differences between species may indicate that wing coloration and phylogeny impact thanatosis 
duration. However, both E. salvinia and P. simplex simplex are clear winged species that are 
almost indistinguishable (DeVries 1987), yet differ in durations of thanatosis. Likewise, pairs I. 
xenos and P. fulvescens, and P. fulvescens and P. fulvimargo, differed in mean thanatosis 
duration, yet all golden translucent.  The case of congeneric P. fulvescens and P. fulvimargo is 
particularly telling:  both are very closely-related and similar in appearance (only difference is 
that one has yellow tipped antennae).  The difference in their thanatosis duration shows that 
thanatosis duration likely is not strongly impacted by coloration or phylogeny.  
 Wing size was found to affect thanatosis duration only in E. salvinia. Smaller butterflies 
were in thanatosis longer.  This was a significant trend that accounted for approximately 14% of 
the variability in the data.  Although significant for E. salvinia wing size was not found to be an 
overall important factor in the seven species measured.  

Before treatment, freshly-eclosed and fully palatable G. morgana oto males stayed in 
thanatosis for a longer time than similar females (Figure 9). However, after feeding, regardless of 
chemical protection, there was not a significant difference between males and females (Figure 
11).  This suggests that there may be an initial underlying difference in thanatosis duration 
between males and females that changed once butterflies have fed or aged 24 hours.  Male 
thanatosis duration converged to match the duration of similar females. Although it was not a 
significant difference, butterflies in the control group spent less time in thanatosis after feeding 
and aging 24 hours than before. It is possible that after feeding butterflies had more energy to 
evade a perceived predator, and thus spent less time in thanatosis.  
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 After treatment, the butterflies that were fed nectar containing PAs stayed in thanatosis 
longer than butterflies that were fed just nectar. This suggests that PA level affects thanatosis.  
However, there was a high standard error. This variation means that there may be other factors 
affecting thanatosis duration other than PA level, although the results of this study and the work 
of Pincus (2002) suggest that PA level is important. The study by Pincus was carried out on 
ithomiine butterflies in general and not on a specific species. It is possible that G. morgana oto 
has intrinsic variation in thanatosis duration and that this variation was not seen in the mixed 
species used by Pincus.  However, using a single species in this experiment separated thanatosis 
variation due to diet from variation due to species. The butterflies in Pincus’ study were fed for 
two days, which may have increased PA levels in the butterflies and reduced variation in the 
data.  

Conclusion  
Thanatosis is an important defensive behavior used by many animals (Miyatake et al. 2004). In 
ithomiine butterflies, higher chemical protection appears to lengthen thanatosis. The correlation 
between thanatosis and PA level supports the hypothesis that longer thanatosis duration will 
allow predators to recognize the unpalpability of a butterfly due to PAs, and let it go unharmed  
(Vasconcellos-Neto & Lewinsohn 1984), thus increasing a butterfly’s fitness. However, this 
study also suggests that, at least in some species, wing size and sex also influence thanatosis 
duration. These additional factors mean that thanatosis might not be solely reliant on PA level, 
and that there may be other factors affecting escape from predators other than unpalpability. It is 
possible that this arises from variation in predator response to thanatosis.  In N. clavipes webs, 
thanatosis allows butterflies to be released unharmed (Vasconcellos-Neto & Lewinsohn 1984). 
However, it is possible that thanatosis does not help butterflies escape from other predators, and 
thus thanatosis is not always the most favorable response to predation. Thanatosis duration is 
likely influenced by a variety of factors, including PA level, and age, size and genetics, at least in 
some groups of ithomiine butterflies. It is clear that more than just chemical protection affects 
thanatosis, and that other factors may also influence thanatosis in important ways. 
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Abstract  
 Many closely related bird species exhibit elevational replacement in narrow ranges along Neotropical 
mountain slopes.  Several species pairs have exhibited range maintenance through interspecific aggression only 
within the replacement zone, where the species converge and overlap. Previous studies on Nightingale-thrushes have 
produced conflicting conclusions about the nature of range maintenance, as one study species has been described as 
both aggressive and submissive.  Here I test the theory of replacement zone interspecific aggression in the Black-
headed Nightingale-thrush (Catharus mexicanus) and the Slaty-backed Nightingale-thrush (Catharus fuscater) 
through a call playback experiment on the Pacific slope of the Tilarán Mountains, Costa Rica.  I improve upon the 
methods of past studies by combining response parameters used in past studies, including calls and approaches. This 
study found no significant correlation between the ratio of conspecific (within species) responses to congener (to 
other species with a genus) responses, with respect to zone (isolation or replacement [1450m to 1515m]), elevation, 
or species.  Responses to conspecific and congener playbacks were abundant in both species, throughout the ranges 
sampled (1430m-1750m).   This supports the idea that biotic interactions maintain species ranges, while further 
illuminating inconsistencies in our understanding of Nightingale-thrush range maintenance when compared to other 
avian taxa.   

  

Resumen  
 Varias especies relacionadas de aves exhiben remplazo elevacional en rangos angostos a lo largo de las 
vertientes en las montañas neotropicales.  Varios pares de especies exhiben mantenimiento de rango a través de 
agresiones interespecíficas solo dentro de zona de reemplazo, donde las especies convergen y traslapan.  Estudios 
previos en Zorzales han producido conclusiones conflictivas sobre la naturaleza del mantenimiento del rango, en un 
estudio se ha descrito a ambas especies como agresivas y sumisa.  Aquí probé la teoría de la agresión interespecífica  
en el reemplazamiento de zona en el Zorzal cabecinegro (Catharus mexicanus) y el Zorzal Sombrío (Catharus 
fuscater) con un experimento de playback en la vertiente Pacífica de la Cordillera de Tilarán, Costa Rica.  Innove en 
cuanto a estudios pasados al combinar los parámetros de respuesta usado en estudios anteriores, incluyendo 
llamados y acercamientos.  Este estudio no encontró ninguna correlación en la proporción de respuestas entre 
conespecíficos (dentro de la especie) y congenero (a otra especie dentro del genero), con respect a zona (aislamiento 
o reemplazo [1450m to 1515m]), elevación o especie.  Las respuestas a conespecíficos y congenero fueron 
abundantes en ambas especies, a lo largo del rango muestreado (1430m-1750m).  Esto apoya la idea que las 
interacciones bióticas mantienen el rango de las especies, mientras que futuras inconsistencias en nuestro 
entendiemiento de los Zorzales en cuanto al mantenimiento de su rango pueden ayudarnos a entender el 
mantenimiento al compararlo con otras especies. 
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Introduction 

 As a result of high speciation rates, closely related species frequently interact in the 
tropics (Jankowski et al. 2010).  Many related species in the Neotropics are separated in adjacent 
ranges along altitudinal gradients, called elevational replacement (Terborgh 1971, Terborgh and 
Weske 1975, Jankowski et al. 2010).  While separate species ranges may arise because of abiotic 
conditions, what drives the maintenance of narrow species ranges can be unclear (Lout 2009, 
Jankowski et. al. 2010).  The exact location of the boundary between two species, the 
replacement zone, is thought to be perpetuated by interspecies competition in numerous species 
pairs (Terborgh 1971, Jankowski et al. 2010).  

 Many related Neotropical bird species are thought to exhibit interspecific competition 
along elevational boundaries.  On slopes in Peru, over 40% of species have elevational ranges 
bordered by a congener species (Terborgh 1971).  Elevational species also move into the former 
range of a congener when the congener is removed (Terborgh and Weske 1975).  Redstart and 
Wood-Wren species pairs exhibit aggressive interspecific competition in the replacement zone, 
but not in territories outside of the replacement zone (the isolated zone) (Phillips 2012, 
Hendershot 2013).  In this case, individuals from different species only show aggression to one 
another when located in adjacent territories, showing that congener response is learned (rather 
than genetic) through territorial interactions with congeners (Jankowski et al. 2010). Thus, 
interspecific competition (and not simply abiotic factors) can maintain elevational replacement 
as well as the defined ranges of both species (Jankowski et al. 2010). However, the replacement 
zone theory been demonstrated in few studies (Jankowski et al 2010, Phillips 2012, Hendershot 
2013).  

 Catharus, a Neotropical genus of Thrushes and Nightingale-thrushes, exhibits elevational 
separation in both temperate and tropical species (Noon 1981, Lout 2009, Jankowski et al. 2010).  
Three elevationally replacing species within Catharus are found in Monteverde, Costa Rica,  
including the Orange-billed Nightingale-thrush (C. aurantiirostris), Black-headed Nightingale-
thrush (C. mexicanus) and Slaty-backed Nightingale-thrush (C. fuscater), which replace each 
other in increasing elevation, respectively (Lout 2009). The interactions of C. fuscater and C. 
mexicanus are complex due to differences in the interspecific response of each species (Lout 
2009 Jankowski et al. 2010).  The modulation of song to sound more similar to a competitor 
(known as song matching) and physical approach are widely accepted measures of avian 
aggression, but C. fuscater has not been observed responding to C. mexicanus in these manners, 
signifying lack of aggression (Lout 2009, Searcy and Beecher 2009, Jankowski et. al. 2010).  C. 
mexicanus is aggressive toward congeners, but never as vigorously as in disputes within its own 
species (Jankowski et al. 2010).  Furthermore, C. mexicanus shows supposedly submissive 
behaviors through quieter call responses and changing to a less similar call when confronted with 
C. fuscater (Lout 2009).  Since both species seem to show submissive or non-aggressive 
responses to each other, the mechanisms behind their elevational range maintenance are still 
misunderstood.  Overall, past studies have come to different conclusions when using separate 
measures of aggression (either calling or approach) (Lout 2009, Jankowski et al. 2010).  

 In this study I combine the measures of interspecific aggression used in previous 
Nightingale-thrush studies in Monteverde (Lout 2009, Jankowski et al. 2010).  This study 
follows methods similar to Monteverde studies of Redstarts and Wood-wrens, which have found 
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congener call response in the replacement zone (Hendershot 2012, Phillips 2013).  I will test 
through a call playback experiment whether C. fuscater and/or C. mexicanus show interspecific 
vocal or physical confrontation, and if so, if this response is spatially correlated with respect to 
replacement and non-replacement (isolation) zones, like in Redstarts and Wood-Wrens 
(Hendershot 2012, Phillips 2013). 
 

 
 Figure 1. Two elevationally replacing species in the Monteverde region of the Tilarán 
 Mountains, Costa Rica. The lower elevation species is the Black-headed Nightingale- 
 thrush (left; C. mexicanus).  The higher elevation species is the Slaty-backed Nightingale- 
 thrush (right: C. fuscater).  Source Left: carolinabirds.com; Right: self-taken. 
 

 

Methods  

Study Species  

 The study organisms were an elevationally replacing Nightingale-Thrush (Turdidae) 
species pair, the Black-headed Nightingale-thrush (Catharus mexicanus) and the Slaty-backed 
Nightingale-thrush (Catharus fuscater).  Both are understory omnivores (Stiles and Skutch 
1989). On the Tilarán Pacific slope, C. fuscater (the larger species by 17%) is found in lower 
montane regions, from the top of the continental divide down to 1450m (Stiles and Skutch 1989, 
Fogden 1993).  C. mexicanus, largely a Caribbean slope species, is only found in a 100m 
altitudinal range on the Pacific slope of Monteverde (approx. 1430m-1530m), with no more than 
a 600m distance across the width of its range  (Stiles and Skutch 1989, Lout 2009, Jankowski et 
al. 2010).  

Study Site  

 Sites ranged from Premontane Wet Forest to Lower Montane Rain Forest, which receive 
2-8 meters of rainfall per year (1430m-1750m, Holdridge Zones 2-4). Playbacks were done on 
trails around the Monteverde Biological Station (1440m-1800m) and the Curi-Cancha Wildlife 
Refuge (1430m-1560m). Sampling took place on 13 days in April and May of 2014, from 6:00 - 
11:00 am.   
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Playback Experiment 

 Playbacks were conducted in primary and secondary growth forest on the Pacific slope of 
the Monteverde Region, Tilarán Cordillera, northwest Costa Rica.  Playbacks used were from 
“Vocalizations of the Top 101 Monteverde Pacific-slope Forest Birds” (2008) recorded on the 
Pacific Slope of Monteverde.  Thirty seconds of each recording were used.  Recordings were 
proportionally amplified to ensure equal, natural playback volume, and interphrase noise was 
removed.  

 Calls of both species were played with a portable speaker at waist height every 100m 
along the trails of the study sites.  The playback for each species included 5 30-second call 
periods interspersed with 15-second silent periods. The call periods of each species were 
separated by a 5-minute silent period.  The order of species in the playback was alternated to 
avoid bias due to accumulative responses from an individual.  

 A response was recorded if an individual began to call or approach the speaker within 
10m, either during or immediately after the trial.  Approach responses were defined as 10m due 
to past research with these species, which has shown that aggressive responses are approaches 
within 10m, while non-aggressive approaches are not (Jankowski et al. 2010). If an individual 
was already calling at the start of a trial, it was only recorded as a response if it approached 
within 10m. One hundred thirty-two total responses were recorded, of which 83 were in the 
replacement zone and 49 were in the isolated zones.  

