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Ecotourism, Macrofungal Trail Diversity and 
Decomposition Rates in the Monteverde Cloud 
Forest Reserve  
Cassidy Brewin 
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ABSTRACT  
Increasing tropical ecotourism can show adverse effects on a variety of different taxa. Often understudied, 
macrofungi are integral to tropical communities as decomposers and nutrient recyclers. This study aims to examine 
if ecotourism is causing an impact on diversity of fungi in tropical forests, specifically the Monteverde Cloud Forest. 
Fungi were collected within the Monteverde Cloud Forest Reserve on two different trails, Sendero Camino and 
Sendero Investigación. In addition, decomposition rates for both trails were examined to assess potential impacts of 
differing macrofungal diversity. Results showed that there was less Macrofungal richness, abundance and diversity 
on Sendero Camino, a popular, heavily-trafficked tourist trail through the Reserve. Furthermore, lower rates of 
decomposition were found on Sendero Camino. From this study, it can be concluded that trails within protected 
areas may be a poor representation of local biodiversity as some taxa, including fungi, have lower levels of diversity. 
Lower levels of biodiversity could cause less visitation by ecotourists, decreasing the amount of money going 
towards conservation.  

Resumen  
El aumento en el turismo tropical puede mostrar efectos adversos en una variedad amplia de taxones.  Usualmente 
estudiados poco, los macrohongos son integrales en las comunidades tropicales como descomponedores y 
recicladores de nutrientes.  Este estudio busca examiner si el ecoturismo está causando un impacto en la diversidad 
de hongos en los bosques tropicales, específicamente el Bosque Nuboso de Monteverde.  Hongos fueron 
recolectados dentro de la Reserva del Bosque Nuboso de Monteverde en dos senderos diferentes, Sendero Camino y 
Sendero Investigación.  Además, la tasa de descomposición para ambos senderos se examinó para determinar los 
impactos potenciales de la diversidad de macrohongos.  Los resultados muestran que hay una menor riqueza, 
abundancia y diversidad de macrohongos en el Sendero Camino, un sendero muy popular, con alto tráfico a través 
de la reserva.  Además, tasas bajas de descomoposición se encontraron en el Sendero Camino.  Con este estudio, se 
puede concluir que los senderos dentro de áreas protegidas pueden ser un pobre representante de la diversidad local 
en algunos taxones, incluyendo los hongos, y que tienen bajos niveles de diversidad.  Bajos niveles de biodiversidad 
pueden causar menos visitas por ecoturistas, disminuyendo la cantidad de dinero dirigida a conservación. 

 

INTRODUCTION 

Ecotourism is considered a win: win for local human and non-human communities as it provides 
economic development while conserving biodiversity (Christ 2003). However, there is growing 
evidence that ecotourism may come at the expense of a variety of taxa. Original aims of 
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ecotourism such as conservation, education and protection of natural areas may be compromised 
by visitation if not carefully monitored and controlled (Zhou et al. 2013).  

Ecotourism, defined as responsible travel to natural areas that conserves the environment 
and improves the welfare of local people, is expanding 10-30% faster than any other type of 
travel each year, causing increasingly detrimental impacts to protected areas often visited by 
ecotourists (Self et al. 2010). Distinctive changes from ecotourism have already been shown in 
tropical areas with high numbers of ecotourists (Self et al. 2010). In these areas, native species 
are dwindling and environmental impacts such a habitat degradation are prevalent. These 
declines have been directly related to increases in ecotourism (Self et al. 2010). 

 One place in the tropics experiencing a marked increase in ecotourism is Monteverde, 
Costa Rica. Monteverde, known for its several reserves and high biodiversity is currently 
experiencing increasingly more ecotourists every year (McKeone 2011). When first opened in 
the 1970s, the Monteverde Cloud Forest Reserve (MVCFR) received only 500 visitors. At 
present, it receives over 80,000 visitors per year (Nadkarni & Wheelright 2014).  

 Trails in the MVCFR are traveled heavily by tourists, potentially causing harm. Previous 
studies on effects by trails within the Monteverde region have shown that trails can cause 
impacts similar to edges (Schivone 1992), like drying, increased sunlight and increased 
temperatures. Additionally, trails have been shown to cause a variety of changes for different 
taxa. Lower mammal abundance and arthropod diversity has been documented along highly 
trafficked trails within the MVCFP (Koponen 2014, Siker 1998). Conversely, vegetation has 
been shown to increase in abundance but decrease in species richness and bird abundance has 
been shown to increase near trails (Sun & Liddle 1993, Scholer 2005).  

One commonly overlooked taxon that may also be affected by trail systems and 
ecotourism is fungi. In general, fungi are a relatively understudied group. As of now, 
approximately 120,000 species of fungi have been described, however, estimates upwards of 1.5 
million total fungal species have been made (Hawksworth 1991). 

Fungi play an important role in offsetting nutrient poor soils in the tropics. As nutrient 
recyclers, fungi turnover decomposing material to create available nutrients in the soil for 
producers (Lodge 1993, Symposium & Isaac 1993). If increased tourism creates sunnier, drier 
conditions along trails, sporocarps, commonly known as fruiting bodies, may be inhibited (Arora 
1986). General conditions needed by a large portion of fungi include moderate amounts of 
moisture and access to nutrients (Arora 1986, Kouyeas 1964). Conditions near trails can 
compromise both which may decrease fungi fitness there. Furthermore, fitness of other 
organisms relying on the nutrient cycling abilities of fungi are put in jeopardy, with the potential 
for resonating impacts throughout different trophic levels (Lodge & Cantrell 1995). 

This study aims to examine the effect of tourism on fungi diversity and decomposition 
within the MVCFR. By using one trail accessible to tourists and a closed trail, available only to 
researchers and staff of the MVCFR, the impact of tourism on macrofungi was evaluated. In 
addition, to examine potential impacts of reduced fungi diversity and abundance, decomposition 
on both trails was examined.   
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METHODS 

Study Site 

This study was performed at the Monteverde Cloud Forest Reserve in Monteverde, Costa 
Rica during the end of the dry season in March and April 2016. The MVCFR straddles the 
continental divide in Costa Rica and is defined by four different life zones. For the purpose of 
this study, two trails on the pacific slope were surveyed (Fig 1.). This area of the reserve is 
classified as Low Montane Wet Forest and is located at approximately 1500 m in elevation 
(Haber 2000). The two trails used were Sendero Camino and Sendero Investigación. Sendero 
Camino, a main trail through the Cloud Forest Reserve, is traveled by many tourists daily and is 
a popular trail in the MVCFR. Once a road, Sendero Camino represents the widest trail within 
the Reserve, measuring at approximately 3 meters across. Little amounts leaf litter is found on 
Sendero Camino and regular trail maintenance such as weed whacking, removal of debris and 
trail widening was observed. Light levels on Sendero Camino were much higher than other areas 
in the MVCFR due to a more open canopy. Sendero Investigación is a research trail in the 
MVCFR that is closed to the public. This trail is used mainly for research purposes and receives 
little to no foot traffic on a daily basis. Sendero Investigación measures at approximately 1 meter 
across and is characterized by high amounts of leaf litter on the trail and little trail maintenance. 
Canopy on Sendero Investigación is closed and light levels are much lower than Sendero 
Camino.  

  

Figure 1. Study sites in the Monteverde Cloud Forest Reserve. Both sites classified as low 
montane wet forest. (A) Sendero Camino was open to the public and heavily traveled. 
(B) Sendero Investigación was closed to the public and used as a research trail.   

A B 
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Macrofungal Diversity 

Diversity of Macrofungi was determined by taking two 500 m transects on Sendero 
Camino and Sendero Investigación and surveying for macrofungi. After a transect was measured, 
each side of the transect was surveyed 2 meters off the trail for sporocarps of Macrofungi. When 
a sporocarp was encountered, a picture was taken in situ, the site was recorded, and the number 
of individuals was recorded if it was growing gregariously. Additionally, type of substrate the 
fungi were found growing on was recorded. Next, the sporocarp was removed from its substrate 
and wrapped in wax paper (Mueller 2004). Fungi were then transported back to a lab for 
identification. Once at the lab fungi were dehydrated for 24 hours and subsequently stored in 
wax paper bags for further identification. At the end of the collection period, fungi were grouped 
into morphospecies and if possible they were identified.  

Leaf Litter Decomposition 

Using leaves of Montanoea guatemalensis (Asteraceae), leaf litter bags were made to 
compare decomposition on Sendero Camino and Sendero Investigación. Leaves were collected 
and dried for 24 hours and the measured to approximately 4g and placed in fine, 12x12 inch 
mesh bags. Ten bags were placed within 2 meters of both Sendero Camino and Sendero 
Investigación. Leaf litter bags were in contact with the ground and covered with surrounding leaf 
litter. Bags were left for 23 days to decompose naturally. Upon recollection, bags were dried for 
24 hours and weighed to compared pre-decomposition weights of leaves to determine which site 
had higher rates of decomposition.  

RESULTS 

Macrofungal Richness, Abundance and Diversity 

Between Sendero Camino and Sendero Investigación, there was a significant difference 
in species richness (x2= 4.15, df=1, p=0.041). Sendero Camino had a total of 30 morphospecies 
found (Fig. 2). Sendero Investigación had 48 total morphospecies. In total, 59 morphospecies 
were found. Species overlap was also seen with 32 percent (19 morphospecies) of the total 
morphospecies were found on both trails. 
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Difference in abundance of sporocarps between Sendero Camino and Sendero Investigación was 
also significant (x2=20.91, df=1, p=0.0001). Sendero Investigación had over twice as many 
sporocarps as Sendero Camino, with 103 versus 43 individuals (Fig. 3).  
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Figure 2. Number of morphospecies found within 2 m Sendero Camino and Sendero 
Investigación in the Monteverde Cloud Forest Reserve, classified as low montane wet forest. 
Twenty-nine morphospecies were found on Sendero Camino and 48 morphospecies were found 
on Sendero Investigación. Total 59 morphospecies were identified over both trails. There was an 
overlap of 19 (32%) morphospecies between the two sites.  
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Figure 3. Number of individual sporocarps found within 2 meters of Sendero Camino and 
Sendero Investigación in the Monteverde Cloud Forest Reserve. Forty-three individual 
sporocarps were found on Sendero Camino and 103 were found on Sendero Investigación. In 
total, 160 individuals were found from both trails.  
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Macrofungal diversity between the two study sites was higher along Sendero Investigación 
(Modified t-test, t=-2.199, df=101.92, p=0.03) with over twice as many fungi than Sendero 
Camino and overlapping species showing a greater abundance on Sendero Investigación. 
Shannon Weiner indexes showed relatively high diversity levels for both sites but with 
significantly more fungi diversity on Sendero Investigación (H’=3.57, variance=0.01) than 
Sendero Camino (H’=3.25, variance=0.008). In total, 49 morphospecies (83 percent) were 
represented by fewer than five individuals. Sendero Camino had a greater percentage of single 
individuals representing a morphospecies than Sendero Investigación. Sendero Camino had 20 
morphospecies, 69 percent of total morphospecies on Camino, represented by only one 
individual. Sendero Investigación had 24 morphospecies, 50 percent of morphospecies on 
Sendero Investigación, represented by only one individual. 

 

 

 

 

 

 

 

 

 

 

 Leaf decomposition 

 The different study sites varied in their decomposition rates (Figure 4). Leaves in the leaf 
litter bags near Sendero Investigación had a significantly higher amount of decomposition than 
the leaf litter bags near Sendero Camino (t-test, t= 3.29, SE=0.12, df=18, p=0.004). Sendero 
Investigación had 12 percent more leaf weight loss by decomposition than Sendero Camino over 
the 23-day period.  

Sendero Camino Sendero Investigación 

Figure 3. Diversity of sporocarps found on Sendero Camino and Sendero Investigación in the 
Monteverde Cloud Forest Reserve. Sendero Investigación had a higher diversity than Sendero 
Investigación. Morphospecies overlapped between the two sites, however Sendero 
Investigación showed much higher abundances of the same morphospecies found on Sendero 
Camino. Each color represents a different morphospecies with the width representing the 
relative abundance of each morphospecies. Most prevalent on Sendero Camino were Xylaria 
sp.. Sendero Investigación showed high abundance of Xylaria sp., Auruclaria delicata, and 
Trametes sp.  

 

n=47 n=103 
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Substrate Availability 

The amount and type of substrate colonized by different sporocarps was also examined (Table 
1). Greater amounts of sporocarps were found colonizing smaller, fallen, decomposing branches 
on Sendero Investigación than Sendero Camino. In total, most fungi at both study sites were 
found on large, decomposing trees. On Sendero Investigacion, several fungi were found 
colonizing living trees and on Sendero Camino, one individual was observed colonizing on 
another indiviudal.  

 Study Site 
Substrate Type  Sendero Camino Sendero Investigación 
Log 41 85 
Branch 2 12 
Ground 3 4 
Living Tree  0 2 
Other Fungi  1 0 
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Figure 4. Mean weights of decomposition using leaf litter bags filled with approximately 4g 
of Montanoea guatemalensis leaves near two trails in the Monteverde Cloud Forest Reserve. 
Amount of decomposition was found by comparing dry weight of leaf litter bags before and 
after 23 days of natural decomposition. Higher rates of decomposition were found on Sendero 
Investigación, with a mean amount of decomposition of 2.53g. Sendero Camino had lower 
decomposition amounts with a mean of 2.07g. Standard error bars represent +/- 1 standard 
error.  

 

 

Table 1. Types of substrates used by macrofungi and the amount of macrofungi found on each type of substrate in 
Monteverde Cloud Forest Reserve. Two different trails, Sendero Camino and Sendero Investigación were sampled. 
Sendero Investigación had greater amounts of macrofungi colonizing fallen branches and logs than Sendero Camino. 
The most common type of substrate colonized on both trails were logs. 
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DISCUSSION 

Lower diversity, abundance and richness of fungi were all seen on Sendero Camino in the 
MVCFR. Increase in tourist activity or changes to trail structure to accommodate tourist on 
Sendero Camino could explain these trends. Sendero Camino is a wide trail, with opened canopy 
due to clearing of vegetation to maintain this trail. Trails of this magnitude have been shown to 
cause surrounding habitat degradation, even within the MVCFR (Farrell & Marion 2001). 
Furthermore, it has been shown that macrofungi are negatively impacted by increasing habitat 
degradation along with several other factors that could explain lower sporocarp abundances, 
richness and diversity (Brown et al. 2006). One of these factors is more open canopy, which 
causes higher light levels, higher temperatures and lower humidity (Brown et al. 2006). The 
compounding impacts of these changing abiotic factors were all observed on Sendero Camino 
and may have contributed to lower sporocarp abundance on Sendero Investigación.  

            Another explanation for the richness and diversity patterns can be explained by substrate 
availability. Trail maintenance practices such as clearing of vegetation, “weed” whacking and 
removal of debris could be causing less substrate availability for fungi on Sendero Camino. 
Debris such as small to medium sized branches were often observed being cleared from Sendero 
Camino. Since there was active removal of this type of substrate from Sendero Camino, it makes 
sense that less fungi would be able to colonize this substrate, thus explaining the higher amounts 
of colonization on branches on Sendero Investigación. Furthermore, studies have shown that 
many fungi have specific host preferences and will only fruit when in contact with its preferred 
host substrates (Lodge 1997). There are also generalist species of fungi, such as various species 
of Xylaria and Pleurotus (Lodge 1997, Pacioni & Lincoff 1980). Both of these fungal species 
were found during the study on both Sendero Investigación and Sendero Camino in relatively 
high abundance. It is possible that fungi with specific substrate needs are being more severely 
impacted along Sendero Camino than Investigación due to clearing of vegetation and removal of 
debris.   

          Fungi play an important role in decomposition of leaf litter in the tropics (Lodge & 
Cantrell 1995). Lower decomposition rates on Sendero Camino could therefore be linked to the 
lower richness and abundance of sporocarps. Consequences of less decomposition include 
changing vegetative structure in these areas, which could cause further disturbances through 
varying trophic levels (Lodge & Cantrell 1995).  

         Further increases in tourism to the Monteverde region will continue to place greater 
demands on the infrastructure of ecotourism within the community and with greater demands the 
more challenging it will be to balance ecosystem integrity against recreational objectives (Zhou 
et al. 2013). In order to protect the local biodiversity in areas frequented by ecotourists, actions 
need to be taken to prevent further impacts from the current system of ecotourism. From the 
results collected in this study and observation made in the field a few recommendations can be 
given to help preserve the local biodiversity, especially diversity of macrofungi, in the MVCFR. 
First, more sustainable trail maintenance practices need to be established. Continuous removal of 
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trail side plants and debris should be limited. Potentially, a large portion of reduced macrofungal 
diversity could be attributed to habitat degradation, which trail maintenance is promoting. 
Additionally, large trails such as Sendero Camino should be avoided. Lower impact trails, like 
Sendero Investigación, with little impact to surrounding vegetation and canopy structure should 
be implemented.  

