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Venation Direction and Efficiency of Drip-Tip Water 
Shedding and Drying Abilities in Piper Leaves 

MaKenzie Gee 
Department of Biology, Indiana University – Bloomington 

 
ABSTRACT 

Plants’ leaves display morphological differences that may have evolved to deal with heavy rainfall and high 
humidity. Some of these morphological differences include drip tips and venation patterns. It has been hypothesized 
that drip tips impact leaves’ ability to shed water and dry. Tests of this hypothesis have produced mixed results 
suggesting there may be another morphological characteristic, such as venation, that impacts the efficiency of drip 
tips. This study looks at the impact different venation patterns can have on the ability of the drip tip to shed water 
and dry the leaf using two Piper species with contrasting venation patterns. Water was dropped onto a leaf and 
allowed to drain off for 15 seconds determining if venation impacts amount of water shed. Once water shed was 
determined, leaves with both venation patterns were submerged into water and then allowed to dry to determine if 
the amount of time needed for drying is impacted based on venation. It was found that leaves with venation towards 
the tip do not shed more water when compared to leaves with venation towards the edge. However, leaves with 
venation towards the tip dry in half the time compared to leaves with venation towards the edge. Though both leaves 
shed the same amount of water, the overall time it took for the leaves to dry was significantly different. Instead of 
looking solely at the function of a drip tip, the interaction between the drip tip and with other morphological 
characteristics is important to study in order to asses overall plant fitness. 

RESUMEN 
Las hojas de las plantas muestran diferencias morfológicas que pueden haber evolucionado para lidiar con la fuerte 
lluvia y la alta humedad.  Algunas de estas diferencias morfológicas incluyen las puntas de goteo y patrones de 
venación. Se ha predicho que las puntas de goteo impactan la habilidad de las hojas de arrojar agua y secarse. 
Pruebas de estas hipótesis han producido resultados mixtos sugiriendo que pueden haber otras características 
morfológicas, como la venación, que impacta la eficiencia de las puntas de goteo.  Este estudio se basa en el impacto 
de diferentes patrones de venación pueden tener en la habilidad de las hojas para arrojar agua y secarse usando dos 
especies de Piper con patrones de venación contrastantes. El agua fue puesta en las hojas y se les permitió secarse 
por un período de 15 segundos para determinar si la venación impacta la cantidad de agua drenada.  Una vez que se 
determinó el agua drenada, las hojas con ambos patrones de venación se sumergieron en agua y se les permitió 
secarse para determinar si el tiempo necesario para el secado sufre un impacto por la venación. Se encontró que las 
hojas con venación hacia la punta no drenan más agua cuando se comparan con las hojas que tienen la venación 
hacia el borde. Sin embargo, las hojas con venación hacia la punta se secan en la mitad del tiempo al compararlas 
con las hojas con la venación hacia el borde. Aunque ambas hojas drenan la misma cantidad de agua, el tiempo total 
que les toma para secarse fue significativamente diferente.  En lugar de basarse únicamente en la función de las 
puntas de goteo, la interacción entre las puntas de goteo y otras características morfológicas son importantes para 
estudiar en orden de determinar el éxito general de la planta 

INTRODUCTION 
Plants’ leaves display multiple morphological differences across taxa that may have evolved to 
help the plants deal with environmental stresses, such as heavy rainfall and high humidity (Dean 
& Smith 1978). In cloud and rain forests, wet forests in general, there is persistent moisture that 
washes over the surface of leaves keeping the leaves constantly moist (Hager 2010). When water 
is gathered on the top surface of the leaf, it can reduce the efficiency of photosynthesis and 
increase the likelihood of epiphyll growth (Coley & Kursar 1996). Epiphylls are a type of 
epiphyte that use the moisture gathered on the upper surface of leaves to colonize and grow. 
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They can potentially impact the fitness of their host plant by reducing the amount of light that 
reaches the plant’s surface or competing with the leaf for nutrients that are found within the 
precipitation (Sand-Jensen 1977). Leaves found in wet forests exhibit particular morphologies 
that may help reducing leaf wetness and therefore epiphyll growth (Lightbody 1985, Sack et al. 
2005). One of the most noticeable morphological aspects on leaves that may ameliorate the 
problems described above is the presence of drip tips.  

A drip tip is an acuminate structure that is located at the end of the leaf (Richards 1996). 
It has been hypothesized that the presence of drip tips increases the amount of water that is shed 
off leaves and decreases drying time which can increase the fitness of the plant by decreasing the 
likelihood of epiphylls and preventing necrosis (Lightbody 1985, Richards 1996, Coley & Kursar 
1996). Tests of these hypotheses have produced mixed results. While many studies support these 
hypotheses, Shreve (1912, cited in Richards 1996) found that the removal of drip tips did not 
influence the rate the leaf shed water and dried. The lack of consistent results between studies 
indicates that other morphological factor may also influence drying rates.  

Along with the presence of drip tips, venation patterns can also serve a function to 
increase the fitness of the plants in tropical ecosystems (Roth-Nebelsick et al. 2001). Depth, 
direction, and density are all characteristics that can be used to help determine different venation 
patterns found in leaves. Since venation creates channels that are available for the movement of 
water, it has been hypothesized that deeper, denser venation can aid in the shedding of water 
(Roth-Nebelsick et al. 2001). To my knowledge, the interaction between drip tips and venation 
patterns in the water shedding and drying abilities in various plants has not been studied. 

In this study, I test the effect venation can have on the ability for drip tips to shed water 
and dry. Venation patterns are flexible and can differ between many plant families (Fujita & 
Mochizuki 2006). This study uses the genus Piper, which is a common understory plant found in 
the tropics that contains both drip tips and a wide variety of venation patterns (Lightbody 1985). 
Two different Piper spp with two contrasting venation patterns  are used in this study are based 
on direction and correspond to two different species. One goes towards the drip tip while the 
other goes towards the edge of the leaf (Figure 1). If venation helps in the shedding of water, 
then leaves containing the venation going towards the drip tip should be more efficient at 
shedding water and drying.  

  
Figure 1: Two Piper species with contrasting venation patterns. The leaf on the left has 

secondary veins that go towards the edge of the leaf. The leaf on the right has secondary veins 
that go towards the tip of the leaf. 
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METHODS 
Study Sites 

This study was conducted in a tropical premontane rain forest at the Monteverde 
Biological Station (1540 m) in Costa Rica from 21 October 2019 through 10 November 2019. 
The mean annual temperature is 18.5°C; the mean annual precipitation is 3191 mm plus an 
additional 886 mm of wind-driven cloud water and precipitation (Clark et al. 2000). 

Leaf Selection 

 Piper plants were selected from the edge of the forests. The leaves had to contain a drip 
tip and petiole. The leaves could have no sign of herbivory or epiphyll growth. The surface area 
of the leaves was kept as constant as possible.  

Testing Water Shed 

Leaves were sampled from ten individuals, five individuals for each venation type. The 
leaves were gathered and taken immediately to the lab for testing. The length (excluding drip tip) 
and width of the leaf was measured and then used to calculate the leaf’s surface area. The length 
of the drip tip and depth of the venation were also measured. The apparatus used is shown in 
figure 2. The leaves were kept at a constant angle of 30° during the experiment. Three grams of 
water were taken up into a pipette and held 29 cm above the leaf. The water was dropped in the 
middle of the leaf dropwise until all water was released from the pipette. The water was drained 
for 15 seconds after the last drop of water. The amount of water shed was weighed. This was 
repeated on both the left and right sides of the leaf to mimic water naturally dropping from the 
canopy. After the three measurements, the drip tip was cut off following Dean and Smith’s 
(1978) protocol (Figure 3). The above procedure for testing water shed was repeated on the 
leaves with drip tips cut off.  

 
Figure 2: Apparatus used to hold leaves while measuring water shedding. The leaf petiole 

was placed into the top of a clay bar allowing the leaf to lay naturally onto the support beam. 
The support beam was set to 30° keeping all leaves at a controlled angle. 
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Figure 3: A leaflet showing a prominent drip tip. The dashed line represents the location 

of the drip tip removal. This is determined by locating where the central vein of the leaf starts to 
disappear (Dean & Smith 1978).   

Testing Drying 

Leaves were sampled from ten individuals, five individuals for each venation type. The 
leaves were gathered and taken immediately to the lab for testing. The same measurements and 
apparatus as in the water shed procedure were used. The leaves with different venations were 
paired together based on surface area. The leaves were simultaneously submerged into water. A 
timer was started as the leaves were taken out of the water and placed onto the apparatus. The 
amount of time it took for each leaf to dry was measured and recorded. The leaves were 
determined to be dry once the leaves went from glossy to completely matte (Figure 4).  Times 
were recorded at room temperature.  

   
Figure 4: The same leaf showing the difference between being wet and dry. The leaf on 

the left is wet shown by the glossy, reflective appearance. The leaf on the right is completely dry 
shown by the matte appearance. 
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Data Analysis 

 The amount of water shed was analyzed using only the water shed from the left point. 
This is because the datasets from the three dropping points (left, middle, and right) were highly 
correlated with each other (Pearson Correlation test: r ≥ 0.976 , p < .0001 in all cases) indicating 
that only one needed to be used for analysis. The amount of water shed was compared between 
the two venation types using a Linear Mixed Model (LMM) that acknowledged the likely lack of 
independence among leaves collected from the same plant.  A similar LMM was used to 
compare the amount of time required for the leaf to dry between venation types. Models were fit 
using the R package “nlme” and adjusted means and standard errors were calculated using the R 
package “emmeans”. All analyses were conducted in R 3.6.1 

RESULTS 
Water Shed 

In total 66 leaves were sampled, 33 leaves of each venation pattern. The length of the drip 
tip was the only variable to impact water shed (LMM: df = 1,50, F = 3426, p = .0135, Figure 5). 
The shorter drip tips shed more amount based on surface area, and this did not differ between 
species (LMM: F = 0.53, df = 1,8, p =0.49). The direction of venation did not have an impact on 
the drip tip’s ability to shed water (LMM: df = 1,50, F = 6.552, p = 0.4880). The leaves with 
venation towards the tip drained roughly the same amount of water as the leaves with venation 
towards the edge (Figure 6). Also, the amount of water shed did not differ based on the depth of 
venation (LMM: df = 1,50, F = 0.42, p = 0.52). The interaction between all variables was not 
significantly different (LMM: df = 1,50, F ≤ 2.017, p ≥ 0.1618) 

When the drip tip was removed, the amount of water shed per leaf decreased compared to 
the amount of water shed before the drip tip was removed in both venation patterns (Edge paired 
t-test: t = -15.613, df = 32, p-value < 0.0001; Tip paired t-test: t = -10.983, df = 32, p < 0.0001; 
Figure 7). 

Visual Observations: 

When the water was dropped on the leaf with venation towards the tip, the water was 
more likely to fall in the venation and follow that pathway down towards the drip tip. The drops 
that were dropped on the left and right sides of the leaf followed pathways that eventually led to 
the tip and dropped off in the middle of the leaf as well. When the water was dropped on the leaf 
with venation towards the side, the water was less likely to be shed through the drip tip. The 
drops that were dropped on the left and right sides of the leaf fell off the edge of the leaf on their 
respective side.  
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Figure 5: Amount of water shed standardized by area compared to drip tip length and separated 

by venation pattern (to tip or to edge) studied by using two different Piper species in the tropical 
premontane rain forest of Costa Rica. Each venation type is represented by 33 leaves. Each dot 
represents one single leaf studied by dropping three grams of water on to the leaf and weighing 

the amount of water shed. 

 

 
Figure 6: Amount of water shed standardized by area of leaves compared between two Piper 

species with contrasting venation patterns studied by using in the tropical premontane rain forest 
of Costa Rica. Each venation type is represented by 33 leaves studied by dropping three grams of 
water onto the upper surface and weighing the amount of water shed. Means are presented with 

one standard error. 
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Figure 7: Amount of water shed standardized by area by two different venation patterns with and 
without a drip tip present studied using two different Piper plants in the tropical premontane rain 

forest of Costa Rica. Each venation type is represented by 33 leaves. Each line represents one 
leaf studied by dropping three grams of water on to the leaf and weighing the amount of water 

shed with and then without the drip tip.  

Drying 

In total 84 total leaves were sampled, 42 leaves of each venation pattern. The direction of 
venation was found to impact the drip tip’s ability to dry (LMM: df = 39, F = 437, p < .0001). 
The leaves with venation towards the tip dried in roughly half the time it took for the leaves with 
venation towards the edge to dry (Figure 8).  

 
Figure 8: Amount of time it took to dry standardized by area of leaves compared between two 

different venation patterns studied by using two different Piper species in the tropical 
premontane rain forest of Costa Rica. Each venation type is represented by 42 leaves studied by 
submerging leaves of similar surface areas into water and recording the amount of time for the 

leaf to completely dry. Means are presented with one standard error. 
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DISCUSSION 

The direction of venation had no impact on the amount of water shed quantitatively. 
Based on qualitative observations, the venation towards the tip increased the likelihood that the 
water would be drained through the drip tip as opposed to the sides of the leaves. The density 
and direction of the venation creates channels that are used for the movement of water (Roth-
Nebelsick et al. 2001), so venation morphology has a mechanical function. Venation direction 
could impact the effectiveness of the drip tips function of shedding water but in this study, both 
venation patterns shed the same amount of water. It was the presence of a drip tip and the drip 
tips length that ultimately impacted the amount of water shed. It was observed that the longer 
drip tips encouraged water to linger at the tip for longer as opposed to the shorter drip tips. With 
only 15 seconds to shed water, it was more likely the shorter drip tips would shed the water when 
compared to the longer drip tips. The water would gather and linger on the longer length drip tips 
as opposed to the shorter ones. This is why in those 15 seconds, the shorter drip tips shed the 
most water. The drip tip function is to increase the amount of water shed so the effectiveness of 
photosynthesis is as high as possible in understory plants that have low light as a stress for 
fitness (Lightbody 1985). The different lengths of drip tips allowed for different amounts of 
water to be shed, but both venation patterns shed equal amounts of water. It has been found that 
high amounts of water shed does not impair the growth of epiphylls (Lücking & Bernecker-
Lücking 2005). In the end, water remains on the leaf blade leaving the surface moist. Therefore, 
the leaf’s ability to dry in a timely manner is very important.  

While venation did not play a role in the shedding of water, it did impact the time needed 
for drying. The leaves with venation towards the tip dried in half the time (14 minutes) compared 
to the leaves with venation towards the edge (29 minutes). One previous study using 
Machaerium plants found that when water was drained towards the drip tip, the amount of water 
retained on the upper surface of the leaf and the total drying time was reduced significantly 
(Dean & Smith 1978). This increased the growth rate of the leaf which increases the average 
surface area and drip tip length in leaves with deeper venation that goes towards the tip (Sack & 
Scoffoni 2013). In the cloud forest, there is a persistent mist that keeps the leaves of understory 
plants wet for long periods at a time (Hager 2010). The morphology of having the venation 
towards the tip decreases the amount of time needed to dry the leaf. This decrease can potentially 
be adaptive by increasing the fitness of the plant through an increase in the effectiveness of 
photosynthesis, a decrease in the likelihood of epiphyll growth, and by lowering the chance of 
necrosis leading to death (Ivey & DeSilva 2001). 

It has been hypothesized that the deeper venation could also have a negative effect on the 
overall fitness of the plant by aiding in epiphyll dispersal (Monje-Nájera and Blanco 1995). This 
could explain why the Piper species with venation towards the edge has not evolved this 
venation pattern. The study used artificial leaves and found that the ones with deeper, denser 
venation were better at shedding water and drying (Monje-Nájera and Blanco 1995). However, 
these leaves contained more epiphyll growth than the leaves with lesser venation (Monje-Nájera 
and Blanco 1995). The authors hypothesized that this is because the effective movement of water 
increases the dispersal of these epiphylls increasing their growth (Monje-Nájera and Blanco 
1995). While there is the benefit of faster drying, this dispersal of epiphylls could be a cost that 
causes plants not to adapt more extreme venation patterns. It was observed that both venation 
patterns used in this study contained little to no epiphyll growth. The effective drying could 
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inhibit epiphyll growth in the plants with deep venation towards the tip, while the lack of 
epiphyll dispersal decreases epiphyll growth in plants with shallower venation towards the edge. 

The pattern of venation towards the drip tip was found to not impact the amount of water 
that is shed from the upper surface of the leaf. However, the venation patterns impacted the total 
drying time for the leaf. This shows that the interaction between venation and drip tip could 
significantly increase the fitness of the plant. Instead of looking solely at the function of a drip 
tip, the interaction between the drip tip and with other morphological characteristics is important 
to study.  Nevertheless, this deep venation pattern could also harm the plant by increasing the 
dispersal of epiphylls. These costs and benefits explain why there is such a diversity in plant 
morphology within and across many different species. 
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ABSTRACT 
Larvae from the swallowtail family Papilionidae exhibit colorations that are believed to prevent predators 
from detecting, either by mimicking specific objects uninteresting to predators or by mimicking the 
background environment. They also share a common chemical defense in the form of V-shaped organ, the 
osmeterium, that everts when a caterpillar is disturbed, producing producing an odiferous chemical 
secretion. It has been hypothesized that osmeterial secretions deter predators, particularly insects in early 
stages and vertebrates in late stages. Studies that have tested these hypothetical functions have produced 
conflicting results. In this study, clay caterpillars were modeled after fifth instar larvae of the mimetic 
species (Heraclides thoas, whose larvae represent a bird dropping) to test the efficacy of their coloration 
and osmeterial secretion at deterring predators. Green caterpillars were made as controls and osmeterial 
secretion was applied to half of the caterpillars of each coloration during 9 days but not applied during the 
following 9 days, as control. After 9 days in the field, vertebrates and invertebrate predators predated on 
twice as many caterpillars without secretion than with, this difference disappeared when the osmeterial 
secretion was not applied. During the second data collection period, four times as many invertebrate attacks 
were counted. The frequency of attacks was the same on both color types during both study periods. 
Osmeterial secretion was found to be effective at predator deterrence for both invertebrates and vertebrates, 
whereas coloration was not an effective defense mechanism. It is possible that primary defense mechanisms 
come to be a lower energy cost to organisms in comparison to their secondary counterparts, because 
secondary mechanisms apply to a larger variety of predators.  
 
RESUMEN 
Larvas de la familia Papilionidae exhiben coloraciones que se cree que evitan ser detectados por 
depredadores, ya sea mimetizando objetos específicos que no son interesantes para depredadores o 
mimetizando el ambiente. Estas larvas también comparten una defensa química en común en el órgano 
osmaterio, que es expuesta cuando la larva es molestada, produciendo una secreción química olorosa. 
Existe la hipótesis que esta secreción proveniente del osmaterio aleja depredadores, particularmente 
insectos durante los estadíos tempranos y vertebrados durante los estadios tardíos de las larvas. Estudios 
que han evaluado las funciones de esta hipótesis han generado resultados contradictorios. En este estudio, 
larvas de plastilina fueron creadas a partir de larvas en el quinto estadío de la especie mimética Heraclides 
thoas (donde la larva aparenta ser heces de aves), para probar la eficiencia de esta coloración y la secreción 
del ormaterio en alejar depredadores. Larvas verdes también fueron creadas como control y la secreción 
proveniente del osmaterio fue aplicada a la mitad de cada coloración de las larvas durante 9 días, pero no 
fueron aplicadas en los siguientes 9 días, como control. Después de 9 días en el campo, depredadores 
vertebrados e invertebrados atacaron el doble de larvas sin la secreción que con la secreción, esta diferencia 
desapareció cuando la secreción del osmaterio no fue aplicada. Durante el segundo periodo de colecta de 
datos, fueron contados cuatro veces más ataques de invertebrados. La frecuencia de ataques fue la misma 
para ambos tipos de coloraciones durante los dos periodos del estudio. La secreción del osmaterio demostró 
ser efectiva para alejar depredadores tanto vertebrados como invertebrados, mientras que la coloración no 
fue un mecanismo de defensa efectivo. Es posible que los mecanismos de defensa primarios llegan a 
presentar un costo menor de energía para los organismos en comparación con los mecanismos secundarios, 
debido a que los mecanismos secundarios aplican para una variedad mayor de depredadores.  
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INTRODUCTION 
Animals have evolved primary and secondary mechanisms to avoid or deter predation 
(Evans & Schmidt 1990, Abrams 2000). Primary defense mechanisms avoid eliciting an 
attack response by the predator, through avoiding direct contact, avoiding detection, or  
advertising unsuitability as prey item (Lederhouse 1990). Prime examples of the latter 
two mechanisms include crypsis, mimesis, and aposematism (Lederhouse 1990). Cryptic 
animals avoid detection by matching the color and pattern of their body with those of the 
background, whereas mimetic organisms avoid predator detection by resembling specific 
objects such as a leaf, twig, or objects uninteresting to their predators (such as bird 
droppings) (Endler 1981). Alternatively, aposematic species are usually chemically 
defended and display their unpalatability through warning coloration to predators that 
learn to avoid harmful prey (Gaitonde et al. 2018). Secondary defense mechanisms come 
into play after prey has been detected a predator, such as armored body surfaces, 
behaviors (e.g. playing dead), or distasteful body surfaces through the use of various 
glands and their secretions (Lederhouse 1990). Most animals avoid predation through a 
combination of both mechanisms (Lederhouse 1990). 