 

Results 

Replacement Zone 

 C. mexicanus started responding at 1430m and stopped responding at 1540m. Both 
conspecific and congeneric responses occurred throughout its entire range. C. fuscater began 
responding at 1450m and continued responding through the highest elevation sampled (1740m).  
Again, both conspecific and congeneric responses occurred throughout its entire range.  The 
replacement zone was defined as the range between the lowest and highest elevations at which 
both species were visually observed, from 1450m to 1515m (Figure 2).  

Response to Stimuli 

 Conspecific and congeneric responses were abundant in both species, and observed 
throughout their ranges (Figure 2).  Conspecific responses of both species were significantly 
more common (Figure 2; Chi-square test; C. fuscater: X2 = 5.880, df = 1, p = 0.0153; C. 
mexicanus: X2 = 3.947, df=1, p=0.0469).  Frequency distributions of conspecific (35) to 
congeneric (21) responses for C. mexicanus were similar along the elevational gradient (Figure 
2; Komolgorov-Smirnov test; p value determined by resampling percentage of occurrences 
where the D value exceeded expected random value D = 0.375, p = 0.457).  The same pattern 
was found for C. fuscater, with a similar ratio of conspecific (48) and congeneric (27) responses.  
(Figure 2; Komolgorov-Smirnov test; p value determined by resampling as before, D = 0.375, p 
= 0.441).  
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 There was no significant difference between the ratio of conspecific: congeneric 
responses across species (Table 1; Chi-square test; X2 = 0.0099, df = 1, p = 0.9206).  
Additionally, the difference between the ratio of conspecific: congeneric responses in the 
replacement and isolation zone was not significant (Table 2; Chi-square test; X2 = 0.0914, df = 1, 
p = 0.7624). Lastly, no significant difference was found in the ratio of response types between 
species within their isolated zones (Table 3; Fisher’s exact test; p = 0.4663). Though not 
statistically significant, C. fuscater exhibited a higher congeneric response rate in the isolated 
zone than did C. mexicanus (Table 3).  Large variation in the call of C. mexicanus was frequently 
observed.  C. mexicanus often lowered call volume when presented with the call of C. fuscater.  
 
 
 
 
 
Table 1. Responses of C. mexicanus and C. fuscater to conspecific and congeneric playback stimuli in the 
Monteverde region of the Tilarán Mountains (n = 132). 

 
 

Total Responses 
 

  
Conspecific 

 
Congeneric 

 
C. mexicanus 

 
36 

 
21 

 
C. fuscater 

 
48 

 
27 

 
 
 
 
 
Table 2. Combined species responses in isolated and replacement zones to conspecific and congeneric 
playback stimuli in the Monteverde region of the Tilarán Mountains (n = 132). 
 

 
Combined Responses by Zone 

 
 

 
Conspecific 

 
Congeneric 

 
Isolated Zones 

 
30 

 
19 

 
Replacement Zone 

 
53 

 
30 
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Table 3. Responses in the isolated zones of C. mexicanus and C. fuscater to conspecific and congeneric 
playback stimuli in the Monteverde region of the Tilarán Mountains (n = 54).  

 
 

Responses in Isolation 
 

  
Conspecific 

 
Congeneric 

 
C. mexicanus 

 
8 

 
2 

 
C. fuscater 

 
28 

 
16 

 
 
 
 

 
  Figure 2. Response frequencies to call playback stimuli of two Nightingale-thrush  
  species on the Pacific slope of the Monteverde Region, Tilarán Cordillera, Costa  
  Rica. Shown as elevational gradients of 20m, with the median elevation of the  
  range shown. For example, “1440” shows responses from 1430m to 1449m.  
  Black bars depict response of C. mexicanus (BN) to conspecific playback; red bars  
  depict  C. mexicanus response to congener playback. Gray bars depict response of  
  C. fuscater (SN) to conspecific playback; green bars depict C. fuscater response to  
  congener playback. 
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Discussion  

 This study found that C. fuscater and C. mexicanus show both conspecific and congener 
aggression across their ranges.  It also found no significant correlation between conspecific and 
congener responses with respect to zone (isolation or replacement), elevation, or species.  The 
data agree with past findings regarding C. mexicanus, which have shown interspecific aggression 
of C. mexicanus towards C. fuscater through physical approach (Jankowski et al. 2010).  
However, this study presents findings contrary to previous work on these species, which describe 
C. fuscater as non-aggressive towards C. mexicanus (Lout 2009, Jankowski et al. 2010).). Since 
congeneric responses were abundant in both species, I suggest that the responses of both species 
are indicative of interspecies aggression.   

 The case of C. mexicanus is complex, having shown both aggressive and non-aggressive 
tendencies in past studies (Jankowski et. al. 2010, Lout 2009).  C. mexicanus uses quieter and 
more divergent calls when responding to C. fuscater, but approaches its congener as well (Lout 
2009, Jankowski et al. 2010). However, it has been documented that non-related avian species 
are able to recognize calls distinctly different from their own (Magrath et al. 2009).  This 
demonstrates that call homogenization may not be necessary for vocal interspecies aggression.  
And while C. mexicanus has demonstrated quieter calls when replying to a congener, this is not a 
proven sign of submissive tendencies.  Studies in other songbirds have shown that soft songs 
(vocalizations at reduced volumes) are used as aggressive responses, and can even predict the 
onset of physical attack on a territory invader (Anderson et al. 2012).  Thus, the quiet and 
supposed submissive behavior of C. mexicanus could be a sign of aggression.   

 This study also diverges from studies in other species pairs, which document congeneric 
aggression solely in the replacement zone (Phillips 2012, Hendershot 2013).  Given the 
miniscule range of the C. mexicanus population in Monteverde (of which 80% of individuals 
have ranges bordering a congener), there are very few C. mexicanus that have territories in the 
isolated zone (Lout 2009).  While a 20m isolated zone was determined for C. mexicanus, it is 
possible that none of its territories on the Pacific slope are truly in isolation, explaining why it 
responds to congener calls across its range.  Additional aggression studies should be done on the 
Caribbean slope to determine whether similar range maintenance is occurring in both areas.  
However, there is no past research that explains the widespread congeneric responses in C. 
fuscater across its relatively broad range.  It is possible that significant movement occurs in C. 
fuscater individuals, causing widespread contact with C. mexicanus. This could occur via 
downslope or interslope migration of Pacific slope individuals of C. fuscater, to regions where C. 
mexicanus is much more common. Tracking devices should be used to determine whether C. 
fuscater is an elevational migrant (Bridge et al. 2011).  

 Thus, the forces governing elevational range maintenance are not fully understood.  It is 
particularly important to understand what biotic mechanisms maintain the ranges of elevationally 
replacing species, in order to predict how shifts in climate or habitat will affect mountaintop and 
narrow-ranged species, which are particularly vulnerable (Gasner et al. 2010, Harris et al. 2011).  
No range changes in these species have yet been documented that could be attributed to climate 
change, but this study shows clearly divergent results from previous work (which come to 
opposite conclusions about aggression themselves).  Nevertheless, this study finds that both C. 
mexicanus and C. fuscater respond to their congener across their ranges, demonstrating that 
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elevationally replacing ranges can be maintained in multiple ways, with potential factors 
including interspecific competition (via physical or vocal means) or environmental limitation. 
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ABSTRACT 
 
Altered foraging behaviors due to predator avoidance can have a large impact on the fitness of an animal. 
Despite nectarivorous bats being a very important and common mammal, not much is known about how 
they detect predators while foraging. In this study in Monteverde, Costa Rica, five feeders were set up for 
ten nights and observed twice each night. Each feeder represented a treatment: control, artificial snake, 
novel object, snake odor, and neutral odor. Number of visits to each feeder was recorded, and amount of 
nectar consumed was measured at the end of each night. It was found that the snake had the least number of 
visits on average, and was significantly different than the control and novel object treatments. The snake 
odor feeder was significantly different than the novel object feeder, and had a lower number of average 
visits than the three control feeders (control, novel object, neutral odor). The snake odor had the lowest 
amount of nectar consumed, followed by the snake feeder. Most likely nectarivorous bats use a 
combination of senses to optimize foraging while avoiding predators. 
 

RESUMEN 

El comportamiento de forrajeo alterado a causa de la evasión de los depredadores puede tener un impacto 
grande en la salud de un animal. A pesar de que los murciélagos que comen néctar son un mamífero muy 
importante y común, poco es sabido sobre como detectan depredadores cuando están forrajeando. En este 
estudio en Monteverde, Costa Rica, cinco comederos se establecieron por diez noches y fueron observados 
dos veces cada noche. Cada comedero representó un tratamiento: control, serpiente artificial, objeto nuevo, 
olor de serpiente, y olor neutral. El número de visitas a cada comedero fue anotado, y la cantidad de néctar 
consumida fue medida al final de cada noche. Se encontró que la serpiente tenía el menor número de visitas 
en promedio, y fue significativamente diferente de los tratamientos del control y objeto nuevo . El 
comedero con olor serpiente fue significativamente diferente del comedor con objeto nuevo, y tenía un 
número inferior de visitas medias que los tres comederos control (control, objeto nuevo, olor neutral). El 
olor de la serpiente tenía la cantidad más baja de néctar consumido, seguido por el comedero con serpiente. 
Es muy probable que los murciélagos que comen néctar usan una combinación de sentidos para optimizar 
el forrajeo cuando evitando los depredadores.!

INTRODUCTION 

Throughout the animal kingdom, predator-prey relationships and interactions influence 
animal behavior; recognizing and avoiding a predator is essential for the animal to 
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survive. In particular, it is important to understand how an organism reacts to a predator 
while foraging, as predator avoidance behavior may occur as a trade-off of acquiring 
energy (Baxter et al. 2006). An animal may use a variety of sensory cues to detect a 
predator, and these strategies vary amongst taxa. When a predator is detected, an animal 
may change its behavior by avoidance, decreased foraging, increased defensive behavior, 
or reduced activity (Kats & Dill 1998). Because of their well-developed sense of smell, 
many mammals rely on olfactory cues to detect and avoid predators. Traditionally, much 
of the research done on this subject has been limited to pest species (mostly rats, mice 
and voles) and the pest’s response to predator’s odors due to its use for humans (reviewed 
in Apfelbach et al. 2005).  The review by Apfelbach et al. (2005) does show that these 
animals recognize predator odor, and will alter their behavior, for example while 
foraging, when the odors are encountered.  
        One group of mammals in particular, bats, has been poorly studied with regards to 
predator-avoidance behavior while foraging, especially considering they make up about 
20 percent of all mammalian species (Lima & O’Keefe 2013). Several studies have found 
that predator presence does affect roost emergence and selection, and that bats usually 
respond to predators by avoiding the area (Bloss 1999, Fenton and Fleming 1994, Luft et 
al. 2003). Bats have a highly developed sense of smell, and have been shown to use it in 
different aspects of their behavior including roost selection, courting rituals, and foraging 
(Bloss 1999, Luft et al. 2003). Nectarivorous bats in particular have a strong sense of 
smell because they use it while foraging to locate flowers and sometimes fruit (von 
Helverson et al 2000). To the best of my knowledge, there have only been two studies 
examining the role of olfactory cues in predator avoidance in bats, and both found that 
bats did not have a strong avoidance behavior to olfactory cues (Boyles & Storm 2007, 
Driessens & Siernens 2010) However, both studies used only insectivorous bats and 
looked at olfactory cues in the context of roost selections (Boyles & Storm 2007, 
Driessens & Siernens 2010). Nectarivorous bats actually have a more acute sense of 
smell than insectivorous bats, as nectarivorous bats use olfaction to locate the flowers and 
fruit from which they feed (Hutcheon et al 2002). 
        It has been demonstrated that nectarivorous bats avoided an artificial predator with 
the predator odor while foraging, suggesting that foraging bats detect potential predators 
either by their physical presence using visual and echolocation cues, by their odor, or 
both (Diaz 2005, Heuer 2004). In this study I will experimentally test whether 
nectarivorous bats detect and avoid potential predators using visual/echolocation or 
olfactory cues. Specifically, I tested whether nectarivorous bats visited hummingbird 
feeders less often that had either a snake or snake odor placed nearby in comparison to 
feeders with a non-predator object/smell or without anything.  

METHODS 
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This study was conducted at the Monteverde Cloud Forest Reserve in Monteverde, Costa 
Rica during April and May 2014. The Monteverde Cloud Forest Reserve is a pre-
montane wet forest on the Pacific Slope at 1400 m. This area also contains a 
Hummingbird Gallery that many nectarivorous bats (most of the subfamily 
Glossophaginae) visit at night, where five commercial hummingbird feeders were set up 
for the experiment to represent each of the five treatments (Heur 2004, Cohen 2007). The 
treatments were: control (no object or odor), rubber snake, control object (hat), snake 
odor (leaf litter from The feeders were about 1.5 meters apart, and separated by a tree or a 
bush so there was not interference between the treatments. The treatments were: control 
(no object or odor), rubber snake, control object (hat), snake odor (leaf litter from single 
rattlesnake cage in the Serpentarium in Santa Elena, Costa Rica), and non-predator odor 
(leaf litter from study site). The snake and hat were hung up within 0.25 meters of the 
feeder, and the leaf litter was hung just above the feeder in small mesh bags (Figure 1). A 
street lamp from the street below illuminated the feeders; there was enough light that the 
bats would be able to visually see the snake, making it impossible to determine whether 
they were using visual or echolocation cues to detect the predator. 