         While only 2 percent of the total area of the MVCFR is open to the public, this relatively 
small area encompasses the highest altitudes and several unique features not found in other parts 
of the MCVFR. Therefore, any negative impacts on this area are of great importance and should 
be further monitored. Additionally, since only a small portion of the MVCFR is open to the 
public it is important that biodiversity levels are maintained. Tourist trails may be poor 
representations of local biodiversity as some taxa, including fungi are clearing showing lower 
diversity levels. Ecotourists, who pay to experience high levels of biodiversity, may become 
dissuaded from visiting reserves if local biodiversity continues to decrease near the trail systems. 
Loss of interest from ecotourists puts increasing financial pressure on protected areas and 
reserves since most of these areas get funding through ticket sales. Loss of revenue could cause 
lack of funding for conservation and eventual demise of protected areas. Therefore, it is crucial 
that local biodiversity continues near trails. Without this, potential cascading effects through the 
ecotourism industry and conservation of protected areas are possible.  
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Velamen radicum in pseudobulb and non-pseudobulb 
epiphytic orchids 
Jessica Millan 

Department of Biology, California Lutheran University 

ABSTRACT 
Epiphytic orchids may experience frequent water shortages. Velamen radicum and pseudobulbs are two resulting 
adaptations. The velamen is a spongy, usually multilayered epidermis that, at maturity, consists of dead cells that 
surrounds the roots of the epiphyte and is capable of rapid water uptake and storage, keeping the living root inside 
moist. Pseudobulbs are enlarge portions of the stem that store water and carbohydrates. This study aims to determine 
if there are tradeoffs in these two water retaining strategies: do velamen layers, water capacity, root diameter, and 
velamen proportion differ between pseudobulb and non-pseudobulb species? Forty species of epiphytic orchids were 
examined for velamen morphology, 20 with pseudobulbs and 20 without. Pseudobulb species had, on average, more 
velamen layers (5.45 layers ±0.3) and higher proportion of velamen (0.15mm ±0.01) than non-pseudobulb species 
(2.85 layers ±0.3; 0.09mm ±0.01). However, non-pseudobulb species stored more water in their velamen (fresh 
weight: 21.26mg/cm±3.6; dry weight: 2.64mg/cm ±0.5) [not as measured by water weight] than pseudobulb species 
(fresh weight: 33.87mg/cm ±3.6; dry weight: 5.73mg/cm ±0.5) (fresh weight: p=0.08; dry weight p=0.001). It may 
be that pseudobulb species quickly transport the water absorbed by their velamen to their pseudobulbs because these 
water storage organs have a thick cuticle that do not allow the exchange of water or gasses (Ng & Hew 2000). It can 
be concluded from this study that, in terms of velamen, although pseudobulb species a greater capacity for water 
storage, non-pseudobulb species are storing proportionately water in their velamen than pseudobulb species. 

RESUMEN 
Las orquídeas epífitas pueden experimentar frecuentes deficits de agua.  El velamen y los pseudobulbos son dos 
adaptaciones resultantes.  El velamen es esponjoso, usualmente con múltiples capas de epidermis que, a la madurez, 
consiste de células muertas que rodean las raíces de la epífita y es capaz de una toma rápida y almacenamiento de 
agua, manteniendo la raíz adentro húmeda.  Los pseudobulbos son porciones alargadas del tallo que sirven para el 
almacenaje de agua y carbohidratos.  Este estudio busca determinar si hay compensaciones en estas dos estrategias 
de retención de agua: difieren las capas de velamen, capacidad de agua, el diámetro de la raíz, y la proporción del 
velamen entre especies con y sin pseudobulbos? Cuarenta especies de orquuídeas epífitas se examinaron para la 
morfología del velamen, 20 con pseudobulbos y 20 sin.  Las especies con pseudobulbos tienen, en promedio, más 
capas de velamen (5.45 ± 0.3 capas) y una mayor proporción de velamen (0.15 ±0.01 mm) que las especies sin 
pseudobulbos (2.85±0.3 capas; 0.09 ±0.01 mm). Sin embargo, las especies sin pseudobulbos retienen más agua en 
su velamen (peso fresco: 21.26mg/cm±3.6; peso seco: 2.64mg/cm ±0.5) [no medido como el peso húmedo] que las 
especies con pseudobulbos (peso fresco: 33.87mg/cm ±3.6; peso seco: 5.73mg/cm ±0.5) (peso fresco: p=0.08; peso 
seco p=0.001).  Puede ser que las especies con pseudobulbos transportan el agua absorbida por su velamen 
rápidamente a sus pseudobulbos ya que estos órganos de almacenaje de agua tienen una cutícula gruesa que no 
permite el intercambio de agua o gases (Ng & Hew 2000). Se puede concluir de este estudio que, en términos de 
velamen, aunque las especies con pseudobulbos tienen una mayor capacidad para el almacenamiento de agua, las 
especies sin pseudobulbos están proporcionalmente almacenando más agua en su velamen que las especies con 
pseudobulbos. 

INTRODUCTION 
Orchids include 25,000 species in 780 genera that show an array of adaptations for the many 
habitats they occupy (Andreota et. al. 2015). Over 70 percent of its members are epiphytes that 
differ ecophysiologically to increase drought tolerance and water storage capacity (Zhang et. al. 
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2015; Ng & Hew 2000). These include specialized tissue in roots, stems, and leaves (Moreira 
et.al. 2013). Given that several orchid adaptations are designed to cope with water stress, it may 
be that orchids exhibit tradeoffs between them. In other words, having a greater investment in 
one water-conserving mechanism may lead to lower investment in others. 

The velamen radicum is one adaptation to cope with drought stress. This velamen is a 
spongy, usually multilayered epidermis that, at maturity, consists of dead cells that surrounds the 
roots of the epiphyte and that internally borders the exodermis complete with passage cells (Zotz 
& Winkler 2013). It is capable of rapid water uptake through changes in atmospheric moisture as 
cells of the velamen fill with water after rainfall or mist (Moriera et.al. 2013). There is a 
correlation between habitat tolerance, at least in terms of humidity and moisture availability, and 
thickness of the velamen (Sanford & Adanlawo 1972). Orchids from arid habitats have been 
shown to have thicker velamen and an increase in velamen proportion (Moriera et. al. 2012). 

While epiphytic orchids are characterized by their velamentous roots, they are not the 
only adaptation to water stress. Many orchids have evolved pseudobulbs that store water and 
carbohydrates. Pseudobulbs are thickened stems that have abundant water-storing cells and thick 
waxy walls to hold and conserve water, nutrients, and carbohydrates (Ng & Hew 2000). 

The differences in epiphytic orchid adaptations to maximize water absorption and 
retention leads to speculation that such adaptations may cause differences in velamen 
morphology. Having pseudobulbs that store water may decrease the need for velamen, therefore 
pseudobulb orchids may invest less heavily.  

In epiphytic orchids, thicker velamen store water longer (Zotz &Winkler 2013). One 
study states that epiphytic orchids lacking specialized organs such as pseudobulbs and/or fleshy 
leaves have developed thicker and fleshier roots to increase water and nutrient storage (Andreota 
et. al. 2015). It is unknown in what ways velamen morphology differs between pseudobulb and 
non-pseudobulb species in terms of velamen water capacity, and velamen proportion.). 

This study aims to determine the differences, if any, in epiphytic orchid velamen layers, 
water capacity, root diameter, and velamen proportion between pseudobulb and non-pseudobulb 
species. If tradeoffs between water-conserving traits, non-pseudobulb species will have: a greater 
difference between fresh and dry weight, an increased number of velamen layers, and a greater 
root diameter than pseudobulb species.  

 

MATERIALS AND METHODS 
Study site 

Specimens were taken from the Monteverde Orchid Garden in Santa Elena, Costa Rica in the 
early rainy season during late April and early May 2016. The garden is 1000 m2, outside, filled 
with over 425 species of epiphytic and terrestrial orchids with most species already having been 
identified and labelled. The garden is classified as being in the premontane wet forest Holdridge 
life zone with an annual rainfall of 3,000 mm and an average humidity of about 70 percent. 
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Orchids are kept wet through daily watering and misting.  Root samples of orchids from here 
were taken to the Monteverde Biological Station for measurements. All root samples came from 
individuals with equal access to water and showed no sign of water stress. Roots were moist 
when collected. 

  

 

 

 

 

  

 

 

 

Figure 1. The Monteverde Orchid Garden in Santa Elena, Costa Rica that has over 1,000 m2 of 
surface area filled with over 425 species of epiphytic and terrestrial orchids. Samples were taken 
at the beginning of the rainy season in late April and early May, 2016.  

Specimens examined 

Forty species of epiphytic orchids were tested for velamen morphology, 20 of which displayed 
pseudobulbs and 20 of which did not. Species were selected based on similar size, all of which 
were about medium sized (under 24” tall). Most species sampled were tropical in distribution, 
some endemic to Costa Rica and Panama, others were found in in the Asian tropics Roots were 
observed visually and average-sized, typical living roots were sampled. Species examined with 
pseudobulbs include: Coelogyne lawrenceana, Brassia gireoudiana, Coelogyne pandurata, 
Prosthechea fragans, Coelia macrostachya, Oncidium schroederianum, Epidendrum ciliare, 
Epidendrum glumibracteatum, Acineta densa, Brassia arcuigera, Encyclia ceratistes, Gongora 
cassidea, Xylobrium elongatum, Epidendrum parksonianum, Maxillaria alba, Lycaste 
brevispatha, Prosthechea campylostalix, Oncidium klutzschianum, Myrmecophila tibicinis, and 
Stanhopea costaricensis. Non-pseudobulb orchid species sampled include: Masdevallia 
striatella, Cochleanthes aromatica, Masdevallia schitzopetala, Guarianthe skinneri, 
Chondroscaphe bicolor, Kefersteinia parvilabris, Isochilus carnosiflorus, Warczewiczella 
discolor, Pleurothallis uncinata, Epidendrum barbeyanum, Lockhartia oerstedii, Pleurothallis 
bothros, Camaridium inauditum, Pleurothallis crescentilabia, Sobralia atropubescens, Dracula 
pusilla, Dracula carlueri, Pleurothallis gemimicaulina, Isochilus linearis, and one unidentified 
species of epiphytic orchid. 
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Figure 2. Root samples were taken from 40 species of epiphytic orchids both with pseudobulbs 
and without. Fresh weight was measured in milligrams within three hours, but typically as soon 
as they were sampled. Twenty species were sampled for pseudobulb epiphytic orchids, like-wise 
for non-pseudobulb species. Only orchid with actively growing roots were considered.  

Fresh, dry, and wet weight 

 One centimeter samples of different roots for each species were taken to obtain fresh weights in 
mg per centimeter. The number of samples per species depended on the size of the root-typically 
three were sampled per species, but in the case of smaller roots that were not easily weighed 
more were sampled. For example, species of Oncidium had thick roots and were more easily read 
on a scale than those of Pleurothallis which were very thin so, in order for roots to be read by the 
scale, multiple samples were taken and weighed together (averages were then calculated). Fresh 
weights were measured within three hours of sampling. To obtain dry weights, samples were 
placed in a room with a dehumidifier with a relative humidity of 50 percent. Once dried roots 
maintained a constant weight for 48 hours, dry weight was noted. Amount of water held in the 
velamen was determined by subtracting the average dry weight from the average fresh weight of 
each root segment. 

Average root diameter 

Average root diameters were measured with a digital caliper for three average sized roots per 
species at three different sections of each root, making nine in total measurements per species.  

Velamen layers 

Free hand cross sections were made using a razor blade from fresh roots and stained with 
methylene blue. Cross sections were steeped in water to remove excess stain. Velamen layers 
were counted in the cross section using a compound light microscope at 300X power or 400X 
power. The exodermal layer of passage-cells were not included in the number of layers.  
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Figure 3. Velamen layers shown in fresh orchid root cross-section shown here at 300X with a 
compound light microscope. Coelogyne pandurate (left) exhibits seven layers (two labelled). 
Stanhopea constaricenses (right) exhibits nine layers.   

Velamen width and proportion 

Diameter of the cross sections were measured by observing the cross section with an Olympus 
dissecting microscope at high power fitted with an ocular grid. Two diameters were taken of the 
cross section in grid units. Measurements were later converted into millimeters. Average 
velamen width was measured by-first- taking pictures of the cross sections of orchid species root 
using a microscope camera and then analyzing the picture using ImageJ image processing 
software.  

The scale of the cross section was set in millimeters by using the measurements obtained from 
the ocular grid. Six to nine velamen width measurements were made per species cross section. 
The average measured width in mm was then divided by the average of the cross section 
diameters to obtain the velamen proportion per species.  
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Figure 4. Cross sections for epiphytic orchids without pseudobulbs (A and B) and with 
pseudobulbs (C and D) were analyzed to count velamen layers and determine velamen 
proportion. Velamen proportion was measured by dividing the width of the velamen by the 
diameter of the cross section. Velamen width of A. Sobralia atropubescens= 0.46 mm, B. 
Dracula carlueri= 0.12 mm, C. Myrmecophila tibicinis =0.55 mm, and D. Coelogyne 
pandurata= 0.26 mm. 

 

RESULTS 

Fresh, dry, and wet weight 

Average fresh weight of one cm root samples for 40 species of epiphytic orchids are shown in 
Figure 5. Twenty pseudobulbs orchid species had an average fresh weight of (33.87 ±3.6, mean 
+/- standard error) while the 20 species without pseudobulbs had 21.26±3.6. The difference was 
not statistically significant (p=0.08), though pseudobulb species tended to have higher fresh 
weights.  

Dry weight in the 40 species of epiphytic orchids are shown in Figure 6. Pseudobulb 
species had dry weights just over twice as large (5.73 ±0.5, mean ±SE) as orchids without (two 
tailed t-Test: 2.64 ±0.5, mean ±SE, t=3.53, df=36, p=0.001, n=40).  

Water weight for sampled orchids were measured by subtracting the dry weight of each 
species from the fresh weight (Figure 7). Water weight in the 40 species of epiphytic orchids 
between orchids containing pseudobulbs (28.13 ± 3.3, mean ±SE) and orchids without (18.62 
±3.3, mean ±SE) are not statistically significant (two-tailed t-Test: t= 1.80, df= 36, p=0.15, 
n=40). 

 

Figure 5. Contrast of root weights in sampled species of epiphytic orchids with and without 
pseudobulbs (average fresh weight in mg/cm ±3.6 SE). Samples were taken from the 
Monteverde Orchid Garden in Santa Elena, Costa Rica in the early rainy season. Epiphytic 
orchids with pseudobulbs (pseudo) are represented by 20 species (see Materials and Methods; 
SPECIMENS EXAMINED) with three to nine measurements of fresh weight observed per species 
(depending on root size); like-wise for epiphytic orchids without pseudobulbs (non). Only 
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orchids with actively growing root tips were considered. Average weights are not statistically 
significant. 

 

Figure 6. Contrast of root weights in sampled species epiphytic orchids with and without 
pseudobulbs (average dry weight in mg/cm ±0.5 SE). Fresh samples taken from the Monteverde 
Orchid Garden in Santa Elena, Costa Rica in the early rainy season were allowed to dry for 
several days in a room with a dehumidifier until constant weights were reached. Epiphytic 
orchids with pseudobulbs (pseudo) are represented by 20 species (see Materials and Methods; 
SPECIMENS EXAMINED) with three to nine measurements of weight observed for each species 
(depending on root size); like-wise for epiphytic orchids without pseudobulbs (non). Only 
orchids with actively growing roots were considered. Average weights are statistically different. 

 

Figure 7. Contrast of water weights in sampled roots of epiphytic orchid species with and 
without pseudobulbs (average wet weight in mg/cm ±3.3 SE). Samples taken from the 
Monteverde Orchid Garden in Santa Elena, Costa Rica in the early rainy season were allowed to 
dry for several days in a room with a dehumidifier until constant weights were reached. Dry 
weights were subtracted from the fresh weight of each species to obtain wet weight. Epiphytic 
orchids with pseudobulbs (pseudo) are represented by 20 species (see Materials and Methods; 
SPECIMENS EXAMINED); like-wise for epiphytic orchids without pseudobulbs (non). Only 
orchids with actively growing roots were considered. Average weights are not statistically 
different. 
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Experiment 2: Average root diameter 

Multiple root diameter measurements (mm) were made in fresh samples of roots: three roots per 
species with three measurements taken per root. Measurements were averaged per species then 
averaged in collective groups of pseudobulb and non-pseudobulb epiphytic orchids. Average root 
diameter (Figure 8) between orchids containing pseudobulbs (1.82 ± 0.1, mean ±SE) and orchids 
without (1.22 ±0.1, mean ±SE) were not quite statistically significant (two-tailed t=Test: p=0.07, 
df=38, n=40) with average root diameter in mm in epiphytic orchids species containing 
pseudobulbs being slights greater than species without. 

 

Figure 8. Contrast of root diameter in sampled species of epiphytic orchids with and without 
pseudobulbs (average root diameter in mm ±0.1 SE). Samples were taken from the Monteverde 
Orchid Garden in Santa Elena, Costa Rica in the early rainy season. Samples taken were 
observed to be of average size per species. Epiphytic orchids with pseudobulbs (pseudo) are 
represented by 20 species (see Materials and Methods; SPECIMENS EXAMINED) with three 
diameter measurements taken at different sections of the root with a digital caliper; like-wise for 
epiphytic orchids without pseudobulbs (non). Only orchids with actively growing roots were 
considered. Average root diameters are not demonstrate a trend, but are not quite statistically 
significant. 

Experiment 3: Velamen layers 

 Velamen layers of epiphytic orchid species were measured by inspecting velamen which, 
although surrounding the cortex of the root, is separated from the cortex by a layer of exodermal 
passage cells that can be seen through a compound light microscope. Average velamen layers 
(Figure 9) between species of epiphytic orchids containing pseudobulbs (5.45 ±0.3, mean ±SE) 
and epiphytic orchid species without pseudobulbs (2.85 ±0.3, mean ±SE) are statistically 
significant (p=1.58E-05) with orchid species containing pseudobulbs demonstrating nearly twice 
the number of velamen layers than those that do not contain pseudobulbs. 
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Figure 9. Contrast of velamen layers in sampled species of epiphytic orchids with and without 
pseudobulbs (average layers of velamen ±0.3 SE). Samples were taken from the Monteverde 
Orchid Garden in Santa Elena, Costa Rica in the early rainy season. Epiphytic orchids with 
pseudobulbs (pseudo) are represented by 20 species (see Materials and Methods; SPECIMENS 
EXAMINED) with hand-cut cross sections made on fresh roots which were, then, dyed with 
methylene blue and observed on a compound light microscope at 300x power (400x for smaller 
cross sections); like-wise for epiphytic orchids without pseudobulbs (non). Only orchids with 
actively growing roots were considered. Average layers of velamen are statistically significant 
(two-tailed t-Test: p=5.58E-05, df=29, n=40). 