Larvae of the order lepidopteran are often subject to heavy mortality as a result of 
predation from many invertebrates and vertebrates (Low et al. 2014). The list of 
predators includes: ants, flies, wasps, spiders, as well as insectivorous birds, mammals, 
and reptiles (Low et al. 2014).  As a result, lepidorteran larvae have evolved multiple 
primary and secondary defense mechanisms to avoid predation (Lederhouse 1990).  

The swallowtail family (Papilionidae), exhibit unique combination of primary and 
secondary antipredator mechanisms (Gaitonde et al. 2018) that exemplify the diversity of 
defenses found in lepidoptera. The patterns, color, and morphology of Papilionidae larvae 
differ among species and larval stages. Some larvae mimic bird droppings, whereas 
others are snake-like in appearance with false eyespots. Cryptic colorations are typically 
green or brown with various patterns including mottled or striped (Omura et al. 2006). 
Some species display one type of coloration (such as cryptic or mimesis) during early 
instar stages, but change to aposematic coloration by the last instar stage (Omura et al. 
2006). Caterpillars of the Papilio family also possess a unique secondary defense 
mechanism: a bright orange structure, located on the prothorax, called an osmeterium. 
When a caterpillar is disturbed, the osmeterium, which is normally hidden in a slit-like 
integumental fold, will evert outwards forming a Y-shape (Frankfater et al. 2009). The 
exocrine glands that make up this structure will then exude an odiferous secretion. In 
some species of Papilio the chemical composition of this secretion changes between the 
early and final instars (Hanson & Nishida 2016). In instars one through four, the secretion 
consists primarily of terpenoids, which are believed to deter various insects (mainly ants) 
(Eisner et al. 1970). In instar five, the chemical secretion is primarily composed of 
methylbutyric and isobutyric acids, which give off a rancid odor and are believed to deter 
ants, parasitoid wasps and flies, spiders, and vertebrates (DeVries 1987). The reason for 
this change is not fully known, however it has been hypothesized that that the change in 
chemical compound is a response to changes in potential predators throughout the life of 
the larvae (Damman 1986).  

The hypothetical function of primary and secondary defenses in Papilionidae 
larvae have not been fully demonstrated. Experimental studies have shown that birds 
ignore or reject unpalatable Papilio larvae with warning colors, but previous studies have 
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found that both cryptic and mimetic larvae in this family are readily consumed by birds 
(Leslie and Berenbaum 1990, Stefanescu 2000). In the case of the osmeterial secretion, 
specific studies on its function have found mixed results, especially with regards to the 
type of predator deterred by it.  There is substantial evidence that the osmeterium and its 
secretions are an effective defense against invertebrate predators (Berenbaum et al. 
1992). Eversion of the osmeterial gland is conclusively effective in reducing predation by 
ants and small spiders (Damman 1986), and its chemical components have been shown to 
repel or kill ants (Eisner & Meinwald 1965; Honda, 1983), mantids (Chow & Tsai 1989), 
and soldier bugs (Berenbaum et al 1992). The evidence surrounding the efficacy of 
osmeterial defense against vertebrate predators is unclear (Frankfater 2009; Järvi et al. 
1981; Honda 1983; Leslie & Berenbaum 1990). Vertebrate predators significantly 
predated on larvae of the fourth instars compared to the fifth instar a Papilio butterfly 
(Frankfater 2009), which supports the hypothesis that the secretion in late instars deters 
vertebrates (DeVries 1987).  On the other hand Papilio larvae without osmeteria were as 
effective in deterring an avian predator (great tits) as were larvae with osmeteria, 
regardless of instar (Järvi et al. 1981). Additional studies are necessary to clarify 1) the 
efficacy of mimetism and crypsis in Papilio, and 2) the role of late instar osmaterial 
secretion in deterring vertebrate predators.  

In this study, I used plasticine caterpillars to quantify the efficacy of mimetism 
and osmeterial secretion on deterring vertebrate predators in the field. Caterpillars were 
modeled after the fifth instar larvae from the king swallowtail (Hericlides thoas), whose 
mimetic larvae resemble a large bird dropping ((Da Graça & Nunes-Gutjahr 2014). 
Control caterpillars were modeled with green clay to appear palatable and undefended 
(Howe et al. 2009; Low et al. 2014). Osmeterial secretion from the fifth instar H. thoas 
was applied to half mimetic and half control plasticine caterpillars. This experimental 
design allowed simultaneous evaluation of the efficacy mimesis (primary defense) and 
osmaterial secretion (secondary defence) against both vertebrate and invertebrate 
predators in the field.  

 
 
METHODS   
Study Organism  
Hericlides thoas, also known as the king swallowtail butterfly, is a widely distributed 
neotropical butterfly found from Southern United States through Central and South 
America, Cuba, Jamaica and Trinidad (DeVries 1987). This species is found in many 
different habitats including: rainforest, deciduous forest, orchards and suburban zones at 
altitudes between 0-1200m (Low et al. 2014). The preferred host plant of this swallowtail 
are from the family Piperaceae; they are known to feed on at least 10 species of Piper 
(DeVries 1987). The larval stage of this butterfly is approximately 30 days and consists 
of 5 instar stages (Da Graça & Nunes-Gutjahr 2014). All larval stages are identified to be 
mimetic and resemble bird droppings (Da Graça & Nunes-Gutjahr 2014). Instar one are 
identified by a dark grey body mottled with white, and appear to look ‘fuzzy’ and are 
between 5-8mm in length.  Instar two of this caterpillar are identified by a mainly 
green/brown body mottled with white and are between 12-14 mm in length. Instar three 
was identified by having a mainly black body mottled with white and are between 17-
20mm in length. Instar four grows between 30-33 mm and can be identified by a mainly 
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black body mottled with white and brown. Fifth instar grow to approximately 45mm and 
have a dark grey body mottled with white and brown (Da Graça & Nunes-Gutjahr 2014).  
 
Study Site  
Data was collected from the week of October 28th to the week of November 18th. The 
experiment was conducted in the tropical lower montane wet forest at 1500m elevation 
surrounding the Biological Station in Monteverde, Costa Rica. Plasticine caterpillars 
were placed along the Quebrada Maquina trail from the lower lab of the station down to 
the stream. Approximately 400m of trail was covered.  
 
Caterpillar care  
Larvae from various instar stages were obtained by a commercial provider. Larvae from 
each instar were kept separate, reared in plastic bags with leaves from Piper auritum. 
Additional vegetation such as twigs were placed in the plastic bags. Plastic bags were 
kept out of direct sunlight and in a cool, shaded area to avoid overheating.  
 
Model preparation and experimental setup  
A total of 200 clay caterpillars were modeled: 100 representing the mimetic larvae of H. 
thoas (black, white, and brown clay), and 100 made from green clay (Figure 1). All clay 
caterpillars were a length of 45mm to model the 5th instar stage of caterpillars. Mimetic 
and green caterpillars were then split into groups of 50, for a total of four groups: 
mimetic with secretion, mimetic without secretion, green with secretion, and green 
without secretion.  

Fifty mimetic and fifty green caterpillars received the osmeterial secretion. Larvae 
from the 5th instar of H. thoas was provoked with a variety of methods: squeezing, 
poking and prodding. Once the osmeterium was everted, the caterpillar was placed into a 
plastic bag and the osmeterium was spread on the inside of the bag. This procedure was 
repeated with another caterpillar of the same instar to ensure that the scent was both 
strong and non-unique in the same bag. Fifty clay caterpillars (either green or mimetic) 
were then placed into the plastic bag and shaken for approximately 30 seconds to ensure 
that the scent had coated each caterpillar. The steps were then repeated with the same 
larvae that were used for the previous caterpillars, in a new plastic bag, with the other 50 
caterpillars. Caterpillars were placed in the field, spaced a minimum of 2 meters apart and 
a maximum of 3 meters apart in length along a forest trail, threaded with thin, brown wire 
to allow attachment and for ease of presentation. Flagging tape was placed on the 
surrounding vegetation so that caterpillar placement sites could be found later, but not in 
direct eye line of the caterpillar (approximately 1 meter away from the caterpillars). 
Caterpillars were placed alternating each of the four groups: mimetic without secretion, 
green without secretion, mimetic with secretion, green without secretion. 

Caterpillars were checked for attack marks every three days, three times, for a 
total of 9 days. Attacked caterpillars were removed and were not replaced. Caterpillars 
that were missing from their wires were searched for and in the case that they had fallen 
were observed for marks. Missing/fallen caterpillars were considered as attacked and 
were not replaced either. Osmeterial secretion was obtained as described above and 
reapplied in the field to the same caterpillars that initially were coated with secretion, on 
the same days the caterpillars were checked for marks (i.e. every three days for 9 days). 
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After the third data collection date, the osmeterial secretion was no longer applied to 
produce a control period (no longer having the secretion), to evaluate if the caterpillars 
that had the secretion before would get attacked on future days. Remaining caterpillars 
were checked for marks nine days later, for a total of 18 days of data collection. 

 Marks were categorized into vertebrates and invertebrates following Low et al. 
(2014). Small puncture wounds, small shallow scratches and surface level marks were 
identified as invertebrate predation (Figure 2 letters A-H). Deeper scratches, gouges, 
visible teeth marks, and other severe damage (such as dismemberment) were categorized 
as vertebrate predation (Figure 2 letters I-R).  

 
Figure 1: Plasticine caterpillars set up in the lower montane wet forest of Costa Rica on 
twigs with brown wire. Pictured left is a control caterpillar, modeled in green clay to 
appear palatable and undefended. Pictured right: experimental (mimetic) caterpillar, 
modeled after 5th instar larvae of swallowtail H. thoas, which mimic a bird dropping. 
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Figure 2: Examples of typical attack marks on plasticine caterpillars from arthropods 
(A–H), birds (I–M), mammals (N–P), and reptiles (Q–R) (Low et al. 2014). 
 
 
RESULTS  
Plasticine caterpillars were readily attacked and/or taken. In the first 9 days of data 
collection a total of 56 plasticine caterpillars were attacked out of the 200 that were 
available. There were significantly more attacks to caterpillars without secretion (twice as 
many) independent of their color (Figure 3) (χ2= 12.43, df= 3 p = 0.01). Mimetic and 
green caterpillar were attacked with similar frequency (χ2= 0.29, df= 1, p = 0.59). In the 
second nine days of data collection a total of 60 plasticine caterpillars were attacked out 
of the remaining 144. The distribution of attacks by color and presence/absence of 
osmeterial secretion was different between the two nine-day collection periods (χ2= 
10.64, df= 3, p = 0.014). In the case of the second period, the number of caterpillars 
attacked was similar between the four combinations of color and osmeterial presence 
(Figure 4) (χ2= 2.53, df= 3, p = 0.47). In general, the frequency of attacks was similar 
between mimetic and green caterpillar attacks (χ2= 1.67, df= 1, p = 0.20). When the totals 
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per group were compared against each other for the first data collection period with 
secretion against the collection period without secretion, statistical significance was 
found (χ2= 10.64, df= 3, p = 0.014). 
 Almost equal numbers of invertebrate and vertebrate attacks were observed 
during the first 9-day observation period. Within invertebrate attacks, over twice as many 
attacks occurred on caterpillars without secretion than on caterpillars with secretion 
(Figure 5). Within vertebrate attacks, over twice as many attacks occurred on caterpillars 
without secretion than caterpillars with secretion (Figure 6). The pattern is the same 
between both vertebrate and invertebrate predators (χ2= 0.02, df= 1, p = 0.89). When 
predation types were compared between the two data collection periods, it was observed 
that after I stopped applying secretion to the caterpillars that had it during the first days of 
observation, many more invertebrate attacks occurred on those caterpillars on the second 
9-day period compared to the first 9-day period. Less than half as many vertebrate attacks 
were recorded after secretion stopped, in comparison to when secretion was applied 
(Figure 7). During the second data collection period, four times as many invertebrate 
attacks occurred in comparison to vertebrate attacks (Figure 8). A total of 116 caterpillars 
were attacked during the 18-day collection period, over half of the 200 caterpillars 
available.  

 
Figure 3: Plasticine caterpillars attacked during the first data collection period, while 
osmeterial secretion was applied (9 days) in a tropical lower montane wet forest of Costa 
Rica at 1500m elevation. Mimetic plasticine caterpillars were modeled after 5th instar of 
H. thoas (which mimic a bird dropping), and control caterpillars were modeled green to 
appear palatable and undefended. Osmeterial secretion came from 5th instar larvae of 
swallowtail H. thoas. 
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Figure 4: Plasticine caterpillars attacked during second data collection period after 
osmerial secretion stopped (9 days) in a tropical lower montane wet forest of Costa Rica 
at 1500m elevation. Mimetic plasticine caterpillars were modeled after 5th instar of H. 
thoas (which mimic a bird dropping), and control caterpillars were modeled green to 
appear palatable and undefended. No osmeterial secretion was applied during this data 
collection period.  
 
 

 
Figure 5: Invertebrate predator attacks on plasticine caterpillars observed during the first 
data collection period (9 days) in a tropical lower montane wet forest of Costa Rica at 
1500m elevation. Osmeterial secretion was applied from 5th instar larvae of swallowtail 
H. thoas.  
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Figure 6: Vertebrate predator attacks on plasticine caterpillars observed during the first 
data collection period (9 days) in a tropical lower montane wet forest of Costa Rica at 
1500m elevation. Secretion from 5th instar larvae of swallowtail H. thoas was used.  
 

 
Figure 7: Comparison of predator type between data collection periods (secretion applied 
and secretion stopped) on attacks on plasticine caterpillars in a lower montane wet forest 
of Costa Rica at 1500m elevation. During the first data collection period (9 days) 
osmeterial secretion from 5th instar larvae of swallowtail H. thoas was applied, during 
the second data collection period (another 9 days) osmeterial secretion was stopped.  
 

19



 

 
Figure 8: Vertebrate and invertebrate attacks that occurred on clay caterpillars during the 
second data collection period, after osmeterial secretion had stopped, in a tropical lower 
montane wet forest of Costa Rica. During this data collection period, no osmeterial 
secretion from H. thoas was applied.   
 
DISCUSSION  
More than half of the larvae were consumed during the 18-day period. Although 
lepidopteran larvae are a popular prey item in the forest because of the large range of 
predators, there is no substantial evidence on the rates of predation(Evans & Schmidt 
1990). My study concludes that this large range of predators is indeed a cause for a 
higher rate of predation.  

It has been suggested that the chemical secretion of the 5th instar of larvae is 
helpful in deterrence of many invertebrate predators, and there is less evidence to suggest 
its efficacy at deterring vertebrates (DeVries 1987). I found that osmeterial secretion was 
significantly effective at deterring predation in general, and presents a trend that suggests 
the secretion is also effective at deterring both invertebrate and vertebrate predation. This 
is congruent with many previous studies that have found that osmeterial secretion is 
effective at deterring predation from invertebrates (Eisner & Meinwald 1965; Honda 
1983; Chow & Tsai 1989; Berenbaum et al. 1992). This is also congruent with a study 
that found that green anoles (Anolis carolinensis) predated more often larvae of the fourth 
instars compared to the fifth instar of the tiger swallowtail (Papilio glaucus) (Frankfater 
2009). Other studies have concluded the ineffectiveness of the osmeterium as a defense 
against various avian predators. This is because, from the observations of these studies, 
the osmeterium was rarely seen to have been everted towards predators, even as the 
caterpillar was attacked (Järvi et al. 1981, Leslie & Berenbaum 1990, Stefanescu 2000). 
In my own experience handling the caterpillars, it was very difficult to get them to evert 
their osmeterium, even after heavy poking and prodding. It is possible that the scent is 
effective at deterring predators, but it must be everted in order to conclude this.  

I also found that coloration (specifically mimesis) did not play a significant role in 
predator deterrence. Vertebrate (predators that use visual cues) readily attacked 
caterpillars regardless of their coloration. This was also found by Leslie and Berenbaum 
(1990) who found that Papilio glaucus was readily consumed by an avian predator 
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regardless of coloration (early instar resemble bird droppings, but late instar larvae are 
green and snake-like in appearance- both stages display mimesis), in comparison to 
Papilio polyxenes (whose early instar resembles a bird dropping but late instar that 
displays aposematism) that was rejected at both instar stages. They hypothesized that 
predation was a result of larval diet, not a product of coloration. P. polyxenes (rejected 
larvae) is an oligophagous organism, and oligophagous organisms are known to sequester 
toxins from their food. P. glaucus, on the other hand, is polyphagous and has the same 
diet as P. polyxenes, but is not demonstrably distasteful, indicating that it does not 
sequester toxins from its diet (Leslie & Berenbaum 1990). Jarvi and co-scientists (1981) 
suggest that aposematic coloration in caterpillars does not come at a high energy cost. 
From my experiment, this same concept could be expanded to organisms that display 
mimetic coloration. Caterpillars experience predation from a wide variety of enemies, 
each which can respond differently to coloration (some use visual cues, some do 
not)(Lederhouse 1990). If coloration acts as a successful primary defense for some 
predators, but not for others, it is likely that it comes at low energy cost. Considering this, 
the organism can allot more energy to the development of different defenses, including 
ones that involve chemicals, which have proven to be effective at deterring a wide variety 
of predators, as seen in my study and others (Leslie & Berenbaum 1990).  

The range into which caterpillars were placed was approximately 400m, a 
relatively small area. The home ranges of many species of the neotropics range anywhere 
from just fifty meters up to a thousand (this is largely dependent on specific species) 
(Robles & Halloy 2009,Whitacre 2013) . This makes it feasible that vertebrate predators, 
such as birds or lizards, could have visited the same caterpillars over time. After learning 
that my caterpillars were not palatable, vertebrate predators could have learned to avoid 
them, which would explain the decrease in vertebrate predators found from first to second 
data collection period. Invertebrate attacks increased from first data collection period to 
second data collection period and this was due to the lack of secretion. Howe and co-
scientists (2009) found that the majority of predation in the natural environment towards 
caterpillars is conducted by arthropods, and this is congruent with what I found in my 
study. Arthropods that remain to be dangerous predators for caterpillars in the fifth instar 
include parasitoid wasps and flies (Howe et al. 2009). DeVries reports that the chemical 
composition in the fifth instar of Papilionidae larvae is said to deter parasitoid 
wasps/flies, ants, and vertebrate predators. As the osmeterial scent dissipated after it was 
no longer being applied, invertebrate predators (that mainly use chemical detection cues) 
would be more willing to attack caterpillars.  