 

 
 
 

 

 

  A.    B.     C. 

 
Figure 1. Experimental set up of feeders at the Hummingbird Gallery of the Monteverde 
Cloud Forest Reserve on the edge of a pre-montane wet forest in Monteverde, Costa 
Rica. A. Artificial snake used as the predator. B. Leaf litter in mesh bag used for the 
snake odor and neutral or. C. Hat used as control object.  
 
       Each feeder was filled with 60 mL of 20% sugar solution. Each feeder was observed 
individually for ten minutes (one trial) starting at 18:20; once all five feeders were 
observed, the process was repeated. Observations were taken for 10 nights for a total of 
20 trials. To eliminate any bias due to feeder or specific site preference, the feeders were 
rotated to a different position each night. A ‘visit’ was counted if a bat paused in front of 
a feeder, close enough to consume nectar. The amount of nectar consumed at the end of 
the night (after two trials) was also measured.  
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RESULTS 
 
Visits 
 
There were significantly less visits to the snake feeder than both the control and hat 
feeders, with means of 2.3, 8.0, and 11.6, respectively (One-Way ANOVA for related 
samples (related within each trial; technically a general linear mixed model), F=4.13, 
df=4, p<0.01; Figure 2). There was also a strong trend  that the snake feeder was visited 
less than the neutral odor feeder with means of 2.3 and 8.0, respectively (Independent 
Contrast, p=0.09). There were also significantly less visits to the snake odor than (mean 
=6.2) the hat (mean=11.6) feeders.  

 

Figure 2. Mean number of visits by nectarivorous bats to feeders of five different 
treatments: control, hat (novel object), neutral odor, artificial snake, and snake odor on 
the edge of a premontane wet forest in Monteverde, Costa Rica. A ‘visit’ was any pause 
at a feeder observed during the ten minute observation period. Means with different 
letters are significantly different (independent contrasts, p<0.05). Error bars represent 
standard error.  
 

 To further investigate the effect of the snake and snake odor treatments on bat 
visits, the fraction of trials in which there were less visits to the snake or snake odor 
feeders compared to the rest of the treatments were examined (Table 1 & 2). There were 
less visits to the snake feeder in more than 60% of the trials compared to each treatment, 
and less visits to the snake odor feeder in more than 50% of the trials compared to each 
treatment except snake.  
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Table 1. Fraction of trials in which snake feeder was visited less times than feeder of 
indicated treatment (control, hat [novel object], neutral odor, or snake odor) in the edge 
of a pre-montane wet forest in Monteverde, Costa Rica. Total number of trials was 20, 
and a ‘visit’ was any pause at a feeder.  
 
 

 
 
 
 
 
 

 
 
Table 2. Fraction of trials in which snake odor feeder was visited less times than feeder 
of indicated treatment (control, hat [novel object], neutral odor, or snake) in the edge of 
a pre-montane wet forest in Monteverde, Costa Rica. Total number of trials was 20, and 
a ‘visit’ was any pause at a feeder.  
 

 

 

 

 

 

Nectar Consumption   
 
There was no significant difference in the amount of nectar consumed between the 
treatments (One-Way ANOVA for related samples (related within each trial; technically 
a general linear mixed model), F=1.88531, df=9, p=0.1342; Figure 2). The snake 
(mean=5.9) and snake odor (mean=5.7) feeders had the least amount of nectar consumed.  

Treatment( Fraction(of(Trials(with(Less(Visits(
Control( 0.7(
Hat( 0.85(
Neutral(Odor( 0.65(
Snake(Odor( 0.65(

Treatment( Fraction(of(Trials(with(Less(Visits(
Control( 0.65(
Hat( 0.75(
Neutral(Odor( 0.55(
Snake( 0.35(
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Figure 3. Amount of 20% sugar solution (nectar) consumed by nectarivorous bats in the 
edge of pre-montane wet forest in Monteverde, Costa Rica. Amount of nectar measured 
at the end of each of 10 nights, representing nectar consumed after two trials. Bars 
represent standard error.  
 

 The number of days where there was less nectar consumed in either the snake or 
the snake odor feeder compared to the other feeders was also calculated (Table 3). For the 
snake versus each of the control treatments, less nectar was consumed at least seven out 
of the ten days, but the snake odor feeder did not show a clear trend.  
 
Table 3. Number of days with lower nectar (20% sugar solution) consumption in 
treatment listed first by nectarivorous bats in the edge of pre-montane wet forest in 
Monteverde, Costa Rica over ten days. 
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Additional Observations 

One interesting observation was the two nights with the lowest number of visits to the 
snake odor feeder were the only nights with no rain during the experiment. No other 
patterns were observed with regards to the weather.  
 
DISCUSSION 
 
The data clearly show that nectarivorous bats exhibit avoidance behavior in response to 
the physical presence of a predator, as the snake feeder was visited less in a high 
percentage of trials compared to the other feeders. This cannot just be attributed to an 
object’s presence because the hat did have a negative effect on visits. So, bats seem to 
rely more on visual/echolocation than olfactory cues to detect predators while foraging. 
However, the results from this study suggest bats also use their sense of smell to detect 
predators. The snake odor feeder was visited less than every other treatment besides the 
snake in more than half of the trials, and had the lowest average amount of nectar 
consumed out of all trials, suggesting the bats actually ate out of that feeder less 
frequently than all others. These results do not mirror each other perfectly, which could 
suggest that the bats did not detect the odor until they were very close to the feeder. Also 
the two nights with the lowest number of visits to the snake odor feeder were the only 
two nights without rain. This suggests that the rain may have subdued the odor so that the 
bats were able to detect it better, and subsequently avoid it more often, on clear nights. 
Additionally, the nectar consumed was only measured 10 times, a low sample size, which 
may have contributed to the non-statistical significance of that data set. 
        Nectarivorous bats do use echolocation while foraging to locate flowers, and many 
flowers have acoustic guides to attract them (Simon et al 2011). Additionally, 
nectarivorous bats have a very well developed sense of smell and have been shown to use 
olfaction to locate food, so it would not be far-fetched that they use both echolocation and 
olfaction to detect predators while they are foraging (Bloss 1999, von Helverson et al 
2000).  
        Most likely, nectarivorous bats use a combination of sensory cues to detect 
predators. Other studies have shown that predator auditory cues also elicit avoidance 
behavior by bats while foraging (Baxter et al 2006). So while this study only examined 
visual/echolocation and olfactory cues, bats probably use a combination of all three of 
these senses to both locate their food and avoid predators. Ideally, bats would want to use 
all their senses to optimize their foraging behavior to minimize any reductions in fitness 
due to predator-avoidance behavior. This would probably mean using a combination of 
senses to most efficiently locate food while simultaneously keeping a look out for 
predators. Future investigations should focus on different combinations of these cues to 
further isolate which cues bats rely on more so we can better understand their behavior. 
This study took that first step and demonstrated that nectarivorous bats rely more strongly 
on visual/echolocation cues than olfactory cues to detect predators while foraging. 
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Abstract: Climate change raises cloud cover and decreases mist frequency on tropical 
mountains, causing many organisms to move up to find historical conditions. Species that 
are inhibited by mist may take their place. In this experiment, mist frequencies (no mist, 
every other day, and every day) were used to see if  mist is limiting Heliconius hecale, a 
neotropical butterfly with the upper extreme of its altitudinal range where heavy dry 
season mist begins. The survival rate of pupa significantly declined with increasing mist 
(Chi-squared value 8.14, df: 2, p-value: 0.017).  Caterpillars reared in dry or constant 
mist suffered significantly higher mortality when wet (Chi-squared value: 3.43; df: 1, p-
value: 0.064).  Therefore,  Heliconius hecale  butterfly species are restricted by mist and, 
as mist declines, they are free to move up into ranges of former cloud forest.  
 
Resumen: El cambio climático aumenta la nubosidad y disminuye la frecuencia de la 
niebla en las montañas tropicales, lo que hace que muchos organismos se muevan hacia 
arriba para encontrar las condiciones climáticas históricas. Las especies que son inhibidas 
por la niebla pueden ocupar su lugar. En este experimento, se utilizaron frecuencias de 
niebla (sin niebla, cada dos días, y cada día) para ver si la niebla es limitante Heliconius 
hecale, una mariposa neotropical con el extremo superior de su rango altitudinal donde 
comienza la estación de niebla. La tasa de supervivencia de las pupas se redujo 
significativamente con el aumento de la niebla (Chi-cuadrado valor de 8,14, df: 2, p-
valor: 0.017). Las orugas se crían en la niebla seca o constante sufrieron una mortalidad 
significativamente mayor cuando está mojado (valor de Chi-cuadrado: 3,43; df: 1, p-
valor: 0.064). Por lo tanto, las especies de mariposas Heliconius hecale están restringidas 
por la niebla y, a medida que disminuye la niebla, son libres para moverse hacia arriba en 
los rangos del antiguo bosque nuboso. 
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Introduction: 
In tropical montane forests many organisms are distributed along narrow altitudinal life 
zones (Myers 1988). These zones differ in temperature, rainfall and seasonality and house 
species with specialized climatic and precipitation preferences. Global warming has 
caused these zones and their specialist species to move up (Feeley 2013; Kricher 2011; 
Pounds et al 1999). At mid-altitudes, climate change reduces mist frequency and creates 
drier conditions during dry season (Pounds et al 1999).  Reduced mist frequency means 
moving up the mountain to find historically similar mist conditions (Haber 2000).  Less 
considered are lowland species for whom mist is problematic.  These species may move 
up as well, into newly drier elevations.   
 
One possible example are many butterfly species, who tend to extend their ranges up to 
the zone of cloud formation (Garza 2013), perhaps because mist interferes with 
development, pupation and eclosion from the chrysalis (Garza 2013, Visser et al 
2006).Heliconius hecale is a neotropical butterfly found from Central America to the 
Amazon. It occurs from sea level to 1400 meters in tall forest on both slopes moving up 
to 1700 meters (Beltrán 2008), and is this at the upper extreme of its altitudinal range in 
the Monteverde Cloud forest. The Monteverde Cloud Forest begins around 1500 meters 
and associated mist may be limiting upper movement (Harber 2000, Garza 2013). 
 
This study examines the impact of mist on the development and mortality of caterpillars, 
pupa and eclosion for H. hecale. If mist inhibits development, this species may move into 
areas that climate change has caused to become less misty. 
 
Materials and Methods:  
STUDY SITE. The study was conducted at [the Biological Station in Monteverde, Costa 
Rica. It is situated at an altitudinal range from 1550 meters to 1800 meters. The forest is 
classified as predominantly Lower Montane Wet-Rain forest. Monteverde is misty, 
humid, and windy, with a mean annual temperature of 18 °C. Annual rainfall averages 
around 3,000 mm with humidity between 74% and 97%.  
 
MIST FREQUENCY AND CATERPILLAR GROWTH/MORTALITY. 77 last instar 
caterpillars (Figure 1a) placed into three aquaria with varying mist frequency: Dry: no 
mist; Moist: every other day (this was a conservative expression of contemporary mist 
frequency for a cloud forest dry season which experienced more dry days in between 
moisture); and Wet: every day (N=22 dry, N=29 moist, N=27 wet per aquarium).  
Ultrasonic humidifiers that could deliver 500 ml of water as mist water per day over six 
hours supplied the mist. The aquaria were set up with a chicken wire mesh at the bottom 
to ensure caterpillars and pupa did not come into contact with the accumulated water 
from excess mist. The caterpillars were given a food source of passiflora vine species, 
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mainly Passiflora vitifolia, which was obtained daily from the Monteverde butterfly 
garden.  
 
A second set of caterpillars (N=57) this time fourth instar, were placed in extremes of 
mist:  Dry (not mist) and Wet (daily mist) (N=2_ dry, N= 2_ wet).   These were fed with 
fresh P. vitifolia daily and monitored for 8 days to see when and if they pupated.   
 
MIST FREQUENCY AND ECLOSION. The same was done for the 51 chrysalises that 
were pinned vertically on Styrofoam (Figure 3) and placed into three aquaria (N=17 pupa 
each treatment). The 51 pupa were bought from the Atlantic coast and a second set were 
supplied from the 77 treatment caterpillars that pupated (N=108 pupa) 
 
Once Butterflies (Figure 1b) emerged, they were moved to butterfly cages (Figure 2b) for 
24 hours for exoskeletons to dry completely. These were then weighed (in butterfly 
envelopes: Figure 2a) and forewing length was measured. Deformities (Figure 9) such as 
wrinkled wings, ones that emerged dead, and molds that grew on pupa preventing 
development and survival.  
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Figure 1: images of Heliconius hecale  a.caterpillar, larval stage and b. adult stage that 
were placed in different mist conditions (no mist, every other day,  and every day) to 
determine the impact or limiting effects of mist on the development and mortality of 
caterpillars, pupa and eclosion for H. hecale, stimulating the effects of global warming.  