Experiment 4: Velamen width and proportion 

The proportion of velamen in root cross sections for the 40 orchid species are shown in Figure 
10. A greater proportion of the fresh root diameter was velamen for epiphytic orchid species with 
pseudobulbs (0.15 ±0.01, mean ±SE) than without (0.09 ±0.01, mean ±SE). This difference was 
statistically significant (p= 0.0006). Pseudobulb species had on average, about 60 percent more 
of their root cross section as velamen compared to species without pseudobulbs.  

 Proportions of velamen was then compared to total root diameter. A weak negative 
regression was found in the correlation between root diameter and velamen proportion in the 
pseudobulb species (Figure 11) though it was not statistically significant (R2=0.1834, p=0.16). A 
weak negative regression between root diameter and velamen proportion was also found in non-
pseudobulb species (Figure 12) that that was also not statistically significant (R2=0.1455, 
p=0.12). 
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Figure 10. Contrast of proportion of velamen in sampled species of epiphytic orchids with and 
without pseudobulbs (average proportion of velamen in mm ±0.01 SE). Samples were taken 
from the Monteverde Orchid Garden in Santa Elena, Costa Rica in the early rainy season. 
Epiphytic orchids with pseudobulbs (pseudo) are represented by 20 species (see Materials and 
Methods; SPECIMENS EXAMINED) with cross sections that were measured, photographed 
using a microscope camera, and analyzed using ImageJ image processing software to obtain 
velamen proportion; like-wise for epiphytic orchids without pseudobulbs (non). Average 
proportions of velamen are statistically significant (two-tailed t-Test: p=0.0006, df=36, n=40). 

 

Figure 11. Weak negative regression between proportion of velamen in and root diameter in 
epiphytic orchid species demonstrating a pseudobulb in mm. Samples were taken from the 
Monteverde Orchid Garden in Santa Elena, Costa Rica in the early rainy season. Epiphytic 
orchids with pseudobulbs are represented by 20 species (see Materials and Methods; 
SPECIMENS EXAMINED) with cross sections that were measured in mm and analyzed using 
image processing software, ImageJ. (p=0.16, F=1.48, df=17, n=20, R2=0.1834, y=-0.0303x + 
.02203) 
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Figure 12. Weak negative regression between proportion of velamen in and root diameter in 
epiphytic orchid species that did not demonstrate a pseudobulb in mm. Samples were taken from 
the Monteverde Orchid Garden in Santa Elena, Costa Rica in the early rainy season. Epiphytic 
orchids without pseudobulbs are represented by 20 species (see Materials and Methods; 
SPECIMENS EXAMINED) with cross sections that were measured in mm and analyzed using 
image processing software, ImageJ. (p=0.12, F=1.62, df=17, n=20, R2=0.1455, y=-0.025x + 
0.309). 

DISCUSSION 
This study was organized to determine if there were any investment tradeoffs in velamen 
between epiphytic orchid species with and without pseudobulbs. Results do not show such a 
tradeoff. In fact, pseudobulb species tend to have a greater investment in velamen. Pseudobulb 
orchids tended to have larger roots with proportionately more velamen of more layers, though 
there lacked significant difference in neither fresh weights nor water weights, meaning that 
ultimately pseudobulb and non-pseudobulb orchids are holding the same amount of water in their 
velamen. This suggests that non-pseudobulb roots may be holding more water per centimeter of 
root, even with proportionately less velamen.  

More velamen layers were found in pseudobulb species, a trait common in arid forest 
canopies (Benzing et. al. 1982). More velamen layers increase effectiveness of water absorption 
and/or reduction in root transpiration (Moriera et. al. 2012). Physiological studies of orchid 
velamen determine that number of velamen layers in orchid species is no phylogenetic, but is a 
result of habitat dryness (Porembski & Barthlott 1988). It, then, appears that pseudobulb species 
are more dry adapted in having more velamen layers than orchids without pseudobulbs. 
Thickness of velamen may be more important in water conservation than the number of velamen 
layers (Sanford & Adanlawo 1973). 

 Here, epiphytic orchid species containing pseudobulbs containing a larger proportion of 
velamen than those without. There is a significant correlation between velamen thickness and 
habitat tolerance, in terms of humidity and moisture availability (Sanford & Adanlawo 1972). 
Therefore, pseudobulb species once again appear to be more dry adapted than orchids without 
pseudobulbs. 
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  Though pseudobulb species seem to have the capacity for increased water storage 
through the greater proportion of velamen, the results from the fresh and dry weight experiment 
suggest that pseudobulb species may not be taking full advantage of their water storage capacity 
in their velamen. It may be that pseudobulb species quickly transport the water absorbed by their 
velamen to their pseudobulbs because these water storage organs have a thick cuticle that do not 
allow the exchange of water or gasses (Ng & Hew 2000). 

 In comparing velamen proportion in pseudobulb and non-pseudobulb species of 
epiphytic orchids against the root diameter of the same species (Figures 11, 12), the result was a 
weak negative regression that was not statistically significant. Therefore, it can be concluded that 
there is not much of a correlation between root diameter and the average proportion of velamen 
in epiphytic orchid species. In conclusion, the results of this experiment demonstrate that 
epiphytic orchid species that contain pseudobulbs have traits that allow for greater water storage 
capacity in their velamen but, do not saturate their velamen as much as non-pseudobulb species. 
Therefore, pseudobulb species tend to be more dry adapted, as they have adapted pseudobulbs 
and more velamen. Though there I speculation about how much water stress these epiphytes can 
endure. 

Considering that Costa Rica’s rich diversity in orchid species and the increasing effects 
of climate change, there is concern about what this could mean for epiphytic orchids. In cloud 
forests, the height of the cloud bank is rising leading to increasing dryness. Epiphytes, in general, 
respond quickly to changes in the hydrologic cycle due to their limited water accessibility and 
reliance on atmospheric moisture. Therefore, epiphyte communities of the cloud forest may be 
the first to demonstrate changes and the effects of climate change, therefore, with increases in 
dryness it is expected that epiphytes will begin wilting, reorganizing within the canopy following 
shifts in climate, and in extreme cases whole scale canopy die back in the event of severe 
drought (Foster 2001). The importance of health in epiphytes in important because they play a 
crucial role in the cloud forest canopy ecosystem’s light, water, and nutrient cycling as well as 
the providing of homes, nesting materials, and food for many animals. In such a sensitive habitat, 
increases in speciation may mean that in the case of epiphytic orchids, adaptation to climate 
change may be through the inclusion of pseudobulbs and increased velamen to increase 
survivability. For those orchids that do not exhibit such characteristics, migration can be 
expected, but ultimately these species will not be expected to survive. 

Future research could include comparisons between the abundance of roots in pseudobulb 
and non-pseudobulb species of epiphytic orchids. Fresh and dry weight of pseudobulbs would 
also give insight on the amount of water being stored in pseudobulb species in contrast with non-
pseudobulb species. 
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ABSTRACT: 
 

Orchid benefits from mycorrhizal fungi may change with plant age and elevation. Orchid seeds 
require mycorrhizal fungi to germinate, acquiring water and minerals but also carbohydrates, due to their 
lack of endosperm. The growing orchid may eventually provide carbohydrates to the fungus. Elevation may 
also have an effect on the composition and abundance of mycorrhizae. Nitrogen availability increases and 
phosphorous availability decreases with increasing elevation, altering the composition of nutrients readily 
available to the plant. In this study, several species of epiphytic orchids from the genus Lepanthes were 
sampled to observe how increases in total leaf surface area and elevation might impact mycorrhizal cover. 
The roots of Lepanthes plants of varying total leaf surface area and elevation were measured for 
mycorrhizal abundance. Neither plant size nor altitude had a significant impact on mycorrhizal hyphae in 
stained orchid roots. Regardless of size, roots showed an average of 23% of the root section stained as 
mycorrhizal hyphae, but with a large range from nearly 0 to 70% across plants from 23 to over 4000 mm2 
total leaf area.  Likewise, Pacific slope elevation from 1525 to 1725 m showed similar trends. The parasitic 
nature of orchid-mycorrhizal relationships may continue after germination, as phosphorus and other 
mineral limitations require mycorrhizal associations throughout plant life. Soil content and species of tree 
occupied by Lepanthes patches may have more influence on mycorrhizal abundance than elevation. 
Lepanthes orchids in the Monteverde Cloud Forest appear to require mycorrhizal associations regardless of 
size or elevation. 

!
RESUMEN: 
 

Los beneficios de las micorrizas en las orquídeas podrían variar con la edad de la planta y la 
elevación. Las semillas de las orquídeas requieren de las micorrizas para germinar, adquiriendo agua y 
minerales pero también carbohidratos, debido a la falta de endospermo. La orquídea en crecimiento podría 
eventualmente proveer carbohidratos al hongo. La elevación podría también afectar en la composición y 
abundancia de las micorrizas. La disponibilidad de nitrógeno incrementa y el fósforo disponible disminuye 
con el incremento de la elevación, alterando la composición de nutrientes fácilmente disponibles para la 
planta.  En este estudio, algunas especies de las orquídeas epífitas del género Lepanthes fueron colectadas 
para observar si el incremento en el área foliar total y la elevación podrían afectar la cobertura de 
micorrizas.  Se midió la abundancia de micorrizas en las raíces de Lepanthes a través de distintas áreas 
foliares y elevaciones. El tamaño de la planta o la altitud afectaron significativamente las hifas micorrízicas 
en las raíces teñidas de las orquídeas. Independientemente del tamaño, las raíces mostraron en promedio un 
23% de hifas micorrizicas en las raíces teñidas, pero con un amplio rango desde 0 hasta 70% a través de las 
plantas desde 23 hasta por encima de 4000mm2 del área foliar total. De igual forma, la elevación entre los 
1525 a 1725 m.s.n.m de la vertiente Pacífica mostró una tendencia similar. La naturaleza parásita de la 
relación orquídea-micorriza podría continuar después de la germinación, debido a algunas limitaciones 
como el fósforo y otros minerales que son requeridos por la asociación micorrízica a través de la vida de la 
planta. La composición del suelo y las especies de árboles ocupadas por los parches de Lepanthes podría 
tener mayor influencia en la abundancia de micorrizas que la elevación. Las orquídeas Lepanthes en el 
bosque nuboso de Monteverde parecen requerir asociaciones micorrízicas sin importar el tamaño o la 
elevación. 
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INTRODUCTION:  
 

Mycorrhizal fungi facilitate the absorption of nutrients such as phosphorous and 
nitrogen in host plants which typically supply the fungi with carbohydrates in return 
(Hadley & Williamson 1972). These fungal associations may be required for the 
germination and survival of plants (Bayman et al. 2002), and 95% of all vascular plant 
families form some type of mycorrhizal relationship (Quilombo 2003). The net benefit of 
mycorrhizal associations may change with host development and habitat (Guadarrama & 
Álvarez-Sánchez 1999; Alexander & Hadley 1985).  Younger plants (Rasmussen & 
Wigham 2002) and plants growing in poorer soils (Rains et al. 2003) necessitate 
mycorrhizae more.  As a result, older plants and those in nutrient-rich habitats may 
inhibit mycorrhizal associations to avoid the costs of feeding them (Rasmussen 1995).   

In the Orchidaceae family, seeds are dependent on mycorrhizae for germination 
and growth, requiring mycorrhizae not only for nutrients but also for carbohydrates due 
to their lack of endosperm and the initial inability of seedlings to photosynthesize 
(Hadley & Williamson 1972; Rasmussen!&!Rasmussen!2009). Mycorrhizae are able to 
break down carbohydrates from the surrounding environment and transport the product to 
the orchid for energy, without any apparent benefit to the fungi (Smith 1966; Leake 
1983). However, as a seedling develops it increases its capacity to photosynthesize and 
may begin to transfer carbohydrates to the fungus (Dressler 1981). In addition, larger 
plants have a more highly developed root system and a larger leaf surface area available 
for photosynthesis. Larger orchid individuals may benefit less from mycorrhizae and 
could show a decline of root area inhabited by mycorrhizae to avoid the associated costs 
of providing carbohydrates to the fungi. 

Elevation may also have a significant impact on mycorrhizal cover, since nutrient 
content changes across elevational gradients (Richardson et al. 2000). This is especially 
important when examining epiphytic plants grown in aboveground soils where nutrients 
are already limited (Rains et al. 2003). In Neotropical aboveground soils, nitrogen 
availability increases with elevation while phosphorous availability decreases (Marrs et 
al. 1988; Titiz 2005). This may indicate that there is less phosphorous available for 
epiphytic plants at higher elevations, resulting in further reliance on mycorrhizae for 
appropriate nutrient absorption. Since the Principal trail in the Monteverde Cloud Forest 
spans from 1500 to 1800 meters in a short distance, elevational changes may have an 
effect on the composition and abundance of mycorrhizae in epiphytic plants. For any 
given size of epiphyte, an individual at a lower elevation would be expected to possess 
lower quantities of mycorrhizae than an individual at a higher elevation.  
 Lepanthes is a genus containing over 600 species of miniature epiphytic orchids, 
several of which are prevalent in the Monteverde Cloud Forest. Species commonly found 
near the Estación Biológica include L. monteverdensis, L. ciliisepala, and L. lindleyana. 
These species are only distinguishable when flowering, but have highly similar 
characteristics and are treated as one group for the purposes of the experiment. The three 
species of vegetatively identical Lepanthes will be referred to as simply Lepanthes in this 
paper. Lepanthes maintain mycorrhizal associations regardless of plant size, as noted by 
presence vs. absence (Mills 2006).   It has also been suggested they may have 
disproportionately more hyphae in younger individuals’ roots (Mills 2006). Further, 
Lepanthes grow from 200 to 2000 meters (Tremblay 1997) and their mycorrhizal 
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associations may change along that gradient.  Therefore, this study examined the 
relationship between plant size and elevation on mycorrhizal abundance in roots of 
Lepanthes orchids in the Monteverde Cloud Forest. 
 
METHODS:  
 
Study Site 

Lepanthes orchids were located in eight different patches in the Monteverde 
Cloud Forest on the Principal Trail near the Estación Biológica Monteverde. This area of 
forest is located on the Pacific slope and is characterized as an old growth forest spanning 
two Holdridge life zones: lower montane wet forest and lower montane rain forest 
(Holdridge 1966). Patches of Lepanthes typically include 12-30 individuals and are often 
separated by large distances given the limited dispersion ability of the orchids (Tremblay 
1997). Lepanthes patches were found by searching trees on both sides of the Principal 
trail from the start of the trail (1528 m) up until no more patches could be found (1728 
m). A total of eight patches of Lepanthes were found along the path, on the trunks of 
living or fallen trees.  

 
Determining Plant Size 

In each patch, 10-14 Lepanthes plants were sampled for a total of 106 plants. The 
largest and smallest plants at each patch were sampled to ensure the broadest range of 
sizes. A caliper was used to measure the length and width of each leaf and the 
approximate surface areas (A=πab) of each leaf were combined to obtain the total plant 
leaf surface area. Two to four roots were collected from each Lepanthes plant and placed 
in individually labeled bags.   

 
Root preparation 

Once in the lab, the velamen of each root was scraped off and the roots of each 
plant were placed in separate small glass vials of 10% KOH (24 g of 85% KOH pellets in 
200 mL of DI water) for 24 hours. After 24 hours, the roots were transferred to individual 
glass vials with 1% HCL for 1 hour and then a 4:2:2 solution of 50% glycerol, 1% HCL, 
and 0.05% Trypan Blue stain solution for 1 hour (Mills 2006; Eaton 2005).  
 
Quantifying Mycorrhizae Abundance 
Following staining, the roots of each plant were placed on separate slides and examined 
under a compound light microscope with the 10x objective lens for evidence of 
mycorrhizae. The area of highest mycorrhizal cover of each root was photographed using 
a Celestron Digital Microscope camera attachment. Each photograph was examined for 
mycorrhizal cover in Adobe Photoshop at 100% with a 22.5 by 15 cm grid overlay 
divided into 1 cm squares (Fig. 1). The number of squares with evidence of mycorrhizal 
hyphae or vesicles was recorded as well as the number of squares covered by the root in 
each photo. A square was determined to have mycorrhizal cover if hyphae crossed the 
square or there was one large vesicle or several smaller vesicles (Lynch 2014). The 
percent mycorrhizal cover was then calculated by dividing the number of squares with 
mycorrhizal content by the number of squares covered by the root to obtain the relative 
mycorrhizal cover. 
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FIGURE 1. Stained mycorrhizal hyphae and vesicles in a Lepanthes orchid root. The root 
contains 50 squares with hyphae and vesicles (dark blue strands and spots) out of 124 
total squares covered by the root for a total of 40% mycorrhizal cover. The root was 
collected at 1663 m elevation in the Monteverde Cloud Forest and prepared with 10% 
KOH, 1% HCL, and a 4:2:2 staining solution (glycerol, HCL, and 0.05% Trypan Blue 
Dye). The image was viewed with a 10x objective lens on a compound light microscope 
and captured by a Celestron Digital Microscope camera attachment. Mycorrhizal cover 
was measured in Adobe Photoshop at 100% using a 15x22.5 cm grid overlay with 1 cm 
squares. 
 