This study furthers the research conducted about swallowtail larvae and the 
effectiveness of their defense mechanisms. Larvae of this family possess both primary 
and secondary defense mechanisms, that is, mechanisms that are present regardless of 
predator presence, and ones that come into play after a predator has been detected 
(Lederhouse 1990). Primary defenses primarily consists of coloration patterns including: 
crypsis (blending in with a background), mimesis (mimicking another organism), or 
aposematism (display of warning colors). Secondary defenses are associated with 
behaviors and chemical advances from these behaviors. I provide evidence that the 
osmeterial secretion in fifth instar larvae, a secondary defense mechanism, is effective in 
deterring invertebrate predation, as well as vertebrate predation in the field. On a larger 
scale, this helps us understand antipredator mechanisms. Primary mechanisms, 
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specifically coloration, may prove to be less effective in predator deterrence in 
comparison to secondary mechanisms. Coloration as a mechanism only applies to 
organisms that use visual cues to detect their prey, and does not include the wide variety 
of organisms that use chemical and sensory detection. Secondary mechanisms, mainly 
chemical defenses, apply to a larger variety of predators because even organisms that 
mainly rely on visual cues i.e. birds can learn to avoid chemical defenses.  
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ABSTRACT 
 
Niche partitioning is a way that organisms in an ecosystem divide their resources in order to support more species, 
and therefore biodiversity, than would be otherwise possible. This can be done in 3 different ways: spatial: resource; 
and temporal, which is when species share the same ecological niche but are active during different times with the 
most common example of this being species that have a diurnal or nocturnal counterpart. This last strategy can also 
have a less defined time periods, such as time after sunset. It has been shown, using mist nets, that certain bat 
populations in the neotropics use time periods after sunset in their niche partitioning. The goal of this study was to 
determine if this was true of bats in the Costa Rican cloud forest and to use echolocations calls to do so, as recording 
echolocation calls is more accurate as it can pick up more species than mist nets since the flight pattern isn’t 
important in picking up the echolocation frequency. Bats were recorded over the span of 3 nights in late October and 
November and it was found that certain species do seem to use temporal niche partitioning to maintain species 
diversity. Reasons for this could include diet preferences of the bat species as well as direct competition with other 
organisms, both bats and others. 
 
RESUMEN 
 
La partición de nicho es una manera en la que los organismos en el ecosistema dividen sus recursos en orden de 
soportar más especies, y por lo tanto más biodiversidad, que de otra forma no sería posible.  Esto puede llevarse a 
cabo de tres maneras diferentes: especial, recursos, y temporal, la cual es cuando las especies comparten el mismo 
nicho ecológico pero están activas durante tiempos diferentes con el ejemplo más común de estos siendo las especies 
que tienen una contraparte diurnal o nocturna.  Esta última estrategia puede también tener períodos menos definidos 
de tiempo, tales como el tiempo después del atardecer.  Se ha demostrado, usando redes de niebla, que cierta 
poblaciones de murciélagos en el neotrópico usan períodos de tiempo después del atardecer en su partición de nicho.  
La meta de este estudio fue determinar si esto es cierto para murciélagos en el bosque nuboso de Costa Rica y 
utilizar llamados de ecolocalización para determinarlo, ya que los llamados de ecolocalización es más preciso ya que 
puede detectar más especies que las redes de niebla al no ser importantes los patrones de vuelo para detectar las 
frecuencias de la ecolocalización.  Los murciélagos se grabaron durante 3 noches a finales de Octubre y Noviembre 
y se encontró que ciertas especies si parecen usar la partición de nicho temporal para mantener la diversidad de 
especies. Las razones del por que sucede esto puede incluir las preferencias en las dietas en las especies de 
murciélagos, así como una competencia directa con otros organismos, tanto murciélagos como otros. 
 
 
 
INTRODUCTION 
 
In an ecosystem there are often more species than would seem logical given the number of 
niches that ecosystem has to offer. This increased biodiversity is possible due to niche 
partitioning- a way for organisms to divide resources which allows the ecosystem to support 
more species in a single ecological than would otherwise be possible (Patterson et al. 2003). 
Niche partitioning can be done several different ways. The first is spatial partitioning, this is 
when organisms split one habitat into multiple through minor differences (Genner et al. 1999). 
An example of this is how the cichlids in lake Malawi have segregated based on the lake depth 
(Genner et al. 1999). Another method of niche partitioning is resource partitioning. This is when 
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organisms use specific resources within their habits different than those used by other organisms 
(Genner et al. 1999). An example of this is how some cichlids in lake Malawi, at the same lake 
depth, will specialize in eating different food sources, like one species eats algae off rocks and 
another filters phytoplankton out of the water (Genner et al. 1999). 
 The last method of niche partitioning is temporal partitioning. This is when organisms 
share the same realized niche and coexist by having differing activity periods from each other 
(Marti & Kochert 1995). This is most often seen in animals that have nocturnal or diurnal 
counterparts, a common example from the temperate zone being owls and hawks, with owls 
being the nocturnal counterpart to hawks (Marti & Kochert 1995). Temporal partitioning can 
also be done using less defined time periods than day and night, it could also happen during less 
defined time periods such as time after sunset (Marinho-Filho & Sazima 1989). 
 One order that has been shown in the past to use temporal niche partitioning is 
Chiroptera, more commonly known as bats. Bats have been shown to use niche partitioning in 
the neotropics (Aguiar & Marinho-Filho 2004) but the studies in Costa Rica that have worked 
with bat activity (LaVal 1970) as a whole, and not on the species level where you can start  
determining if the bats are using niche partitioning.  
 In order to test if bats in Costa Rica are using temporal niche partitioning, a method of 
detecting the bats needs to be decided upon. In past studies dealing with bat activity (Marinho-
Filho & Sazima 1989; LaVal 1970) mist nets have been used to physically catch bats, identify 
their species, and record the time they flew into the net. For this study, I decided to record 
echolocation calls instead of mist net for several reasons, the first being that I was going to 
collect data alone and retrieving the bats from the mist nets, physically identifying their species 
and recording the time the bat flew into the net, all while trying to record the times that more bats 
are flying into the nets would have been not only incredibly difficult but would also have given a 
much smaller and less precise, in terms of time, dataset. Another reason I chose to use 
echolocation calls was because I could record for entire nights as opposed to mist netting where I 
would have to piece different time periods of different nights together which allowed me to 
minimize climatic conditions as a factor in my results. Using mist nets would also have been less 
effective in that bats have been shown in the past to be able to avoid or escape mist nets (LaVal 
1970) as well as certain species have flight patterns that make them less likely to be caught in a 
mist net (Denzinger et al. 2018). One negative factor of using echolocation recordings to 
establish activity patterns is that the recording device cannot be in an area that has too much 
ambient noise as the device cannot filter the noise out. This meant that I had to record on the 
forest edge, and therefore record the type of bat most likely to be found there, insectivorous bats. 
 
METHODS 
 
STUDY SITE— Research was conducted out of a second story window facing forest edge in 
front of the Monteverde Biological Station in Monteverde, Costa Rica. Monteverde gets around 
2.8m precipitation each year and sits at about 1500m elevation thus classifying the area as the 
Holdridge life zone premontane tropical wet forest (Nadkarni & Wheelwright 2000). This site 
was chosen since there have been large amounts of bat research done here in the past (LaVal 
2004) and there have been over 20 species of bats documented in the area (Timm & LaVal 
1998). Data were collected during the end of the rainy season, end of October to November, as 
this time of year has consistent wind speeds (Nadkarni & Wheelwright 2000). Note: given the 
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time restraints of the study, moonlight intensity was ignored in favor of weather conditions, so 
the study nights were not similar in moonlight intensity (Wright 2018) 
 
DATA COLLECTION— Data were collected using an iPad mini 2 with the Wildlife Acoustics 
Echo Meter Touch Recording Device and the accompanying application, Wildlife Acoustics 
Echo Meter Touch Bat Detector. Each of the three nights selected for recording (October 30, 
November 3 and November 23) were mostly clear nights with no rainfall. The device would be 
set in a second story window with the device pointed outwards at 5:30pm where it would then 
record the bat echolocation calls as wav files throughout the night. The recordings were then 
transferred to a desktop computer equipped with Wildlife Acoustics Kaleidoscope software 
which converts the bats calls from wav files to 0 crossing files and removes files that were just 
miscellaneous noise. The 0 crossing files were then opened as spectrograms using Titley 
Scientific’s AnaLook software and individually identified according to their species using 
reference files from Richard LaVal. The time of each bat call was then recorded according to 
what species made the call and how many minutes after 5:30pm the call occurred.  
 
RESULTS 
 
In total, over the course of the three nights 2496 bat calls were identified constituting 7 different 
species (table 1). Activity peaks differed between species throughout the span of a night 
(Kruskal-Wallis chi-squared = 46.978, df = 5, p-value < .0001; Fig 1 and 2). It was found 

 that Eumops sp., and Lasirius blossevillii were 
active throughout the night with no distinguishable 
peaks in activity. Lasirius intermedius had a distinct 
peak in activity about 100min after sunset and 
Myotis sp. peaked in activity approximately 400 min 
after sunset. The other 3 species (Tadarida 
brasiliensis, Lasirius ega, & Nyctinomops 
Laticaudatus) all appear to have distinct activity 
peaks (fig 1) but these peaks were not found to be 
significant after performing post hoc tests (Mann-
Whitney U pairwise tests with Holm correction for 
multiple comparisons; Fig 2) perhaps due to a 
smaller sample size in these species. 
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ADDITIONAL OBSERVATIONS— during the course of a single night either Eumops sp. or L. 
intermedius was highly active with few appearances of the other and vice versa. 
 
 
DISCUSSION 
 
The data support that some species of neotropical aerial insectivorous bat species use temporal 
niche partitioning since there were 3 distinct activity patterns found. The patterns were consistent 
activity (A in fig 2), 100 min post 17:30 (B in fig 2), and 400 min post 17:30 (C in fig 2). 
 The consistent activity pattern was shown by L. blossevillii and Eumops sp.. Both of 
these species are generalist predators (LaVal & Rodriguez 2002) so it’s possible that they feed 
consistently through the night since food is always available to them. 
 The 100 min and 400 min post 17:30 patterns were shown by L. intermedius and Myotis 
sp. respectively. Possible reasoning for these patterns are direct competition with other species. 
For example, it was found in past studies that bats may deal with competition from some 
nocturnal birds (Fenton & Fleming 1976) which I did not monitor, so this concept would need 
further research. Another explanation is direct competition with other bats, for example it was 
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shown in the past that T. brasiliensis can emit calls that block other species of bats from properly 
receiving their own calls back, thus making it more difficult to hunt (Roeleke et al. 2018). It is 
possible that some bats may be avoiding hunting with any bat species that can do this so as to not 
waste energy fruitlessly hunting. This concept would also need more research as I had too small 
of a sample size of T. brasiliensis to make a determination. 
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ABSTRACT  
 
Eusocial insects are able to respond collectively to physical changes in the environment. Leaf 
cutter ant colonies may respond to natural bridges that impede traffic of laden ants, slowing the 
delivery of plant material to the nest. Leaf cutter colonies (Atta) in captivity respond collectively 
to a height obstacle within 24 hrs by doubling the number of ants carrying leaf fragments without 
increasing ant traffic. A field study with limited sample size found that Atta ants may increase 
traffic within 24 hrs, and speed after two days on trails that include a height obstacle. To clarify 
this contradiction in results, I placed artificial obstacles of two different roof heights, one that 
impedes the movement of laden ants and one that does not, on the foraging trails of Atta 
cephalotes colonies. I measured colony traffic levels and ant speed and marked individuals to 
detect possible recruitment from high to low obstacle trails. There was a higher level of traffic on 
low trails (mean ± standard error: 25.4 ± 4.28) than high trails (19.2 ± 4.28), with no change over 
days. I detected more trail switches from high obstacle trails to low ones. Ant speed, for both 
laden and unladen ants, increased over days, from ~0.37 ± 0.01 to ~0.4 ± 0.01, with the 
exception of during low obstacles being 0.193 ± 0.01 to 0.252 ± 0.01. These results show the 
flexibility of leaf cutter ant colonies in the field to recruit more individuals and move faster in 
response to height obstacles. 
 
RESUMEN 
 
Los insectos eusociales son capaces de responder colectivamente a los cambios físicos del 
ambiente. Las colonias de zompopas pueden responder a puentes naturales que impiden el tráfico 
de las hormigas cargadoras, disminuyendo la entrega del material de las plantas al nido. Las 
colonias de zompopas (Atta) en cautiverio responden colectivamente a obstaculos dentro de 24 
horas doblando el número de hormigas cargando fragmentos de hojas sin aumentar el el tráfico 
de hormigas. Un estudio en el campo con un número limitado de muestras encontró que las 
hormigas Atta pueden aumentar el tráfico dentro de 24 horas, y la velocidad después de dos días 
en tratamientos que incluyen obstaculos de altura. Para clarificar esta contradicción de 
resultados, coloqué obstaculos artificiales de dos alturas diferentes, una que impide el 
movimiento e las hormigas cargadoras y otras que no, en los senderos de forrajeo de las colonias 
de Atta cephalotes. Medí el tráfico de las colonias y la velocidad de las hormigas y marqué 
individuos para detectar un posible reclutamiento de los senderos con obstaculos grandes a los 
bajos. Hay un mayor nivel de tráfico en los senderos de obstaculo bajo (promedio ± error 
estándar: 25.4 ± 4.28) que los obstaculos altos (19.2 ± 4.28), con ningún cambio entre días. 
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Detecté más cambios de sendero de los obstaculos altos que aquellos de bajos. La velocidad de 
las hormigas, tanto para las hormigas cargadoras como las no cargadoras, aumentando sobre los 
días, de ~0.37 ± 0.01 to ~0.4 ± 0.01, con la excepción de aquellos durante los obstaculos bajos 
siendo 0.193 ± 0.01 to 0.252 ± 0.01. Estos resultados muestran que la flexibilidad de las colonias 
de zompopas en el campo para recrutar más individuos y moverse más rápido en respuesta a los 
obstaculos de altura. 
 
 
INTRODUCTION 
 
The ability of eusocial insects to make both individual and collective choices allows them to 
adapt to changes in the environment (Bonabeau et al. 1997; Dussutour et al. 2008). Colony 
responses to environmental factors such as wind, obstacles and temperature, supports the idea 
that colonies are superorganisms, which is a level of organization extending beyond a single 
individual (Daly et al. 1998). Collective decision making facilitates the sharing of information 
between individuals either directly or indirectly (Bonabeau et al. 1997; Dussutour et al. 2008), 
and eusocial insects are able to coordinate a group defense to threats which decrease their 
productivity and fitness (Daly et al. 1998). In a study done by Dussutour et al. (2008), it was 
shown that there is flexibility in colony response to obstacles, whereby behavior can be adjusted. 

Leaf–cutting ants (genus Atta and Acromyrmex) could have tightly knit eusocial behavior 
centered around harvesting organic materials, such as leaves, to feed a particular fungus species 
(Longino 2000). The leaves are used to culture fungi and the fungus is later used for food. 
Colonies of these ants can have over a million workers (Longino 2000), making them dominant 
herbivores in the Neotropics (Hölldobler & Wilson 1990). They excavate soil to build their nests 
which can be several meters wide and have an intricate system of pathways underground 
(Longino 2000). Clearing trails from the nest opening to the foraging site is important to their 
increased fitness because with a defined path, they are able to move faster and communicate with 
each other, which in turn increases the amount of substrate being brought back to the nest 
(Dupuis & Harrison 2016). Obstructions are a natural occurrence and overhead obstacles, which 
are substrate that do not fall flat but leave room underneath, such as grass, leaves, and small 
sticks (Lewis et al. 1974; Bruce et al. 2017). These are especially a problem for leaf-cutting ants, 
who carry their substrate above their heads, because it will impede regular movement (Bruce et 
al. 2017). Unladen leaf-cutting ants attempt to remove these obstacles that are decreasing their 
productivity (Dupuis & Harrison 2016, Bruce et al. 2017). An example of an individual response 
is from Kienholz (2019) who studied how fragment shape changed when a height obstruction 
was in place. She found that fragments became longer and narrower over days to allow easier 
movement across low obstacles (Kienholz 2019). A collective response is a colony increasing the 
number of individuals sent to trails with obstacles (Kienholz 2019). 

Under laboratory conditions, Atta colombica colonies respond collectively to a height 
constraint (a roof) found on a foraging trail by doubling the proportion of ants carrying 
fragments back to the nest within 24 hrs without increasing traffic volume on the trail (Dussutour 
et al. 2008). A field study found, however, that Atta cephalotes colonies increase traffic levels in 
response to a height obstacle within 24 hours and kept it like that for at least four days (Kienholz 
2019). The conflicting results between the field and laboratory studies indicated the need to 
conduct additional studies to determine the general response of leaf cutter ants to height 
obstacles in the field. In this study, I measured traffic of levels of foraging A. cephalotes ants 
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from multiple colonies twice a day over several days to start elucidating general patterns. I 
marked ants on trails with height obstacles and on control trails without such obstacles to 
determine the source of additional ants in case traffic levels increase on constrained trails as in 
(Kienholz 2019). This is a potentially relevant question because Atta ants usually show trail 
fidelity along their established paths for at least several days (Caldato et al. 2016) so the source 
of additional ants has not been investigated in this context to my knowledge.  

The field study by Kienholz (2019) potential difference in ant speed were uncovered 
between field and lab Atta colonies in their collective response to a height obstacle. Speed under 
an artificially low roof in the lab was slower due to friction between the leaf and the roof, and 
also from the change in body posture (Dussutour et al. 2008). However, the field Atta ants 
studied by Kienholz (2019) apparently move faster under obstacles of similar height compared to 
the study by Dussutour et al. (2008). The increase in speed was marginally nonsignificant (p = 
0.06) compared to control trails, however, and it became apparent only after the third/fourth day 
of exposure to the obstacle (Kienholz 2019). The lack of significance may be related to a small 
sample size (one ant per day; Kienholz 2019). I attempted to clarify these conflicting results by 
timing many A. cephalotes ants per day, both laden and unladen, from multiple colonies before 
and after a height obstacle over three days. 

In summary, my field research on A. cephalotes used height obstacles placed on the 
foraging trails of multiple colonies to observe changes in traffic levels and speed over three days. 
I used control trails that lacked the obstacle for comparison. I also marked ants to determine the 
source of potential ants recruited within 24 hrs to the trail that included the obstacle.  
 
METHODS AND MATERIALS 
 
Study site 
 
Data was collected from four leaf-cutter ant colonies in Finca San Francisco de Asís, a private 
forest reserve, along with one colony located in the Caballeriza El Rodeo adjacent property. 
Leaf-cutting ants specialize in disturbed areas (Hölldobler & Wilson 1990), making them 
abundant at these sites which have walking trails and horses. Sites were located in tropical 
premontane wet forests of the Santa Elena region of Costa Rica at around 1300 m above sea 
level, which is the upper elevation of where this species is found (Longino 2000; Kienholz 
2019). Field work was performed from October 19 to November 14, 2019. Suitable colonies 
were those with two similar length trails with similar traffic levels, to lessen the impact of natural 
differences in traffic between control and treatment trails before the experiment started. 
  
Obstacle and marking 
 
On each colony I placed a height obstacle (obstacle with low roof) on a foraging trail (Fig. 1A) 
and a control obstacle with high roof (Fig. 1B) on another foraging trail. To create the obstacle, I 
followed Kienholz (2019), who modified Bruce et al. (2017), by using three pieces of bent wire 
placed 3 cm apart from each other on both low roof trails and high roof. Additionally, following 
Kienholz (2019) and Bruce et al. (2017), low obstacles were placed 1 cm above the ground to 
impede normal movement of ants, especially laden ones. On the high roof trails I allowed for 3 
cm clearance below, which allowed normal movement below (Kienholz 2019, Bruce et al. 
2019). Obstacles were left for three consecutive days, except for my third colony, in which data 
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collection on the third/fourth day was skipped and instead collected on the fourth day. On the 
same day I set up the obstacles, I marked individuals with semi-permanent painted pens to track 
potential movement from one trail to another. For one hour I marked all ants that crossed an 
imaginary line before the low obstacle. I repeated the procedure on the high obstacle 
immediately after.   
 

 
Figure 1A and B. Obstacles in Santa Elena, Costa Rica, around 1300 m above sea level. A: 
Obstacle with low roof to impede the movement of laden ants under the obstacle was constructed 
using three pieces of bent wire 3 cm apart, each 1 cm off the ground. B: A high control roof 
obstacle placed 3 cm off the ground, again with wires 3 cm apart, that did not impede ant 
movement. 
 