 
Figure 2: A. image of the adult form of Heliconius hecale in butterfly envelops for 
measurements and weighing. B. Image of butterfly cages for drying of newly emerged 
butterflies from chrysalises that were placed in different mist conditions (no mist, every 
other day,  and every day) to determine the impact or limiting effects of mist on the 
development and mortality of caterpillars, pupa and eclosion for H. hecale, stimulating 
the effects of global warming.   
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Figure 3: A. image of pinned chrysalises of Heliconius hecale on Styrofoam of Dry 
treatment B. image of pinned chrysalises of Heliconius hecale on Styrofoam of Moist 
treatment C. image of pinned chrysalises of Heliconius hecale on Styrofoam of Wet 
treatment at Biologic Reserve in Monteverde. The Pupa were divided into three groups 
that were placed in different mist conditions (no mist, every other day,  and every day) to 
determine the impact or limiting effects of mist on the development, successful enclosion 
and mortality of pupa for H. hecale, stimulating the effects of global warming.  
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Results: 
MIST FREQUENCY AND CATERPILLAR GROWTH/MORTALITY. The survival 
rate of caterpillars (those that successfully pupated) was not statistically impacted by mist 
frequency (Chi-squared value: 0.304 df: 2, p-value: 0.859, Figure 4). Per treatment (dry, 
moist, wet), roughly the same proportion expected and observed survived and died. In the 
comparison between the Dry, Moist and Wet treatments of mist in terms of number of 
Heliconius hecale caterpillars that pupated (Dry, N= 17; Moist, N=21; Wet, N=19), 
surviving of the initial N=77 caterpillars in the treatments. In the same comparison with 
the mortality rate of Heliconius hecale larval forms (Dry, N= 5; Moist, N=8; Wet, N=8).   
 

  
 
Figure 4 A & B:  A. Mist frequency and caterpillar survival in h.hecale to determine 
range extremes as a response to mist. Individuals were placed in different mist conditions 
(no mist, every other day, and every day) to determine the impact or limiting effects of 
mist on the development and mortality of caterpillars, pupa and eclosion for H. hecale, 
stimulating the effects of global warming.  These charts show the comparison between 
the Dry, Moist and Wet treatments of mist in terms of number of Heliconius hecale 
caterpillars that pupated (Dry, N= 17; Moist, N=21; Wet, N=19), surviving of the initial 
N=77 caterpillars in the treatments. B. Shows the same comparison with the mortality 
rate of Heliconius hecale larval forms (Dry, N= 5; Moist, N=8; Wet, N=8).  The two 
were compared together in a chi-square test (Chi-squared value: 0.304 df: 2, p-value: 
0.859) to take into account the total number of caterpillars.  
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The second round of caterpillars was not statistically significant (Chi-squared value: 3.43; 
df: 1, p-value: 0.064, Figure 5), but exhibited at trend between the two extremes of dry 
and wet. There was a much greater discrepancy between the wet treatment of both 
survival and mortality observed (5 survival, 24 dead) and expected (8.14 survival, 20.9 
dead) than the dry which showed more surviving than expected (11 observed, 7.86 
expected).   
 

 
 
Figure 5 A &B: A. Mist frequency and caterpillar survival in h.hecale to determine 
range extremes as a response to mist. Individuals were placed in different mist conditions 
(no mist, every other day, and every day) to determine the impact or limiting effects of 
mist on the development and mortality of caterpillars, pupa and eclosion for H. hecale, 
stimulating the effects of global warming.  These charts show comparison between the 
Dry and Wet treatments of mist in terms of number of Heliconius hecale caterpillars that 
pupated (Dry, N= 11; Wet, N=5), surviving of the initial N=57 caterpillars in the two 
treatments. B. Shows the same comparison with the mortality rate of Heliconius hecale 
larval forms (Dry, N= 17; Wet, N=24).  The two were compared together in a chi-square 
test (Chi-squared value: 3.43; df: 1, p-value: 0.064).   
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MIST FREQUENCY AND ECLOSION. The survival rate of pupa (meaning they 
emerged) was statistically significant impacted by mist frequency (Chi-squared value 
8.14, df: 2, p-value: 0.017, Figure 6).  [Only 13] pupae survived in the wet treatment, 
substantially fewer than the expected 19.7 (Figure 6a).  
 
 

 
 
Figure 6 A & B:  A. Mist frequency and pupa survival in h.hecale to determine range 
extremes as a response to mist. Individuals were placed in different mist conditions (no 
mist, every other day, and every day) to determine the impact or limiting effects of mist 
on the development and mortality of caterpillars, pupa and eclosion for H. hecale, 
stimulating the effects of global warming.  These charts show comparison between the 
Dry, Moist and Wet treatments of mist in terms of number of Heliconius hecale pupas 
that emerged (Dry, N= 20; Moist, N=26; Wet, N=13), surviving of the initial N=108 pupa 
in the treatments. B. Shows the same comparison with the mortality rate of Heliconius 
hecale larval forms (Dry, N= 14; Moist, N=12; Wet, N=23).  The two were compared 
together in a chi-square test (Chi-squared value 8.14, df: 2, p-value: 0.017) to take into 
account the total number of butterflies.  
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BUTTERFLY DEVELOPMENT AND AFFECTS. Mist frequency did not impact 
butterfly eclosion (dry, moist, and wet) [relative to mean wing length] (ANOVA: 
F=2.217, df=2, p-value= 0.119, Figure 8), mean weight of butterflies (ANOVA: F=1.94, 
df=2, p-value=0.153, Figure 7), or days to pupation (ANOVA: F=1.307, df=2, p-
value=0.279).  

 
Figure 7: Experiment on individuals of H. hecale that were placed in different mist 
conditions (no mist, every other day, and every day) to determine the impact or limiting 
effects of mist on the development and mortality of caterpillars, pupa and eclosion; 
stimulating the effects of global warming. Chart shows comparison of Mean Weights +/- 
standard error of adult H. hecale butterfly species across dry (0.2056 +/- se), moist  
(0.18880 +/1 se) and wet (0.1836 +/- se) mist treatments (ANOVA: F=1.94, df=2, p-
value=0.153).  

 
Figure 8:  Experiment on individuals of H. hecale that were placed in different mist 
conditions (no mist, every other day, and every day) to determine the impact or limiting 
effects of mist on the development and mortality of caterpillars, pupa and eclosion; 
stimulating the effects of global warming. Chart shows comparison of mean wing length 
+/- standard error of adult H.hecale butterfly species across dry (42.88 +/- se), moist 
(42.06 +/- se), and wet (43.75 +/- se) mist treatments (ANOVA: F=2.217, df=2, p-value= 
0.119). 
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Figure  9: A, B, C. Experiment on individuals of H. hecale that were placed in different 
mist conditions (no mist, every other day, and every day) to determine the impact or 
limiting effects of mist on the development and mortality of caterpillars, pupa and 
eclosion; stimulating the effects of global warming. Affects on adult individuals are 
shown in these images of  the ‘wrinkled’ butterflies (a, b, c) that emerged from their 
chrysalsises with deformalities or wing damage from all treatments in the Monteverde 
cloud forest. D. image of pupa (5-6) in the moist condition growing fungi and molds, one 
even had mites. 
 
Across the treatments there were approximately 9 to 12 adult butterflies that emerged 
with wrinkled wings. The most being in the moist treatment with around 5 to 6. 
Additionally, of the pupa in the moist treatment roughly 5-6 pupa showed molds, fungi 
and one with mites. As the caterpillars were developing, many died in various states of 
development into a chrysalis; whether it being as a caterpillar that simply died, one that 
tried to pupate or a pupa that never quite made it.  
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Discussion: 
While"only"pupa"emergence"showed"with"statistical"significance"(Chi-squared value 
8.14, df: 2, p-value: 0.017, Figure 6) that mist frequency does in fact impact the 
development and mortality of pupa and eclosion, other trends and visible impacts 
suggested effects on caterpillars and adult emersion as well.  
 
Other proximate causes of mortality could be that in the more misty conditions, molds, 
fungi and maggots started to show and grow on roughly 5-6 pupae (Figure 9d), 
influencing their development and mortality and suggesting that maybe wetter climate 
environments impact enclosion as are more prone to external biotic factors inhibiting 
development. 
 
Of the 108 pupae, only 59 adult butterflies emerged and only 13 of those were from the 
wet treatment (initially 36 pupae). In addition, 9-12 adult individuals emerged with 
wrinkled wings and deformities (Figure 9). This either resulted in their death or an 
inability to dry their wings properly (thusly unable to fly), a huge influence on 
survivorship and overall fitness.  
 
Dry conditions proved to have much high survial rates across stages of development. 
While it was shown that butterfly species could in fact survive in all mist treatments (i.e. 
extend above their altitudinal range), Heliconius hecale fitness declined with increasing 
mist. Precipitation causes increased moisture accumulation on leave surfaces. This 
creates slippery surfaces for larva, potentially hindering the growth rate capacity of 
caterpillars. This would require them to invest more energy into reaching the leaf 
underside and fewer resources into growth and development (Garza 2013). As moisture is 
not a limiting factor, larva will focus energy on finding food sources as well as protection 
from precipitation (Ruf & Fiedler 2005). On the other hand, as the upper cloud forests get 
drier, Heliconius hecale butterflies will likely continue to expand upwards into their 
upper extreme range, filling these new niches.   
 
Ultimately, mist impacts the overall butterfly fitness. While survival and development is 
possible in more wet climates, it is limited and comes at a cost. Females will not want to 
invest so much into eggs that only a fraction of will not survive and ultimately chose to 
lay their eggs in lower, drier conditions; avoiding misty periods. However, as climates 
change and upper cloud forests become drier, Heliconius hecale butterflies move up into 
these cloud forest ranges. This leads to major changes in species composition and niche 
functioning as upper range ‘island’ endemic species are pushed further up or out all 
together. Suddenly passion vines have new predators to adapt to, predators have a new 
prey that may not be palatable to them. This migration of new species to the range could 
occur almost like an exotic species, changing currently occurring species interactions and 
ultimately replacing species. Most science focuses on the impacts of species moving up 
from these endemic highland ranges, but little is focused on the species replacing these. 
The bigger issue at hand and ultimate causation of these global warming effects is that 
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the rare species are becoming rarer while more common species become more common 
(highland endemics going extinct and lowland species form even wider ranges)—not a 
good solution for biodiversity.  
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ABSTRACT 
 
Pollination services provided by stingless bees in the Tropics are crucial to the maintenance and 
production of crops.  However, just how these agricultural land-use impacts abundance, foraging, 
and pollen load in stingless bees is not well-studied. This study analyzed pollen loads of Trigona 
fulviventris bees in three different land-uses in Costa Rican highlands:  a premontane secondary 
forest, a conventional coffee plantation, and a low-impact, agroforestry coffee farm. Fifty bees 
were collected from each land-use, and each bee’s pollen load was identified to morphospecies (38 
species) to calculate pollen diversity, richness, and overlap between sites. The number of bees 
carrying large amounts of pollen (high pollen load) was also compared across sites. Bee abundance 
was measured as workers returning to nests found in each land use. Results yielded no statistically 
significant differences in diversity of pollen load, species richness, or number of bees carrying 
high pollen loads across land-use sites. However, important trends were found in unique, most 
common, and shared pollen species. Secondary forest and low-impact sites had a number of bees 
carrying large amounts of pollen almost two times higher than that of conventional coffee.  The 
low impact agroforestry farm seemed to differ the most, as its common pollen species differed 
from the other two land uses, and its bees carried the most unique pollen species. Secondary forest 
exhibited significantly higher bee abundance than those of the two farms (One-Way ANOVA, F = 
75.66, df = 29, p = < 0.0001). The farms were not significantly different from each other in bee 
abundance (Tukey’s HSD; df =27). Overall, land use changes impact T. fulviventris by lowering 
worker abundance and composition of pollen load.  
 
 
RESUMEN 
 
Los servicios de polinización de abejas Meliponine son cruciales para la industria agricola. Sin 
embargo, las poblaciones de abejas Meliponine están amenazadas a causa de cambios en el uso de la 
tierra por humanos. La investigación de estos cambios agricolas ya no es suficiente, especialmente con 
los estudios sobre las diferencias en especies de polen y el conteo de polen. En nuestro experimento, 
analizamos la diversidad y la abundancia de diferentes especies de polen de Trigona fulviventris en tres 
tipos de tierras usados en la zona montañosa de Costa Rica alrededor Monteverde y Cañitas—un 
bosque secundario, una finca convencional de café y chocolate, y una finca de bajo impacto ambiental. 
Cincuenta abejas fueron colectados de cada sitio, y de cada abeja, colectamos el polen y lo 
identificamos por morfoespecie (38 especies en total). La abundancia de las abejas fue medida también. 
No hay diferencia significativa entre la diversidad de polen llevado, abundancia de especies, o el 
número de abejas que se encontraron llevando mucho polen entre los sitios. Sin embargo, hubieron 
tendencias en los especies más comunes y las especies únicas y compartidas entre los sitios diferentes. 
El bosque secundario y la finca de bajo impacto ambiental tiene más abejas llevando mucho polen—
casi doble del numero en la finca convencional. La finca de bajo impacto ambiental muestra las 
tendencias más únicas, y sus abejas llevaron especies más únicas.. La especie de polen mas común fue 
diferente de ellos en el bosque secundario y la finca convencional. Sus abejas también llevaron la 
cantidad mas grande de especies únicas y no compartidos con las otros dos. Sobre la abundancia de 
abejas, el bosque secundario tenia la mayor (One-Way ANOVA, F = 75.66, df = 29, p = < 0.0001). Las 
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dos fincas no fueron diferentes del uno al otro (Tukey’s HSD; df =27). En general, los cambios en el 
uso de tierras parecen a afectar mucho la diversidad de la colecta de polen por T. fulviventris.!