 
RESULTS: 
 

A linear regression was performed on the data. There was no significant impact of 
total leaf surface area or altitude on mycorrhizal cover in Lepanthes orchids (multiple 
regression, F = 0.44, df = 2, 103, p = 0.6481, n = 106; R2 = 0.0084). Total leaf surface 
area did not significantly impact mycorrhizal cover (test for surface area in the multiple 
regression; t = -0.730, p = 0.467; Fig. 2) and elevation did not significantly impact 
mycorrhizal cover (test for elevation in the multiple regression; t = -0.570, p = 0.570; Fig. 
3). The smallest plant, with 22.7 mm2 leaf area, had 31% mycorrhizal cover while the 
largest plant of 4070.8 mm2 leaf area had 20% mycorrhizal cover. Both extremes had a 
mycorrhizal abundance very near the average of 23% (indicated by the trend line).  
Smaller Lepanthes (under 430 mm2) ranged from 2 to 70 % mycorrhizal cover while 
larger orchids (great than 430 mm2) had a similar range of 1 to 55%.   
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FIGURE 2. Mycorrhizal abundance of Lepanthes roots differing in size, measured here as 
leaf surface area. Leaf surface area did not have a significant impact on mycorrhizal 
cover in Lepanthes roots (multiple regression; t = -0.730, p = 0.467). Roots were 
collected from eight patches on trees ranging from 1528 to 1728 m elevation in the 
Monteverde Cloud Forest near the Estación Biológica Monteverde. From each plant two 
to four roots were collected and stained to examine mycorrhizal cover.  
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FIGURE 3. Varying mycorrhizal cover in response to altitudinal changes in Lepanthes 
epiphytic orchids. Altitude did not have a significant impact on mycorrhizal cover in 
Lepanthes roots (multiple regression; t = -0.570, p = 0.570). Roots were collected from 
eight patches on trees ranging from 1528 to 1728 m elevation in the Monteverde Cloud 
Forest near the Estación Biológica Monteverde. Total leaf surface area of plants ranged 
from 22.7 to 4070.8 mm2. From each plant two to four roots were collected and stained to 
examine mycorrhizal cover.  
 
 
DISCUSSION:  
 

Plant size, as measured by leaf surface area, had no significant impact on 
mycorrhizal abundance in Lepanthes miniature epiphytic orchids. Initially, orchids form a 
parasitic relationship with mycorrhizae to obtain the nutrients and carbohydrates 
necessary for germination (Hadley & Williamson 1972). Observed low fungal fruiting 
ability in orchid mycorrhizae compared to the mycorrhizae of other plants suggests low 
fungal fitness and clear parasitism (Taylor & Bruns 1999, Jones & Smith 2004). Some 
epiphytic orchids appear to end fungal dependency when leaves develop, while others 
retain mycorrhizae throughout their life (Rasmussen & Wigham 2002; Otero et al. 2007). 
As orchid development proceeds, mycorrhizae can become trapped in the orchid cells 
(Rasmussen & Rasmussen 2009). The trapping of mycorrhizae within orchid cells during 
early development suggests a predatory relationship between some orchids and their 
mycorrhizae (Rasmussen & Rasmussen 2009). This relationship begins early in 
development and continues throughout the life of the orchid, indicating continued 
dependence on mycorrhizae even as the orchids reach maturity (Rasmussen & 
Rasmussen 2009). Since Lepanthes are epiphytic and grow in aboveground soils with 
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decreased carbon availability (Whitridge & Southworth 2005) there may be continued 
dependence on mycorrhizae for carbohydrate intake throughout development.  
 The initial parasitism of orchids on mycorrhizae may shift as the plant matures to 
either a mutualism or a fungal parasitism on the adult orchid. As photosynthetic adults 
are able to photosynthesize, mycorrhizae may absorb carbohydrates from the plant, 
reversing the initial relationship (Benzing & Atwood 1984). While mycorrhizae typically 
supply adult plants with more efficient absorption of phosphorous and nitrogen 
(Alexander & Hadley 1985), in some cases the mycorrhizae do not appear to supply the 
plant with notable quantities of nutrients and may just benefit from the plant without 
providing anything in return (Benzing & Atwood 1984). This could explain why orchid 
size did not impact mycorrhizal abundance in Lepanthes; mycorrhizae may remain 
throughout orchid development to provide nutrients or parasitically absorb carbohydrates 
(Alexander & Hadley 1985).  
 This study did not attempt to measure the mycorrhizal content of orchid seeds 
before photosynthetic leaves have developed due to the small size of orchid seeds and the 
limited ability to locate orchids so early in development in the field. The smallest orchid 
measured had a surface area of 23 mm2 and would still have the ability to 
photosynthesize at low levels. It is possible that orchid seeds would have larger quantities 
of mycorrhizae before being photosynthetic since orchid seed germination is known to 
necessitate mycorrhizal assistance.  
 Altitude also did not appear to influence mycorrhizal abundance in Lepanthes 
orchids. Pacific slope elevation between 1528m and 1728m showed no trend in 
mycorrhizal abundance with increasing altitude. Abiotic factors including substrate mat, 
branch circumference, soil pH, and moisture content do not impact mycorrhizal 
abundance in epiphytic orchids in the Monteverde Cloud Forest (Smestad 2010). This 
indicates that epiphytic orchids require mycorrhizae regardless of the microhabitat of the 
orchid. Altitude may influence similar abiotic factors such as moisture content and 
substrate growth, and so would not have an affect on mycorrhizal growth. The nutrient 
content of the aboveground habitats of epiphytes may be more influenced by host trees 
and localized soil patches than elevation (Ettema & Wardle 2002; Cardelús & Mack 
2010), indicating that differences in soil content and tree species may be influencing 
mycorrhizal abundance in Lepanthes orchids.  

Epiphytic Lepanthes orchids appear to require mycorrhizal associations regardless 
of size or elevation. While the function of mycorrhizae may shift as orchids mature, and 
the nature of the relationship as development proceeds is still disputed, it is clear that 
mycorrhizal associations are key to orchid development and remain present in all orchid 
life stages. 
 
 
ACKNOWLEDGEMENTS: 
 
Thank you to Dr. Alan Masters for advising me in all aspects of the project, and Dr. 
Karen Masters for her help with orchid identification and guidance. Thank you to José 
“Moncho” Calderón for answering my constant stream of questions and helping me with 
everything. Thank you to CIEE for providing me with materials and past projects, and 

 30 



!

thank you to the Estación Biologica Monteverde for allowing me to use its property for 
study purposes.  
 
 
LITERATURE CITED: 
 
ALEXANDER, C., AND G. HADLEY. 1985. Carbon movement between host and mycorrhizal endophyte 

during the development of the orchid Goodyera repens. New Phytologist 101: 657–665. 

BAYMAN, P., E. J. GONZALEZ, J. J. FUMERO, AND R. L. TREMBLAY. 2002. Are fungi necessary? How 
fungicides affect growth and survival of the orchid Lepanthes rupestris in the field. Journal of 
Ecology 90: 1002–1008. 

BENZING, D. H., AND J. T. ATWOOD. 1984. Orchidaceae: ancestral habitats and current status in forest 
canopies. Systematic Botany 9: 155–165. 

CARDELÚS, C. L., AND M. C. MACK. 2010. The nutrient status of epiphytes and their host trees along an 
elevational gradient in Costa Rica. Plant Ecology 207: 25–37. 

DRESSLER, R. L. 1981. The Orchids: Natural History and Classification. Smithsonian Institution. 

EATON, D.A.R. 2005. Mycorrhizal fungi in aerial and terrestrial roots of an epiphytic and two terrestrial 
species of Orchidaceae. CIEE Fall 2005: pp. 213-221 

ETTEMA, C. H., AND D. A. WARDLE. 2002. Spatial soil ecology. Trends in ecology & evolution 17: 177–
183. 

GUADARRAMA, P., AND F. J. ÁLVAREZ-SÁNCHEZ. 1999. Abundance of arbuscular mycorrhizal fungi spores 
in different environments in a tropical rain forest, Veracruz, Mexico. Mycorrhiza 8: 267–270. 

HADLEY, G., AND B. WILLIAMSON. 1972. Features of mycorrhizal infection in some Malayan orchids. New 
Phytologist 71: 1111–1118. 

HOLDRIDGE, L. R. 1966. The life zone system. Adansonia 6: 199-203. 
 

JONES, M. D., AND S. E. SMITH. 2004. Exploring functional definitions of mycorrhizas: are myocrrhizas 
always mutualisms? Canadian Journal of Botany 82: 1089–1109. 

LEAKE, J. R. 1994. The biology of myco-heterotrophic (“saprophytic”) plants. New Phytologist 127: 171–
216. 

MARRS, R. H., J. PROCTOR, A. HEANEY, AND M. D. MOUNTFORD. 1988. Changes in soil nitrogen-
mineralization and nitrification along an altitudinal transect in tropical rain forest in Costa Rica. 
Journal of Ecology 76: 466–482. 

LYNCH, K. 2014. Tropical tree fern allelopathy (Cyathaceae and Dicksoniaceae) on 
mycorrhizal abundance of neighboring plants. CIEE Spring 2014.  
 

MILLS, T. 2006. Presence of Endomycorrhizae on Roots of Young and Adult Epiphytic 
Orchids. CIEE summer 2006: 10-13 
 

OTERO, J. T. Widespread mycorrhizal specificity correlates to mycorrhizal function in the neotropical, 
epiphytic orchid Ionopsis utricularioides Orchidaceae. American Journal of Botany 94: 1944–

 31 



!

1950. 

QUILAMBO, O. A. ed. 2003. The vesicular-arbuscular mycorrhizal symbiosis. African Journal of 
Biotechnology 2: 539–546. 

RAINS, K. C., N. M. NADKARNI, AND C. S. BLEDSOE. 2003. Epiphytic and terrestrial mycorrhizas in a lower 
montane Costa Rican cloud forest. Mycorrhiza 13: 257–264. 

RASMUSSEN, H. N. 1995. Terrestrial orchids from seed to mycotrophic plant. Cambridge University Press, 
Cambridge, UK. 

RASMUSSEN, H. N., AND F. N. RASMUSSEN. 2009. Orchid mycorrhiza: implications of a mycophagous life 
style. Oikos 118: 334–345. 

RASMUSSEN, H. N., AND D. F. WHIGHAM. 2002. Phenology of roots and mycorrhiza in orchid species 
differing in phototrophic strategy. New Phytologist 154: 797–807. 

RICHARDSON, B. A., M. J. RICHARDSON, F. N. SCATENA, AND W. H. MCDOWELL. 2000. Effects of nutrient 
availability and other elevational changes on bromeliad populations and their invertebrate 
communities in a humid tropical forest in Puerto Rico. Journal of Tropical Ecology 16: 167–188. 

SMESTAD, L.E. 2006. Abundance of arbuscular mycorrhizae in epiphytic Orchidaceae: abiotic, biotic, and 
taxonomic factors. CIEE Spring 2010: 57-66.  

SMITH, S. E. 1966. Physiology and ecology of orchid mycorrhizal fungi with reference to seedling nutrition.       
 New Phytologist 65: 488–499. 

TAYLOR, D. L., AND T. D. BRUNS. 1999. Population, habitat and genetic correlates of mycorrhizal 
specialization in the cheating orchids Corallorhiza maculata and C. mertensiana. Molecular 
Ecology 8: 1719–1732. 

TITIZ, B. Signatures in the soil: Soil charcoal and phosphorus distribution patterns along an elevational 
gradient in a Costa Rican tropical rainforest. University of Denver, United States- Colorado 2005. 

TREMBLAY, R. L. 1997. Distribution and dispersion patterns of individuals in nine species of Lepanthes 
(Orchidaceae). Biotropica 29: 38–45. 

WHITRIDGE, H., AND D. SOUTHWORTH. 2005. Mycorrhizal symbtionts of the terrestrial orchid Cypripedium 
fasciculatum. Proceedings of the Second International Orchid Conservation Congress 26: 328 
334. 

 
 
 
 
 
 
 

 32 
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Neotropical Cloud Forest. 
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Abstract Tropical Cloud Forests receive less mist with global warming, creating biological 
changes there. Moss communities were studied in Costa Rican Pacific slope cloud forest between 
1525 and 1805 meters. Moss diversity on individual trees increased with altitude at a significant 
rate of 0.0037. Water retention and loss, and absorption varied for different moss species but 
variance in community response was mediated by moss diversity. Diversity improved rehydration 
rate as diverse communities had statistically higher rates than single species samples (p=1.709E-
09). Hence, more diverse moss communities buffer water relations in changing Tropical Cloud 
Forest.  
 
Resumen Los bosques nubosos tropicales reciben menos niebla con el calentamiento global, 
creando cambios biológicos ahí.  Las comunidades de musgos se estudiaron en un bosque nuboso 
en la vertiente Pacífica de Costa Rica entre los 1525 y 1805 metros.  La diversidad de musgo en 
árboles individuales aumentó con la altitud a una tasa significativa de 0.0037.  La rentención y 
perdida de agua, y la absorción variaron para diferentes especies de musgo pero la varianza en la 
respuesta por parte de las comunidades fue mediada por la diversidad de musgo.  La diversidad 
mejor la tasa de re-hidratación al tener las comunidades diversas una tasa mayor que las especies 
muestreadas individualmente (p=1.709E-09).  Así, comunidades más diversas de musgos 
amortiguan las relaciones acuáticas en el bosque nuboso tropical. 
 
 
Introduction 
 
Tropical Cloud Forest miss frequency is declining, affecting ecosystems there (Still et al 1999). 
Mosses are particularly prone to changes in mist (Peh et al 2011). They lack vascular tissue so 
mosses have inefficient water intake and are gametophyte dominant; requiring water for dispersal 
of their motile sperm (Aranda et al 2014). These traits confine moss species to climates with high 
levels of precipitation and atmospheric water content. As different moss species vary in their 
water-holding capacities, their responses are likely to differ in response to changing mist 
conditions.  
 The Monteverde Cloud Forest in Costa Rica has been experiencing more consecutive dry 
days and less mist (Pounds et al. 1999). This Pacific slope receives mist from the Atlantic over the 
mountain ridge, yielding higher moisture at higher elevations (Nichols 2013). Moss communities 
are likely affected differently due to these elevational moisture levels. Moss species vary in their 
water holding capacity (Nichols 2013) which may reflect their ability to withstand changing mist 
conditions (Michel et al 2011). Communities with higher diversity combine the differing abilities 
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of several species and could lower variation in response to drying, mist reabsorption, and water 
holding capacity. One study conducted in Sweden found that diverse moss communities were able 
to lower their average drying rate by co-occurring with one another (Michel et al 2011). 
 By studying the impact of moss diversity on water relations, how mosses and associated 
species respond to declining mist can be better understood. To see how moss community diversity 
is effected by mist, this study will determine how moss diversity varies with altitude as well as 
how moss diversity effects water holding capacity,  drying rate, and mist absorption rate. 
 
Materials and Methods 
 
Field Determination of Moss Diversity with Elevation 
Field data were collected from 1525 – 1805m to measure moss diversity with elevation. 
Morphospecies abundance, altitude, and co-occurrence with other morphospecies were measured 
at each increment of 20 meters in altitude; starting at 1525m and ending at the summit ridge at 
1805m. Samples of each morphospecies were also collected for. Moss was measured and collected 
on seven trees at each altitudinal band. Each tree was equal to or wider than shoulder width at 
shoulder height for uniformity. Abundance was determined by placing a 12 by 12 clear grid of 1 
cm squares over a section of tree trunk at chest height and counting how many squares were half 
full or more of each moss species. The side of the tree with the densest growth was selected for to 
represent as many morphospecies as possible for each tree.  

 
Figure 1: Tropical montane Cloud Forest in Monteverde Costa Rica at 1805m in altitude. Frullania dilatata, 
Hymenophyllaceae spp., Calymperaceae spp., Plagiochila spp., Leucobryum spp., Metzeria spp., Thuidium 
spp., Trichocolea spp., Paraleucobryum, and Plagiochila spp. were found here. 

Moss Diversity and Water Relations 
Three common morphospecies at 1665m (type Leucobryum boninense spp., Plagiochila spp., and 
Hymenophyllaceae spp.), were collected to create communities of different diversity. The 
morphospecies are referred to as A, B, and C for simplicity. These were dehydrated for 15hrs in a 
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Weston food dehydrator. Forty-two 0.5g communities were created. These communities were six 
replicates of seven community types: A, B, C, AB, AC, BC, and ABC. The proportion of each 
species in communities with multiple were even.  
 Once all the samples were prepared, each was tied in a small labeled, bundle of mesh 
mosquito netting and covered with water to soak for five hours. Next, they were hung to dry until 
they stopped dripping. Each was then weighed to determine water holding capacity. After, the 
samples were placed in the Weston food dehydrator. Samples were weighed after 10, 40, 100, 220, 
and finally 400 min of drying to determine desiccation rate. Finally, all newly dry communities 
were placed on wax paper in a glass terrarium. The top was secured with a plastic sheet and duct 
tape so no air or moisture would escape. A tube that ran from an Ultrasonic Cool Mist humidifier 
was inserted into the center of the plastic cover by cutting a small hole with scissors. Mist was 
then set on the lowest setting for a total of 1200 min. Each sample was weighed after 30, 60, 120, 
270, 420, and 1200 min to determine community hydration rates. The drying and hydrating rates 
were determined by graphing the curve for each community sample logarithmically. The resulting 
slope for each sample was grouped with the slopes of all samples for that community type. The 
mean slope was then calculated for each community type for both drying and wetting rate.  