Traffic levels and speed 
 
Traffic levels and speed were measure for three consecutive days on each colony. Traffic was 
measured by counting the number of individuals on each trail (high and low obstacle) that passed 
over an imaginary line located before the obstacle, for one minute, regardless of whether they 
were marked or not, and regardless of if they were laden or not. This was done at the beginning 
and at the end of data collection every day, specifically before and after speed data was collected. 
After measuring traffic, the first time, 30 minutes were spent counting the number of marked vs. 
unmarked individuals that passed over the line on both the high and low roof trails (hereafter 
called just “high trail” and “low trail”, respectively). 
 At each colony the speed of a total of 40 individuals per day was recorded. From the low 
trail, I chose 10 unladen and 10 laden individuals and timed how long it took them to pass over a 
10 cm section of the foraging trail prior to the bridge, and a 10 cm section that included the 
obstacle (hereafter called speed “during” the obstacle). This process was repeated on the high 
trail.  
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Statistical analysis 
 
A linear mixed model (LMM) was used to compare traffic measured as ants per minute between 
obstacle type (high, low), between days, as well as time of count (before and after speed counts) 
and the interactions between all these variables. Similarly, an LMM was used to compare speed 
(cm/s) between obstacle types (high vs low), before and during the obstacle, between days, and 
between laden and unlade ants (and type), and between the interactions of all variables. In this 
case the variable speed was log transformed to meet the assumptions of a normal distribution. 
Both analyses took into account that ant measurements take from the same colony and from the 
same day are not independent from each other (i.e. colony and day were included as random 
effects in the model). In the case of speed, the analysis also included ant identity as a random 
effect because the same ant was timed twice, before and during the obstacle. Models were fit 
using the R package “nlme”. Adjusted means and standard errors and post hoc tests were 
calculated using the R package “emmeans”. All analyses were conducted in R 3.6.1. 
 
RESULTS  
 
Traffic  
 
I measured traffic levels a total of 30 times, with 15 being at the beginning and 15 being at the 
end of the day. Disregarding day or traffic levels, the type of obstacle alone was significant 
(LMM: F = 6.69, d.f. = 1, 36, p = 0.014). Low obstacle trails had higher mean traffic levels (Fig. 
2). However, it is possible that I consciously or unconsciously picked low trails with naturally 
higher traffic to begin with. The interaction between obstacle type, day and time of count was not 
significant (LMM: F = 1.76, d.f. = 2, 36, p = 0.19), indicating that high treatment trails always 
had lower mean traffic levels than low treatment trails, both before (Fig. 3A), and after (Fig. 3B) 
speed counts were made on each day, and between days. 
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Figure 2. Number of foraging leaf cutter ants (Atta cephalotes) per day (mean) recorded per 
minute on foraging trails that included either a high obstacle (3 cm off the ground that did not 
impede ant movements) or a low obstacle (1 cm off the ground that impeded the movement of 
laden ants) in Santa Elena, Costa Rica (1300 m above sea level). Traffic levels were averaged 
over three days and five colonies are presented with one standard error. There was higher traffic 
on trails with low obstacles in a linear mixed model that accounted for lack of independence of 
samples collected from the same colony and on the same day (p = 0.01).   
 

 
Figure 3A and B. Traffic levels taking into account day x obstacle x traffic of foraging leaf cutter 
ants (Atta cephalotes) per day (mean) recorded per minute on foraging trails that included either 
a high obstacle (3 cm off the ground that did not impede ant movements) or a low obstacle (1 cm 
off the ground that impeded the movement of laden ants) in Santa Elena, Costa Rica (1300 m 
above sea level). Traffic levels were averaged over three days within high and low obstruction 
types, with five colonies present with one standard error. Findings comparing before (A) vs after 
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(B) show the same pattern each other (p = 0.19), with mean traffic levels of high being 
significantly lower than low (p = 0.014). 
 
Trail switching  
 
On the first colony sampled, I initially marked 225 ants on the low trail, and 296 on the high 
trail. One marked ant switched from the high trail to the low trail on the second day of study, and 
by the third/fourth day, two ants had switched from the high to the low trail. In colony #2, I 
initially marked 200 ants on the low trail, and 165 on the high trail, there was no trail switches 
any of the three days. On day two of colony #3, which was the only colony sampled on day four 
instead of day three, I initially marked 339 on the low trail, and 268 on the high trail. One ant 
switched from the high trail to the low on day two, with no switches were observed on the other 
days. In colony #4, 420 individuals were marked on the low trail and 432 on the high trail. By 
day two, one ant switched from the high trail to the low trail. By the third/fourth day, six ants had 
switched from the high trail to the low trail, but also two ants had switched from the low trail to 
the high trail. Finally, on colony #5, I marked 520 ants on the low trail and 220 on the low trail. 
On both day two and day three, I observed one ant that had switched from the high trail to the 
low trail. No ant switches were observed on day one in any colony.  
  
Speed  
 
Every collection day, I measured speeds from 20 ants on each trail, 10 unladen, and 10 laden. 
Therfore the total per day was 20 ants for a total sample size of 300 ants. The interaction 
between obstacle type (high vs low), location (before or during the obstacle), and day was 
significant (LMM: F = 4.99, d.f. = 2, 703, p = 0.0071). The significant interaction is the result of 
different patterns of speed increase between days observed in the high and low trail. Specifically, 
for the high trail before (Fig. 4A) and low and high trail during the obstacle (Fig. 4B), speed 
increased significantly after the second day, but speed in the high trail during the obstacle 
increased on the second day and decreased on the third/fourth day (Fig. 4A)the interaction 
between obstacle type, location , day and ant type (laden vs unladen) was no significant (LMM: 
F = 0.1090, d.f. = 2, 703, 703, p = 0.8958), indicating that the patterns of change in speed 
between days described above is similar between ant types. I chose not to show data between ant 
types across days.   

The interaction between obstacle type, location and ant type (laden vs unladen) was 
significant (LMM: F = 68.9878, d.f. = 1, 703, p < 0.001). Overall, speed of laden individuals was 
lower than that of unladen ants (Fig. 5A and B). Within each ant type speed was similar before 
both types of obstacles and during high obstacles. The significant interaction described above 
result from a disproportionate decrease in speed experienced by laden ants on low trails as they 
moved under the obstacle (during treatment) (Fig. 5A and B). The lack of interaction between 
the four variables considered in the studio, described above, indicates that these pattern of 
change between laden and unladen ants was similar between days, though again I chose not to 
show data between ant types across days.  
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Figure 4A and B. Obstacle obstruction x location x day of foraging leaf cutter ants (Atta 
cephalotes) per day (mean) recorded for 10 cm before or 10 cm during the high obstacle (A, 3 
cm off the ground that did not impede ant movements) or a low obstacle (B, 1 cm off the ground 
that impeded the movement of laden ants) in Santa Elena, Costa Rica (1300 m above sea level). 
Speeds were averaged over three days within before obstruction and during obstruction 
locations, with five colonies present with one standard error. The findings are significant and the 
high obstacle (A) and the low obstacle (B) have different patterns due to the high obstacle graph 
(A) having an increase and then decrease trend when during the obstruction (p = 0.0071). Data 
was log transformed to meet the assumptions of a normal distribution. Means with different 
letters are significantly different (Tukey post-hoc test: p < 0.05). A: High obstacle obstruction 
shows that on the third/fourth day, mean speed before the obstacle was higher than on previous 
days. Speed during the obstacle increased from the first to second day but decreased after that 
day to levels similar to day 1. Before and during data was significant from each other. B: Low 
obstacle obstruction shows that on the third/fourth day, mean speed before and after the obstacle 
was higher than on previous day. Before and during data was significant from each other, and 
data for this obstruction type showed that during the obstacles, there was a lower mean speed 
than anywhere else (before or during the high obstacles (A), or before the low obstacles (B)).  
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Figure 5A and B. Obstruction x location x laden of foraging leaf cutter ants (Atta cephalotes) per 
day (mean) recorded for 10 cm before or 10 cm during the high obstacle (3 cm off the ground 
that did not impede ant movements) or a low obstacle (1 cm off the ground that impeded the 
movement of laden ants) for both laden (A) and unladen (B) in Santa Elena, Costa Rica (1300 m 
above sea level). Speeds were averaged for high and low trails, for before and during obstruction 
locations, with five colonies present with one standard error. Laden vs unladen individuals were 
significant, and the speeds of ants on low trails during the obstructions was significantly lower in 
comparison with data before and data of high obstacle during (p < 0.001). Laden ants (A) were 
slower than unladen ants (B).  
 
 
Additional observations 
 
On the first day of each colony, I noticed a large amount of unladen ants stopping at obstacles in 
an attempt to remove them. Some stayed only for a few extra seconds, while others stayed for the 
duration of my data collection for the day, and possibly longer. As days passed some colonies 
continued to show this behavior, which slowed their progress further. Also, during the first day, I 
noticed immense confusion from laden ants trying to surpass low obstacles. However, as days 
progressed, it seemed as if they were figuring out easier and more efficient ways to bypass the 
obstacles, over, under, and sometimes even around them completely.  
 
DISCUSSION 
 
Speed was impacted by obstacle type. Low trails slowed ants down significantly during the 
obstructions, whereas the high obstacle did not. For low trails, laden ants caused congestion that 
could have caused many unladen ants to stop and try to remove obstacles (Bruce et al. 2017). 
This slowed both laden and unladen ants. Though, similarly, ants on both high and low trails 
increased speed by the third/fourth day, with the exception of the high trail before obstructions. It 
is possible that a speed increase could be explained conversely due to an individual choice of 
changing leaf fragment shape or size (Kienholz 2019). In this study, it was found that leaf 
fragments became narrower and more elongated under low trails on day two of the study and 
stayed this way for the following two days (Kienholz 2019). It could be explained that by the 
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third/fourth day of my study, ants had independently cut leaf fragments to be more optimal for 
going across bridges and therefore caused an increase in speed. Additionally, one would not 
think that there would be an increase in speed over days for the high trail, because it was 
intended to be a control trail, where the obstacles would not impede movement and therefore not 
cause a response. The change could be due to the fact that ants see the obstacles and perceive 
them as a threat to the rate at which substrate can be brought back to the nest (in the case of 
laden ants), or simply due to individuals running into them, causing them to speed up before the 
obstacle, no matter the height (Bruce et al. 2017). Speed on the high trail during the obstruction, 
however, was the exception to the pattern of the first and second day being nonsignificant from 
each other, and the third/fourth day increase. Instead, there was an increase on the second day 
and decreased after on the third/fourth day, returning to day one levels. It is possible that on the 
first day they saw the obstacle (Bruce et al. 2017) and decided to speed up slightly. By the 
second day in an attempt to increase the amount of substrate brought back to the nest because 
going under the obstacles are seen as a threat to their gathering abilities, a colony level response 
to speed up could be the explanation. Then by the third/fourth day, they could have realized that 
going under the obstacles does not hurt their productivity (rate of substrate being brought back to 
the nest) and they slow down once again to a normal speed. Laden ants were slower than unladen 
ones in general, and the speeds of laden ants on low trails as they passed under the obstacles 
were slower in comparison with speeds before obstructions and with speed before and during 
high obstacles due to the challenge they had to overcome.  

According to my findings, obstacle type alone impacted the amount of traffic going to the 
trails. Low obstacle trails had higher mean traffic levels than high control trails. This result is 
consistent with Kienholz (2019), who also found higher traffic levels on low obstacle trails than 
high obstacle ones. Similarly, in both my study and Kienholz (2019 there was no significant 
change in traffic over days. Combined, both studies strongly that within a matter of minutes 
colonies respond collectively to a height obstacle that impedes traffic by sending more ants to the 
trail. However, it is possible that I chose (consciously or unconsciously) low trails with naturally 
higher traffic to begin with, though Kienholz (2019) found a similar result to mine, making it 
unlikely that this is the case. However, my findings of trail switching suggests that ants begin to 
allocate individuals over time to the trail with obstructions. There were more ants which moved 
from the high to low trails than the opposite. The only opposite switch of was with my fourth 
colony, where two individuals moved from low to high on the same day as six moved from high 
to low. Therfore even though this outlier switch occurred, there were more than double on this 
same day that shows high to low being the overwhelming majority. These results constitute 
direct evidence of allocation of individuals to trails with low constraint even if those trails had 
higher traffic levels, or more individuals initially marked (the case for three of my five colonies) 
than control high trails at the beginning of the study. Acromyrmex leaf cutter ants return to their 
original trail 66% of the time, However, when the ant traffic of a less populated trail was 
artificially increased, ants relied on traffic rather than trail fidelity in most cases, though 33% 
were still faithful. This flexibility shows their ability to adapt in some ways to create more 
optimal foraging conditions (Elizalde & Farji-Brener 2012). This flexibility may occur in Atta 
cephalotes, in which colonies respond to the height obstacle by increasing traffic presumably to 
maximize leaf fragment delivery to the nest. In my study, I counted ants regardless of if they 
were laden or unladen when measuring traffic levels. The low height obstacle could have 
impacted the colony not only by sending more ants that carried fragments, but also by sending 
more ants to the low trail to remove the obstacle (Bruce et al. 2017). The colony-level response 
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of recruiting more ants to the low trail could have been triggered by a critical number of ants that 
responded to the obstacle, either by directly experiencing impeded movement under the obstacle, 
or indirectly by seeing the obstacle (Bruce et al. 2017). Also, when unladen ants see laden ants 
struggling, they will try to remove any obstacle in the way (Dupuis & Harrison 2016, Bruce et al. 
2017). In a study done by Farji-Brener et al. (2010) the impacts of head on collisions were 
measured. A fallen leaf was placed across the trail as an obstacle, but they found that there 
wasn’t more head on collisions. Also, these collisions didn’t impact the time it took laden ants to 
reorient themselves after. When they were experimentally disoriented, there wasn’t more 
collisions and these collisions were suggested to help with material gathering rather than 
communicating trail conditions (Farji-Brener et al. 2010). This suggests that running into 
struggling ants probably was not the direct reason for a colony level response, rather it probably 
simply communicated material gathering conditions. This suggests that it could have taken a 
couple days to realize a substrate productivity loss at the nest, because individuals probably do 
not directly communicate trail conditions to each other. This supports my results of an increased 
speed on the third/fourth day of my study where the other two days did not see this significant 
increase. 

In conclusion, I found that there was a higher level of traffic on low trails than high trails, 
with no change over days. I observed most trail movement from high trails to low. Additionally, 
there was an increase in speed of individuals over days and laden individuals were slower than 
unladen. My results for traffic levels supports the field study done by Kienholz (2019), though 
for speed, this study had to small of a sample size to show significance. Dussutour et al. (2008) 
had large sample sizes for both traffic levels and speed, however, their study was done in the lab. 
My study was novel because I used a large sample sizes while also doing this in the field. 
Additionally, trail switching has never been studied before. The ability of colonies to make 
collective decisions to send more individuals, change trails to areas with obstacles, and increase 
speed are important to understanding in detail how leaf cutter ants act as a superorganism, rather 
than just mounting individual responses. This is a hopeful outcome that shows the flexibility of 
leaf cutter ant colonies in the field to recruit more individuals and move faster in response to 
height obstacles. 
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Use of small scale visual cues in homing of Crawfordapis 
luctuosa bees 
 
Emma Torija 
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ABSTRACT 
 
Within Hymenoptera, a variety of navigational methods are used. While bees have been found to rely olfactory cues 
to identify their nests, Crawfordapis luctuosa may rely heavily on visual cues. They live in areas that receive high 
amounts of precipitation. This could reduce the effectiveness of olfactory cues usually employed by bees in finding 
their nests. To test their use of visual cues for homing, I placed flags next to the nests of C.luctuosa. A minimum of 
two days later, I moved the flags and recorded the response of bees upon their return. The data suggest that small 
scale visual cues are important for homing in C.luctuosa. The data also show that their disorientation behavior when 
visual cues were moved was random. Unlike most bees, which use olfactory cues for homing, C.luctuosa rely on 
small scale visual cues. 
 
RESUMEN 
 
Dentro del orden Hymenoptera, una variedad de métodos navigacionales son utilizados. Mientras las abejas se han 
encontrado que dependen más en las pistas olfatorias para identificar sus nidos, Crawfordapis luctuosa puede 
depender ampliamente en pistas visuales. Ellas viven en áreas que reciben una gran cantidad de precipitación. Esto 
puede reducir la efectividad de pistas olfatorias usualmente empleado por las abejas para encontrar sus nidos. Para 
probar el uso de las pistas visuales en la busqueda de blancos, coloqué banderas al lado de los nidos de C. luctuosa. 
Un mínimo de dos días después, moví las banderas y medí la respuesta de las abejas a su retorno. Los datos sugieren 
que en una escala pequeña las pistas visuales son importantes para la busqueda de blancos en C. luctuosa. Los datos 
también sugieren que la desorientación cuando las pistas visuales se movieron es aleatoria. Contrario a la mayoría de 
las abejas, las cuales usan pistas olfatorias para la busqueda de blancos, C. luctuosa depende en una escala baja en 
las pistas visuales. 

 
INTRODUCTION 
 
Navigation is deliberate travel to a destination. It is used when an organism sets out to find a 
food source, collect nest material, or goes to a mating location, and again when it returns from 
these activities. Using navigation to return to a home base (e.g. den, nest, roost) is called homing. 
Animals use various methods of navigation due to differences in sensory processing, memory, 
and decision making (Collett & Collett 2002). Common navigational strategies employed by 
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animals include using the earth’s magnetic field, olfactory cues, and visual cues (Vickers 2000, 
Collett & Collett 2002, Holland et al. 2006).  

Within insects, navigational strategies are just as broad: they can use the Milky Way or 
the sun as points of reference, visual cues, olfactory cues, or a combination of strategies (Wolf 
2011, Dacke et al. 2013). Hymenoptera have varying reliance on visual cues for navigation 
(Fauria & Campan 1998). They tend to live in groups, which they leave to forage, and their 
return to the colony is predictable. This makes them a popular model for studying homing. 
Wasps use visual cues more than bees, which rely more heavily on olfactory cues (Jang et al. 
1995). 

Crawfordapis lucutosa (Colletidae) is a species of gregarious ground nesting bee. They 
are solitary, so homing once they reach their aggregation is especially important for these bees. 
They must return to their specific nest rather than one of the hundreds of neighboring nests 
belonging to other females. C.luctuosa live in areas that receive 2.5 meters of rainfall and 0.5 
meters of mist yearly. This could affect the use of olfactory cues for nest recognition, as water 
could wash away or dilute chemicals at the entrances of their nests. In their habitat, small scale 
visual cues would be more permanent than chemicals that serve as olfactory cues. It is suggested 
that C.luctuosa provision their holes for a period of time and then become non-provisioners, so 
semi-permanent small scale visual cues likely remain in place long enough to be used for homing 
throughout a provisioning period (Jang et al. 1996). 

In this study, I determine how important small scale visual cues are for C.luctuosa 
homing. I placed flags as visual cues near the nests of provisioning bees. I left the flags for a 
minimum of two days to allow the bees to acclimate to them. Them, I moved the visual cue, and 
recorded the bees’ behavior upon returning to their nests.  
 
METHODS 
 
From 26 October to 14 November 2019, I studied two colonies of C.luctuosa on Cerro Amigos 
Road, approximately 1750 meters in elevation in a montane rainforest within the Tilaran 
Mountains, Puntarenas, Costa Rica. Observations were made between 0800 and 1300. 
 
Test Nest Choice 
 
All test nests were actively being provisioned at the time that the flags were placed. Test nests 
were identified by the entrance of a provisioning bee. Provisioning bees either entered the nest 
carrying pollen or stayed in the nest for at least five minutes after entering. Bees visiting a nest 
for less than five minutes could not be labeled as provisioning bees (Wuellner & Jang 1996). The 
provisioning bee entering the nest is sufficient for assuming ownership of the nest, as 
provisioning bees enter the wrong nest less than 1.5% of the time (Jang et. al 1996). 
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Experimental Design 
 
In order to test if visual cues are used in homing, I constructed small colorful flags that I would 
place directly next to each test nest entrance for two to six days to serve as an experimental small 
scale visual cue. Two days was a sufficient association period as 96% of provisioning bees 
forage on a given day (Wuellner & Jang 1996). I assumed that all provisioning bees left to forage 
and returned to their nest during the association period. Flags were 14 cm long and 6 cm wide 
and made out of orange flagging tape with red and yellow electrical tape (Figure 1A). The flag 
poles were placed in the ground so that the flags were at a height of 17.5 cm. A 20 cm diameter 
circle around the test nest was cleared of all other small scale visual cues such as rocks, 
vegetation, and debris (Figure 1B).  

After the association period of two to six days, a fake nest, a hole dug a few centimeters 
deep to mimic the test nest, was made 33 cm away from the test nest. The flag was then moved 
to the fake nest (Figure 1C). The test nests and the fake nests with the flags were watched from 
about a meter away until the provisioning bees returned. It was assumed that nest ownership did 
not change during the experiment. The provisioning bees’ homing behavior was scored using a 
system modified from Fauria et al. (2004) to quantify their disorientation (Table 1). 