 
 

INTRODUCTION 
 

Many important crop species are pollinated by stingless bees (Apidae: Meliponini), 
such as coffee, banana, chocolate, oranges, and, in total, almost 90 crop species in the 
Tropics (Heard 1999).  However, other bees have recently suffered mass population 
losses from deforestation and land transformation, threatening the future of these 
important pollinators (Saifuddin and Jha 2014). In the Tropics, where pollination 
limitation is the most severe (Vamosi 2006), land-use change, including agriculture, is 
the largest driver of biodiversity loss. Though studies of the effect of habitat 
fragmentation on pollinators have been moderately studied for its effects on bee 
diversity and abundance (Brosi et. al. 2008, Klein et. al. 2002), differences in pollen 
load for bee populations in different land-uses changes are largely absent (Cane 
2001).  

Stingless bees (tribe: Meliponini) are important pollinators in tropical forests, 
where a large percentage of trees and flowering plants depend on animal-pollination 
for reproduction (Brosi et. al. 2008). The common tropical crop Coffea caneophora 
requires cross-pollination by wild bees to fruit (Klein et. al 2002, 2003). Since the 
production of this crop not only depends on stingless bee pollination, but also is a 
common source of habitat disturbance in the tropics, it would be beneficial to study 
stingless bee pollination behavior and patterns on coffee farms (Brosi et. al. 2008). 

Previous studies found reductions in Meliponine species abundance with land-
use intensity (Brosi et. al. 2008, Brosi 2009, Klein et. al. 2002, Klein et. al. 2003). 
Because the availability of suitable pollinator nesting sites and hives depend on the 
abiotic conditions of the land patch, the more “intense” the degree of land use, 
including lower canopy cover, diversity of plants, diversity of the detritus layer, and 
relative humidity, the lower the abundance of stingless and other social bees (Klein et. 
al. 2002). Likewise, Brosi (2009) exclusively studied social Meliponine bees 
(including Trigona fulviventris) and found their abundance was positively correlated 
with percent forest cover and blooming plant species diversity (Brosi 2009).  

Pollen load can also indicate changes in resources and foraging behavior by 
Trigona bees with changing land-use (Saifuddin and Jha 2014). The few studies that 
examine stingless bees pollen load do not include land-use change. However, they do 
shed light on bees’ pollen selectivity. Linsenmair et. al. (2001) found that stingless 
bees do forage randomly, but prefer certain plants in the environment (Linsenmair et. 
al 2001). Thus, bees may be seeking optimal sugar and protein concentrations in their 
pollen. Pollen is essential to Trigona bees (Roubik et. al. 1995), but clearly some 
pollen is better for them than for others. A mean of 44% sugar concentration in nectar 
and 35-80 mM concentration of amino acids was found to be optimal for the 
Meliponini tribe (Roubik et. al. 1995). Land-use can alter plant composition, hence 
nutrients and foraging for stingless bees. Therefore, the investigation of which and 
how many pollen resources tropical Meliponine bees collect in different human-
affected environments on can reveal whether pollen collection habits are affected by 
changes in habitat.  

In particular, members of the stingless bee genus, Trigona are dependent on 
forest because they nest in trunks of large trees (Johnson 1983; Ricketts 2004). So, for 
stingless bees who near coffee farms, the farther away a forest patch is from their 
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pollination site, the lower their richness, visitation rate, and pollen deposition rate 
(Ricketts 2004). 

The purpose of this experiment was to compare Trigona fulviventris 
abundance and pollen load with three land-uses: secondary forest, a conventional 
coffee plantation, and a low-impact agroforestry coffee farm. Because of the lack of 
biodiversity and limited quantities of flowering plants in modern monoculture coffee 
plantations, Trigona in conventional coffee plantations are expected to carry the least 
diverse pollen (Klein et. al. 2003). Further, chemicals used in conventional coffee 
may either directly impact bees by lowering their abundance or indirectly impact 
them by lowering pollen quality.  
 
METHODS 
 
Study sites—Three sites with T. fulviventris hives were chosen for bee pollen 
sampling—a secondary forest, a conventional coffee plantation with some chocolate, 
and a low-impact agroforestry coffee farm all located in Costa Rican highlands in 
Monteverde and Cañitas at 1450-1550 meters elevation (Fig. 1 and 2). The 23,000 Ha 
secondary forest was located in Monteverde in pre-montane wet forest at 1550m 
elevation, and receiving approximately 2.5-3.0 m of rainfall per year. The hive was 
located in the middle of the trunk, surrounded by a patch of secondary forest with 
intermediate canopy cover (Fig. 3). The 40 Ha Don Juan Coffee and Chocolate 
Plantation was located in Cañitas, in Costa Rican highlands of approximately 1303 m 
in elevation with approximately the same amount of rainfall as in Monteverde. The 
hive found there was in the very bottom of a trunk, surrounded by cleared, disturbed, 
and dry coffee cropland (Fig. 4). The Don Juan plantation uses a range of commercial 
insecticides, fungicides, chemical fertilizers, and monoculture farming. The 17 Ha 
low-impact farm was located in Finca Juan Manuel, also located in Cañitas. It is 
important to note that coffee crops only constitute 4 Ha of this land. The hive was 
near the trunk base (Fig. 5), within a small patch of disturbed forest in the middle of a 
multistrata coffee farm that grows banana, plantain, orange, cas, water apple, corn, 
bean, and zucchini plants interspersed within its coffee crops (Fig. 5). Finca Juan 
Manuel only applies fungicides—one commercial and one natural fungicide 
(Trichoderma). Fertilizers are also used, mostly phosphorus-based and natural 
compost. This study was conducted towards the end of the dry season from April 9th 

to May 6th; with bee sampling from April 19 to the 27th, pollen analysis from April 
28th to May 8th, and bee abundance observations from May 3rd to the 5th.  
 
 
Bee sampling and pollen collection—Returning worker bees (n=50) were collected 
from hives from April 19th to April 27th between 0800 to 1200 hours (optimal pollen 
foraging time; Roubik et. al. 1995). Ten bees at a time were caught and placed in 
enclosed bags that each had a cotton ball with 2 drops of acetone. Once bees were 
immobile, small pieces of tape were gently dabbed on each bee’s thorax and legs, 
where they carry most of their pollen. The pieces of tape were then stuck directly to 
microscope slides for inspection. Under a compound microscope with 400X 
magnification (Fig. 6), pollen was identified to morphospecies and abundance of each 
species was counted per bee. From these data, calculations of pollen species diversity, 
species richness, quantity of bees carrying a high pollen load (define this) across land-
use sites, and unique and shared species between land use types were conducted. High 
pollen load was defined by pollen covered more than 50% of the microscope view at 
400X magnification (approx. 900 or more pollen grains). Abundance of bees was 
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measured by counting the number of bees entering and leaving a nest by ten 5-min 
observations, staggered by 10 min between each observation period.  
 

 
Figure 1: Map of where Monteverde and Cañitas are located relative to each other; 
they are approximately 7 km apart. The secondary forest was located in the 
Monteverde Biological Station. The conventional coffee plantation (Don Juan Farm) 
and low-impact farm (Juan Manuel farm) were in Cañitas. Rings indicate where the 
study sites were: red = Don Juan; blue = Juan Manuel; black = secondary forest. 
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Figure 2: Map of Finca Don Juan and Finca Juan Manuel’s relative location. The red 
arrow indicates the direction towards the secondary forest site in Monteverde 
Biological Station. Finca Don Juan was the conventional coffee plantation and Finca 
Juan Manuel was the low-impact farm.  
 
 
 

 
Figure 3: T. fulviventris hive (left) located in premontane wet secondary forest (canopy on right) in 
Monteverde, Puntarenas province of Costa Rica, from which 50 bees were collected and sampled for pollen 
morphospecies abundance and diversity. Taken April 22, 2014.  
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Figure 4: T. fulviventris hive (left) located under nearly open canopy (middle) in a conventional coffee farm (right) 
in Don Juan Coffee and Chocolate Plantation, Cañitas, Guanacaste Province, Costa Rica, from which 50 bees were 
collected and sampled for pollen morphospecies abundance and diversity. Taken April 23, 2014. 
 
 
 

 

 

  
Figure 5: T. fulviventris hive (left) located in a very small patch of disturbed forest (middle) in a low-impact coffee 
multistrata farm (right) in Finca Juan Manuel, Cañitas, Guanacaste Province, Costa Rica, from which 50 bees were 
collected and sampled for pollen morphospecies abundance and diversity. Taken April 23, 2014. 
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Figure 6: Common pollen morphospecies observed under a compound microscope, including Species M (top left), S 
(top middle), coffee/species AA (top right), O (bottom left), AC (bottom middle), and AB (bottom right; species names 
and abundances can be seen in Fig. 7). Taken with a Celestron Digitial Microscope Camera. 
 
 

 
 
RESULTS 
 
Diversity of Pollen Species—The diversity of pollen load collected by T. fulviventris 
(n = 50 bees) did not differ significantly across land uses, as supported by pairwise 
comparisons for secondary forest (H’ = 2.411) v. conventional plantation (df=172.45; 
p = 0.626), conventional plantation (H’ = 2.324) v. low-impact (df =191.07; p = 
0.078), and low impact (H’ = 2.592) v. secondary forest (df = 167.15; p = 0.290). 
However, the most common pollen species collected in each type of land use varied 
from site to site (Fig. 7). Pollen species C (secondary forest: 32%; conventional coffee 
plantation: 26%; low-impact farm: 17%) was the most common collected across all 
land uses. Both secondary forest and the conventional coffee plantation had species M 
(22% and 23% respectively) as next most common, followed by species S (5% and 
12% respectively). Low-impact agroforestry differed from the other uses in having 
species AA, or coffee (20%) as the most common, followed by species C (17%), U 
(13%), AI (9%), AC (7%), and S (5%).  
!
!
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!

Figure!7:!Diversity!of!pollen!species:!number!of!Trigona(bees!(n=!50!bees)!carrying!each!pollen!species!(37!total)!
across!land!uses,!with!various!colors!in!the!figure!legend!representing!the!different!pollen!species.!Species!C(
(secondary!forest:!32%;!conventional!coffee!plantation:!26%;!lowHimpact!farm:!17%)!was!one!of!the!most!common!

collected!across!all!land!uses.!Both!secondary!forest!and!the!conventional!coffee!plantation!had!species!M((22%!and!
23%!respectively)!as!next!most!common,!as!well!as!species!S((5%!and!12%!respectively).!Only!lowHimpact!differed!
from!the!other!uses!in!having!species!AA!(20%)!as!the!most!common.!!To!the!eye,!low!Impact!seems!the!most!
different.!

!

 
Pollen species richness—Across the three land-use sites, total pollen species richness did 
not vary significantly (Fig. 8; X2 = 0.656; df = 2; p > 0.100). However, it is worthy to note 
that secondary forest and the low-impact farm both had equivalent pollen richness of 23 
pollen species collected, while the conventional coffee plantation had fewer at 19 (Fig. 8).  
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Figure 8: Species richness of pollen (number of total pollen species collected) for sampled  
T.  fulviventris (n = 50 per land use site) across all land uses of Monteverde premontane  
secondary forest, a Costa Rican highland conventional coffee plantation, and a low-impact  
farm, the latter two of which were in Cañitas. Chi-squared was conducted on whether richness  
was similar across land uses (X2 = 0.656; df = 2; p = > 0.100).  
 
Individuals carrying high pollen load—The differences among number of individuals 
(n = 50 bees) carrying at least a 50% pollen load was not found to be significant  
(Fig. 9; X2 = 3.106; df = 2; p = > 0.100). Secondary forest and low-impact sites, though,  
have quantities almost two times higher than that of conventional coffee (Fig. 9).  
 

 
Figure 9: Number of T.  fulviventris individuals carrying at least a 50% pollen load or more 
across Costa Rican highland land-use sites of secondary forest (Monteverde), a  
conventional coffee plantation (Cañitas), and a low-impact farm (Cañitas). Chi-squared  
indicated no difference among sites in abundance of individuals carrying 50%+ pollen load  
(X2 = 3.106; df = 2; p = > 0.100).  
 
 

Species shared—Comparisons between secondary forest, a conventional coffee plantation, and 
low-impact farms exhibited different quantities pollen species overlap, none of them 
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ssignificantly different. Between secondary forest and the conventional plantation, the number of 
unique and shared pollen species was equal (Table 1; X2 = 0, df = 1, p > 0.995). Between the 
conventional coffee plantation and low-impact farm, there were about 50% more unique species 
than were shared (Table 1; X2 = 1.690, df = 1, p > 0.100). The comparison between secondary 
forest and low-impact farm exhibited the greatest disparity between number of unique species, 
with almost double of unique species over number of shared (Table 1; X2 = 2.941, df = 1, p > 
0.100).  

 
Table 1: Number of pollen species unique and shared between Costa Rican highland land-use sites— 

premontane wet secondary forest in Monteverde and conventional coffee and low-impact farms in 
Cañitas. 