 

 
Figure 2: Upper left: soaking moss communities for saturation. Upper right: Drip drying moss communities 
to determine wet weight. Lower left: communities being weighed at a drying interval by the dehydrator 
to determine dehydration rate. Lower right: Moss communities rehydrating in the terrarium with the 
Ultrasonic Cool Mist humidifier to determine rehydration rates.  
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Results 
 
Field Study: Moss morphospecies on trees with altitude 
Per tree moss diversity and richness increased with elevation, as did total richness for all trees 
combined within an elevation band (figures 3 and 4). Increasing diversity resulted from a rising 
average number of species per tree with a corresponding increase in evenness, or degree of 
similarity between the abundances present per tree (Shannon Wiener Index). A simple linear 
regression was calculated to predict individual tree diversity based on elevation. A significant 
regression equation was found (F(1,103)=73.65, p<0.0001), with an R^2 of 0.4169. The predicted 
individual tree diversity is equal to -5.374+ 0.003663(elevation) units of diversity when elevation 
is measured in meters. Individual tree moss diversity increased for each 20 meter increment of 
elevation. Increasing richness or number of species alone per tree was also found to be significant 
as the number of species yielded a positive slope, displayed in the lower graph of figure 3. To 
determine this, a second simple linear regression was calculated to predict individual tree richness 
based on elevation. A significant regression equation was found (F(1,103)=109.4, p<0.0001), with 
an R^2 of 0.5151. The predicted individual tree richness is equal to 1533.0+44.28(elevation)  
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Figure 3: Both of the graphs  to 
the left represent moss 
communities on trees in Atlantic 
tropical moist forest in Costa Rica 
between 1525 and 1805 meters in 
elevation. The upper graph titled 
community Diversity by Tree 
indicates the diversity (richness 
and evenness) of the moss 
communities on each tree, in 
relation to elevation. The positive 
trend line shows that the moss 
communities increase significantly 
in diversity as elevation increases 
with a slope of .0037 (p=7.02E-18). 
The following graph represents 
species richness alone. Each point 
shows the number of moss species 
found on each tree. The positive 
trend line shows that richness 
increases with altitude with a 
slope of .0116 (p=1.033E-13). 
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species when elevation is measured in meters. Tree moss richness increased for each 20 meter 
increment of elevation. Increasing overall richness, independent of individual trees, is displayed 
in the upper graph of figure 4; more morphospecies occurred at higher elevations (significant 
positive slope). To predict richness based on elevation, a third simple linear regression was 
calculated. A significant regression equation was found (F(1,13)=60.55, p<0.0001), with an R^2 
of 0.8233. The predicted richness is equal to -61.63+0.0425(elevation) species when elevation is 
measured in meters. Richness increased for each 20 meter increment of elevation. The individual 
morphospecies sampled had a non-significant variation in mean elevation site (p=21.46), but do 
have significant variation when comparing certain individuals. For example, the differences 
between A and D is >.0001% likely due to chance (bottom graph of figure 4). 
 
Lab Study: Moss community water holding capacity, dehydration rate, and hydration rate 
The abilities of community types for water holding capacity, dehydration rate, and hydration rate 
were found to be significantly different, although some types were statistically the same in their 
response to certain tests.  For example, we can see by looking at the top graph of figure 5 that 
community type A is statistically the same as AB, ABC, AC, and BC. Mean community water 
holding capacity had a standard error between 0.0733 and 0.4461. The wet weight was lowest for 
community C at 2.368g and highest for community B at 5.658g. The mean dehydration rate had a 
standard error between 0.0256 and 0.1289; it was slowest for community C, at -0.4013 and fastest 
for B at -1.228. This indicates that although B can hold more water, C retains the water it has for 
longer periods of desiccation. The standard error for rehydration rate was between 0.0334 and 
0.0718. Community BC had the highest mean mist absorption rate at 1.104 and ABC was second 
fastest at 1.080. C had the slowest rehydration rate at 0.5385. Referencing the bottom graph of 
figure 5, you can see that diverse communities are statistically the same and have noticeably higher 
rehydration rates than single species communities. 
 It was also found that community levels had differing amounts of variance and stability in 
response to the treatments. For example, community type BC has visibly lower variance for drying 
time than A, as the communities for BC differed in their outcomes far less than A (center graph of 
figure 6). For wet weight, mean variation ranged from 0.1283 for community C to 0.8783 for 
community B and the standard deviation ranged from 0.1797 to 1.0927. The mean variation for 
drying time ranged from 0.1283 for community C to 0.8783 for community B and the standard 
deviation ranged from 0.3096 to 1.0927. For hydration time, mean variation ranged from 0.0628 
for community C to 0.1272 for community BC and the standard deviation ranged from 0.0819 to 
1.1759. 
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Community Variance: Wet Weight, Drying Rate, Absorption Rate   

 

 
 
 
 

Figure 6: In the three graphs 
above, the wet weight, drying 
rate, and rehydration rate are 
represented by points for each 
moss community sample of each 
community type. The blue lines 
represent the standard deviation 
of each community type; the 
greater the distance between 
them, and the more the samples 
of a given community type are 
spread out, the greater the 
variance is for that community 
type. The horizontal grey line in 
each graph represents the 
average outcome of all samples of 
all community types for a given 
test. 
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Discussion  
 
Diversity and richness per tree community increased with altitude and species richness increased 
overall with elevation. Considering that a majority of cloud mist is pushed from the Atlantic side 
of the mountain over the ridge toward the Pacific, higher elevations on the Pacific side (side 
sampled) are closest to the cloud source, have greater levels of atmospheric mist than lower 
elevations. Hence, rising diversity and richness are likely caused by the greater availability of 
moisture at higher altitudes (Nichols 2013). Similar studies have shown that diversity increases 
with precipitation availability because the more water, the more productive water requiring plant 
system processes can occur allowing for higher levels of production; creating more opportunity 
for speciation and specialization that lead to diversity (Zhang et al  2014). 
 The most diverse community (ABC) had an average saturated weight that was statistically 
the same as all communities besides the highest (B) and the lowest (C). The most diverse 
community had intermediate water holding capacity as its lowest and highest water-retaining 
species resulted in average water holding capacity. A similar trend is found for desiccation rate 
where again more diverse groups are statistically the same and have average desiccation rates. The 
drying times of diverse communities were neither relatively slow nor fast, again likely due to the 
balancing of species with differing responses. The re-hydration rate, however, did not show similar 
signs of differing species neutralizing each other. Instead, communities with higher diversity were 
statistically the same and had faster mist absorption rates than the communities with lower 
diversity, which had a relatively slower rehydration rate. Here, higher diversity mediated water 
holding capacity and desiccation rate but increases rehydration rate. 
 Variance followed similar trends. More diverse communities had intermediate variance. 
This indicates that as more species are added to a community, the resulting variance stabilizes. The 
more diverse a community, the more likely it is to have species that can withstand stressful 
conditions. Species C for example, has a very slow drying rate, which could allow it to hold water 
in the ecosystem for longer dry spells than other species. Some single species communities had 
both desirable and undesirable effects.   For example, species C was slow to dry (good) but also 
slow to absorb (bad) and had low water holding capacity (bad).  B dried fastest (bad) but A held 
more water (good).  Combining all three increases the likelihood that the species with highest 
fitness for any given circumstance will be present, yielding higher stability. 
 In conclusion, main findings of this study were that moss diversity in Tropical Cloud Forest 
increased with altitude due to increased water availability, water holding capacity and desiccation 
rate are mediated by diversity, and diversity increases rehydration speed. This implies that water 
availability promotes diversity of moss species, and diversity mediates community function of 
water holding and drying time and also allows species to reabsorb water more rapidly form the 
atmosphere. These implications are significant because as global warming reduces misting 
frequency of these habitats, diversity of moss species may suffer, weakening species populations 
that depend on mosses for moisture and habitat. This decrease in diversity would also lower the 
community stability that results from having a variety of species types. Finally it is also possible 
that high diversity moss communities are fastest at reabsorbing water, making them best at 
recovering from dry spells. More diverse moss communities most rapidly bring water supplies 
back into ecosystem stores, helping to buffer overall ecosystem recovery. As moss diversity 
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stabilizes water relations, lower elevations will suffer more from changing mist conditions, as well 
as species that rely on them.  Higher elevations may suffer less because they are supporting higher 
moss diversity, until conditions become harsh enough to lose moss diversity, and biological 
changes will cascade rapidly.   
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Abstract 
 
Global warming raises the altitude of low-lying cloud cover on tropical mountains, lowering crucial mist 
for epiphyte-rich cloud forests. Here, I demonstrate the importance of altitude to Neotropical cloud forest 
epiphyte communities. Epiphytic and bryophyte diversity were measured on tree trunks between 1550 and 
1800 m in the Pacific/Seasonal slope of tropical cloud forest in Monteverde, Costa Rica. Epiphyte richness 
and abundance significantly increased with altitude, from a mean of 3.5 and 83.89 richness and relative 
abundance respectively at 1550 m to mean of 5.875 and 107.93 at 1800 m, while species composition 
shifted from lichens to bryophytes and vascular epiphytes. Yet total epiphyte diversity was even across 
elevation, with means of 1.02 at 1550 m and 1.18 at 1800 m. Vascular epiphytes had significantly higher 
diversity with increasing bryophyte cover. This study suggests that cloud forest epiphyte communities may 
come under increased stress as climate change raises the altitude of cloud cover, that epiphyte richness is 
likely to decline with higher temperature and lower mist frequency, and that bryophytes have similar 
requirements while lichens will likely benefit from hotter and dryer conditions. 
 
Resumen 
 
El calentamiento global aumenta la elevación de la cobertura nubosa de baja altitud en las montañas 
tropicales, reduciendo la crucial neblina para los bosques nubosos ricos en epífitas.  Aquí, yo demuestro la 
importancia de la altitud para las comunidades epifíticas para el bosque nuboso Neotropical.  La diversidad 
de epífitas y briófitas se midió en el tronco de árboles entre los 1550 y 1800 m en la vertiente estacional 
Pacífica del bosque nuboso tropical en Monteverde, Costa Rica.  La riqueza y abundancia de epífitas 
aumenta significativamente con la elevación, de un promedio de 3.5 y 83.89 riqueza y abundancia relativa 
respectivamente a 1550 m a un promedio de 5.875 y 107.93 a 1800 m, mientras que la composición de 
especies cambia de líquenes a briofitos y epífitas vasculares.  Así en total la diversidad de epífitas fue 
pareja a lo largo del gradiente altitudinal, con promedios de 1.02 a 1550 m y 1.18 a 1800 m.  Las epífitas 
vasculares tienen una diversidad significativamente mayor al aumentar la cobertura de briófitos.  Este 
estudio sugiere que las comunidades epífitas del bosque nuboso pueden estar bajo éstres al aumentar la 
altitud de la cobertura nubosa con el cambio climático, la riqueza de epífitas puede disminuir con 
temperaturas mayores y menor neblina, y los briófitos tienen requerimentos similares mientras que los 
líquenes se podrían ver beneficiados por condiciones más secas y calientes.	
 
Introduction 
 
Neotropical Cloud Forests contain incredible bryophyte and epiphyte diversity (Gentry & 
Dodson 1987), which is threatened by climate change (Foster 2001). Epiphytes have no 
contact with the ground (Gentry & Dodson 1987) and so rely heavily on mist. Regular 
mist input from adiabatic cloud formation relieves water stress for these plants in tropical 
Cloud Forests (Foster 2001). Unfortunately, mist frequency is declining in Cloud Forests 
with rising sea surface temperatures as clouds form higher (Pounds et al. 1999). Many 

 43 



bryophytes have been shown to absorb and hold water (Dilks & Proctor 1979), possibly 
offering relief to water-stressed epiphytes (Nichols 2013). Bryophytes also show high 
nitrogen and carbon accumulation (Clark et al. 1998), possibly acting as a source of 
nutrients to associated epiphytes. It has been suggested that bryophytes ameliorate stress 
from lower mist frequency while adding nutrients (Nichols 2013, Zotz & Vollrath 2003).  
 Several previous studies have noted that mist frequency affects epiphyte fitness 
and diversity (Prats 2012, Zotz et al. 1999), and that mosses and epiphytes sequester PO4

-

3 and NO3
- from mists (Clark et al. 1998, Bennet 2006). Mist frequency is greater at 

higher altitudes (Prats 2012), and has been decreasing over the past several years (Pounds 
et al. 1999). Recent declines in tropical epiphyte diversity may be linked to such changes 
(Hietz 1998), adding to the pressures caused by habitat loss (Larrea & Werner 2010).  
 Wolf (1993) found a peak of both time spent above %70 humidity and rainfall 
between 1300 m and 2000 m elevation. In concordance, epiphyte diversity has been 
shown to peak between 1450 and 1950 m (Hietz & Hietz 1995). While other studies have 
examined the effects of tree trunks as a substrate (Kernan & Fowler 1995, Zotz & 
Vollrath 2003), no known studies have connected epiphyte growth on tree trunks and 
altitude explicitly within that peak range.  
 Here, I study epiphyte communities on tree trunks in an altitudinal band where 
mist frequency is declining. I examine both the most-covered and least-covered sides of 
tree trunks to assess the total range of diversity present. I also investigate the associations 
between mosses and epiphytes to assess if mosses help mitigate the impacts of declining 
mist frequency.   Finally, differences in the diversity of epiphytes in relation to local 
conditions such as trade wind direction are examined along the altitudinal gradient to 
assess a potential source of greater mist. Demonstrating altitudinal trends in epiphytes 
with higher and lower moss abundance will help assess the impact of moss in 
ameliorating the impact global warming on Neotropical cloud forests.   
 
Methods 
 
Study Site – The study was conducted in the Tropical Lower Montane Wet and Lower 
Montane Rain life zones (Holdridge 1966) of Monteverde, Costa Rica, between 1540 and 
1810 m above sea level. Trees were found on the Principal and Mirador trails above the 
Estación Biológica.  
Epiphyte Diversity on Tree Trunks Along Altitude Gradient – The most and least-
covered sides of trees were determined qualitatively as those with the most and least 
epiphytic organisms, including bryophytes, vascular epiphytes, lichens, and vines 
hmm…your Intro never mentions lichens or vines and it should. Pictures were taken of a 
50 cm x 50 cm square of the tree trunk at breast height for trees >3 m away from the trails 
with diameters at breast height (DBH) of 30-50 cm. Trees were sampled at 50 m intervals 
of elevation, from 1550 m to 1800 m above sea level. Trees were sampled up to 10 m 
above and below a given sampled elevation such as between 1560 m and 1540 m, in 
order to increase sample size, and were not sampled in or within three m of treefall gaps. 
Pictures were analyzed for percent cover per species present by digitally measuring the 
total area covered by each morphologically different species through freehand drawing 
tools and dividing it by the total area of the trunk sampled in ImageJ software. Trees were 
sampled on eight different days throughout the month of April, and if not all altitudes 
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were sampled on the same day, the sampled altitudes were spread evenly over the range 
between 1550 and 1800 m. The last 4 days of collection occurred during the first weeks 
of the rainy season.  
Compass Direction of Most and Least-covered Sides of Trunk – The compass 
direction of the most and least-covered sides were taken rounded to the nearest 10°. 
Directions were given as the degree angle that the most or least-covered side faced.  
 
Results 
 
Total Epiphyte Diversity Along Altitude Gradient – Total richness and abundance 
significantly increased with altitude (ANCOVA, df = 1, F = 15.2005, p = .0002; df = 1, F 
= 8.2908, p = .0002; Figure 1 and 2) and the most-covered side of trees had significantly 
higher richness and abundance than the least-covered side of trees (df = 1, F = 20.7860, p 
< .0001; df = 1, F = 35.6979, p < .0001; Figures 1 and 2). However, the most and least-
covered sides did not significantly differ in rate of increasing richness and abundance 
with altitude (df = 1, F = .0415, p = .8391; df = 1, F = .2080, p = .6494; Figures 1 and 2). 
Total diversity did not change significantly with altitude (df = 1, F = 1.5933, p = .2100; 
Figure 3), although most-covered sides had significantly higher diversity than least- 
covered sides (df = 1, F = 9.0384, p = .0039; Figure 3).  

 
Figure 1: Species richness of all epiphytic species, including mosses, lichens and vines, 
along elevation gradient between 1542 m and 1809 m in the Monteverde Cloud Forest 
above la Estación Biológica. Linear regressions of most-covered (M) and least-covered 
(L) sides of the tree trunk at breast height (BH) are given as blue (y = .0064x – 6.0545, R2 
= .13261) and red (y = .0058x – 6.2003, R2 = .15592) lines, respectively. N = 48 trees.  
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Figure 2: Species abundance of all epiphytic species along elevation gradient between 
1542 m and 1809 m in the Monteverde Cloud Forest above la Estación Biológica. Linear 
regressions of most-covered (M) and least-covered (L) sides of the tree trunk at BH are 
given as blue (y = .088x – 30.519, R2 = .05082) and red (y = .1211x – 123, R2 = .13019) 
lines, respectively. N = 48 trees.  

0	

50	

100	

150	

200	

250	

1500	 1550	 1600	 1650	 1700	 1750	 1800	 1850	

To
ta
l	A
bu
nd
an
ce
	

Altitude	

Total	Abundance	vs	Altitude	

M	
L	
Linear	(M)	
Linear	(L)	

 46 



 
Figure 3: Species diversity of all epiphytic species along elevation gradient between 1542 
m and 1809 m in the Monteverde Cloud Forest above la Estación Biológica. Linear 
regressions of most-covered (M) and least-covered (L) sides of the tree trunk at BH are 
given as blue (y = 0.0002x + 0.7573, R² = 0.00338) and red (y = 0.0008x - 0.4865, R² = 
0.03827) lines, respectively. N = 48 trees.  
 