 

 
Figure 1: Examples of flags placed as small scale visual cues beside test nests and fake nests of 
C.luctuosa in Monteverde, Costa Rica. A: Flags were 14 cm long and 6 cm wide. They were 
placed 17.5 cm from the ground. B: A 20 cm diameter was cleared around the nest entrance. C: 
The fake nest was created 33 cm away from the test nest. 
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Table 1: Scoring system used to quantify bee disorientation upon return to their nests after small 
scale visual cues were moved from the nest entrances. The scoring system was modified from 
Fauria et al (2004) to better fit C.luctuosa. 

Score Behavior 

0 Bee returned directly to the test nest without hesitating or approaching the flag.  

1 Bee circled the flag once or hovered for a few seconds before entering the test nest. 

2 Bee circled flag multiple times or flew away and then returned to the flag before 
entering the test nest. 

3 Bee tried to enter the fake nest before entering the test nest. 

 
 
 
RESULTS 
 
In total, I placed flags next to 37 different test holes. Flags were left in place from two to six days 
(2.75 +/- 1.2), before they were moved to the fake nest. I was able to observe the return of 20 
provisioners after the flag was moved to the fake hole. Six of those returned to the original holes 
with no issues (score 0; 30% of total), while 14 displayed some type of disorientation (score 1-3). 
Results of a Chi square test revealed a strong trend that C.luctuosa use small scale visual cues in 
homing (X2 = 3.2, df = 1, p = 0.07, n = 20, Figure 2). Of bees that showed disorientation, six 
circled the flag once or hovered between the test nest and the flag for a few seconds before 
entering the test nest (score 1; 43% of total), six circled the flag multiple times or flew away and 
then returned to the flag before entering the test nest (score 2; 43% of total), two tried to enter the 
fake nest before entering the test nest (score 3; 14% of total). There was no significant difference 
in the type of disorientation response they displayed (X2 = 2.574, df = 2, p = 0.276, n = 14). 
 
Additional Observations 
 
I observed some provisioning bees whose nests I was not testing, and they did not hesitate when 
homing. None of these bees displayed disorientation behaviors when returning to their nests. 
After placing flags next to nests, I observed some provisioning bees returning to their newly 
marked nests. All observed bees found and entered their nest within a few minutes of returning. 
Bees that did not show a response to the flags always came from the opposite direction than 
where the flag had been moved. They never passed the flag and fake hole before reaching the test 
hole.  
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FIGURE 2: Response of 20 C.luctuosa provisioners found on Cerro Amigos Road, 
approximately 1750 meters in elevation in a montane rainforest within the Tilaran Mountains, 
Puntarenas, Costa Rica after small scale visual cues were moved from nest entrance after 2 to 6 
days (2.75 +/- 1.2). Disorientation (score 1-3) was defined as circling the flag or hovering before 
entering the nest, flying away and returning to their nest, or trying to enter the fake nest. No 
response (score 0) was defined as entering their nest without hesitation or approaching the flag. 
All data recorded came from provisioning bees, defined as those that carried pollen to the nest or 
remained in the nest for at least 5 minutes. 
 
DISCUSSION 
 
While bees have been shown to rely on visual cues less than wasps, this project suggests that 
C.luctuosa do use small scale visual cues in homing. This could be due to the high amounts of 
rain and mist that fall on C.luctuosa aggregations. This precipitation could dilute or wash away 
chemical cues, making olfactory guided homing unreliable.  

Bees that did not become disoriented when the flags were moved may have been using 
other small scale visual cues outside of the cleared area around their nest. These bees all 
approached the test nest opposite the flag. It was not the case of the bees’ first arrival since the 
flag was place beside the test nest. Multiple bees were observed returning to their newly marked 
holes within a few minutes of approaching the area, so it is assumed that all bees were able to 
locate their nest during the association period. 
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As the experiment was done in the field, it was impossible to remove all small scale 
visual cues surrounding the test nest. While those within 10 cm were cleared, it would not have 
been feasible to remove all possible small scale visual cues near the test nests. This means that 
rocks or vegetation just outside of the cleared area still may have been used as small scale visual 
cues, and the flag may not have affected the navigation of the returning provisioners 

The response of bees that were disoriented by the moved flag varied. There was no 
pattern in the type of response. Circling the flag or leaving and then returning suggests that 
C.luctuosa may use the method of two-dimensional snapshots to recognize landmarks that is 
used by Cataglyphis ants in which they change their perspective to try to match their visual field 
to a snapshot of their hole with its surroundings (Wehner et al. 1996). This study suggests that 
C.luctuosa use small scale visual cues in homing, and the previously accepted idea that bees use 
olfactory cues for homing cannot be applied to all species. 
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ABSTRACT  
 
The widespread destruction and type conversion of tropical forests is something at the forefront of ecology and 
conservation discourse in modern times. Changing of the ecosystem can give rise to edge effects, which have a large 
range of impacts on many forest taxa and can often negatively affect ecosystems. To learn more about edge effects 
in tropical forests, I investigated how edges impact feeding behaviors of an abundant species, the Central American 
agouti (Dasyprocta punctata). Using camera traps in the trails surrounding the Monteverde Biological Station, I 
documented the differences in foraging behaviors between agoutis on the forest edge and the forest interior. Using 
dried corn as bait, I observed 1) the total amount of time spent at the bait, 2) the percentage of time spent feeding 
with head up, 3) the percentage of time spent feeding with head down, and 4) the percentage of time with head up 
while not feeding. I found differences in the total time spent at the bait and the percentages of time spent both 
feeding with head down and time spent with head up but not feeding. These differences in behavior may point to 
contrasting perceived predation risk, which can in turn effect the seed dispersal and reproduction of agoutis. As 
agouti abundance ties to forest biomass and seed dispersal, monitoring and preventing degradation of forest habitat 
is significant to the conservation of tropical forests and the organisms that inhabit them.  
 
RESUMEN 
 
La amplia destrucción y tipo de conservación de los bosques tropicales es algo que debería estar en el primer plano 
de los discursos de ecología y conservación en los tiempos modernos. Los cambios en el ecosistema pueden dar un 
aumento al efecto de borde, el cual tiene un amplio rango de impactos en muchos taxones y puede afectar 
negativamente los ecosistemas. Para aprender más sobre el efecto de borde en los bosques tropicales, investigué 
como el borde impacta los comportamientos de forrajeo de una especie abundante, la guatusa (Dasyprocta 
punctata). Usando cámaras trampa en los senderos alrededor de las Estación Biológica de Monteverde. Documenté 
las diferencias en los comportamientos de forrajeo entre las guatusas en el borde de bosque y el interior. Usando 
maíz seco como cebo, observe 1) el tiempo total que pasaron en el cebo, 2) el porcentaje del tiempo utilizado en 
alimentación con la cabeza hacia arriba, 3) el porcentaje del tiempo utilizado en alimentación con la cabeza abajo, y 
4) el porcentaje del tiempo con la cabeza arriba pero sin alimentarse. Encontré diferencias en el tiempo total usado 
en el cebo y los porcentajes de tiempo usados tanto en el tiempo de alimentación con la cabeza abajo y el tiempo con 
la cabez arriba pero sin alimentarse.  Estas diferencias en el comportamiento pueden indicar una percepción 
contrastante del riesgo de depredación, lo cual puede afectar la dispersion de semillas y reproducción de las 
guatusas. Al estar relacionados la abundancia de guatusas y la dispersion de semillas, el monitereo y la prevención 
de la degradación del hábitat boscoso es significativo para la conservación de los bosques tropicales y los 
organismos que habitan en el. 
 
 
INTRODUCTION  
 

Deforestation and land use changes in recent times have brought the impacts of edge 
effects to the forefront of ecological discussion, with the world’s forests are being deforested at a 
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rate of approximately 18.7 million acres annually (WWF 2019). As early as the late 20th century, 
edge effects were acknowledged as having deleterious ecosystem impacts (Murcia 1995). 
Organisms in all trophic levels can have their behaviors, populations, and life-histories impacted 
by edges in their habitats. However, edge effects are not always negative, making for a 
somewhat confusing and complex discourse surrounding them. Edges can lead to higher 
abundance and reproductive success in some tree species inhabiting old growth forests (Brothers 
1993). On the other hand, edge effects have been seen to compromise the ability of forested 
reserves to conserve the community biostructures that are unique to their respective forest 
interiors (Ewers and Didham 2008). These seemingly contradictory impacts of edges make them 
an interesting and necessary phenomenon to study, especially to effectively conserve species and 
ecosystems.  
 Edges can impact animal behavior and survival in many ways. They can create habitat 
changes in predator dynamics or habitat patch quality that impact foraging. Other mammalian 
prey species in altered habitats responded by shifting their habitat use, which in turn lowered the 
quality of their diets (Hernández & Laundré 2005). In this way, habitat fragmentation can impact 
both predator-prey dynamics and survival and thus their ecosystem functions.  
 Edge effects may be observable in Monteverde by studying some of the abundant fauna, 
like the Central American agouti (Dasyprocta punctata). These medium sized rodents are 
common in central America, and thus make up a high percentage of biomass in tropical forests. 
They also support the ecosystems as prey for large carnivores such as ocelots and pumas, and 
work as seed predators and dispersers (Aliaga-Rossel et al. 2008). Their abundance coupled with 
their importance to tropical forest ecosystems makes them an ideal organism for studying the 
impacts of habitat edges. In theory, agoutis forage according to the risk allocation hypothesis, 
meaning that they forage when the risk of predation is lowest, in accordance with energy-use 
constraints. Though there is not a lot of evidence to go along with this theory in agoutis, their 
main predator, the ocelot (Leopardus pardalis) is most active nocturnally, leading to the 
conclusion the agoutis would do most of their foraging during the day (Suselbeek et al. 2013).  
 The consequences of changes in agouti behavior could have large implications. Habitat 
changes have been seen to impact the distribution of large mammalian predators such that they 
avoid edges (Kiffner et al. 2009). This could a) impact agouti abundance in both habitats, and b) 
impact agouti behavior for fear of predation. Fear of predation can even impact life history traits, 
as it has been seen to reduce the number of offspring by up to 40% in songbirds (Zanette et al. 
2011). Given the importance of agoutis to tropical ecosystems, a reduction in offspring could 
have far reaching impacts on many facets of tropical forests.  
 The goal of this study was to determine whether habitat edges impact the foraging 
behavior of Central American agoutis. Very little research has been done on the impacts of edges 
on agouti behavior, though their importance to the ecosystem necessitates research into how they 
are impacted, if at all. Secondarily, a goal of this study was to gain insight into the effects of 
edges and habitat fragmentation on the fauna of tropical forests in order to inform conservation 
and protective actions. I anticipated to see longer times foraging on forest edge vs forest interior 
and more time feeding with head down because of habituation to humans and less large 
mammalian predators on edges during the day compared to the interior. 
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MATERIALS AND METHODS  
 
Study Site 
 
This study took place at a tropical lower montane wet forest site I studied agouti feeding ecology 
at the Estacion Biologica in Monteverde, Puntarenas, Costa Rica (Figure 1).  The Estacion 
Biologica is a private reserve in a tropical lower montane wet forest that contains several large 
open areas adjacent to regenerating and primary forest.  
 
Camera Traps  
 
Foraging behaviors of agoutis were captured using camera traps, according to the protocol 
outlined in Esler (2019). Four camera traps were placed at each site, two on forest edges, two on 
forest interiors. When testing open areas, two were in open areas near forest with the edge and 
interior receiving one trap each. Edge traps were placed in the forest, within two meters of the 
forest edge, interior traps were placed at least 50 m from the forest edge, and traps in open areas 
were placed at least five meters from the edge of the forest. Traps in the same treatment or 
simply in the same habitat the same habitat were placed at least 100 m apart. The home range of 
an agouti can span from three to 8.5 ha, with overlap between individuals (Silvius & Fragoso 
2003), so it was assumed that this spacing would record multiple individuals and their behaviors. 
Traps were placed at about knee height and baited to ensure observation of foraging behaviors. 
Traps were baited with approximately two cups of dried corn, known to attract local agoutis 
(Elser 2019), placed in a pile so that it was visible above leaf litter. Camera traps were checked 
every other day to make sure there was ample battery power and memory, and traps were moved 
at least five meters away from their previous location every four days in order to prevent agoutis 
from getting accustomed to finding food in an exact location as well as to prevent them from 
being overly comfortable in one location, impacting their behavior. 
 
Scoring Videos  
 
All videos were scored, except ones where two or more individuals fed simultaneously or an 
agouti did not feed. If there was less than three minutes between videos at a given camera trap I 
still considered it part of the same feeding bout so as not to have data consisting of only few 
individuals. Four behaviors were measured in order to quantify foraging behavior; 1) The total 
amount of time spent at the bait, 2) The percentage of time spent feeding with head up, 3) The 
percentage of time spent feeding with head down, and 4) The percentage of time with head up 
while not feeding (Figure 2). Behaviors were standardized by using percentages of total time 
rather than raw values.  
 
RESULTS 
 
In total I captured 199 usable agouti feeding bouts., 87 from the forest edge, 8 from open areas, 
and 102 from the forest interior. However, traps on the interior and edge were out for three 
weeks as compared to only one week for open areas. When comparing rates of camera trap visits 
instead of raw number, open areas had one visit every 15 hours compared to one every 4.4 for 
interior cameras and one every 4.8 hours for edge cameras. The small amount of data for the 
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open areas compared to interior and edge made it not feasible to include open areas in data 
analysis. The average time spent at the bait, or the average feeding bout, was 48.7 seconds with a 
range of 57 seconds (sd = 18.5). Agoutis on the interior had longer feeding bouts on average, 
about 54 seconds (range = 56 sec., sd = 15.7) as compared to 44 on the forest edge (range = 57 
sec., sd = 20.4) (t = 3.52, df =154, p < .001, n = 189) (Figure 3). Agoutis on the forest edge spent  
almost 30% of the average feeding bout eating with their head down (range = 97%, sd = 20.1), 
compared to just 20% on the forest interior (range = 99%, sd = 15.0%) (t = -3.64, df = 151, p < 
.001, n = 189) (Figure 4). In terms of vigilance behavior, there was no difference in percentage 
of time spent feeding with head up, but agoutis observed on forest edges spent around 20% of 
their feeding time with their head up (range = 97%, sd = 17.8%), but not eating, while this 
behavior was 30% of the feeding time for interior agoutis (range = 80%, sd = 17.9) (t = 3.96, df 
= 181, p < .001, n = 189) (Figure 5).  
 
DISCUSSION  
 

Though the time difference between the two groups was only 10 seconds, this could point 
to potential changes in habitat use, with more time feeding and less vigilance on edges. In one 
habitat agoutis foraged longer and in the other they spent more time feeding without vigilance, 
possibly indicating use of edges more as primary foraging patches. The finding of longer 
foraging times with more vigilance behavior on the forest interior supports the hypothesis of 
predator abundance being higher in the interior (Kiffner et al. 2009). Interior patches of forest 
also had less thick understory, which in turn made it so sightlines were less obstructed than edge 
patches. Unobstructed sightlines for agoutis also means unobstructed sightlines for predators. 
Other rodents often spend more time demonstrating vigilance behavior when there are less 
obstructed sightlines to watch for predators (Embar et al. 2011). Additionally, other rodents 
spend less time foraging on the forest edge compared to the interior, due to either higher food 
quality and quantity on the edge or a higher perceived predation risk that leads to more hiding 
and thus less energy demands (Anderson & Boutin 2002). Since food quality in this case was 
equal in both habitats, there could also be a perceived predation risk on edges impacting time 
spent foraging. Though large cats rarely inhabit forest edges, there still exist humans, large 
raptors, and domesticated dogs and cats. The lack of foraging in extremely open areas could be 
explained by the fact that when foraging patches have no cover for rodents, they either spend less 
time in these patches or avoid them all together (Embar et al. 2011). Or they traditionally do not 
have food??? 

The implications of agouti survival and foraging are wide reaching. Contrary their 
popular labelling as seed predators, agoutis do not destroy the majority of seeds they encounter, 
but rather positively impact seed and seedling survival in Costa Rica (Kuprewicz 2013). This 
highlights their significance as a seed disperser in tropical forests and further shows how 
detrimental a decrease in reproduction due to predation, as found by Zanette et al. (2011) would 
be. Agoutis have approximately two reproductive seasons a year with only one to three pups per 
season (EOL 2019). If a 40% decrease in reproduction or a decrease in diet quality was seen in 
agoutis, there could be a large decrease in the agouti population in a very short time Furthermore, 
one square kilometer houses approximately 17 agouti individuals (EOL 2019). As forests are 
degraded, it is possible that there would be less space available suitable for agoutis or decreases 
in agouti density tied to decreases of forest quality. This would not only negatively impact 
dispersal of seeds, but also biomass of tropical forests. At the very least we can conclude that 
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forest alterations affect agouti foraging behavior, which may have repercussions across the 
ecosystem. It is then imperative that the destruction and conversion of tropical forests is 
monitored and prevented wherever possible. If this is not done, there could be deleterious 
impacts across tropic levels and at the larger ecosystem level that may not be reversible.  
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Figure 1: Satellite view of the study site. Study was conducted in trails surrounding the 
Monteverde Biological Station, in a tropical lower montane wet forest site in Monteverde, Costa 
Rica. Red circles are rough representations of some places where forest edge traps were placed 
while yellow circles are forest interior traps.   
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Figure 3: The average time that agoutis spent at bait in forest edge and forest interior with 
standard error bars. Time was measured from the time the agouti arrived at the bait to the time 
the agouti left. If	there	was	less	than	three	minutes	between	videos	at	a	given	camera	trap	I	still	
considered	it	part	of	the	same	feeding	bout.  
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Figure 4: The mean percentage of time agoutis spent feeding with head down on forest edge and 
interior with standard error bars. Time was measured as the amount of time the agouti was 
visible in front of the camera foraging with its head down. The y-axis represents proportion of 
total time and not raw amount of time.  
 
 

 
Figure 5: The mean percentage of time agoutis spent with their head up not eating on forest edge 
and interior with standard error bars. Time was measured as the amount of time the agouti was 
visible in front of the camera with its head up, but not eating. The y-axis represents proportion of 
total time and not raw amount of time.  
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ABSTRACT 
 
Bees are important pollinators for coffee and bee diversity can increase coffee yield. Unfortunately, coffee 
production can degrade natural habitats causing a decrease in bee diversity. Shade cover may be an effective 
way to minimize this impact, but there has been no evidence demonstrating shade cover affects bee diversity 
when coffee is not in bloom. To address this knowledge gap, this study compared bee diversity between three 
coffee farms that range in shade during October and November when coffee is not in bloom. Three plots of 
flowering bushes were chosen on each farm depending on the most abundant flower species on the farm. An 
area of 100 flowers was chosen within each bush to sample using a point count method. Each morphospecies 
seen was tallied and one representative was caught for identification. Of the three farms, the majority shade 
cover farm possessed the highest bee diversity and evenness. This is consistent with previous studies 
conducted when coffee was in bloom and suggests that the greater availability of nesting habitat allows for 
higher bee diversity. The majority sun coffee farm possessed the second highest diversity, perhaps due to 
inconsistent floral sources between the farms. The majority shade and majority sun coffee farm were the most 
similar in species composition. They differed from the intermediate shade farm with lower abundance of Apis 
Mellifera and higher abundance of Partamona orizabaensis. Overall results show shade cover can help 
sustain bee diversity even when coffee is not in bloom, which argues for maintaining canopy trees on coffee 
farms.  
 