 
 
 
 
 
 
 
 
 
 
 

Bee abundance—The abundance of bees was greatest in secondary forest, for which a mean of 
673.00 ±!20.82 bees was observed entering and leaving the nest (Fig. 10; One-Way ANOVA, F = 
75.66, df = 29, p < 0.0001). The two farms both yielded significantly lower average bee 
abundance—373.40 ± 12.11 bees for the plantation and 389.00 ± 23.40 bees for low impact. The 
farms were not significantly different from each other in bee abundance (Fig. 10; Tukey’s HSD;  
df =27).   
 

!
!
!
!
! Unique! Shared!
Secondary!Forest!v.!Conventional!Coffee! 14! 14!
Secondary!Forest!v.!Low<Impact! 22! 12!
Conventional!Coffee!v.!Low<Impact! 18! 11!
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Figure 10: T. fulviventris abundance (mean ± SEM) per land-use type.  
Secondary forest (673.00 ±!20.82 bees) was located in premontane wet 
forest in Puntareñas province, Monteverde. Both conventional coffee  
(373.40 ± 12.11 bees) and low impact (389.00 ± 23.40 bees) farms sites  
were in disturbed and agriculturally transformed land in Cañitas, Guanacaste  
province. Secondary forest exhibited significantly greater abundance than  
the other two sites (One-Way ANOVA, F = 75.66, df = 29, p = < 0.0001).  
Tukey’s HSD confirmed difference in bee abundance between sites; results 
are labeled above bars (df = 27). 
 
 
DISCUSSION 

 
Though diversity of pollen species and pollen species richness did not significantly differ 
between secondary forest, conventional coffee farming, and low-impact agroforestry farming, 
conventional coffee plantation always exhibited lowest diversity of pollen load and richness 
of pollen species. This may result from lower plant diversity or altered foraging behavior 
(Levin et. al. 1969). As the conventional coffee plantation has more monocultural spacing 
and less plant density as a result of crop monoculturing, it is possible that the bees had a 
smaller foraging area, decreasing the diversity and richness of the total pollen species 
collected. In turn, these changes in foraging distance can affect the amount of pollen loads 
carried back into the hive, which, again, would differentiate the diversity of pollen load in 
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high-impact farms (Schmicki & Crailsheim 2004).  However, the most likely explanation for 
the conventional plantation’s trends is lower plant diversity from clearing natural forest and 
replacing with monoculture (Brosi et. al. 2008). 
 Additionally, there were almost only half as many bees carrying a high (>50%) pollen 
load in the conventional plantation site than secondary forest and low-impact, though not 
found to be statistically significant (Fig. 9). This suggests lower plant density of non-
agricultural plants. Also, increased application of chemical residues may decrease pollen 
quality or desirability for the bees. As a result, they collect less per unit time. Robertson et. 
al. (1999) found in British bumblebees, an uncanny ability to distinguish the value of pollen 
reward by recognizing the genotypes of low-quality pollen—that is, pollen with low viability. 
Since pesticide residues in bees foraging in non-organic croplands have been found to reside 
on the pollen itself (Chauzat et. al. 2006), and bee populations have been found to respond 
negatively to the presence of pesticides (Carvalheiro et. al. 2010), it is possible that the pollen 
quality is then diminished, causing the bees to be more selective and exclusive with pollen 
collection in conventional plantations (Robertson et. al. 1999).  

Interestingly, the conventional coffee plantation and secondary forest shared more 
common species, while the low-impact farm was most unique (Fig. 7, Table 1). The most 
common species in the low-impact farm was coffee pollen, which might be attributed to the 
fact that the coffee flowers were in bloom in the farm when bees were sampled, whereas the 
coffee flowers in the conventional plantation were not yet in bloom and were simply lacking 
in secondary forest. However, this does not explain why there were so many other species 
besides coffee in the low-impact farm that were not carried at all in the other two land use 
sites, such as species AB, AC, and AI (Fig. 7). Perhaps this is because the low-impact farm 
not only utilized purposeful diversity of plants by mixing coffee crops with a variety of other 
crops but also may have increased flower diversity and density in such a small plot (10 ha in 
total). In this way, bees would have been closer to a wider variety of crops that actually 
would otherwise not occur together in nature, such as bananas, oranges, etc. Lastly, the low-
impact farm has its crops alternating with patches of forest and bordered by natural habitat, 
increasing the effectiveness of a native bee community’s pollination in terms of cumulative 
pollen deposition (Kremen et. al. 2007).  

Lower bee abundances in agriculturally-disturbed farms (Fig. 10) is in keeping with 
past studies of land-use intensity/habitat fragmentation and lower bee populations (Brosi 
2009, Brosi et. al. 2008, Klein et. al. 2002). Secondary forest has greater biodiversity and 
fewer chemical residues than the two farms (Mander et. al. 1999, Chauzat et. al. 2006), which 
would lessen any disruption to bee abundance caused by agrochemicals (Brosi et al. 2008). 
Also, decreased pollinator abundance has been correlated with greater distance from cleared 
coffee plots to forest (Ricketts 2004). Reductions in stingless bee population and richness 
were found significantly higher in sites closer to forest fragments than those farther away 
(Ricketts 2004). As mentioned before, Trigona are a forest species, nesting in mature trees, 
which must have proximity to or enclosure in large patches of forest (Ricketts 2004). Since 
the conventional coffee plot had a greater area of cleared agricultural land, it was also farther 
from forest fragments, decreasing bee abundance. Ricketts (2004) recommends forest patches 
at least 500 m in proximity to coffee plantations in order to reduce harm on bee populations. 

In turn, reduced pollinator abundance decreases levels of fruit set and yield (Klein et. 
al. 2003), threatening our food production. Wind pollination alone is not sufficient; coffee 
plants solely pollinated by wind have been found to produce up to 57% lower fruit sets than 
those that are bee-pollinated (Klein et. al. 2003). Agricultural communities with species-poor 
bee richness as a result of fewer forest fragments produce 16-35% less fruit than those that 
are species rich. Despite this evidence, we appear to be increasing isolation of larger, more 
intensive agricultural habitats from natural habitat, as well as creating more monocultural 
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farming (Klein et. al. 2003). In this way, pollination and, thus, food production is reduced, 
which is very risky considering the ever-increasing demand for crop-grown foods.  

Stingless bees, crucial pollinators in the Tropics, are both ecologically and 
economically valuable. Land-use changes seem to impact pollen load and abundance of these 
bees, especially in conventional, high-intensity farms that utilize larger monoculture. Low-
intensity farms with less monoculture provide mosaic habitat with many uses, allowing bees 
to still sustain high pollen diversity. In general, though, the simpler the habitat, the lower the 
pollen load. Habitat alterations occur more and more frequently with growing demand for 
crop production, meat, and timber, and native bees pay the price. Thus, it is important that we 
study all we can about how and to what extent bee pollination and population dynamics are 
affected by our land-use changes so that we can, for the future, create strategies for 
conservation of these tiny pollinators.  
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ABSTRACT, RESUMEN 
 Tropical deforestation drastically alters natural habitat and occurs at an alarming rate. Altered 
ecosystems are left with a subset of species that have to adapt to change, which results in the disruption of 
many species interactions. This study looks at how ectoparasite abundance has affected the mouse 
Peromyscus nudipes, which is resistant to habitat transformation. P. nudipes were trapped in a forested area 
and on a farm in montane Costa Rica using live Sherman traps. Ectoparasites were removed and counted. 
Results showed that there was no significant difference in the flea abundance (Two Way ANOVA, F = 
0.12, df = 1, p = 0.73) or the mite abundance (Two Way ANOVA, F = 0.43, df = 1, p = 0.52) between the 
habitats. Findings support the idea that the ectoparasites on P. nudipes are supertramps themselves or they 
rely on their hosts so heavily that biotic and abiotic changes caused by land alterations have little or no 
impact on them. 
 

La deforestación tropical altera drasticamente el hábitat natural y ocurre a tasas alarmantes.  
Ecosistemas alterados son dejados con un grupo de especies que se tienen que adaptar al cambio, lo que 
resulta en la destrucción de muchas interacciones entre especies.  Este estudio se enfoca en como la 
abundancia de ectoparásitos han afectado el ratón Peromyscus nudipes, el cual resiste la tranformación del 
hábitat. Individuos de P. nudipes fueron capturados en un área boscosa y en una finca en el las montañas de 
Costa Rica usando trampas Sherma.  Ectoparásitos fueron removidos y contados.  Los resultados muestran 
que no hay diferencia significativa en la abundancia de pulgas  (ANOVA de dos vías, F = 0.12, dgl= 1, p = 
0.73) o la abundancia de ácaros (ANOVA de dos vías, F = 0.43, gl= 1, p = 0.52) entre habitats.  Los 
resultados apoyan la idea que los ectoparásitos en P. nudipes son supertramp por ellos mismos o ellos 
dependen altamente en su hospedero que los cambios bióticos y abióticos causados por la transformación 
de la tierra tienen poco o no impacto en ellos. 
 
INTRODUCTION 
Human land transformation has modified between one-third and one-half of the world’s 
land surface (Vitousek, et al 1997). This land alteration and resource use has had a major 
impact on ecosystems and profound effects on wildlife (McKenzie 2007). Not only does 
deforestation lead to habitat loss, increased erosion, altered water chemistry and 
increased water temperature, it can also affect species composition and species 
interactions (Marcogliese et. al 2001). Deforestation and land use modifications can lead 
to changes in vegetation types, newly introduced species, water disruption and increases 
in temperatures, which can favor some species over others (Patz et. al 2000). When land 
use changes are made, if the indigenous species are not able to adapt they will disappear 
and be replaced by different, more opportunistic species (Patz et. al 2000). Species 
involved in close symbioses with such “supertramps” may be impacted by abiotic and 
biotic changes accompanying land transformation or may rely so heavily on their 
symbiont that they are also resistant to changes (Diamond 1974).   
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Recent studies have shown that in Monteverde, Costa Rica, predominantly one 
species of mouse, Peromyscus nudipes (= subspecies of Peromyscus mexicanus) occupies 
primary forest as well as transformed habitats (Lippert 2001, Blumenstock 2006). 
Although P. nudipes is now the most dominant rodent in Monteverde, this was not 
always the case. Historically, several other rodent species were trapped with moderate to 
high frequency, and one species, Herteromys desmarestianus, was caught equally often 
or more frequently than P. nudipes (Anderson 1983). The prevalence of this 
“supertramp” species has displaced native species in Monteverde but what it has done to 
close symbionts, like rodent ectoparasites is unknown. To examine if human land 
alterations have had an impact on the richness and abundance of ectoparasites in P. 
nudipes, I compared the ectoparasite abundance found on P. nudipes captured in a 
forested area and a farm. 

  
METHODS 
 
Study Sites  
This study was conducted on the lower Jilguero trail at the Biological Station in 
Monteverde, Costa Rica and on the Santamaria-Porras farm in Canitas, Monteverde, 
Costa Rica. Rodents were trapped for six nights at the station and for seven nights on the 
farm. The habitat at the station was in Lower Montane Wet Forest (sensu Holdridge) at 
an elevation of 1550 m. The habitat on the farm was in the same life zone but at an 
elevation of 1400 m. At both study sites, traps were placed along routes that were 
frequently traveled by humans. P. nudipes dominate the forest in Monteverde so this 
human traffic probably had no effect on other species present. 
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Figure 1. Left: The lower Jilguero trail through the forest behind the Monteverde 
Biological Station where 40 Sherman traps were placed to capture rodents for 
ectoparasite counts. Center: Forested area around the road going the Santamaria-Porras 
farm where 40 traps were set. Right: View of the Santamaria-Porras farm that surrounded 
the forested sliver of land around the road. 
 
Rodent Trapping  
Forty Sherman live traps were set 10 m apart along the lower Jilguero trail and forty traps 
were set along the edge of a gravel road going through a small forested area on the farm. 
The sought-after species, P. nudipes is a medium-sized mouse that is found from the 
lowlands of Mexico to Panama. It is an omnivorous, principally forest-dwelling species 
that can exist in many different habitats such as stream borders and sugarcane fields 
(Trujano-Alvarez and Alvarez-Castaneda 2010). Mice were trapped at the beginning of 
the rainy season from April 13th to May 1st. Traps were baited with approximately one 
tablespoon of a mixture of peanut butter and oats. They were baited in the late afternoon 
and the following morning the traps were checked. Captured rodents were transferred 
from the traps into a plastic bag and identified. The weight, tail length and sex of each 
individual was recorded. Ectoparasites were collected by holding the mouse at the base of 
the tail, brushing it with a lice comb, and blowing into the fur until all visible parasites 
had been removed. Ticks were removed with tweezers. The ectoparasites were brushed 
into a bowl containing alcohol and then poured into a glass vial. The number of mites 
was recorded by counting them on the mouse because they were too small to be combed 
off of the mice effectively. The bag was checked for ectoparasites that fell off and they 
were added to the vial. A small amount of hair was cut off of the back of the neck of each 
rodent to prevent data repetition due to recaptures.   
 
Identifying and Counting Ectoparasites  
After each collection day, the contents of the glass vials were poured into a glass dish and 
viewed under a dissection microscope. The number of mites, fleas and ticks found on 
each rodent were recorded. 
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RESULTS 
 Over six nights of trapping in the forest, 26 P. nudipes were captured and five 
were recaptures. Three Reithrodontomys gracilis individuals were also caught. After 
seven nights of trapping on the farm, 23 P. nudipes were captured and five were 
recaptures. Recaptures were only counted the first time.  
   