Component Epiphyte Diversity Along Altitude Gradient – Percent moss cover 
increased significantly with altitude (ANCOVA, df = 1, F = 38.2462, p < .0001), nearly 
doubling from lowest to highest altitude.  Tree trunks most-covered sides had 
significantly higher moss cover than least-covered sides (df = 1, F = 8.7192, p = .0040), 
but without significant differences in rates across altitude (df = 1, F = .0104, p = .9191; 
Figure 4).  
 Vascular epiphytes, including vines, significantly increased in richness, 
abundance, and diversity with altitude (df = 1, F = 68.8380, p < .0001; df = 1, F = 
53.7769, p < .0001; df = 1, F = 32.0315, p < .0001; Figures 5, 6, and 7). Most-covered 
sides had significantly higher richness, abundance, and diversity of vascular epiphytes (df 
= 1, F = 19.3023, p < .0001; df = 1, F = 12.2454, p = .0007; df = 1, F = 16.2230, p = 
.0001; Figures 5, 6, and 7). Diversity increased significantly faster on most-covered sides 
as compared to least-covered sides (df = 1, F = 4.2719, p = .0416; Figure 7), whereas 
richness of most-covered sides increased but not faster than least-covered sides, though 
there was a trend suggesting this (df = 1, F = 3.4406, p = .0668; Figure 5) and there was 
no significant difference in the rate of abundance increase between most and least-
covered sides (df = 1, F = .2729, p = .0627; Figure 6).  
 Lichen richness, abundance, and diversity significantly decreased with altitude (df 
= 1, F = 68.8380, p < .0001; df = 1, F = 53.7769, p < .0001; df = 1, F = 32.0315, p < 

0	
0.2	
0.4	
0.6	
0.8	
1	

1.2	
1.4	
1.6	
1.8	
2	

1500	 1550	 1600	 1650	 1700	 1750	 1800	 1850	

To
ta
l	H
'	

Altitude	

Total	H'	vs	Altitude	

M	
L	
Linear	(M)	
Linear	(L)	

 47 



.0001; Figures 8, 9, and 10). Most-covered sides did not have significantly higher 
richness, abundance, or diversity than least-covered sides (df = 1, F = .5871, p = .4455; df 
= 1, F = .8541, p = .3578; df = 1, F = .3972, p = .5301; Figures 8, 9, and 10).  
 

 
Figure 4: % moss cover along elevation gradient. Most-covered (M) and least-covered 
(L) sides of the tree trunk at BH are given as blue (y = 0.1752x - 223.24, R² = 0.30327) 
and red (y = 0.1811x - 247.56, R² = 0.28527) lines, respectively. N = 48 trees. 
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Figure 5: Vascular epiphyte richness along elevation gradient. Most-covered (M) and 
least-covered (L) sides of the tree trunk at BH are given as blue (y = 0.0119x - 17.957, R² 
= 0.45451) and red (y = 0.0073x - 11.256, R² = 0.33235) lines, respectively. N = 48 trees. 
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Figure 6: Vascular epiphyte abundance along elevation gradient. Most-covered (M) and 
least-covered (L) sides of the tree trunk at BH are given as blue (y = 0.0847x - 108.58, R²	
=	0.04676) and red (y = 0.0507x - 70.947, R²	=	0.0497) lines, respectively. N = 48 trees.	
 

 
Figure 7: Vascular epiphyte H’ along elevation gradient. Most-covered (M) and least-
covered (L) sides of the tree trunk at BH are given as blue (y = 0.0034x - 5.2771, R² = 
0.35614) and red (y = 0.0016x - 2.5151, R² = 0.14922) lines, respectively. N = 48 trees. 
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Figure 8: Lichen richness along elevation gradient. Most-covered (M) and least-covered 
(L) sides of the tree trunk at BH are given as blue (y	=	-0.0094x	+	16.668,	R²	=	0.45951) 
and red (y = -0.0065x + 11.599, R² = 0.39412) lines, respectively. N = 48 trees.	
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Figure 9: Lichen abundance along elevation gradient. Most-covered (M) and least-
covered (L) sides of the tree trunk at BH are given as blue (y = -0.1736x + 304.08, R²	=	
0.40797) and red (y = -0.1106x + 195.51, R²	=	0.32543) lines, respectively. N = 48 
trees.	
 

 
Figure 10: Lichen H’ along elevation gradient. Most-covered (M) and least-covered (L) 
sides of the tree trunk at BH are given as blue (y = -0.0024x + 4.1363, R² = 0.27543) and 
red (y = -0.0017x + 2.9224, R² = 0.24361) lines, respectively. N = 48 trees. 
 
Epiphyte and Lichen Diversity with Percent Moss Cover – Vascular epiphyte richness 
and diversity significantly increased with increasing percent moss cover (df = 1, F = 
10.8472, p = .0014; df = 1, F = 7.8300, p = .0063; Figures 11 and 12), while vascular 
epiphyte abundance showed no trend in relation to percent moss cover (df = 1, F = .0035, 
p = 9532; Figure 13). Most-covered sides had a nearly significant trend to increase in 
diversity of vascular epiphytes with percent moss cover faster than least-covered sides (df 
= 1, F = 3.6409, p = .0595; Figure 12).  
 Lichen richness, abundance, and diversity significantly decreased with increasing 
percent moss cover (df = 1, F = 41.8700, p < .0001; df = 1, F = 70.2126, p < .0001; df = 
1, F = 25.6326, p < .0001; Figures 14, 15, and 16). Lichen abundance on most-covered 
sides decreased significantly faster than on least-covered sides (df = 1, F = 4.6094, p = 
.0344; Figure 15), whereas lichen richness on most-covered sides nonsignificantly 
decreased faster than on least-covered sides (df = 1, F = 2.8535, p = .0946; Figure 14) 
and lichen diversity did not have a significant trend in rate between most and least-
covered sides (df = 1, F = 1.1515, p = .2860; Figure 16).  
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Figure 11: Vascular epiphyte richness with % moss cover. Most-covered (M) and least-
covered (L) sides of the tree trunk at BH are given as blue (y = 0.0219x + 0.3755, R² = 
0.15676) and red (y = 0.0082x + 0.5399, R²	=	0.04834) lines, respectively. N = 48 trees.	
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Figure 12: Vascular epiphyte H’ with % moss cover. Most-covered (M) and least-covered 
(L) sides of the tree trunk at BH are given as blue (y = 0.0071x - 0.0205, R² = 0.15408) 
and red (y = 0.0013x + 0.1008, R²	=	0.012) lines, respectively. N = 48 trees.	
 

 
Figure 13: Vascular epiphyte abundance with % moss cover. Most-covered (M) and 
least-covered (L) sides of the tree trunk at BH are given as blue (y = -0.0249x + 35.14, R² 
= 0.00041) and red (y = 0.0129x + 13.247, R² = 0.00037) lines, respectively. N = 48 
trees. 
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Figure 14: Lichen richness with % moss cover. Most-covered (M) and least-covered (L) 
sides of the tree trunk at BH are given as blue (y = -0.0261x + 2.716, R² = 0.35813) and 
red (y = -0.0153x + 1.6068, R² = 0.25378) lines, respectively. N = 48 trees. 
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Figure 15: Lichen abundance with % moss cover. Most-covered (M) and least-covered 
(L) sides of the tree trunk at BH are given as blue (y = -0.5899x + 54.711, R² = 0.47696) 
and red (y = -0.3493x + 29.66, R²	=	0.37292) lines, respectively. N = 48 trees.	
 

 
Figure 16: Lichen H’ with % moss cover. Most-covered (M) and least-covered (L) sides 
of the tree trunk at BH are given as blue (y = -0.0068x + 0.6543, R² = 0.23354) and red (y 
= -0.0045x + 0.3831, R² = 0.20043) lines, respectively. N = 48 trees. 
 
Compass Direction of Most and Least-covered Sides of Trunk – Most and least-
covered sides did not face in a statistically significant direction except for at the lowest 
elevation, 1550m, which faced approximately S-SE (mean 163.75°) for the most-covered 
side and approximately N-NW for the least-covered side (mean 343.75°) (df = 1, F = 
112.9, p < .0001; Table1).   
 
Compass Direction by Altitude: Table 1: ANOVA results for significance of compass 
direction on most and least-covered sides of trees sampled. N = 8 per elevation. Df = 1.  
Altitude Range F p Mean compass 

direction (most-
covered side) 

Mean compass 
direction (least-
covered side) 

1800 .5961 .4529 243.75° SW 285.63° W-NW 
1750 1.864 .1937 105° E-SE 332.5° N-NW 
1700 1.485 .2432 155° S-SE 315° NW 
1650 2.134 .1661 143.75° E-SE 337.5° N-NW 
1600 1.459 .2471 160° S-SE 286.88° W-NW 
1550 112.9 < .0001 163. 75° S-SE 343.75° N-NW 
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Discussion 
 
Although richness and abundance of epiphytic organisms increased significantly with 
altitude from 1540 -1800 m, total diversity did not change. Lack of change in overall 
diversity along an altitudinal gradient may be explained by examining changes in species 
composition with altitude. When separated, mosses and vascular epiphytes increase in 
richness, diversity and abundance along the altitudinal gradient while lichens decreased. 
A similar trend has been found in the Andes (Wolf 1993). Lichens are adapted to drier 
habitats and are replaced by bryophytes with increasing moisture (Barr 2007).  
Additionally, lichens have been shown to peak in abundance and diversity between 1300 
m and 1650 m (Pinokiyo et al. 2008), which matches the trend found in this study.  
 Diversity of vascular epiphytes significantly increased with moss abundance, as 
well. These results parallel weak correlation found by Zotz & Vollrath (2003), and are 
more significantly supported by Prats (2012). While greater moss abundance may cause 
increased epiphyte diversity, the results only provide positive correlation, primarily 
because vascular epiphyte abundance did not significantly increase with increased moss 
abundance (Figure 13).  
 Tree trunks had a clearly distinct most-covered side and a least-covered side, 
except for lichens. This implies that environmental or substrate factors increase 
favorability of one side of the tree trunk as opposed to another. Such factors may include 
direction of most sunlight or moisture, especially moisture brought by trade winds. 
However, only the lowest sampled elevation showed a significant association with 
compass direction, implying that trade winds, which blow primarily from the NE, are not 
as crucial as other factors in determining the direction of the most and least-covered sides 
of trunks. This conclusion is additionally supported by the compass direction of the 
lowest sampled elevation, which had an average direction for the most-covered side of S-
SE.  

Future studies could examine the effects of slope direction, trunk angle, and 
substrate characteristics to further determine the factors which influence epiphyte 
abundance as locally as a single tree trunk. Future studies could also examine change 
over time of species composition on the same trees at differing elevation to compare 
colonization rates and to observe whether the most-covered and least-covered sides 
change in compass direction over time.  

As climate change moves temperature ranges upwards in altitude (Pounds et al. 
1999), the high vascular epiphyte diversity that currently resides in higher altitudes will 
likely be replaced by the high lichen diversity found at lower altitudes. This trend may be 
exacerbated by declines in mist frequency (Prats 2012), as low-lying clouds rise with 
temperature increases. Yet moss abundance at higher altitudes will prove crucial in 
buffering the high diversity of vascular epiphytes found there (Nichols 2013), and may 
decrease the immediate effects of climate change. While moss buffering may buy some 
time for tropical Cloud Forests, the danger that climate change presents should not be 
underestimated. Every effort to slow or halt climate change is important to save the 
enormous diversity of epiphytes found living on their bark.  
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ABSTRACT 
 
Evolutionary studies of sociality in ants, bees, and wasps (Hymenoptera) take advantage of the diverse spectrum of 
social behavior ranging from solitary to eusocial. Nest aggregations of solitary ground-nesting bees also display a 
continuum of sociality differences. Aggregations can result from clumped resources or predation reduction, though 
some species take further advantage of the high neighbor concentration through cooperation of tunnel making and 
maintenance. Low aggression is necessary in the development of cooperation, an important factor in the evolution of 
sociality. In this study, I examine intraspecific aggression of a ground-nesting bee, Crawfordapis luctuosa which 
provision solitarily, but whose tunnels may be used by multiple females. To examine interactions in an artificial 
tunnel setting, I used clear tubing to form circle arenas. Because only females use tunnels consistently, I used female 
C. luctuosa to observe aggression as it relates to (1) bee size and (2) provisioning behavior. Aggression was 
observed in all trials, but was not related to bee size. There was a non-significant trend (p < 0.09) that non-
provisioning bees were more aggressive. As aggression was common and no direct cooperation was seen in C. 
luctuosa, it appears that C. luctuosa is a solitary bee that aggregates in favorable nest sites and shows no signs of 
sociality. Non-provisioning bees may be more aggressive as they are either searching for new tunnels or alternative 
food sources and may have to fight for access to them. 
 
RESUMEN 
 
Estudios evolucionarios en la socialidad de hormigas, abejas, y avispas (Hymenoptera) toman ventaja del diverso 
espectro de rangos en el comportamiento social desde solitarios hasta eusocial.  Las agregaciones de nidos de abejas 
solitarias que anidan en el suelo también muestra un continuo de las diferencias en la socialidad.  Las agregaciones 
pueden resultar de un agregado de recursos o reducción de la depredación, aunque algunas especies toman una 
ventaja de la alta concentración de vecinos con la cooperación en la construcción y mantenimiento del nido.  
Agresión baja es necesaria para el desarrollo de esta cooperación, un factor importante en la evolución de socialidad.  
En este estudio, examine las agresiones intraespecíficas de la abeja anidadore en el suelo Crawfordapis luctuosa la 
cual provisiona solitariamente, pero cuyos tuneles pueden ser utilizados por varias hembras.  Para examinar estas 
interacciones en un tunel artificial, usé tubo tranparente para formar arenas circulares.  Debido a que solo las 
hembras usan los tuneles consistentemente, usé hembras de C. luctuosa para observar la agresión relacionada a (1) 
tamaño de la abeja y (2) comportamiento de provision.  Se observó agresión en todos los tratamientos, pero no está 
relacionado al tamaño de la abeja.  Hay una tendencia no significativa (p < 0.09) que las abejas que no provisionan 
son más agresivas.  Al ser la agresión más común y no observarse cooperación directa en C. luctuosa, parece que C. 
luctuosa es una abeja solitaria que se congrega en sitios favorables de anidación y no muestra señas de socialidad.  
Las abejas que no provisionan pueden ser más agresivas al estar ellas buscando por tuneles nuevos o fuentes de 
alimento alternativas y pueden tener que pelear por el acceso a estas. 
 
INTRODUCTION 
 
A diverse spectrum of insect societies creates research opportunities into the evolution of 
sociality in species of ants, bees, and wasps (Hymenoptera; Wilson 1971). Societies evolved in 
many taxa and range in complexity from solitary to eusocial, displaying combinations of division 
of labor, reproductive subordination, and intergenerational cooperation (Wilson 1971). A 
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precursor to parasocial evolution may be nest aggregations of solitary, ground-nesting bees, 
which likely result from concentrated resources or decreased predation (Kocher & Paxton 2014). 
Within aggregations, individuals of a species interact frequently, introducing an opportunity for 
the evolution of neighbor tolerance, nest recognition, and cooperation (Wilson 1971, Kocher & 
Paxton 2014). Interactions in aggregations occur for a wide range of causes, many of which do 
not display cooperation: stealing, non-altruism, and cleptoparasitism. Aggression may result 
from these non-cooperative behaviors as the fitness of bees invested in reproductive care would 
decrease with non-cooperative actions (Wilson 1971). Aggression evolved within multiple taxa, 
leading to dominance and ultimately reproductive subordination (Michener & Brothers 1974, 
Pabalan 2000, Smith et al. 2009). The intensity of aggression in aggregating species provides a 
window into the parasocial evolution of society (Wilson 1971). 
 Nest aggregations also display a continuum of variation from species to species (Wilson 
1971). Some aggregations are completely solitary wherein tunnels are made and maintained by 
one individual (Wilson 1971). Other aggregations tend towards communal behavior, sharing the 
use and maintenance of tunnels that diverge to separately provisioned brood cells (Wilson 1971). 
The responsibilities of making tunnels is less taxing when shared, however if nests are defended, 
development of nest-care cooperation could not occur. Defense efficiency could depend on 
provisioning behavior, or the level of investment of a bee in a nest, or simple physiology wherein 
larger bees have a greater advantage over small bees (Wilson 1971, Smith et al. 2008). 
 Crawfordapis luctuosa (Hymenoptera: Colletidae) is a ground-nesting, aggregating bee 
that makes and maintains tunnels in mid-elevation clay roads of Costa Rica and Panama (Otis et 
al. 1982, Roubik & Michener 1984, Jang et al. 1995, Wuellner & Jang 1996). Females excavate 
and maintain individual tunnels where they create brood cells, lay and provision single eggs 
(Otis et al. 1982). Once brood cells have been provisioned and sealed, females vacate the nest 
and search for an existing tunnel or construct a new one (Jang et al. 1995). Tunnel creation and 
maintenance cooperation is not reported, nor is reproductive subordination. Aggression has been 
observed in the field, however no data surrounding size or provisioning was recorded (Forbes 
2012). Some individuals of social hymenopteran species, such as large Polistes females, display 
aggression which prevent capable females from reproducing (West-Eberhard 1983), a practice 
which is believed to be a precursor to reproductive suppression (Wilson 1971). High aggression 
could result from provisioning in C. luctuosa as brood care requires a high investment, easily 
damaged by non-cooperative behaviors. 
 The parasocial route for evolution of sociality begins with cooperation in aggregating 
species, starting with shared tunnel use and maintenance (Wilson 1971). However, should 
aggression of provisioning bees prevent cooperation with non-provisioning bees, the factors for 
parasocial evolution will not be present in C. luctuosa. Furthermore, if larger bees display high 
levels of aggression, as do species that use aggression as reproductive suppression, factors for 
cooperation will also not be present. Therefore, this study aims to examine the impact of size and 
provisioning on aggression in C. luctuosa. 
 
METHODS 
 
Study Site 
 
Individuals were captured and tested at two C. luctuosa nest aggregations on a clay service road 
in Monteverde, Puntarenas, Costa Rica at approximately 1750 m elevation on Cerro Amigos. 
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The site is in a Lower Montane Rain Forest life zone and receives 3.5 to 4 m of precipitation per 
year. Tests were run between April 20th and May 7th of 2016 between the hours of 9:30 am and 
2:30 pm. 
 
C. luctuosa Behavior Types 
 
Provisioning (P): C. luctuosa carry pollen on two parts of its body: a dorsal patch of hair on the 
thorax and in the scopae of their last set of legs. Pollen on the thorax is visible on the bee during 
flight, and suggests that the bee was in direct contact with a flower while collecting nectar or 
pollen. Pollen loads in scopae are not visible during flight, and can only be seen if the bee 
unloads its scopae. Provisioning (P) behavior is characterized by high nest fidelity, visible pollen 
loads, and a lack of floating behavior (see below). Nest visits last between 3 and 30 minutes 
(Otis et al. 1982) and are focused to one nest, indicating that females provision on one brood 
chamber at a time. Pollen is carried into the nest on the thorax and in the scopae and unloaded 
during the visit. Several trips are required to provision a single brood chamber. 