RESUMEN 
 
Las abejas son polinizadores importantes para el café y la diversidad de abejas puede aumentar la producción 
del mismo. Desafortunadamente, la producción de café puede degrader los habitats naturales causando una 
disminución en la diversidad de abejas. La cobertura de sombra puede ser una forma efectiva de minimizer 
este impacto, pero no hay evidencia que demuestre que la cobertura de sombra afecta la diversidad de abejas 
cuando el café no está floreciendo. Para cubrir este hueco de conocimiento, este estudio compara la diversidad 
de abejas entre tres fincas de café con diferentes grados de sombra durante Octubre y Noviembre cuando el 
café no está floreciendo. Tres parcelas con arbustos con flores se escogieron en cada finca dependiendo de la 
especie de flor más abundante en la finca. Un área de 100 flores se escogió dentro de cada parche para medir 
usando el método de puntos de conteo. Cada morfoespecie vista fue contada y un representante fue capturado 
para identificación. De las tres fincas, la que tiene la cobertura de sombra mayor poseé la mayor diversidad y 
equidad de abejas. Esto es consistente con estudios previos conducidos cuando el café esta floreciendo y 
sugiere que la mayor disponibilidad de sitios para anidar permite una mayor diversidad de abejas. La finca 
con mayor exposición al sol poseé la segunda mayor diversidad, quizas debido a la inconsistencia floral entre 
las fincas. Las fincas con mayoría de sombra y mayor exposición al sol fueron las más similares en 
composición de especies. Estas difieren de la finca con sombra intermedia con una menor abundancia de Apis 
mellifera y una mayor abundancia de Partamona orizabaensis. En general estos resultados muestran que la 
cobertura de sombra puede ayudar a sostener la diversidad de abejas aún cuando el café no está floreciendo, 
lo cual apoya la idea de mantener arboles de dosel en las fincas de café. 
 
 

58



	

 
INTRODUCTION 
 
The majority of the world’s agricultural crops depend on pollinators (Aizen et al. 2009). Of 
those pollinators, bees are by far the most important (Ngo et al. 2013). One major cash crop 
which benefits from bees is coffee (Roubik 2002). Highland coffee (Coffea arabica) has 
been considered a self-fertilizing plant but studies show cross-pollination by bees produces 
a higher yield by as much as 20-25% (Roubik 2002). In addition, coffee yield has been 
shown to increase with bee diversity (Klein et al. 2003). Bee diversity is essential to 
pollination services, as greater diversity provides a buffer from temporal fluctuations in bee 
communities (Kremen et al. 2002).  

Unfortunately, coffee production can involve the fragmentation and destruction of 
natural habitats, which may result in the loss of bee diversity (Klein et al. 2003). In the 
tropics, where the majority of coffee is produced, coffee growing regions possess high 
biodiversity, species richness, and endemism (Jha et al. 2014; Ricketts 2004). The fact that 
bee diversity supports coffee pollination is yet one more reason to conserve these regions 
(Klein et al. 2003; Ricketts 2004; Roubik 2002). 

One critical part of sustaining bee diversity is preserving bee nesting sites (Potts et 
al. 2015). Bees nest in the trunks and roots of trees, which are preserved by shade-grown 
coffee farms (Jha et al. 2014). Shade-grown coffee farms maintain a natural canopy of trees 
above coffee plants rather than cutting them down as sun-grown farms do (Jha et al. 2014). 
Studies conducted in the tropics have found shade-grown coffee farms sustain higher bee 
diversity than sun-grown farms (Caudill et al. 2017; Hack 2010). Another study comparing 
shade grown coffee farms found those with more canopy cover possessed higher bee 
diversity (Jha & Vandermeer 2010).  

However, these studies took place during the coffee bloom (Caudill et al. 2017; 
Hack 2010; Jha & Vandermeer 2010). While this has helped standardize the approach and 
comparison of observation between sites, it does not provide data on bee diversity during 
the majority of the year. Shade cover may be an effective way to minimize the impact of 
coffee production on natural ecosystems, but there is no evidence demonstrating shade 
cover affects bee diversity when coffee is not in bloom. To address this knowledge gap, my 
study therefore compares bee diversity between three coffee farms during October and 
November when coffee is not in bloom.  
 
METHODS 
 
I investigated three plots of flowering bushes within three coffee farms in the San Luis 
Valley of Costa Rica from October 24th to November 14th, 2019 (Figure 1, Figure 2). Each 
farm grows Coffea arabica in differing levels of shade. Shade levels were determined with 
opinion from the property owners. Each farm is within four kilometers of one another in a 
premontane moist forest (Haber 2000).  

I chose plots on each farm based on the available floral source. Two of the plots in 
each farm were flowering bushes of the most abundant flower species on the farm and one 
plot was a flowering bush with the second most abundant flower species (Figure 2). Each 
plot was at least 20 m away from the other within a farm. Within each flowering bush, I 
chose an area of 100 flowers accessible from the trail to sample diversity. 

I visited each coffee farm four times over the course of eight days. With each visit, I 
spent two hours at the farm, starting at 9am and ending at 11am. However, on three of the 
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days I visited two sites in one day. I visited one farm from 9am to 11am and then another 
farm from 11:30am to 1:30pm. I visited each farm during the later block once to account 
for changes in bee visitation due to time of day. With each visit to a farm, I also rotated the 
order in which I sampled the three plots to account for changes in bee visitation due to time 
of day. 
 
Majority Sun Site 
 
This farm is 24 years old and is owned by Amalia Rodriguez. It is a part of the Café La 
Bella Tica cooperative. It has 30% shade cover. It lies 30 m from the forest edge at 1,160 m 
in elevation and is 11,000 m2 in size. Two of the plots on this farm were the flower species 
Pentas lanceolata (Rubiaceae) and one plot on this farm was the flower species 
Stachytarpheta frantzii (Verbenaceae) (Figure 2). 
 
Intermediate Shade Site 
 
This farm is eight years old and is owned by CIEE. It has 50% shade cover. It lies 10 m 
from the forest edge at 1,100 m in elevation and is 100 m2 in size. Two of the plots on this 
farm were the flower species Stachytarpheta frantzii (Verbenaceae) and one plot on this 
farm was the flower species Lantana camara (Verbenaceae) (Figure 2). 
 
Majority Shade Site 
 
This farm is 25 years old and is owned by Victor Ramirez. It is called El Cafetal. It has 
70% shade cover. It lies 20 m from the forest at 1,000 m elevation and is 7,000 m2 in size. 
Two of the plots on this farm were the flower species Stachytarpheta frantzii 
(Verbenaceae) and one plot on this farm was the flower species Stachytarpheta mutabilis 
(Verbenaceae) (Figure 2). 
 
Species Diversity 
 
I used a point count method to collect data and I observed each plot for 40 minutes. This 
involved tallying the morphospecies of each bee I saw land on a flower in my plot of 100 
flowers. If I had never seen the morphospecies before, I used a sweep netting method to 
catch the bee. While netting a bee, I paused my timer to ensure I watched each plot for the 
same amount of time. Collected bees were preserved in 70% ethanol for later identification. 
 
Bee Species Identification  
 
I compared the caught specimen to pictures from previous studies done with bees in Costa 
Rica (Byrne 2010; Dove 2010; Lorack 2012; Salladay 2011). If I was unable to catch a bee, 
the identification was made to genus level based on memory. 
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Figure 1. Map of the San Luis Valley, Costa Rica with coffee farms used to assess bee 
diversity labeled: Majority Shade Farm, Majority Sun Farm, and an Intermediate Shade 
Farm. All farms were within four km from each other in premontane moist forest between 
1,000 m to 1,160 m above sea level.  

	
 

 
 

Figure 2. Flower species for the three plots on the three coffee farms. Two plots were the 
most abundant flower species on the farm and the third plot was the second most abundant 
flower species on the farm. Majority sun coffee farm: Two plots were Pentas lanceolata and 
one plot was Stachytarpheta frantzii. Intermediate shade coffee farm: Two plots were 
Stachytarpheta frantzii and one plot was Lantana camara. Majority shade coffee farm: Two 
plots were Stachytarpheta frantzii and one plot was Stachytarpheta mutabilis. All farms 
were located in premontane moist forest between 1,000 m to 1,160 m above sea level.
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RESULTS 
 
I observed a total of 982 bees and 12 bee species (Table 1). I caught eight bees for species 
identification and identified four species based on memory (Figure 3). The majority sun 
coffee farm had the highest abundance of bees and the second highest number of species 
(Table 1). The intermediate shade coffee farm had the second highest abundance of bees 
and the lowest number of species (Table 1). The majority shade coffee farm had the lowest 
abundance of bees and the highest number of species (Table 1). I found a significant 
difference in the total observed abundances between the farms with the use of a chi-squared 
test (X2 = 419; df = 2; P < 0.0001).  
 

 
Table 1. Each bee species observed and its respective abundance at each coffee farm with 
differing levels of shade (30%, 50%, and 70%). Data on bee species was collected using a 
point count method at three plots of flowering bushes on three coffee farms were located in 
premontane moist forest in the San Luis Valley, Costa Rica.

 

Species Majority Sun 
Intermediate 

Shade Majority Shade Total 

Trigona fulviventris 244 92 68 404 

Partamona orizabaensis 256 1 33 290 

Apis mellifera 78 106 5 189 

Tetragonisca angustula 26 0 10 36 

Euglossa igniventris 10 0 19 29 

Euglossini spp 1 8 4 5 17 

Halictidae spp 4 0 2 6 

Euglossa cyanura 0 0 6 6 

Plebeia jatiformis 2 0 0 2 

Anthophora urbana 0 0 1 1 

Eulaema spp  0 1 0 1 

Euglossini spp 2 0 1 0 1 

Total # of bees: 628 205 149 982 

Total # of species: 8 6    9      12 
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Figure 3. Images of bees caught for species identification. Bees were collected using a 
point count method at three plots of flowering bushes on three coffee farms were located in 
premontane moist forest in the San Luis Valley, Costa Rica

 
 
I found significant differences in Shannon-Wiener diversity indices between all 

three farms (Table 2). The majority sun coffee farm had the second highest diversity and 
the lowest evenness (Table 2, Figure 5). The intermediate shade coffee farm had the lowest 
diversity and the second highest evenness (Table 2, Figure 5). The majority shade coffee 
farm had both the highest diversity and evenness (Table 2, Figure 5). 
 

 
Table 2. Shannon-Wiener diversity index (H’) and evenness (J’) of bee species between 
three coffee farms with differing levels of shade (30%, 50%, 70%). All H’ indices are 
significantly different from each other according to a T-test for diversity indices, with a T 
absolute value of at least 3.33 and a P-value smaller or equal to 0.0001. Data on bee species 
was collected using a point count method at three plots of flowering bushes three coffee 
farms were located in premontane moist forest in the San Luis Valley, Costa Rica. 

 

 H’ J’  

Majority Sun 1.30 0.457 

Intermediate Shade 0.855 0.477 

Majority Shade 1.58 0.721 
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I used an Individual Rarefaction test to determine species diversity and account for 

the differing sample sizes between the sites (Figure 4). With extrapolated sampling to 800 
individuals, the majority sun coffee farm had the second highest diversity, the intermediate 
shade coffee farm had the lowest diversity, and the majority shade coffee farm had the 
highest diversity (Figure 4).  

 
 

 
 

 
Figure 4. Individual rarefaction graph predicting Shannon-Wiener Diversity Index with 
additional sampling of bees (800) on three coffee farms which differ in levels of shade 
cover. Rarefied values are presented with 95% Confidence Intervals. Bee abundance was 
sampled using a point count method at three plots of flowering bushes on each farm. All 
farms were located in premontane moist forest in the San Luis Valley, Costa Rica. 
Rarefaction was conducted using the package iNEXT in R 3.6.1. 
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Figure 5. Percent distribution of bee species found on three coffee farms with differing 
levels of shade. Data on bee species was collected using a point count method at three plots 
of flowering bushes on each farm. All farms were located in premontane moist forest in the 
San Luis Valley, Costa Rica. The total number of bees sampled is presented for each farm.  

 
 

The majority sun and majority shade coffee farms were 90% similar in species 
shared with similar relative abundances (Morisita Index of Similarity: 0.898). However, 
these same farms were only 60% similar to the intermediate shade coffee farm in species 
shared with relative abundances (Morisita Index of Similarity 0.599 and 0.595 
respectively).  

Trigona fulviventris was a large proportion of the bees observed for all the coffee 
farms (Figure 5). Partamona orizabaensis was a large proportion of the bees observed for 
the majority sun coffee farm and the majority shade coffee farm, but I made only one 
observation of the species on the intermediate shade coffee farm (Figure 5, Table 1). Apis 
mellifera was a large proportion for the intermediate shade coffee farm, a smaller 
proportion for the majority sun coffee farm, and an even smaller proportion for the majority 
shade coffee farm (Figure 5).   

Two species made up 80% of the total number of bees for the majority sun coffee 
farm, 97% for the intermediate shade coffee farm, and 68% of the majority shade coffee 
farm (Figure 5). Plebeia jatiformis was only found on the majority sun coffee farm (Table 
1). Euglossini species 2 and the Eulaema species were only found on the intermediate 
shade coffee farm (Table 1). Euglossa cyanura and Anthophora urbana were only found on 
the majority shade coffee farm (Table 1).  
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DISCUSSION 
 
The results of my study show shade cover has an effect on bee diversity during the time 
coffee is not in bloom. Of the three farms, the one with majority shade cover possessed the 
highest bee diversity. This is consistent with previous studies conducted when coffee was 
in bloom and where greater availability of nesting habitat supports higher bee diversity 
(Caudill et al. 2017; Hack 2010; Jha & Vandermeer 2010). Along with being more diverse, 
the bees at the majority shade coffee farm were also more evenly distributed among the 
species present. Following the findings in Kremen et al. 2002, this evenness likely 
contributes to greater stability against temporal fluctuations in bee communities on the 
majority shade coffee farm.  

 However, the majority sun coffee farm in this study was a close second. It had the 
highest abundance and second highest diversity. This result may be a function of the 
inconsistent floral sources between the farms. A study found bee density and species 
richness increases with the number of inflorescences (Veddeler et al. 2006). The farms 
studied were not equal in the number of inflorescences. Two of the three plots on the 
majority sun coffee farm were the species Pentas lanceolata (Rubiaceae), which had 
comparatively more inflorescences per bush than Stachytarpheta frantzii (Verbenaceae) 
which made up two of the plots on the other two coffee farms, intermediate shade and 
majority shade. The difference in number of inflorescences may have skewed the results 
showing a higher abundance and diversity on the majority sun coffee farm.  

There was one species of bee that did not seem to care about the amount of shade 
cover. Trigona fulviventris was found on all the coffee farms in similar proportions. This 
species has been found to be limited by lack of food sources rather than availability of nest 
sites (Johnson & Hubbell 1978).  

The majority sun and majority shade coffee farms were the most similar in species 
composition compared to the intermediate shade coffee farm. The main difference when 
compared to the intermediate shade coffee farm was the lower abundance of A. mellifera 
and the higher abundance of P. orizabaensis on the majority sun and majority shade coffee 
farm. The higher abundance of A. mellifera may be explained by the difference in the size 
of the farms. One study found Apis bees more associated with smaller fragments of land 
and the intermediate shade coffee farm was more than 6,000 m2 smaller than the other two 
coffee farms (Brosi et al. 2007). The lower abundance of P. orizabaensis abundance may 
have been due to low recruitment in the presence of T. fulviventris. Partamona orizabaensis 
has been shown to recruit high numbers to a food source possibly as a strategy to win in 
competition against Trigona bees (Keppner & Jarau 2016). They may have not been 
successful in competing, as I observed only one P. orizabaensis and 92 T. fulviventris on 
the intermediate shade coffee farm. 

Overall, I found a similar makeup of species compared to previous studies 
conducted on bees in coffee farms during coffee bloom in the San Luis Valley, Costa Rica 
(Lorack 2012, Peters et al. 2012, Salladay 2011). Apis mellifera, T. fulviventris, E. 
igniventris, P. orizabaensis were observed in all studies including mine. However, Bombus 
species, Xylocopa species, and more Euglossa species were found in the previous studies, 
but not in mine. The difference in species composition suggests more factors affect bee 
diversity than just the amount of shade cover. However, the results of my study nonetheless 
suggest that shade cover can help sustain bee diversity even when coffee is not in bloom.  
 

66



	

 
These results may provide more reasons for coffee farmers to preserve or grow canopy 
trees on their coffee farms as an effective way to minimize the impact of coffee production 
on natural ecosystems. 
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ABSTRACT 
 
Climate change is causing many species to shift their geographic ranges to higher latitudes and elevations due to 
warming global temperatures. Tropical montane species are particularly susceptible to climate change due to high 
endemism and narrow temperature tolerances; however, these areas are often understudied. In the Tilarán Cordillera 
in Costa Rica, climate change is causing the cloud forest life zones to shift upward, potentially causing over 50% of 
its bird species to decline in the coming century due to habitat shifts. To see whether the elevational distributions of 
montane hummingbirds had shifted within the past 18 years, I compared hummingbird abundance observations to 
previous studies done in the Monteverde area by Lynn in 2001 and Wallace in 2013. I set up feeders and camera 
traps along a gradient of seven elevations (1500, 1550, 1600, 1650, 1700, 1750, and 1800 m) on the Pacific slope of 
the Tilarán Cordillera. Over the course of a three-week long collection period, I obtained 1387 videos of 
hummingbirds, comprising more than 11.5 hours of footage. The camera traps captured seven species of 
hummingbirds: the Purple-throated Mountain-gem, the Stripe-tailed Hummingbird, the Violet Sabrewing, the 
Green-crowned Brilliant, the Green Hermit, the Violet-ear Hummingbird, and the Coppery-headed Emerald. The 
shifts in elevational distributions were highly variable depending on the species. The Green Hermit, Stripe-tailed 
Hummingbird, and Violet Sabrewing all shifted upslope from 2013 by 146, 47, and 46 m respectively. The Purple-
throated Mountain-gem shifted downslope by 38 m since 2013, while the Green-crowned Brilliant remained 
relatively constant with a downward shift of only 1 m. Too few Violet-ear Hummingbirds and Coppery-headed 
Emeralds were observed to make predictions about their range shifts. Overall, climate change may be causing the 
elevational distributions of these montane hummingbirds to change over the 18-year and six-year periods; however, 
it may not be the primary driver, since some species shifted upslope, while others went downslope, contrary to what 
was expected. Potential explanations may include lags in altitudinal shifts due to endothermy, increased 
precipitation in the wet season due to warming global temperatures, and interspecific competitive interactions. 
Either way, climate change is still a reason for concern due to alterations in hummingbird community assemblages.  
 
RESUMEN 
 
El cambio climático está causando que varias especies cambien sus rangos geográficos a latitudes y elevaciones más 
altas debido al calentamiento global de las temperaturas. Las especies de montaña en particular son suceptibles al 
cambio climático debido al alto endemismo y las estrechas tolerancias a temperaturas: sin embargo estas áreas son 
poco estudiadas. En la cordillera de Tilarán de Costa Rica, el cambio climático está causando un movimiento hacia 
arriba de las zonas de vida del bosque nuboso, causando potencialmente un decline del 50% de las especies de aves 
en el próximo siglo debido a los cambios de hábitat. Para determinar si las distribuciones de colibríes de montaña 
han cambiado en los últimos 18 años, comparé observaciones de la abundanci de colibríes con estudios previos 
realizados en Monteverde por Lynn en el 2001 y Wallace en el 2013. Coloqué comederos y trampas cámara a lo 
largo de un gradiente de siete elevaciones (1500, 1550, 1600, 1650, 1700, 1750, y 1800 m) en la vertiente Pacífico 
de la cordillera de Tilarán. Durante el transcurso de tres semanas de colecta de datos, obtuve 1387 videos de 
colibríes, constituyendo más de 11.5 horas de grabaciones. Las trampas cámara capturaron siete especies de colibrí: 
colibrí montañes gorgimorado, colibrí colirayado, ala de sable violáceo, brillante frentiverde, ermitaño verde, colibrí 
orejiviolaceo verde, y Esmeralda de coronilla cobriza.  Los cambios en las distribuciones elevacionales fueron 
variables dependiendo de las especies. El ermitaño verde, colibrí colirayado, y ala de sable violaceo todos se 
movieron hacia arriba con respecto al 2013 por 146, 47, y 46 m respectivamente. El colibrí montañes gorgimorado 
se movió hacia abajo con respecto al 2013 38 m, mientras que el brillante frentiverde permanece relativamente 
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constante con un movimiento hacia abajo de tan solo 1 m.  Muy pocos individuos del orejiviolaceo verde y la 
Esmeralda de coronilla cobriza se observaron para hacer preddiciones sobre sus cambios de rango. En general, los 
cambios climáticos pueden estar causando un cambio en las distribuciones altitudinales de estos colibríes de 
montaña sobre períodos de 18 y seis años; sin embargo, puede no ser el factor primario, ya que algunas especies se 
han movido hacia arriba, mientras otras lo han hecho hacia abajo, contrario a lo que se esperaba. Explicaciones 
potenciales pueden incluir faltas en cambios altitudinales debido a la endotermia, aumento en la precipitación en la 
época lluviosa debido al calentamiento global de las temperaturas, e interacciones competitivas entre especies. De 
cualquier manera, el cambio climático es todavía una razón de preocupación debido a las alteraciones en las 
formaciones de las comunidades de colibríes.  
 