Flea Abundance 
It was found that the abundance of fleas on the mice did not differ significantly between 
the two habitats (Two Way ANOVA, F = 0.12, df = 1, p = 0.73). The average number of 
fleas per mouse on the farm was 1.33 fleas and for the forest the average was 1.61 fleas 
per mouse, which shows there were more on average in the forest (Figure 2). Ten of the 
18 mice (56%) captured on the farm had fleas and the range was from 0 to 7 fleas per 
mouse. Eight of the 21 mice (38%) captured in the forest had fleas and the number of 
fleas ranged from 0 to 12. The sex of the mice also had no statistically significant impact 
on the flea abundance (Two Way ANOVA, F = 0.73, df = 1, p = 0.40). Three of the 7 
males (43%) captured on the farm had fleas and five of the 12 males (42%) captured in 
the forest had fleas. Seven of the 11 females (64%) on the farm had fleas and 3 of the 9 
females (33%) in the forest had fleas. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Average number of fleas per P. nudipes individual on the Santamaria-Porras 
farm in Canitas, Monteverde, Costa Rica at an elevation of 1400 m and the lower Jilguero 
trail at the Monteverde Biological Station in Monteverde, Costa Rica at an elevation of 
1550 m. Specimens were collected using live Sherman traps and fleas were combed off 
and placed in alcohol. Error bars represent standard error.  
 
 There were also no significant differences between the habitat and the sex when 
comparing flea abundances (Two Way ANOVA, F = 1.71, df = 1, p = 0.2). The sex of the 
P. nudipes and the location had no significant impact on the number of fleas that were 
found (Figure 3). On the farm, the males had an average of 1 flea and the females had an 
average of 1.54 fleas. At the station, the males had an average of 2.33 fleas and the 
females had an average of .67 fleas. The averages show that there were more fleas on 

0.#

0.5#

1.#

1.5#

2.#

2.5#

Farm# Forest#

Av
er
ag
e'
#'
Fl
ea
s'
Pe
r'
M
ou
se
'

Habitat'

 215 



 

females on the farm and on males in the forest but the standard errors are too large for the 
values to be significant. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Average number of fleas per P. nudipes individuals of both sexes on the 
Santamaria-Porras farm in Canitas, Monteverde, Costa Rica at an elevation of 1400 m. 
and the lower Jilgureo trail at the Monteverde Biological Station in Monteverde, Costa 
Rica at an elevation of 1550 m. Specimens were collected using live Sherman traps and 
fleas were combed off and placed in alcohol. Sex was determined by looking at the 
genitalia Error bars represent standard error.  
 
Mite Abundance 
It was found that the abundance of mites on the mice did not differ significantly between 
the two habitats (Two Way ANOVA, F = 0.43, df = 1, p = 0.52). The average number of 
mites per mouse on the farm was 3.33 mites and for the forest the average was 4.52 mites 
per mouse, which shows that there were more mites on mice in the forest (Figure 4). 
Eleven of the 18 mice (61%) captured on the farm had mites and the range was from 0 to 
14 mites per mouse. Eleven of the 21 mice (52%) captured in the forest had mites and the 
number of mites ranged from 0 to 20. The sex of the mice also had no statistically 
significant impact on the mite abundance (Two Way ANOVA, F = 0.007, df = 1, p = 
0.93). Five of the 7 males (71%) captured on the farm had mites and six of the 12 males 
(50%) captured in the forest had mites. Six of the 11 females (54%) on the farm had 
mites and 5 of the 9 females (56%) in the forest had mites. 
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Figure 4. Average number of mites per P. nudipes individual on the Santamaria-Porras 
farm in Canitas, Monteverde, Costa Rica at an elevation of 1400 m and the lower Jilguero 
trail at the Monteverde Biological Station in Monteverde, Costa Rica at an elevation of 
1550 m. Specimens were collected using live Sherman traps and mites were combed off 
and placed in alcohol or counted on the mice when too hard to remove. Error bars 
represent standard error.  
 

There were also no significant differences between the habitat and the sex when 
comparing mite abundances (Two Way ANOVA, F = 0.04, df = 1, p = 0.84). The sex of 
the P. nudipes and the location had no significant impact on the number of mites that 
were found (Figure 5). On the farm, the males had an average of 3 mites and the females 
had an average of 3.54 mites. At the station, the males had an average of 4.42 mites and 
the females had an average of 4.67 mites. 
 

 
Figure 5. Average number of mites per P. nudipes individuals of both sexes on the 
Santamaria-Porras farm in Canitas, Monteverde, Costa Rica at an elevation of 1400 m. 
and the lower Jilguero trail at the Monteverde Biological Station in Monteverde, Costa 
Rica at an elevation of 1550 m. Specimens were collected using live Sherman traps and 
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mites were combed off and placed in alcohol or counted on the individual when too hard 
to remove. Sex was determined by looking at the genitalia. Error bars represent standard 
error.  
 
Tick Abundance 
The abundance of ticks found on the P. nudipes was very low. On the farm, one of the 18 
mice (6%) had one tick. In the forest, 3 of the 21 mice (14%) captured had ticks and the 
range was from 0 to 2. 
 

A linear regression (R2 = 0.003, F = 0.118, p = 0.73, df = 1, y = -0.02x+2.72) was 
run to determine if there was a trend between the weights of the P. nudipes individuals 
and the abundance of fleas found on them. The results were not significant when the 
weights and the flea abundances on each mouse were compared. Another linear 
regression (R2 = 0.008, F = 0.285, p = 0.60, df = 1, y = -.073x+8.14) was run to determine 
if there was a trend between the weights of the P. nudipes individuals and the abundance 
of mites found on them. The results were not significant when the weights and the mite 
abundances on each mouse were compared. 
 
DISCUSSION 
Results displayed that there were no significant results for ectoparasite abundance when 
compared to location, sex or weight. The lack of significant results for location helps 
further establish the idea that P. nudipes is a “supertramp” species. While deforestation 
may have negative effects on many species, it can help “supertramp” species such as P. 
nudipes thrive because they can easily adapt.  
 

A study conducted on blood parasite abundance on mice in the Monteverde cloud 
forest and a nearby-disturbed area showed similar results. There was no significant 
difference in the endoparasite abundance in the two locations (Blumenstock 2006). The 
individuals found in both the forest and the farm habitats were equally infested by 
ectoparasites. This could result from the individuals coming in contact with one another 
and traveling between the two habitats. The average home range of each individual P. 
nudipes is approximately 0.10 hectares (Blumenstock 2006). Although these specific 
individuals would not have traveled far enough to reach the farm habitat from the forest 
or vice versa, the abundant population could span the area in between these habitats and 
parasites could be passed from one to another throughout the population. Also, the 
parasites may use other species that have larger ranges for transport, which would allow 
them to cover a larger range and affect hosts throughout the area.    
  
 Although habitat alteration does not appear to have an effect on the parasite 
abundance of P. nudipes it is clear that in the past few decades the small rodent species 
richness has changed to favor P. nudipes (Lippert 2001). Studies have shown that host 
density is important for explaining parasite abundance and richness (Stanko et. al 2002). 
Ectoparasites are generalists and may be resilient to land transformation just like P. 
nudipes. It is also possible that the ectoparasites rely on their hosts so much that they are 
not affected by the changes taking place in their environments. It is clear that biodiversity 
is being lost and the community dynamics are changing due to deforestation. In disturbed 
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habitats it is easier for one species, which is often a supertramp species, to dominate the 
area (Nee & May 1992). As more environmental changes occur it is expected that there 
will be an increase in the emergence and proliferation of parasites and the diseases they 
carry (Patz et al. 2000). Habitat destruction is continuing at an alarming rate and these 
land changes can have negative effects on biodiversity and the health of ecosystems.   
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ABSTRACT 
 
Ecotourism can be an effective method for conservation that also provides jobs for local communities 
and stimulates local economies (Lundberg 2011; TIES 2014).  However, high tourist presence may 
negatively affect the environment ecotourism seeks to protect, as tourists frequently seek out rare 
species—often during sensitive times, such as breeding or nesting (Hidinger 1996). The present study 
examines the effects of high tourist traffic on mammal diversity, abundance, and species richness in the 
Monteverde Cloud Forest Reserve in Monteverde, Costa Rica through the use of camera traps and 
visual transects. Diversity was significantly higher on a research trail with only occasional human 
traffic (H’ = 1.93) compared to a high traffic trail with constant daily use (H’ = 1.73; T=2.16; d.f.=11; 
p=0.05).  Overall mammal abundance was also higher on the research trail (n = 49) than on the high 

traffic tourist trail (n = 8; χ2 =29.48; d.f.=1; p<0.001).  Three species seen during transect walks were 
shown to have higher densities on the tourist trail:  the white-nosed coati (Nasua narica), mantled 
howler (Alouatta palliata), and Central American agouti (Dasyprocta punctata), while four species had 
higher densities on the research trail:  the striped hog-nosed skunk (Conepatus semistriatus), variegated 
squirrel (Sciurus variegatoides), northern raccoon (Procyon lotor), and white-faced capuchin (Cebus 
capucinus).  Researcher presence probably influenced the data collected from transect walks.  Overall 
results indicate that tourist traffic does negatively impact mammal diversity and abundance 
significantly.  This is cause for concern and should be taken into account in the planning and 
management of ecotourism sites. 
 
RESUMEN 
 
El ecoturismo puede ser un método efectivo para la conservación que también provee trabajos para 
comunidades locales y estimula las economías locales (Lundberg 2011; TIES 2014).  Sin embargo, la 
alta presencia de turistas podría afectar el ambiente que el ecoturismo intenta proteger, como los 
turistas frecuentamente buscan especies raras—a menudo durante tiempos sensibles, tal como la 
reproducción o la anidación (Hidinger 1996).  Este estudio investiga los efectos del tráfico alto de 
turistas en la diversidad, la abundancia, y la riqueza de especies de mamíferos en la Reserve Bosque 
Nuboso de Monteverde en Monteverde, Costa Rica por el uso de trampas cámara y cortes transversales 
visuales.  La diversidad fue significativamente más alta en un sendero de investigación con tráfico 
humano sólo ocasional (H’ = 1.93) comparado con un sendero de tráfico alto de uso diario constante 
(H’ = 1.73; T=2.16; d.f.=11; p=0.05).  La abundancia en general de mamíferos también fue más alta en 

el sendero de investigación (n = 49) que en el sendero turístico de tráfico alto (n = 8; χ2 =29.48; d.f.=1; 
p<0.001). Tres especies vistas durante las caminatas de cortes transversales mostraron tener densidades 
más altas en el sendero turísticos: el pizote (Nasua narica), el mono congo (Alouatta palliata), y la 
guatusa (Dasyprocta punctata), mientras cuatro especies tuvieron densidades más altas en el sendero 
de investigación: el zorrillo (Conepatus semistriatus), la ardilla multicolor (Sciurus variegatoides), el 
mapache (Procyon lotor), y el mono carablanca (Cebus capucinus). La presencia de la investigadora 
probablemente influyó en la información recopilada de las caminatas de cortes transversales.  En 
general, los resultados indican que el tráfico turístico afecta negativamente la diversidad y la 
abundancia de mamíferos significativamente.  Esto es una causa de preocupación y se debe considerar 
en la planificación y el manejo de sitios ecoturísticos. 
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INTRODUCTION 

 
Ecotourism seeks to promote conservation and appreciation for nature through 
tourism while providing jobs and facilitating economic growth for local communities 
in an environmentally friendly way (Cusack & Dixon 2006).  Theoretically, 
ecotourism supports conservation efforts via entrance fees and donations from 
tourists, and because land must be protected to use for ecotourism (TIES 2014), and 
often, as in the case of the Monteverde Cloud Forest Reserve, ecotourist sites have 
educational programs to teach tourists about conservation (Cusack & Dixon 2006; 
Mendez 2014—personal conversation).  Thus ecotourism would seem to be an 
effective method for conservation. 
 
However, since ecotourism means a high volume of humans entering into formerly 
undisturbed habitats, it must be determined whether or not this human presence does 
more harm than good to the creatures living in these habitats.  Trails must be 
constructed for human use, which could affect surrounding plant species and then, 
secondarily, animals who live in conjunction with particular plants; humans may litter 
or make noise that could be disturbing to some animals.  Many times tourists seek out 
rare or spectacular species—often during sensitive times, such as breeding or nesting 
(Hidinger 1996).  All of these could potentially have negative effects on the animals 
whose habitats ecotourists are invading.   
 