Non-provisioning (NP): Also called Floating behavior and refers to individuals 
searching for a new tunnel to begin a brood chamber (Jang et al. 1995). Floating behavior 
consists of [oscillating patterns]? while hovering 3-15 cm above the ground of the nest 
aggregation (Jang et al. 1996, Wuellner and Jang 1996, Wuellner 1999). NP females have low 
nest fidelity, non-visible pollen loads, and exhibit floating behavior. Multiple nests, of varying 
ownership and occupation, are visited for short periods of time (less than 3 minutes on average) 
during which bees are suspected to steal pollen or examine the suitability and occupation of the 
nest for their personal use. NP bees are rarely seen carrying pollen. 

During two studies of C. luctuosa, individuals were seen switching between P and NP 
(Jang et al. 1995, Forbes 2012). P and NP do not depend on breeding cycle (suggested by Jang et 
al. 1995) as Forbes (2012) found no reproductive differences between them. 
 
Circle Tube Experiments 
 
Individuals used for circle tube experiments (hereafter trials) were captured using a butterfly net. 
Behavior type at time of capture was recorded and the individual was transferred to a mesh-
covered, pre-weighed plastic container. The bee was examined to determine sex (Michener 1966) 
and then weighed on a portable scale. Weight and presence of pollen were recorded and the bee 
set aside while a second individual was caught and processed. To differentiate between the bees, 
the first captured individual was transferred from its container to an aquarium net, where it was 
then marked with a paint pen. The bee was moved to a clear, flexible, plastic tube 97 cm in 
length and 2.4 cm internal diameter. The diameter of the tube was 1.4 cm wider than that of nest 
openings, however allowed the bees (of mean length 2.4 cm) to complete full turns instead of 
forcing them to maneuver backwards (Otis et al. 1982). Immediately after inserting the first bee, 
the second, unmarked bee was transferred to the tube, which was then curled and the ends 
secured together with clear tape. 
 For each trial, bees were observed for a range of behaviors (see Behavior Repertoire) to 
determine degree of aggression. Bee size, P vs. NP, behavior perpetrator and frequency were 
recorded as well as the total time spent in the tube. Trials lasted between 15 and 25 minutes, but 
were terminated early if a bee died, a result of aggressive interactions, heat or stress. At the 
termination of a trial, the marked bee was released, and the unmarked bee removed from the tube 
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and marked using the paint pen to prevent recapture. After each use, the tubes were washed with 
soap, rinsed, and allowed to air dry to remove behavior-altering odors from past tube occupants 
(Schiestl & Ayasse 2000, Pabalan et al. 2000). 

Behavioral frequencies observed in trials do not directly reflect those of nature. During 
trials, bees are contained within the tube, thereby eliminating their ability to escape from 
aggressive interactions with conspecific individuals, as noted in observational data. This forced 
restraint increases the death rate in comparison to that of nature. However, this trial design has 
retained use throughout Hymenopteran studies (Breed et al. 1978, Wcislo 1997, Pabalan 2000, 
Arneson & Wcislo 2003, Packer et al. 2003) due to its unique creation of an artificial burrow 
passage through which insights can be made about underground behaviors of ground-nesting 
species. Additionally, bees are not forced to interact, as they are capable of remaining stationary 
within the tube. Trials increase the chance of interaction by reducing available space, but do not 
otherwise alter the behavioral tendencies of the individuals. 
 

 
 

Figure 1. On the clay service road of Cerro Amigos 
in Monteverde, Costa Rica at 1750 m elevation, C. 
luctuosa individuals at nest aggregations are 
examined for aggression and dominance in a 
tropical premontane moist forest. The experimental 
set-up (Top-left photo) for collecting and weighing 
(Top-right photo) individuals to be used in circle 
tube experiments (Bottom-left photo). In the circle 
tube, two bees are visible as they travel along the 
makeshift passageway and interact. 

 63 



Behavior Repertoire 
 
Mutual Pass: Traveling in opposite directions, both bees pass each other without disturbing the 
other. A mutual pass may be followed immediately by other interactions, though is considered to 
be one, non-aggressive action per bee. 
 
Withdraw: Upon contacting or seeing the other, one bee changes direction or speeds up to avoid 
a confrontation with the other. This action can occur alone or follow a separate interaction. It is 
considered to be non-aggressive. 
 
One-Sided Pass: One bee, slow-moving or stationary, is passed by the other going in the same 
direction. The passed bee is not disturbed by this non-aggressive action. 
  
Follow: A bee either speeds up or changes directions in order to approach the other. This action 
can be completed alone, before, or after another action. It is considered to be non-aggressive. 
 
Holding Pass: Different from a one-sided or mutual pass wherein one or both bees react 
negatively. Negative reactions are characterized by use of appendages to grasp at, and sometimes 
sustain a hold on the other bee’s body. Holding passes can induce withdrawing, following, or 
stinging behaviors (see below), which are scored in addition to the pass. This action is 
considered to be an aggressive behavior by the bee or bees which display negative reactions. 
 
Sting Attempt: During a holding pass, a bee curls her abdomen, forming a C-shape with her body, 
and jabs her posterior at the other individual. This behavior is considered to be very aggressive. 
 
Completed Sting: A successful sting attempt which results in the death of the other bee. This is 
the most aggressive action/This action is recorded as extremely aggressive. 
 
Aggression Index 
 
The aggression index was used to compare the varying degrees of aggression between two bees 
in a trial. To determine a bee’s degree of aggression in a trial, the index of each bee was 
calculated by counting each aggressive action as 1 point, and each non-aggressive action as 0 
points. The bee with the highest index was designated as the most aggressive, and the other least 
aggressive. In cases where the aggression indices were equal, both bees were labeled as neutral. 
The index is not comparable across trials as the number of total actions, as well as the number of 
aggressive actions, vary greatly between trials. Furthermore, circle tube experiments rely on the 
dynamics between two bees (Breed et al. 1978), which are not equal across trials. 
 
Aggression Determination 
 
This method was devised to allow comparisons across all trials, correcting for the varying 
volumes of total and aggressive actions of trials. To examine the dynamic between pairs of bees 
(Breed et al. 1978), percent aggression was calculated on a trial, or pair, level. To further detail 
the level of aggression that each bee contributes to a trial, percent aggression was also calculated 
for each individual. On the individual level, the number of aggressive actions completed by one 
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bee was divided by the total number of actions that individual in question completed, and the 
resulting number multiplied by 100. Percent aggression in pairs was calculated by dividing the 
total number of aggressive actions completed between both bees by the total number of actions 
that occurred during the trial, then multiplying by 100. 
 
RESULTS 
 
Aggression, Size, and Provisioning Behavior 
 
Behaviors were examined in 20 trials, 11 for combinations of P and NP. In total, 40 bees were 
tested for aggression. Twenty-two bees were recorded for behavior types, eight of which were P, 
and 14 of which were NP. Eight trials ended in deaths, three from aggressive interactions and 
five from heat or stress. In all trials which terminated in heat or stress deaths, behavior was not 
affected prior to the death, which occurred after 15 minutes in three of the five trials. 
 In examinations of mass and degree of aggression (Fig. 2), no significant correlation was 
found (t-Test, t = 0.83, df = 33, p = 0.41). The mean mass of least aggressive bees (0.49 g) was 
5.8% less than the mean mass of most aggressive bees (0.52 g). Neutral bees were not considered 
in the statistical analysis, and with a mean mass of 0.54 g are 3.8% larger on average than most 
aggressive bees and 10.2% larger than least aggressive bees. 

 
 The percent aggression had no significant relationship with mass or mass difference in 
both individual and pair comparisons. A scatter plot of mass and percent aggression of 
individuals (Fig. 3a.) showed no significant correlation (regression, R2 = 0.015, n = 40, p = 0.45). 

Figure 2. Circle tube experiments of a ground-nesting bee C. luctuosa, were completed at 
aggregations sites in a tropical premontane moist forest of Monteverde, Costa Rica, which show that 
size does not impact aggression rank. Shown is the mean mass and standard error each for dominant 
and subordinate bees. Neutral bees are not included in statistical analysis. 
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In examining pair dynamics, the comparison of mass difference and percent aggression of pairs 
(Fig. 3b.) also showed no significant correlation (regression, R2 = 0.05, n = 20, p = 0.32). 

 
 Individual behavior type was analyzed with percent aggression on both individual and 
pair levels (Fig. 4). Neither individual percent aggression (t-Test, t = -1.88, df = 10, p = 0.09) nor 
pair percent aggression (t-Test, t = -1.96, df = 11, p = 0.08) showed significance. However, the 
tests both indicated a trend towards NP bees displaying higher percentages of aggression than P 
bees (p < 0.1). 

0

20

40

60

80

100

0.25 0.35 0.45 0.55 0.65 0.75 0.85

Pe
rc

en
t A

gg
re

ss
io

n 
of

 In
di

vi
du

al
s

Mass (g)a. 

0

20

40

60

80

100

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

Pe
rc

en
t A

gg
re

ss
io

n 
of

 P
ai

rs

Mass Difference (g)b. 

Figure 3. In a tropical premontane moist forest of Costa Rica, at 1750 m elevation, 20 circle 
tube experiments were completed with pairs of C. luctuosa individuals of varying sizes. (a). 
Mass of individuals is plotted with percent aggression of individuals. (b). The difference in mass 
between a pair of bees is plotted with the overall percent aggression of the trial. Neither 
regression was statistically significant. 
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Additional Observations 
 
Instances of aggressive aerial interactions were observed, ranging from chases to mid-air and 
ground-level fights, involving two to five bees. Pairs of bees were observed as one pollen-free 
bee (NP or male) and one P bee, while groups of bees contained one or two pollen-free bees (NP 
or male) and the rest P bees. In all observed cases, the P bees were chasing or antagonizing the 
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Figure 4. Individuals of both behavior types of C. luctuosa, a ground-nesting, aggregating bee 
found in a premontane moist forest in Monteverde, Costa Rica were observed for dominance 
and aggression in 11 circle tube experiments. Behavior types are compared for mean and 
standard deviation of (a). individual aggression levels and (b). pair aggression levels. 
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pollen-free bees. Though not further investigated, it appeared as though P bees involved in 
chases were located near their nest site before the start of the interaction. In some instances, both 
fights and chases would occur in sequence. No observed fights or chases ended in deaths, only 
avoidance and separation. 
 The following observations are unrelated to this study, but are relevant to C. luctuosa 
natural history and could prove useful for future research. Seven to ten mites, cream- or tan-
colored, were seen exploring the weighing jar after a bee was released. They were also found 
sessile, in lines on wing undersides of multiple individuals. Bees, both P and NP, were observed 
emptying pollen loads from their scopae in both the weighing jar and the circle tubes after 5 to 
10 minutes of occupancy. 
 
DISCUSSION 
 
The examination of aggression index with mass predicts the probable outcome of aggressive 
interactions, indicating that the most aggressive individual will likely succeed in their goal within 
the altercation, either protecting or invading nests. The analysis of these factors does not relate 
success through aggression with mass in any sense. Comparison of mass and percent aggression 
examines the individual aggression that each bee contributes to interactions. However, the 
regression of percent aggression in pairs examines the effect of difference in mass to the level of 
overall aggression in a pair of bees. Neither analysis showed significance, therefore mass neither 
affects individual aggression nor the aggressive dynamic of pairs. 

The results of the circular tube trials show no relationship between size and aggression, 
indicating no size advantage in aggressive encounters. As speculated by Forbes (2012), the 
existence of behavioral switching as a result of possible size advantages in aggressive encounters 
has no basis of support. The presence of aggression shows no evolutionary development towards 
low levels of aggression or cooperation, sustaining the designation of C. luctuosa behavior as 
solitary and aggregating in favorable nest sites. 
 Higher aggression in NP bees further details the divergence between NP and P. This 
trend supports speculations about NP C. luctuosa behavior. Suggestions that NP bees that visit 
occupied or owned nests could be cleptoparasiting or usurping nests (Otis et al. 1982, Jang et al. 
1995) are supported indirectly by a relatively high percentage of aggression in NP bees. NP bees 
which interact with nest owners would likely face defense of broods and resources. If 
cleptoparasitism and usurpation occur in C. luctuosa, an NP’s success would depend upon its 
ability to complete those tasks and remain alive and fit for reproduction. Higher levels of 
aggression would increase a bee’s ability to succeed in parasitic behaviors. 

The trend, however, contrasts logical expectations that P bees should be more aggressive 
due to their necessity to protect their brood and reduce parasitism of their nest. The expectation 
is upheld by the observations of aerial interactions in which P bees chased NP bees from what 
appeared to be their nest site. An explanation for the deviation of the trend from both the 
expectation of behavior and field observations involves the nature of circle tube experiments. As 
both bees were unaccustomed to the tube and were inserted in rapid succession, neither bee had 
developed ownership over the tube. Without the motivation of protecting personal property and 
broods, a P bee would not be expected to behave in the same way as they would within their own 
nest. Therefore, these trials display results of overall nest aggregation interactions as opposed to 
nest invasion interactions. In order to examine differences in aggression in a nest invasion 
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scenario, bees would need to be inserted with an interval of time between entrances (Wcislo 
1997). 

Despite the difference in what the circle tube experiments set out to show and what they 
actually demonstrate, the insight of general aggregation behavior in this study is the first of its 
kind for C. luctuosa. This study refutes ideas surrounding the existence of size advantages to 
intraspecific interaction. It also indicates the existence of aggression between individuals, 
especially those of differing provisioning behavior. Due to high levels of aggression, cooperation 
is not seen developing within the aggregating species. 
  
 
ACKNOWLEDGEMENTS 
 
I would like to thank my stellar advising team, Dr. Alan R. Masters and José Carlos “Moncho” Calderón, for their 
patience, support, and experience. Thanks also to my Rhode Island, CIEE, and Tica families for their unending 
support and encouragement. Finally, I would like to recognize La Estación Biológica de Monteverde and its staff for 
their hospitality and use of property and trails. 
 
 
LITERATURE CITED 
 
ARNESON, L. AND WCISLO, W. T. 2003. Dominant-subordinate relationships in a facultatively social, nocturnal bee, 

Megalopta genalis (Hymenoptera: Halictidae). Journal of the Kansas Entomological Society, 76: 183-193. 
BREED, M. D., SILVERMAN, J. M., AND BELL, W. J. 1978. Agonistic behavior, social interactions, and behavioral 

specialization in a primitively eusocial bee. Insectes Sociaux, 25: 351-364. 
FORBES, J. 2012. Possible alternative reproductive strategies in the gregarious bee, Crawfordapis luctuosa. In: 

Tropical Ecology and Conservation, Spring 2012, CIEE, Monteverde, CR. 
JANG, Y., WUELLNER, C. T., AND SCOTT, C. S. 1995. Floating and Fidelity in Nest Visitation by Crawfordapis 

luctuosa (Hymenoptera: Colletidae). J. Insect Behavior, 9: 493-504. 
KOCHER, S. D. AND PAXTON, R. J. 2014. Comparative methods offer powerful insights into social evolution of bees. 

Apidologie, 45: 289-305. 
MICHENER, C. D. 1966. The classification of the Diphaglossinae and North American species of the genus 

Caupolicana (Hymenoptera: Colletidae). The University of Kansas Science Bulletin, 46: 717-751. 
MICHENER, C. D. AND BROTHERS, D. J. 1974. Were Workers of Eusocial Hymenoptera Initially Altruistic or 

Oppressed? Proc. Nat. Acad. Sci., 71: 671-674. 
OTIS, G. W., MCGINLEY, R. J., GARLING, L., AND MALARET, L. 1982. Biology and systematics of the bee genus 

Crawfordapis (Colletidae, Diphaglossinae). Psyche, 89: 279-296. 
PABALAN, N., DAVEY, K. G., AND PACKER, L. 2000. Escalation of Aggressive Interactions During Staged Encounters 

in Halictus ligatus Say (Hymenoptera: Halictidae), with a Comparison of Circle Tube Behaviors with Other 
Halictine Species'. J. Insect Behavior, 13: 627-650. 

PACKER, L., COELHO, B. W. T., MATEUS, S., AND ZUCCHI, R. 2003. Behavioral interactions among females of 
Halictus (Seladonia) lanei (Moure) (Hymenoptera: Halictidae). Journal of the Kansas Entomological 
Society, 76: 177-182. 

ROUBIK, D. W. AND MICHENER, C. D. 1984. Nesting Biology of Crawfordapis in Panamá (Hymenoptera, 
Colletidae). Journal of the Kansas Entomological Society, 57: 662-671. 

SCHIESTL, F. P. AND AYASSE, M. 2000. Post-mating odor in females of the solitary bee, Andrena nigroaenea 
(Apoidea, Andrenidae), inhibits male mating behavior. Behav. Eco. and Sociobiol., 48: 303-307. 

SMITH, A. R., WCISLO, W. T., AND O’DONNELL, S. 2008. Body Size Shapes Caste Expression, and Cleptoparasitism 
Reduces Body Size in the Facultatively Eusocial Bees Megalopta (Hymenoptera: Halictidae). J. Insect 
Behavior, 21: 394-406. 

SMITH, A. R., KAPHEIM, K. M., O’DONNELL, S., AND WCISLO, W. T. 2009. Social competition but not subfertility 
leads to a division of labour in the facultatively social sweat bee Megalopta genalis (Hymenoptera: 
Halictidae). Animal Behavior, 78: 1043-1050. 