INTRODUCTION 
 
Since pre-industrial times, human activities are estimated to have caused the Earth to warm by 
1qC (IPCC 2018). Between 2032 and 2050, global temperatures are projected to warm an 
additional 0.5qC (IPCC 2018), which could have profound impacts on global biodiversity. 
Perhaps nowhere on Earth is the impact of climate change on biodiversity more pronounced than 
in the tropics where ¾ of all species reside (Barlow et al. 2018). According to the IPCC 2018 
report, 4% of vertebrate species are projected to lose more than half of their climatically 
determined geographic range with global warming of 1.5qC. Birds in the tropics are particularly 
vulnerable with 91% of terrestrial avian species living there (Barlow et al. 2018). In response to 
global warming, many species are expected to shift their geographic ranges to match their 
historical climatic distributions instead of remaining stationary and evolving to their new 
environments (Buermann et al. 2010). As temperatures rise, these ranges are expected to shift to 
higher latitudes and elevations (Buermann et al. 2010).  

Within tropical ecosystems, montane regions are particularly susceptible to the 
detrimental impacts of climate change; however, few studies have focused on these areas. 
Montane species are even more susceptible due to high rates of local endemism and narrow 
bands of temperature tolerances (Elsen & Tingley 2015). As species are forced to shift their 
elevational ranges upwards, there will be a dramatic reduction in the size of their geographic 
ranges (Buermann et al. 2010). With reduced range size, these species will face greater rates of 
extinction, especially those at the highest elevations with little to no remaining habitat to occupy 
(Buermann et al. 2010).  

One key example of this phenomenon is with bird species in the Neotropics, which are 
predicted to move upslope as the cloud forest life zones shift upward due to climate change 
(Gasner et al. 2010). In the Tilarán Cordillera in Costa Rica, over half of its 77 forest bird 
species, many of which are endemic, are projected to decline in the next century due to the 
upward shift in their habitat (Gasner et al. 2010). Perhaps no group of birds is more vital to 
tropical highlands than hummingbirds, for they act as important plant pollinators at elevations 
where cold temperatures limit the activity of bats and insects (Stiles & Skutch 1989). As global 
warming affects the distribution of montane hummingbirds, it could have cascading effects on 
plants that specifically rely on hummingbird pollination and on other organisms that depend on 
those plants. Even though there is functional redundancy within hummingbirds, and more 
functionally diverse hummingbirds at lower elevations could replace those at higher elevations, 
maintaining ecological stability (Maglianesi et al. 2015), highland endemic species found in 
Costa Rica and Panama like the Fiery-throated and Scintillant Hummingbirds (Garrigues & Dean 
2007), would still be the first species forced off the top of mountain, likely leading to local 
extinctions. Few studies have looked at the effect of climate change on the elevational 
distribution of hummingbirds, particularly in the Tilarán Cordillera. 
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The Tilarán Mountains are an ideal place to study the effects of climate change on 
montane ecosystems because life zones, like cloud forests, are found at much lower elevations 
than in other mountain ranges. As a result, the effect of climate change is more pronounced and 
readily observable. Because of this, the Tilaráns serve as a microcosm that foreshadows the 
impact of global warming on montane ecosystems.   

My study aimed to answer the questions of what are the current distributions of montane 
hummingbirds along an elevational gradient in the Tilarán Cordillera, and how do these 
distributions compare to 18 years ago (Lynn 2001) and six years ago (Wallace 2013) as global 
temperatures have continued to rise (IPCC 2018). Between 1993 and 2001, there was minimal 
evidence of hummingbirds shifting their elevational ranges upward in Monteverde (Lynn 2001). 
However, between 2001 and 2013, two species’ distributions remained at the same elevation, 
while one shifted upslope and another shifted downslope (Wallace 2013). It was my goal to 
obtain a greater amount of hummingbird observations across the altitudinal gradient than 
previous studies by using camera traps to observe hummingbird abundance in a non-invasive 
way that allowed for a longer study period. Considering the previous studies were conducted 
during the dry season, there may be differences in the elevational distributions of the 
hummingbirds due to seasonal variance, given my study was conducted at the end of the wet 
season.  
 
METHODS 
 
I studied the elevational distribution of five hummingbird species from 1500 to 1800 m on the 
Pacific slope of the Tilarán Cordillera near Monteverde, Costa Rica from October 21 to 
November 7, 2019. The study took place along the Sendero Principal at the Estación Biológica 
de Monteverde. The study site spanned two Holdridge life zones: 1500 to 1600 m comprised 
lower-montane wet forest, while 1600 to 1800 m was classified as lower montane rain forest 
(Haber 2000).  
 
STUDY SYSTEM 
 
The upper Tilarán Cordillera is home to 30 known species of hummingbirds (Fogden 1993). The 
most commonly observed species in my study site, their abbreviations, and their recorded 
elevation distributions from 2019 are listed in Table 1. The following species were those most 
commonly observed in previous studies that I expected the camera traps to capture: the Violet 
Sabrewing (VSW), the Purple-throated Mountain-gem (PTMG), the Green-crowned Brilliant 
(GCB), the Green Hermit (GH), the Stripe-tailed Hummingbird (STH), the Green Violet-ear 
(GVE), the Coppery-headed Emerald (CHE), and potentially but unlikely the Fiery-throated 
Hummingbird (FTH) (Lynn 2001, Wallace 2013). Previously, the VSW was found from 1490 to 
1800 m and was most abundant at 1500 m (Wallace 2013). The PTMG was found from 1490 to 
1800 m and was most abundant at 1750 m (Wallace 2013). The GCB was found from 1490 to 
1750 m and was most abundant at 1550 m (Wallace 2013). The GH was found from 1490 to 
1750 m and was most abundant at 1600 m (Wallace 2013). The STH was found from 1490 to 
1800 m and was most abundant at 1500 m (Wallace 2013). The GVE was only observed at 1550 
m, and the FTH was not seen at all (Wallace 2013).  
EXPERIMENTAL DESIGN 
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I set up feeders to attract hummingbirds at seven elevations in 50-meter increments (1500, 1550, 
1600, 1650, 1700, 1750, 1800 m) (Figure 2). At each elevation, I set up two feeding stations that 
were approximately 50 m apart and were on opposite sides of the trail if the landscape permitted, 
so that hummingbirds would at least visit one station. At each station, I hung two feeders 
approximately 1-2 meters off the ground and 20 centimeters apart. In addition, I set up a camera 
trap no more than a meter away from the feeders to video all hummingbird activity occurring at 
the feeders. Each feeder was filled with a 20% solution of sugar water. The sugar water was 
replaced approximately every four days to avoid fermentation. In total, there were 14 feeding 
stations, 28 feeders, and 14 camera traps. Camera trap videos were analyzed to measure the 
abundance of various hummingbird species. Abundance was measured as the number of 
appearances of hummingbird species caught on camera. Individual hummingbirds could not be 
identified, so the appearance of a hummingbird was considered a new sighting. Hummingbird 
species or individuals that reappeared on the camera trap within five minutes of a hummingbird 
of the same species and sex were not considered a new sighting.  
 
DATA ANALYSIS 
 
To see if the mean elevations for each species would be different depending on the type of 
methodology used to sample hummingbirds (i.e. visual sightings in the morning (Lynn 2001, 
Wallace 2013) or with continual videos from camera traps), I compared a subset of videos that 
corresponded to the visual protocol used by Wallace (2013) with the total amount of my 
sightings using a non-parametric Mann-Whitney U test. 

To see if there was a shift in the mean elevation of each species, the mean elevation for 
sightings of each hummingbird was calculated and compared to data collected in the same 
location by Lynn (2001) and Wallace (2013) using a Kruskal-Wallis ANOVA. If a difference 
was detected within a species between years, a post hoc analysis was performed to see which 
years differed. 

Finally, to compare the abundances of each species at the different elevations between 
years, I performed a Fisher’s Exact test. To standardize the differences in the amount of time 
used to gather the sightings, I converted the actual number of individuals seen at each elevation 
to the proportions of the total number of hummingbirds within that species seen in that given 
year. 
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Figure 1. Map of study site. Sendero Principal, Estación Biológica de Monteverde, Monteverde, 
Costa Rica.  
 

 
Figure 2. Approximate location of the seven hummingbird feeding stations in the Tilarán 
Cordillera in Costa Rica.  
 
RESULTS 
 
In total, I collected 1387 videos containing hummingbirds, comprising 693.5 minutes. I was able 
to identify hummingbirds in 1260 (90.8%) of the videos, while 127 videos contained 
hummingbird images that could not be reliably categorized as certain species. The videos 
contained 602 PTMG, 287 STH, 181 VSW, 147 GH, 41 GCB, 1 GVE, 1 CHE, and 0 FTH. A 
summary of their distributions, including minimum, maximum, and peak elevations, is presented 
in Table 1. 
 
 
Table 1. Elevational distributions of seven montane hummingbird species in 2019 observed on 
the Pacific Slope of the Tilarán Cordillera in Costa Rica. Minimum and Maximum correspond to 
the minimum and maximum observed elevations (m). Peak represents that elevation with the 
highest frequency of appearances captured by the camera traps. 

Hummingbird Species 
 VSW PTMG GCB GH STH GVE CHE 
Minimum 1500 1550 1500 1500 1500 1600 1500 
Peak 1500 1650 1600 1750 1650 1600 1500 
Maximum 1800 1800 1750 1800 1800 1600 1500 
Total 
Observations 
across all 
elevations 

181 602 41 147 287 1 1 
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In order to compare my camera trap data to the previous studies, given the differing 
methodologies (direct observation vs. camera traps), I selected 2.5-hour subsets for each 
elevational over the course of nine days of camera trap data and recorded the abundance of each 
species. I attempted to simulate the methodology used by Wallace (2013) in which I used 30-
minute increments from two adjacent elevations for each day (ie. 0630-0700 at 1500m and 0700-
0730 at 1550m) until I received five collection periods for each elevation. 

The mean elevation for each species using the subset data selected to mimic the hours 
monitored in Wallace (2013) and the total hours monitored by the camera trap showed no 
difference using a Mann-Whitney U test per species (GCB: U = 202.5, n1 = 43, n2 = 9, p = 
0.82767, GH: U = 538.5, n1 = 145, n2 = 7, p = 0.78523, PTMG: U = 9337.5, n1 = 624, n2 = 30, p 
= 0.98224, STH U = 2063, n1 = 263, n2 = 14, p = 0.44719, VSW: U = 473, n1 = 182, n2 = 7, p = 
0.24821) (Figure 3). 
 

 
 
Figure 3. Mean (rSE) elevations of five montane hummingbird species on the Pacific slope of 
the Tilarán Cordillera for all camera trap observations (Total) and for a 2.5-hour sampling period 
(Subset). A Mann-Whitney U test found there was no difference in mean elevation between the 
total and subset data for any hummingbird species.  
 

Therefore, I used the total camera trap data to compare the mean elevation of each 
species with the previous data from 2001 and 2013 (Figure 4). A Kruskal-Wallis rank sum test 
was performed to compare if there was a difference in mean elevation among the three study 
years for each species. The was a significant difference between the mean elevations for the 
GCB (X2  = 14.178, df = 2, p < 0.001), the GH (X2  = 52.178, df = 2, p < 0.0001), the PTMG (X2  

= 18.897, df = 2, p < 0.0001), the STH (X2  = 31.828, df = 2, p < 0.0001), and the VSW (X2  = 
7.9376, df = 2, p = 0.0189). A post-hoc pairwise comparison examination was performed to see 
if there were differences in the mean elevation between 2019 and 2001 and 2019 and 2013. The 
test found that there was a significant difference in the mean elevation of the GCB from 2001 to 
2019 (p < 0.001) but not from 2013 to 2019 (p = 0.342). The mean elevation for the GH differed 
significantly from 2001 to 2019 (p < 0.0001) and from 2013 to 2019 (p < 0.0001). There was 
also a significant difference in mean elevation for the PTMG from both 2001 to 2019 (p = 
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0.0067) and 2013 to 2019 (p = 0.0014). The test found that there was no significant change in 
mean elevation of the STH from 2001 to 2019 (p = 0.98); however, the was a significant 
difference from 2013 to 2019 (p < 0.0001). Similarly, the VSW showed no significant shift in 
mean elevation from 2001 to 2019 (p = 0.165) but did from 2013 to 2019 (p = 0.039). To 
summarize, all species except the GCB experienced a significant shift in their mean elevation 
from 2013 to 2019. The GCB, GH, and PTMG all had significant differences in their mean 
elevation from 2001 to 2019, while the STH and VSW did not. 

Since 2001, the GCB has shifted downslope by 75m but only one meter since 2013. The 
PTMG also shifted downslope from 2001 and 2013 by 49 m and 38 m respectively. Despite 
shifting downslope by 75 m from 2001 to 2013, the GH experienced the greatest shift upslope 
out of any species with an increase of 146 m from 2013. Similarly, the STH and VSW underwent 
downward elevational shifts from 2001 to 2013, 42 m and 17 respectively, yet both experienced 
upward shifts from 2013 with the STH moving upslope by 47 m and the VSW by 46 m. All three 
of the of the GH, STH, and VSW had a net shift upslope from 2001.  

 
 

 
Figure 4. Mean elevations (rSE) for five montane hummingbird species on the Pacific slope of 
the Tilarán Cordillera in 2001, 2013, and 2019. The Green-crowned Brilliant (GCB) shifted 
slightly down in elevation in 2019 from 2013 as did the Purple-throated Mountain-gem (PTMG) 
but to a greater extent. The Green Hermit (GH), Stripe-tailed Hummingbird (STH), and Violet 
Sabrewing (VSW) all shifted up in elevation in 2019 as compared to 2001 and 2013. The Green 
Violet-ear was not included since the sample size was small for all three study years. The 
Coppery-headed Emerald also was not included since only one individual was sighted in 2019. A 
Kruskal-Wallis rank sum test indicated that the mean elevation differed significantly between the 
three study years for all five species. A post-hoc pairwise comparison was performed to see if 
there were differences in the mean elevation between 2019 and 2001 and 2019 and 2013. It 
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found that the mean elevation was significantly different between 2013 and 2019 for all species 
except for the GCB. The GCB, GH, and PTMG all had significant differences in their mean 
elevation from 2001 to 2019, while the STH and VSW did not. 
 

Since the subset sampling method resulted in much a smaller sample size compared to the 
data from 2013 despite the significantly larger overall number of hummingbird sightings (1260 
in 2019 vs. 130 in 2013), I compared the proportional abundances of each species for every 
elevation as seen in Figure 5. Proportional abundance was calculated based on the number of 
sightings during all sampling periods for a given elevation for one species as a percentage of the 
total number of hummingbird individuals for that species observed across all elevations. To 
compare the peak abundance elevations within the same species between 2019 and 2001 and 
2019 and 2013, I performed a Fisher’s Exact test. For the VSW, there was a significant 
difference in the elevational distributions between 2019 and 2001 (p < 0.0001) and between 2019 
and 2013 (p < 0.0001). The PTMG showed a significant difference in its elevational distribution 
in 2019 from 2001 (p < 0.0001) and 2013 (p < 0.0001). As for the GCB, it also had significantly 
different elevational distributions in 2019 compared to 2001 (p < 0.0001) and 2013 (p < 0.0001). 
The STH elevational distribution significantly differed in 2019 from 2001 (p < 0.0001) and 2013 
(p < 0.0001) as did the distribution of the GH from 2019 to 2001 (p < 0.0001) and 2019 to 2013 
(p < 0.0001). 
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Figure 5. Distributions of five montane hummingbird species along an elevational gradient in 
the Tilarán Cordillera in 2001, 2013, and 2019. Proportional abundance was calculated based on 
the number of sightings during all sampling periods for a given elevation for one species as a 
percentage of the total number of hummingbird individuals for that species observed across all 
elevations. The GVE was not included since the sample size was small for all three study years. 
The CHE also was not included since only 1 individual was sighted in 2019. All hummingbird 
species elevational distributions were significantly different (p < 0.0001) in 2019 compared to 
2001 and 2013 after performing a Fisher’s Exact Test. 
 
 
 
DISCUSSION 
 
Camera traps seem to be a viable method of studying hummingbirds. The was no significant 
difference in the observed mean elevation of the hummingbird species between the subset and 
total sampling methods using only camera traps (Figure 3). This shows that a small collection 
period from camera traps gives similar results compared to a much longer collection period. One 
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drawback, however, is that the camera traps were not able to capture a large sample size of 
hummingbird sightings over a 2.5-hour span compared to the visual observations in previous 
studies (67 using camera traps vs. 90 and 130 with direct observations), indicating a potentially 
skewed abundance of hummingbirds. Despite this, camera traps offer other advantages, like 
being able to observe hummingbirds at all times of day and for longer periods of time. As a 
result of using camera traps, I was able to observe significantly more hummingbirds than by 
direct observation, almost by a factor of ten (1260 using camera traps vs 130 with direct 
observation), with fairly high success (90.8% identified). With closer camera trap placement to 
the feeders and higher resolution cameras, an even higher identification rate could be achieved. 
 The camera traps revealed that the distributions of five species differed significantly from 
2001 and 2013 (Figure 5). Due to a single sighting of a Green Violet-ear, I was not able to 
compare it to the previous studies. The distributions of the Coppery-headed Emerald were also 
not compared, since only one was observed in 2019, and none were seen in in 2001 or 2013 
(Lynn 2001, Wallace 2013). Perhaps, the variance in elevational distributions can be attributed to 
the use of camera traps with lower identification resolution or the fact that my study was 
conducted during the wet season as compared to the previous studies that took place in the dry 
season. 
 Not all hummingbird species shifted their elevational distributions upslope as expected. 
Instead, the shifts in distributions were highly variable depending on the species. The Green 
Hermit’s mean elevation shifted upslope by the greatest amount out of any species from 2013 but 
reversed the downslope trend from 2001 to 2013. It was a similar case from the Stripe-tailed 
Hummingbird and the Violet Sabrewing. Both species shifted upslope from 2013 even though 
they were moving downslope in 2013 from 2001. This could be explained by the fact that in the 
2013 study by Wallace, there were certain gaps in the elevational data that may have skewed the 
distributions. Contrary to the expected upward shifts in elevation due to climate change, both the 
Green-crowned Brilliant and the Purple-throated Mountain-gem shifted their ranges downslope 
from 2013, following the trend from 2001 to 2013.  

The variance in elevational distribution shifts among these montane hummingbird species 
can be explained by a variety of factors. One possible explanation is that hummingbirds are 
endothermic, so despite increases in average annual temperature, which would cause them to 
shift upslope, their ability to regulate their own body temperature gives them more flexibility 
with temperature changes (Forero-Medina et al. 2011). As a result, their shifts in altitudinal 
distribution may lag behind projected models (Forero-Medina et al. 2011). This does not 
however, explain why some species shifted downslope. Precipitation could be a contributing 
factor in driving species downslope. Even though rising temperature causes species to shift 
upslope, the increased temperature may lead to greater precipitation downslope thus causing 
some species to move downward, potentially due to greater food availability (Tingley et al. 
2012). Furthermore, shifts in elevational distributions are heterogenous in birds with 49% 
shifting downslope despite a warming climate (Tingley et al. 2012). This phenomenon may be 
further amplified by that fact that my study took place during the wet season, thus potentially 
explaining why the Purple-throated Mountain-Gem and Green-crowned Brilliant shifted 
downslope. Aside from climatic explanations, other drivers could be preventing some 
hummingbird species from moving upslope despite warming temperatures. One such driver 
could be interspecific competition, which causes narrow elevational belts in Neotropical bird 
species and limits elevational migration (Jankowski et al. 2010). Varying aggression levels 
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between hummingbird species could influence interspecific competition thus limiting elevational 
movement.  