A study conducted in Costa Rica’s Punta Leona Private Wildlife Refuge using visual 
transects in more and less developed areas of the Refuge showed white-faced 
capuchins, coatis, and spider monkeys to prefer the less developed habitat (Van Hulle 
& Vaughan 2009). A study done in Houhe National Nature Reserve in central China 
found lower mammal “fieldsign scores” (direct sightings, sounds, spoor-footprints, 
faeces, diggings, and tree scraping) along transects with higher tourist use (Zhou et. al 
2013). A previous study using mammal tracks and visual transects found greater 
mammal diversity on a low human impact research trail than on a high impact tourist 
trail in the Monteverde Cloud Forest Reserve, but higher mammal abundance on the 
tourist trail (Thomann 2010). Another study done in the same Reserve using visual 
transects, track traps, and live traps showed no difference in species richness between 
high and low traffic sites, but drastically different species composition between sites, 
with a high traffic site having more rodents but lacking large predatory mammals 
(Ben-Aderet & Shrimp 2003). A study conducted in Guatemala’s Tikal National Park 
found higher densities for three mammal species (agouti, coati, and Deppes squirrel) 
in a human-disturbed area than in the control area with little human disturbance, and 
no significant difference for all other mammal species observed (Hidinger 1996).  
Thus differences in mammal populations have been observed between high traffic 
tourist sites and low traffic sites, though different modes of study have produced 
different conclusions. 
 
It is important that the effects of ecotourism on wildlife continue be researched, 
especially as the ecotourism industry is rapidly expanding at 10% - 30% every year 
(Self et. al 2010).  The Monteverde Cloud Forest Reserve in Monteverde, Costa Rica 
presents an excellent case for such a study, attracting 70,000 visitors per year. 
Housing 3,021 species of plants, 60 species of amphibians, 101 species of reptiles, 
and hundreds of species of birds and mammals (Monteverde Cloud Forest Reserve), 
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the Reserve is an important site for biodiversity conservation.  The Reserve attempts 
to minimize tourism’s impact on the environment, with only 2% of its 4200 hectares 
used for tourism. No more than 200 tourists are allowed access to the trails at any 
given time, and no more than 450 tourists are allowed in the Reserve per day (Mendez 
2014—personal conversation)  This is important not only because of the intrinsic 
values of conservation, but also because if ecotourism sites are not properly managed, 
they cannot remain the natural environment tourists pay to see (Cusack & Dixon 
2006); if tourists have little hope of seeing wildlife in the Reserve they will not be 
willing to pay the entrance fee.  Therefore it is important to ensure that even this 
limited amount of tourist activity is not impacting populations.   
 
Here, for the first time, I use camera traps as well as visual censuses to determine if 
species richness, abundance, and diversity differ between a heavily trafficked tourist 
trail and an infrequently trafficked research trail in the Reserve.  A previous study 
used animal tracks and visual transects in the rainy season to show lower mammal 
diversity but higher mammal abundance on tourist trails (Thomann 2010).  Here, I  
conduct a similar study in the dry season, which is also the peak tourism season.  I 
predict that tourism will negatively impact mammal diversity, and therefore that 
ecotourism must be closely monitored and controlled in order to have as little an 
impact as possible on the surrounding environment. 
 
METHODS 
 
STUDY SITE— This study was conducted in the Monteverde Cloud Forest Reserve in 
Monteverde, Costa Rica in the Lower Montane Wet-Rain Forest life zone (sensu 
Holdridge). Data were taken from two different trails: Sendero Bosque Nuboso—one 
of the most popular tourist trails in the Reserve (Figure 1)—and a research trail used 
only by Reserve staff and approved researchers (Figure 2).  Both trails are dirt with no 
handrails, though the Sendero Bosque Nuboso trail is outlined by a thin metal strip 
running along each side.  The research trail is mostly covered with leaf litter, while 
the Sendero Bosque Nuboso is swept clean. 
 

 
 

 
 
 
 
 

FIGURE 1. Sendero Bosque Nuboso, high traffic 
tourist trail in the Monteverde Cloud Forest Reserve.  
Five camera traps were set up 0.25km apart along the 
trail, and additionally a one-kilometer transect of the 
trail was walked on seven occasions to record 
observations of mammals and their estimated 
perpendicular distance from the trail. 

FIGURE 2. Research trail with low human traffic, used 
only by Reserve staff and researchers. Data were 
collected through the use of camera traps and visual 
transects and compared with the data collected on the 
Sendero Bosque Nuboso trail. 
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CAMERA TRAPS— Five motion-activated camera traps were set up every 0.25km on a 
one-kilometer transect of each trail (Figure 3).  All cameras were placed at knee 
height on trees along the trails at such an angle that photos would be captured of 
animals between the ground and approximately three meters above the ground (Figure 
4).  All photos were taken between 2:00pm on 22 April and 12:30pm on 5 May.  
Photos were then analyzed and species identified using field guides. 
 

 
 
 
 
 
 
 

VISUAL TRANSECTS— I walked a one-kilometer transect of each trail seven times 
between 22 April and 5 May—five times each from 8:00am to 11:00am and two 
times each from 11:00am to 2:00pm.  I walked at a slow, steady pace for one and a 
half hours each way along the transects.  I noted each mammal I saw and identified it 
with a field guide, then estimated the perpendicular distance from myself on the trail 
to the mammal in order to calculate mammal densities along each transect.  For 
sightings of social mammals (howler monkeys and white-faced capuchins), I counted 
an entire group as one sighting and used the perpendicular distance to the closest 
individual for the density calculations. 
 
RESULTS 
 
CAMERA TRAPS—On the high-traffic tourist trail, photos were captured of eight 
individuals of six species (Figure 5a) and diversity and evenness were calculated 
using the Shannon-Weiner Diversity Index (H’=1.73; E=0.97).  On the research trail, 
photos were captured of 49 individuals of ten different species (Figure 5b) (H’=1.93; 
E=0.84).  Four species were seen on both trails.  A T-test showed that mammal 
diversity was significantly higher on the research trail (T=2.16; d.f.=11; p=0.05).  
Using a Chi-squared test, mammal abundance was also shown to be significantly 
higher on the research trail (χ2 =29.48; d.f.=1; p<0.001).  Species richness did not 
differ significantly between the two trails (χ2 =1; d.f.=1; p=0.32). 

FIGURE 3. Researcher setting camera trap on 
a tree along the Sendero Bosque Nuboso.  
Five camera traps were set 0.25km apart on 
Sendero Bosque Nuboso and on the research 
trail. 
!

FIGURE 4. Camera trap set at knee height along 
research trail.  Cameras were set at such an angle so 
as to capture photos of mammals between the ground 
and approximately three meters from the ground. 
!
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VISUAL TRANSECTS—Eleven individuals of six different species were seen on the 
tourist trail and eight individuals of six different species were seen on the research 
trail during the transect walks. The white-nosed coati (Nasua narica) was seen only 
on the tourist trail, and the striped hog-nosed skunk (Conepatus semistriatus) was 
only seen on the research trail.  The other five species were seen on both trails. The 
mantled howler (Alouatta palliata) and Central American agouti (Dasyprocta 
punctata) had higher densities on the tourist trail, while the variegated squirrel 
(Sciurus variegatoides), northern raccoon (Procyon lotor), and white-faced capuchin 
(Cebus capucinus) had higher densities on the research trail. Densities were calculated 
for each species seen on each trail using D=n/2Lw, where n=number of individuals—
or, in the case of social mammals, groups of individuals—, L=length of transect, and 
w=mean perpendicular distance of individuals (or groups) from the trail (Table 1). 
The white-faced capuchin on the research trail had the highest density with ten troops 
per hectare, and the mantled howler on the research trail had the lowest density with 
0.83 troops per hectare. On the tourist trail the mantled howler had the highest density 
with 7.43 troops per hectare, while the variegated squirrel and northern raccoon had 
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armadillo!(Dasypus!
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Oncilla!(Leopardus!
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mouse!(Heteromys!
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Ocelot!(Leopardus!
pardalis)!

Striped!hog9nosed!
skunk!(Conepatus!
semistriatus)!
Margay!(Leopardus!
wiedii)!
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n=49!

FIGURE 5. Abundances of species observed 
using five camera traps placed 0.25km apart 
on a high traffic tourist trail and a low traffic 
research trail. Abundance and diversity were 
shown to be significantly higher on the 
research trail than on the tourist trail.  
 
(a) Abundances of six mammal species 
observed on Sendero Bosque Nuboso tourist 
trail (common opossum n=1, white-nosed 
coati n=1, forest spiny pocket mouse n=2, 
tayra n=2, striped hog-nosed skunk n=1, 
margay n=1). (b) Abundance of ten mammal species 

(and one unidentified individual) 
observed on research trail (Central 
American agouti n=8, nine-banded 
armadillo n=3, puma n=1, common 
opossum n=11, white-nosed coati n=13, 
oncilla n=1, forest spiny pocket mouse 
n=1, tayra n=1, paca n=8, ocelot n=1). 
!
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the lowest densities with 2.50 individuals per hectare. Though densities varied by 
species, neither species richness (χ2"=0; d.f.=1; p=1) nor mammal abundance (χ2"

=0.48; d.f.=1; p=0.49) was shown to differ significantly between the trails. 

 
 
 
 
 
 
DISCUSSION 
 
Camera trap data showed higher mammal diversity on the research trail than on the 
tourist trail.  This indicates that high tourist traffic does negatively impact mammal 
diversity, and this should be taken into consideration in the planning and management 
of ecotourism destinations.  This agrees with Thomann (2010) using visual transects 
and mammal tracks in the rainy season for the same trails.  Therefore, despite season 
or sampling method, mammal diversity is higher on less-trafficked trails. 
 
Species richness was not shown to differ significantly between the two trails, while, 
contrary to the findings of Thomann (2010), abundance was shown to be significantly 
higher on the research trail when considering camera trap data, but did not differ 
between the trails with respect to data from transect walks.  The differences between 
the present and previous studies are probably due to methodology.  Thomann’s study 
found high mammal abundance on the tourist trail due to more frequent coati 
sightings.  However, camera traps were not used in that study and all data on coatis 
were collected via visual sightings. In the present study as in the past study, coatis 

Species Tourist trail Research trail 
White-nosed coati (Nasua 
narica) 

4.84 (n=4) NO DATA 

Striped hog-nosed skunk 
(Conepatus semistriatus) 

NO DATA 2.57 (n=1) 

Mantled howler (Alouatta 
palliata) (troops per 
hectare) 

7.43 (n=3) 0.83 (n=3) 

Variegated squirrel 
(Sciurus variegatoides) 

2.50 (n=1) 2.57 (n=1) 

Northern raccoon 
(Procyon lotor) 

2.50 (n=1) 5.00 (n=1) 

White-faced capuchin 
(Cebus capucinus) (troops 
per hectare) 

3.75 (n=1) 10.00 (n=1) 

Central American agouti 
(Dasyprocta punctata) 

5.00 (n=1) 
 

1.67 (n=1) 

TABLE 1. Densities for species observed on tourist and research trails during one-kilometer transect 
walks. Each trail was walked seven times.  Observed species were recorded and their perpendicular 
distances from the trail estimated. Calculated using D=n/2Lw.  Measured in individuals per hectare.  
Densities for white-faced capuchins and mantled howlers are measured in troops per hectare.!
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were seen using visual transects more frequently on the tourist trail, however the past 
study collected no data for coatis using the track traps, while the present study found 
many more coatis on the research trail with the camera traps. 
 
The researcher’s presence in this type of data collection may alter the outcome, and it 
may be that mammals who spend time near the tourist trail are bolder and therefore 
more likely to be seen, while there may in reality be more individuals on the research 
trail, as indicated by the camera trap data.  The study by Hidinger (1996) that showed 
higher mammal densities in more human disturbed areas was also conducted using 
transect walks and so may also have been affected by the researcher’s presence.  
When separated into data collected by day and data collected by night, the research 
trail still had higher abundances (tourist trail daytime n=3, research trail daytime 
n=14; tourist trail nighttime n=5, research trail nighttime n=35), so the fact that visual 
data were collected by day should not account for abundance differences between this 
and the previous study. 
 
Transect walks showed mammal densities to be higher on the tourist trail for the 
white-nosed coati, Central American agouti, and mantled howler.  However, since 
camera trap data revealed higher abundance for the coati and agouti on the research 
trail, it is likely that data from the transect walks were influenced by researcher 
presence and there are actually more individuals of these species in the area of the 
research trail.  Since the camera traps were positioned only to capture terrestrial 
mammals, the data on howlers reflect only personal sightings and therefore may only 
represent bolder individuals.  Also, two of the three howler sightings on the tourist 
trail occurred after the troops had been pointed out to tourists by a guide, and I cannot 
know whether I would have missed these on my own, so I may have similarly missed 
groups of howlers on the research trail. 
 
These findings indicate that tourist traffic does negatively impact mammal diversity 
and abundance.  Further research should be done over a longer span of time and over 
a larger area. Comparison of data from transect walks with data from camera traps 
indicates that all mammal species are less common in areas with heavier tourist 
presence. Camera traps seem to be a better method for evaluating diversity and 
abundance because the effect of researcher presence and the bias toward bolder 
individuals are eliminated.  Of course camera traps have limitations as well, as they 
only capture terrestrial mammals.  Visual transects will have to suffice in this case, 
unless better methods are developed. 
 
As the ecotourism industry grows, it is increasingly important that the ecological 
impacts of this industry be evaluated.  These findings on the negative impacts of 
tourism on mammal diversity and abundance should be considered in the planning 
and management of ecotourist destinations, for conservation’s sake and for the 
viability of an industry whose consumers pay to see wildlife.  Tourist access to 
protected areas should be strictly controlled and limited as is being done in the 
Monteverde Cloud Forest Reserve to ensure that the ecological costs do not outweigh 
the economical and educational benefits of ecotourism, so that future generations can 
continue to learn about and appreciate nature. 
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