Shifts in elevational distribution could also be attributed to seasonality. Some 
hummingbird species are elevational migrants depending on the time of year (Garrigues & Dean 
2007). The phenology of plants that act as food sources for hummingbirds may dictate their 
abundance at certain elevations depending on the season. As a result, changes in elevation seen 
within species from 2001 and 2013 may be a reflection of the timing of the study as mine was 
conducted in the rainy season compared to the previous ones that took place during the dry 
season. In order to account for seasonal shifts in elevation, less seasonally variable components 
of hummingbirds’ life histories could be monitored. One such example would be to investigate 
the nesting elevation, since that would not change from season to season but could portray an 
elevational shift across years. Furthermore, these studies only act as three points in time, and thus 
may not be reflective of decade-long trends. For this reason, continuous studies are needed to 
acquire a more complete picture of the elevational shifts of hummingbirds.  

Climate change is causing cloud forest life zones to shift upward, potentially causing 
declines in half of the bird species of the Tilarán Cordillera in Costa Rica over the next century 
(Gasner et al. 2010). This trend can be seen in the upward elevational shifts of the Green Hermit, 
Stripe-tailed Hummingbird, and Violet Sabrewing. However, climate change may not be the 
primary driving factor in the upward elevational shifts, since not all species moved upslope. 
Even though there is not a clear pattern of altitudinal shifts, climate change is still a reason for 
concern among montane hummingbird species, especially since the highland endemic Fiery-
throated Hummingbird was once again not observed. This suggests impending local extinction in 
the Tilarán Cordillera for this species. 

Climate change is not necessarily causing all hummingbird species to shift upslope, but it 
is causing their elevational distributions to change over the past 18 years (Lynn 2001) and six 
years (Wallace 2013). With shifts in distributions, community assemblages of hummingbirds 
may change, leading to novel interactions and potentially increased competition. As a result, the 
future of montane hummingbirds is unclear in a warming climate.  
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ABSTRACT 
 
The narrow elevational gradients of tropical montane bird species make them potentially the most threatened cohort 
under impeding climate change. This study was designed to replicate previous studies of the altitudinal ranges of 
two cloud forest species of redstarts, Myioborus miniatus (Slate-throated Redstart) and Myioborus torquatus 
(Collared Redstart), to compare data to detect altitudinal shifts in their populations in the Monteverde cloud forest. 
The Slate-throated Redstart may be ecologically replacing the Collared Redstart as these species move upward in 
elevation and as the Collared Redstart, a highland endemic, is pushed off the top of the mountain. Birds were 
observed both in the Monteverde Cloud Forest Biological Preserve (MCFBP) from 1515 m to 1690 m as well as at 
the Monteverde Biological Station from 1515 m to 1800 m, where playbacks of both species were used. From 1998 
to 2019, the mean elevation of the Slate-throated Redstart increased, and the birds were observed at higher 
elevations than previously. The Collared Redstart was notably absent from lower elevations at which it was 
observed previously in the MCFBP, however the birds still appeared to be common near the top of the mountain 
range at 1800 m at the Biological Station. The altitudinal range of the Slate-throated Redstart appears to have shifted 
from 1998, but it seems to be equivalent to the altitudinal range reported in 2003. Long term data over different 
years will help elucidate this range shift of both species, and this study adds another critical datapoint.  
 
RESUMEN 
 
Los estrechos gradientes altitudinales de especies de aves tropicales de montaña los vuelven potencialmente el grupo 
bajo mayor amenaza bajo el cambio climático. Este estudio fue diseñado para replicar estudios previos de los rangos 
altitudinales de dos especies de candelitas del bosque nuboso, Myioborus miniatus (candelita pechinegra) y 
Myioborus torquatus (candelita collareja), para comparar los datos para detectar cambios altitudinales en sus 
poblaciónes en el bosque nuboso de Monteverde.  La candelita pechinegra puede estar reemplazando 
ecológicamente a la candelita collareja al moverse hacia arriba en elevación y al ser la candelita collareja, un 
endémico de altura, empujado fuera del tope de la montaña. Las aves se observaron tanto en la Reserva del Bosque 
Nuboso de Monteverde (RBNM) de 1515 a 1690 m así como en la Estación BIológica de Monteverde de 1515 a 
1800 m,  en donde grabaciones del canto de ambas especies fueron usados.  De 1998 al 2019, la elevación media de 
la candelita pechinegra aumentó, y las aves se observaron a elevaciones más altas que anteriormente. La candelita 
collareja está notablemente ausente de elevaciones bajas en las cuales se observe previamente en la RBNM, sin 
embargo las aves aún parecen ser comunes cerca del pico de la montaña a un rango de 1800 m en la Estación 
Biológica.  El rango altitudinal de la candelita pechinegra parece haber cambiado desde 1998, pero parece ser 
equivalente al rango reportado en el 2003. Datos a largo plazo durante diferentes años podrían ayudar a elucidar 
estos cambios en los rangos de ambas especies, y este estudio añade otro punto de datos crítico. 
 
INTRODUCTION 
 
Tropical montane plants and animals are typically restricted to narrow elevational distributions 
(Jankowski et al. 2010). This elevational specialization of species leads to high biodiversity and 
endemism along tropical elevational gradients (Jankowski et al. 2010). Anthropogenic climate 
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change is projected to disrupt this tight elevational specialization (Sekercioglu et al. 2008, La 
Sorte & Walter 2010, Gasner et al. 2010, Jankowski et al. 2010). In Costa Rica, climate change 
effects, including a decrease in precipitation and an increase in temperature, will be more 
pronounced at high elevations than in the lowlands, and future temperatures are likely to lie 
completely outside the range of present day temperatures, leading to an increase in the height of 
cloud banks, which result from trade winds from the Caribbean (Karmalkar et al. 2008). Tropical 
montane cloud forests are fragile ecosystems and are characterized by consistent cloud cover, 
which reduces solar radiation and suppresses evapotranspiration; the clouds are an important 
source of moisture (Karmalkar et al. 2008). However, today cloud forests are being lost at 
alarming rate due to this rising of cloud banks as well as deforestation and conversion of land 
into pastures (Karmalkar et al. 2008). All these factors lead to significantly more moisture stress 
on the tropical montane forest ecosystems in Costa Rica (Karmalkar et al. 2008). The Tilarán 
mountain range of Costa Rica, where this study was conducted, is unique because highland 
elevation species occur at low elevations up to 1800 m. Therefore, climate change effects will be 
seen on these mountains before they are seen in higher elevation mountain ranges, giving a good 
prediction of biological changes that may occur on other mountains in the future. Thus, research 
focused on understanding species’ ranges is pressingly important, and there is a need for 
additional knowledge of species’ dispersal and adaptive capacities, especially for conservation 
efforts (Sekercioglu et al. 2008, La Sorte & Walter 2010). 

One group of endemic organisms that characterize tropical montane ecosystems are birds. 
Birds can be used as bioindicators (Price 2006), making them a useful marker to track.  
Increasing temperatures strongly impact montane bird species with narrow vertical distributions 
(La Sorte & Walter 2010), and these species may be highly vulnerable (Jankowski et al. 2010). 
The avian genus Myioborus is characteristic of cloud forests. Two species that depend on this 
ecosystem are small aerial insectivores in the warbler family (Parulidae), Myioborus miniatus 
(Slate-throated Redstart) and Myioborus torquatus (Collared Redstart) (Pérez-Emán 2005). 
These species exhibit a pattern of elevational replacement with incompletely overlapping 
elevational ranges. The Slate-throated Redstart is common at middle elevations from 700 m to 
2100 m, while the Collared Redstart is endemic to Costa Rica and western Panama and common 
in highlands between 1500 m and timberline (Garrigues 2007). Both species are observed in the 
Monteverde Cloud Forest Biological Preserve (MCFBP) in Costa Rica, where biological changes 
associated with changes in climate have already been identified (Pounds et al. 1999). As a high-
altitude specialist and with such a limited range in the MCFBP, where the highest elevation is 
1690 m, the Collared Redstart is in danger. If cloud banks rise forcing the Collared Redstart to 
seek higher elevations, there will be nowhere for the birds to go to find suitable habitat in the 
MCFBP. The species is on the path toward extinction locally in the MCFBP (Wood 2003). Two 
studies have been conducted in the MCFBP on the abundance of both the Slate-throated Redstart 
and the Collared Redstart along an elevational gradient in 1998 and 2003 (Mahan 1998, Wood 
2003), however, the upward shift of their altitudinal ranges needs to be studied to further 
understand the impact of climate change on these species. It is now time to readdress this shift to 
get an understanding of how rapidly it has been changing. 
 This study was designed to replicate previous studies of the altitudinal ranges of the 
Slate-throated Redstart and the Collared Redstart to compare data to detect elevational shifts in 
the populations of these species in the elevational range of the MCFBP over a long time period 
of over 20 years, demonstrating the impacts of climate change on organisms that depend on the 
cloud forest.  
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METHODS 
 
Study Site  
 
Research was conducted from October 20 to November 12, 2019 during the hours of 0700-1300 
in the MCFBP between the elevations of 1515 m and 1690 m and at the Monteverde Biological 
Station between the elevations of 1515 m and 1800 m. The study area was within the Tilarán 
mountains, which form the continental divide in north-central Costa Rica. According to the 
Holdridge life zone system, the middle and upper elevations of the Tilarán mountains fall within 
five life zones, and in this region, the moisture shadow of the Pacific slope of the mountains 
causes the life zones to occur in narrower belts on the Pacific slope than on the Caribbean slope 
(Young et al. 1998). Much of the Tilarán mountains above 700 m on the Atlantic slope and 1500 
m on the Pacific slope are protected by a private reserve complex that has been developed since 
the 1970s, including the MCFBP (Powell & Bjork 1995). 
 
Altitudinal Range and Abundance of Redstarts 
 
I walked three trails in the MCFBP, three times each on different days at different times of the 
day: Sendero Chomogo, Sendero Pantanoso, and Sendero Río, as well as two trails, two times 
each on different days at different times of the day: Sendero Bosque Nuboso and Sendero 
Camino. These five trails in the MCFBP between the elevations of 1515 m and 1690 m were 
used in the 2003 study, and most were used in the 1998 study. On all the trails, I walked slowly 
at approximately 10 meters per minute and stopped when there was a mixed foraging flock, 
unlike in the 1998 and 2003 studies, where playbacks were used. When I observed (saw or 
heard) either or both species of redstarts, I recorded the date, time, trail, weather, altitude, 
number of individuals, and whether they were seen or heard. To calibrate the altimeter used to 
record and measure elevation, I used Google Earth to record the elevation at three locations 
within the study site, including both at the MCFBP and the Biological Station, and adjusted the 
measurement accordingly. 

I walked an additional trail, Sendero Principal, at the Biological Station three times on 
different days at different times of the day. At every 50 m change in elevation I used playbacks 
of both species for two-minute intervals from a Bluetooth speaker for 20 minutes with two-
minute pauses after every 4 minutes. This additional trail not within the original study site of 
1998 and 2003 was used to compare data that involved the use of playbacks to the previous 
studies and to encompass the top of the Tilarán mountain range up to 1800 m because the highest 
point in the MCFBP is 1690 m. I compared my data from this trail within the elevational range 
of the MCFBP, 1515-1690 m, to the 2003 study, to detect differences in the abundances of the 
species. 
 
RESULTS 
 
A total of 40 birds were observed, 28 Slate-throated Redstarts (three were only heard), and 12 
Collared Redstarts. At least one individual of either species was observed during each day of 
observations. The weather was variable during the 12 days of observations; eight of the 12 days 
rain was present, eight of the 12 days strong winds were present, and five of the 12 days both 
rain and strong winds were present. 
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Mean Elevation 
 
The Slate-throated Redstart was observed from 1519 m to 1685 m in the MCFBP and from 1525 
m to 1675 m on Sendero Principal at the Biological Station with a mean elevation of 1573 m 
(1573.25 ± 9.17 (mean ± SE), N = 28). To be conservative on proper identification, I excluded 
the three birds just heard for analysis, and thus the mean elevation of the Slate-throated Redstart 
seen, not including heard, was 1563 m (1563.60 +/- 7.75, N = 25) (Figure 1). 

Mean elevation of the Slate-throated Redstart significantly differed between the three 
study years, 1998, 2003, and 2019 (One Way ANOVA, F = 4.55, df = 2, p = 0.01337) (Figure 1). 
There was a significant difference between 1998 and 2019 (Fisher LSD, p < 0.001) as well as 
between 1998 and 2003 (p < 0.05). There was no difference between 2003 and 2019 (p = 0.57).  

The Collared Redstart was observed and only seen from 1519 m to 1596 m in the 
MCFBP and from 1643 m to 1798 m on Sendero Principal at the Biological Station with a mean 
elevation of 1623 m (1623.58 ± 29.97, N = 12). On Sendero Principal, which includes the 
highest point in the Tilarán mountains, the mean elevation of the Collared Redstart was 1748 m 
(1748.50 ± 36.59, N = 4). Within the elevation range of 1515-1690 m, which matches that of the 
MCFBP, the mean elevation of the Collared Redstart was 1570 m (1570.22 ± 14.36, N = 9) 
(Figure 2).  

Mean elevation of the Collared Redstart did not significantly differ between three study 
years, 1998, 2003, and 2019 (One Way ANOVA, F = 0.1785, df = 2, p = 0.83694) (Figure 2). 
 
Abundance 
 
Out of the total of 40 (28 Slate-throated Redstarts; 12 Collared Redstarts) birds observed, eight 
(5 Slate-throated Redstarts; 3 Collared Redstarts) were observed on Sendero Bosque Nuboso, 
two (all Slate-throated Redstarts) on Sendero Camino, three (all Slate-throated Redstarts) on 
Sendero Chomogo, three (1 Slate-throated Redstart; 2 Collared Redstarts) on Sendero Pantanoso, 
and four (1 Slate-throated Redstart; 3 Collared Redstarts) on Sendero Río at the MCFBP. And 20 
(16 Slate-throated Redstarts; 14 Collared Redstarts) were observed on Sendero Principal at the 
Biological Station. 

Mean number of Slate-throated Redstarts seen per minute did not differ significantly but 
showed a strong trend between 2003 and 2019 (Wilcoxon Paired Test, N = 4, Z = 1.82574, p = 
0.06789) (Figure 3). The Slate-throated Redstart was observed within the elevational range of 
1650-1700 m on Sendero Principal in 2019, while it was not in 2003. Mean number of Collared 
Redstarts seen per minute did not differ significantly between 2003 and 2019 (Wilcoxon Paired 
Test, N = 3, Z = 1.60357, p = 0.10881). The Collared Redstart was only observed within the 
elevational range of 1650-1700 m on Sendero Principal, not including in the MCFBP, in 2019, 
while it was observed below 1650 m in 2003. 
 
DISCUSSION 
 
The mean elevation of the Slate-throated Redstart increased within the elevation range of 1515-
1690 m from 1998 to 2019 as expected with rising temperatures. Although my data indicate that 
the abundance of the Slate-throated Redstart and the Collared Redstart did not significantly differ 
from 2003, the Slate-throated Redstart was observed at higher elevations between 1650-1700 m 
on Sendero Principal than in 2003 in the MCFBP, and the Collared Redstart was notably absent 
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from lower elevations, where they were previously observed in 2003 in the MCFBP, on Sendero 
Principal. These observations of the Slate-throated Redstart occupying higher elevations than 
previously observed and the absence of the Collared Redstart from lower elevations can be 
explained by the predictions of Gasner et al. (2010) that future changes in the Monteverde cloud 
forest will most likely consist of lowland species expanding upward near the top of the 
mountains while species currently near the top of the mountains will either experience drastic 
declines in abundance or local extinction. And while this study did not find a significant 
difference between abundances of the two species between 2003 and 2019, neotropical montane 
endemic bird species are less abundant than their cosmopolitan congeners, the Collared Redstart 
compared to the Slate-throated Redstart (Jankowski & Rabenold 2007), and Gasner et al. (2010) 
included the Collared Redstart as one of 25 Central American montane bird species with the 
largest projected declines. Furthermore, although the mean elevation of the Collared Redstart did 
not increase as expected within the elevational range of 1515-1690 m from 1998 to 2019, this did 
not take into account the Collared Redstart observed on Sendero Principal above 1690 m, where 
the birds were notably only present at the top of the mountain; most were observed at about 1800 
m. This may show that the Collared Redstart could be moving up in elevation at the Biological 
Station where it is possible for them to do so, unlike in the MCFBP, where their altitudinal range 
is restricted to up to 1690 m, but more data is needed to compare. Observations of the Collared 
Redstart below 1600 m during October and November, when they are normally found above 
1600 m to timberline, are supported because some Collared Redstarts may descend to 1500 m, 
especially late in the rainy season (Stiles & Skutch 1989), when there may be a decrease in insect 
abundance at higher elevations. Rain and strong winds were present on most days of data 
collection, further supporting this idea. Availability of food resources is not the only explanation; 
endothermy may also provide birds with some flexibility to temperature changes and allow them 
to move in elevation less than expected (Forero-Medina et al. 2011). 
 This study is limited by its comparison of three points in time and may not necessarily be 
representative of long-term trends. A more robust way of looking at the altitudinal shifts of the 
Slate-throated Started and Collared Redstart may be to determine the elevations at which they 
nest over multiple years. Future studies of the altitudinal ranges of the Slate-throated Redstart 
and the Collared Redstart are critical for understanding their long-term response to rising 
temperatures as well as the fate of other highland endemic bird species that may be facing the 
same risk of extinction. In 2006, the Collared Redstart was classified with a low conservation 
priority in Monteverde (Price 2006), showing the lack of research, understanding, and current 
concern for the species, while it may be going locally extinct in the Monteverde cloud forest. 
Another species in Monteverde, Ramphastos sulfuratus (Keel-billed Toucan), has already shifted 
upward in its nesting elevation (Pounds et al. 1999). Species are also going extinct or shifting 
upward in their altitudinal ranges in other parts of the tropics. Anthus nilghiriensis (Nilgiri Pipit) 
is a highly range-restricted species that is now locally extinct in several locations in India (Lele 
et al. 2019), and Prionodura newtonia (Golden Bowerbird) is predicted to go extinct in the 
tropical highlands of Australia due to global warming (Hilbert et al. 2004, Sekercioglu et al. 
2012). Furthermore, Iridosornis jelskii (Golden-collared Tanager), Scytalopus schulenbergi 
(Diademed Tapaculo), Hemispingus calophrys (Orange-browed Hemispingus), Notiochelidon 
flavipes (Pale-footed Swallow), and Conirostrum ferrugineiventre (White-browed Conebill) are 
Bolivian elfin forest specialists that occur mostly above 3000 m, and today they are frequently 
limited to narrow altitudinal belts, resulting in greatly reduced populations (Kessler & Herzog 
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1998). Further research is important for the conservation of both the Collared Redstart and 
tropical montane species as a whole.  
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Figure 1: Mean elevation in meters of M. miniatus (Slate-throated Redstart) over 21 years, 
including the years 1998, 2003, and 2019, in the Monteverde cloud forest in Costa Rica from 
1515 m to 1690 m. (N = 24 (1998), N = 35 (2003), N = 25 (2019)). In 1998 and 2003, 
observations were done only in the MCFBP, and in 2019, observations were done in both the 
MCFBP and the Monteverde Biological Station. Playbacks were used except for in the MCFBP 
in 2019. Only birds confirmed visually were included. 
 
 

 
Figure 2: Mean elevation in meters of M. torquatus (Collared Redstart) over 21 years, including 
the years 1998, 2003, and 2019, in the Monteverde cloud forest in Costa Rica from 1515 m to 
1690 m. (N = 31 (1998), N = 24 (2003), N = 12 (2019)). In 1998 and 2003, observations were 
done only in the MCFBP, and in 2019, observations were done in both the MCFBP and the 
Monteverde Biological Station. Playbacks were used except for in the MCFBP in 2019. Only 
birds confirmed visually were included. 
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Figure 3: (a) Abundance of M. miniatus (Slate-throated Redstart) in 2003 in the MCFBP and 
2019 at the Monteverde Biological Station across four elevational ranges: 1525-1550 m, 1550-
1600 m, 1600-1650 m, 1650-1700 m. (N = 32 (2003), N = 16 (2019)). Playbacks were used in 
both studies. (b) Abundance of M. torquatus (Collared Redstart) in 2003 in the MCFBP and 
2019 at the Monteverde Biological Station across three elevational ranges: 1550-1600 m, 1600-
1650 m, 1650-1700 m. (N = 20 (2003), N = 1 (2019)). Playbacks were used in both studies. 
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