WCISLO, W. T. 1997. Social interactions and behavioral context in a largely solitary bee, Lasioglossum (Dialictus) 

 69 



figueresi (Hymenoptera, Halictidae). Insectes Sociaux, 44: 199-208. 
WEST-EBERHARD, M. J. 1983. Polistes (Quta Calzón, Lengua de Vaca [name of nest], Paper Wasp). In: Costa Rican 

Natural History, Janzen, D. H. ed. The University of Chicago Press, London, pp. 758-760. 
WILSON, E. O. 1971. The Degrees of Social Behavior and The Social Bees. In: The Insect Societies, Harvard 

University Press, Cambridge, MA, pp. 4-6, 75-102. 
WUELLNER, C. T. AND JANG, Y. 1996. Natural History of a Ground-Nesting Solitary Bee, Crawfordapis luctuosa 

(Hymenoptera: Colletidae). Journal of the Kansas Entomological Society, 69: 211-221. 

 70 



Spatial Distribution and Aggressiveness in a Colonial Territorial 
Spider, Metabus gravidus (Araneae: Araneidae) 

 
Taylor Reardon  
 
Department of Ecology and Evolutionary Biology, University of Colorado at 
Boulder 
 

 
Abstract  
 

Predation is one of the main evolutionary forces encouraging group formation. Within a group, 
predation risk is not equal, with individuals on the periphery less protected. It is poorly understood how 
different species decide to organize themselves within a group, and often the largest individuals colonize 
the center, since they can outcompete the center individuals. In this study in a premontane cloud forest in 
Monteverde, Costa Rica, I examined the spatial positioning and aggression in a colonial spider. Metabus 
gravidus spiders live in large groups suspended over small rivers and streams sharing framework with one 
another but building and maintaining their own webs. I examined the differences in spatial positioning 
between different sized individuals by looking at 21 different colonies and found that the largest individuals 
colonized the center with the smaller spiders forced to the periphery. By placing spiders of differing spatial 
positions near the orb web of another spider of the same size, I also found that the most aggressive spiders 
colonized the center. There are different reasons as to why spiders colonize together. It could be that there 
is an increased amount of prey captured when living communally, or for protection from predators. There 
are trade offs when living communally in any species, and both the center position and the periphery in 
Metabus gravidus may have differing consequences.  
 
Resumen  
 
La depredación es una de las fuerzas evolutivas con mayor influencia en la formación de grupos. Dentro de 
un grupo, el riesgo de depredación no es igual, pues los individuos en la periferia están menos protegidos. 
Es poco conocido como diferentes especies deciden organizarse ellos mismos dentro del grupo, y es común 
que individuos de mayor tamaño colonicen el centro, ya que los individuos del centro pueden ganar la 
competencia contra indiviuos de menor tamaño. Este estudio fue realizado en el bosque nuboso de 
Monteverde, Costa Rica. Examiné la pocisión espacial y agresión en la araña colonial Metabus gravidus. 
Esta especie de araña vive en grupos con numerosos individuos suspendidos sobre ríos pequeños y 
quebradas, compartiendo un marco de tela pero construyendo y manteniendo su propia tela. Investigué las 
diferencias en la posición espacial entre individuos de diferente tamaño en 21 colonias y encontré que los 
individuos más grandes colonizaron el centro del grupo, forzando a los individuos mas pequeños a ocupar 
la periferia. Coloqué arañas en diferentes posiciones cerca de la tela de otro individio de tamaño similar y 
encontré que las arañas en el centro fueron las más agresivas. Podrían haber diferentes razones del por qué 
las arañas colonizan en grupo como lo es un incremento en la captura de presas o protección ante 
depredadores. Existe un compromiso cuando se vive en colonias para cualquier especie, y ambos tanto el 
centro como la periferia podria tener diferentes consecuencias en M.gravidus. 
 
Introduction 
 
It is argued that predation is a main evolutionary force motivating group formation (Vos 
& O’Riain 2010). Colonial living is seen in almost every taxon on the tree of life, most 
commonly in birds and mammals (Krause 1994). When species live in colonies, they 
benefit from the presence of others, but still compete for the best spot within the group 
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since protection is not equal within a colony (Krause 1994). While living in a group can 
decrease the risk of predation, it is known that not all members of a group share equal 
predation risks, especially in groups where members try to maximize their own fitness 
(Krause 1994). In addition to safety, food resources are another reason for the 
evolutionary selection of group living and preferential position (Krause 1994). While 
safety is one reason why individuals compete between one another for position, food 
could be another reason why group living could be evolutionarily selected for (Krause 
1994). 

Colonial spiders are a convenient study system to evaluate the factors that favor 
colonial living due to their small size and the size of their colonies. Social behavior in 
spiders is only found in a few dozen species of spider out of all spiders described, around 
36,000 (Aviles 1997). This ranges from non-social, orb-weaving spiders only sharing the 
same framework, which they use for individual webs, to working together to care for the 
young (Aviles 1997). There have been experiments done that study the spatial positioning 
of colonial spider species, and it is seen that for many species, there is a size-dependent 
spatial distribution (Salomon et al. 2010, Rayor & Uetz 1990). Colonies have a 
characteristic group positioning, with the largest individuals in the middle and the 
smallest individuals in the periphery of the colony (Rayor & Uetz 1990) (Salomon et al. 
2010). 

Two main hypotheses have been proposed to explain why it is advantageous for 
spiders to live in large groups as opposed to living a solitary life. The first hypothesis, 
called the ‘selfish herd’ theory proposes that spiders congregate together to minimize 
their own predation risk by being around others (Hamilton 1971). According to this 
theory, predation risk is not even throughout a group of individuals and is lowered when 
in the center compared to the periphery, so individuals will actively search for the center 
(Krause 1993). This hypothesis has been evaluated in a wide range of taxa, including 
species of social spiders, proving to be an accurate theory (Rayor & Uetz 1990, Vos & 
O’Riain 2010). The second hypothesis, called the “ricochet effect”, proposes that spiders 
that live in colonies increase the rate of prey capture compared to solitary spiders because 
insects that his one web bounce off several webs until they land on one where the spider 
can subdue and kill it rather than escaping after the first bounce (Uetz 1989). While the 
ricochet effect could influence the amount of prey capture in the colony as a whole, there 
have been studies that show there is not an increase in prey capture towards the center, 
with a study stating there is actually increased prey capture on the periphery (Rayor & 
Uetz 1993, Alves-Costa & Gonzaga 2001).  

Metabus gravidus (Araneae: Araneidae) is a territorial permanent-social, or 
communal territorial species that lives above small rivers or streams in horizontal webs 
that are suspended over running water (Buskirk 1975a). Colonies can be as large as 70 
individuals of different sizes, all sharing the same framework from which they build new 
individual webs every day, seeking cover under a rock at night (Buskirk 1975a) (Figure 
1). While these spiders live in groups, they are non-social and even show aggressive 
behavior towards one another. They show escalating behaviors toward intruder spiders, 
even from the same colony, that range from web-bouncing, web-jerking, chasing and 
fighting when defending their orbs (Buskirk 1975a). Despite being relatively well 
studied, it is unknown why these species lives in groups (Buskirk a, Buskirk b, Buskirk 
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1996). Furthermore, it is unknown how the groups are spatially organized, which is the 
first step to evaluate the selfish herd hypothesis.  

In this study, I evaluated whether Metabus gravidus colonies are spatially 
organized by size, as it is seen in other species of colonial species in which the largest 
spiders are in the middle and smallest towards the periphery (Rayor & Uetz 1990) 
(Salomon et al. 2010). I also evaluated whether the spatial organization is stable over 
time, given that this species builds new webs every day, so they have the opportunity of 
switching positions on a daily basis. Finally, I tested aggression levels between the 
periphery and the center spiders to evaluate whether center spiders are superior in 
aggressive interactions in comparison to periphery spiders, as is predicted by the selfish 
herd theory. 

 

 
Figure 1: Example of part of a Metabus gravidus colony. Each spider has their own individual orb, while 
all connecting and using the same framework lines. Each spider makes their own web every day and 
defends only their own web. Photo taken from Buskirk (1975). 

 
Materials and Methods 
 
The study took place in a premontane cloud forest of Monteverde, Costa Rica, with the 
elevation was between 1.400 m and 1.500 m. Field observations of M. gravidus spiders 
were taken between April 11-May 5. These M. gravidus were suspended between rocks 
or logs on either side of a stream (Figure 2). In the beginning of the study, it was very dry 
and there was not much water in the stream and towards the end of the study, the rain 
started picking up but the river never became so high that the spiders needed to leave or 
recolonize a new area.  
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Figure 2: Study site in Monteverde, Costa Rica at 1,400m elevation. The Metabus gravidus colonies were 
suspended over streams with framework silk attached to rocks and logs on the edges of streams. 

Spider Size 
 
Before beginning the study, I weighed 14 spiders to categorize them by size. Spiders 
were weighed in the field inside a vial to the nearest 0.001 g using a portable scale. The 
average sizes for large, medium, small and extra small each group was 0.047, 0.031, 
0.008, <0.001, respectively. The extra small sized individuals were very hard to see, 
normally smaller than 10 mm. The small individuals were a little bit larger than the extra 
small individuals and were easier to spot, while the medium size spiders were very easy 
to see and had longer legs (Figure 2 & 3). The large spiders were very large, with legs 
over 2.5 cm long when straightened (Figure 4). Size categories were used to classify 
spiders visually during the rest of the study. 

 
Spatial and temporal distribution by size 

 
Twenty-one colonies with more than five individuals were sampled for the distribution of 
spiders (center vs. periphery) by size, using the size categories described above. 
Quantifying the difference between the center versus periphery has been shown to have 
lots of ambiguity in different experiments (Klause 1993, Vos & O’Riain 2010). For this 
study, the spiders that were included for the center were the ones that were covered on all 
sides by other spiders or webs and were not the ones closest to the edge on either side. 
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Ten of the colonies were resampled every day for five consecutive days to determine 
possible changes in positioning and distribution. Observations took place between 10am 
and noon, the time when most spiders are active finishing their new webs (Buskirk 1975). 
If a spider is not building its web or sitting in position in the middle of the web, it is 
usually hiding out on a rock near the colony. I only counted spiders if they were on the 
framework or inside a web.   

 

 
Figure 3: Small sized Metabus gravidus in Monteverde, Costa Rica. To capture the spiders, I would first 
scare the spider out of its web and onto a part of the framework of the colony. Then, using the bottom and 
top part of the Tupperware, I would trap the spider inside. Once the spider was inside the Tupperware, I 
would place the spider into a smaller vial, which I used for weighing and in my aggression experiments. 

 
Figure 4: Medium sized Metabus gravidus in Monteverde, Costa Rica. To capture the spiders, I would first 
scare the spider out of its web and onto a part of the framework of the colony. Then, using the bottom and 
top part of the Tupperware, I would trap the spider inside. Once the spider was inside the Tupperware, I 
would place the spider into a smaller vial, which I used for weighing and in my aggression experiments. 
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Figure 5: Large sized Metabus gravidus in Monteverde, Costa Rica. To capture the spiders, I would first 
scare the spider out of its web and onto a part of the framework of the colony. Then, using the bottom and top 
part of the Tupperware, I would trap the spider inside. Once the spider was inside the Tupperware, I would 
place the spider into a smaller vial, which I used for weighing and in my aggression experiments. 

Intrusion Experiment 
 
I conduced intrusion tests to evaluate whether center spiders are more aggressive than 
center spiders towards intruders. In half of the tests a center spider was exposed to one 
intruder of the same size coming from the periphery, whereas in the other half a periphery 
spider was exposed to one intruder coming from the center. “Intruder” spiders were 
scared out from their webs and into the framework, where they were carefully captured 
within Tupperware. Intruder spiders were transferred to vials and released it into the orb 
of a spider equal size (“owner”) located in the same colony as the intruder. In total 18 
species from the periphery and 18 spiders from the periphery were tested, each trial with 
individuals from the same colony. For every interaction, I recorded the type of behavior 
displayed by web owner: nothing, vibrated the web, chased out the intruder, fought the 
intruder, ate the intruder or had been chased out itself. The scores for aggression were 0, 
1, 2, 3, 4, -1, respectively. 
 
Results 
 
Spatial and temporal distribution by size 
 
This data consists of 21 different colonies along a two different streams with a total of 
285 individuals recorded in all 21 colonies. Different sized spiders occupied different 
parts of the colony (General Linear Mixed Model (ANOVA) with Poisson distribution 
and colony included as random effect, hereafter GLMM, z value =3.22, p<0.01).  

The pattern of distribution detected across the 21 colonies sampled once (Figure 
6) persisted over time in the 10 colonies that were observed for five consecutive days.  
There was some variation throughout the days, but there was not a significant difference 
in the number of spiders, size and the position in the colony over time (GLMM, z value= 
-0.10, p=0.92)(Figures 7-11). This means that throughout the five days, the number of 
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individuals did vary but there was still the same trend with the large individuals in the 
center and the smaller individuals on the periphery. For instance, in colony 1, chosen ad a 
representative example, the largest individuals mostly occupying the center and the small 
and extra small individuals occupying the periphery (Figure 12). This is just colony one 
which was one of my largest colonies, as high as 32 individuals counted in one day. 
  
Intrusion experiment 
 
Center and periphery spiders reacted with different levels of aggression when an intruder 
appeared in their webs. (t=2.0584, df= 32.012, p= 0.0477, Figure 13). Specifically, center 
spiders were much more aggressive and wanted to defend their web more than the 
periphery spiders, which often did nothing or even got scared and left the web.  
  

 

 
Figure 6: Spatial distribution of colonial Metabus gravidus spiders in a premontane cloud forest at 1.500m. 
There were a total of 285 observed spiders across 21 colonies. Spiders were classified by size and by spatial 
position, either in the center or periphery, being in the center only if it was covered on all sides by other 
spiders, and periphery being all other spiders in the colony. Different letters above means represent 
significant differences according to the post hoc tests at the p<0.05 level. Error bars represent one standard 
error.  
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Figure 7: Spatial distribution of colonial Metabus gravidus spiders in a premontane cloud forest at 1.500m 
on day 1. Ten colonies of differing sizes were observed for five days with the number of individuals 
counted along with the positioning and size of each individual. There are differences between all five days, 
but there is the same trend with the largest individuals occupying the center, and smallest individuals 
occupying the periphery. There is a significant difference between the size of the spider and the position 
within the colony, very similar to figure 6.  For the post hoc test, this graph received the same results as 
figure 6.  

 

 
Figure 8: Spatial distribution of colonial Metabus gravidus spiders in a premontane cloud forest at 1.500m 
on day 2. Ten colonies of differing sizes were observed for five days with the number of individuals 
counted along with the positioning and size of each individual. While there is variance within each of the 
days, the trends remain the same. There is a significant difference between the size of the spider and the 
position within the colony, very similar to figure 6. For the post hoc test, this graph received the same 
results as figure 6. 
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Figure 9: Spatial distribution of colonial Metabus gravidus spiders in a premontane cloud forest at 1.500m 
on day 3. Ten colonies of differing sizes were observed for five days with the number of individuals 
counted along with the positioning and size of each individual. While there is variance within each of the 
days, the trends remain the same. There is a significant difference between the size of the spider and the 
position within the colony, very similar to figure 6. For the post hoc test, this graph received the same 
results as figure 6. 

 

 
Figure 10: Spatial distribution of colonial Metabus gravidus spiders in a premontane cloud forest at 1.500m 
on day 4. Ten colonies of differing sizes were observed for five days with the number of individuals 
counted along with the positioning and size of each individual. While there is variance within each of the 
days, the trends remain the same. There is a significant difference between the size of the spider and the 
position within the colony, very similar to figure 6. For the post hoc test, this graph received the same 
results as figure 6. 
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Figure 11: Spatial distribution of colonial Metabus gravidus spiders in a premontane cloud forest at 1.500m 
on day 5. Ten colonies of differing sizes were observed for five days with the number of individuals 
counted along with the positioning and size of each individual. While there is variance within each of the 
days, the trends remain the same. There is a significant difference between the size of the spider and the 
position within the colony, very similar to figure 6. For the post hoc test, this graph received the same 
results as figure 6. 

 
Figure 12: Spatial distribution of colonial Metabus gravidus spiders in a premontane cloud forest at 1.500m 
over five days on colony 1. Colony one was one of the largest groups, with as many as 32 in one day. This 
colony was used as an exemplary colony and showed the same pattern with the large individuals colonizing 
the center and the extra small individuals colonizing the periphery. The large individuals are most likely to 
be found in the center, and the extra small and small individuals are likely to be seen in the periphery. The 
post hoc test reveals similar similarities and differences in the sizes of individuals as we saw in figure 6. 
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Figure 13:  The difference in mean aggression scores between the center and the periphery spiders in a 
colonial territorial spider, Metabus gravidus in Monteverde, Costa Rica. I observed a total of 38 
interactions, 18 of which where a periphery spider was placed near a center spider orb and 18 interactions 
where a center spider was placed near a periphery orb. I recorded six different behaviors when the spiders 
were interacting. The spider owner could vibrate web, chase out the intruder, be chased out by the intruder, 
fight with the intruder, eat the intruder or do nothing. I then assigned scores to each of the behaviors 
ranging from -1 to 4, -1 being where the owner was chased out and 4 where it ate the intruder. 

Additional Observations 
 
When monitoring the ten colonies for 5 consecutive days, I noticed that there was 
variation in the number of individuals in almost every colony from day to day. For 
example, in colony #3, there had originally been 12 individuals on day one with two large 
individuals and when I went back to the colony on day two, the two large spiders in the 
colony were both missing. One of the large spiders webs persisted until day three when 
their center spacing was taken over by the remaining small and extra small sized spiders. 
On days four and five, two medium sized spiders entered the colony and had taken over 
the center positions again. In almost every colony there was variation similar to this from 
day to day, with individuals missing.  

When the periphery spiders were placed near a center spider’s web, nine out of 18 
times the periphery spider was chased out, and 5 times there was a fight between the 
individuals. When the center spiders were placed near a periphery spider, the center 
spider won five out of 18 times. There were six instances where the periphery spider did 
not do anything when the center spider was placed near its web, as compared with the 
one time the center did nothing when a periphery spider was placed near its web. A 
periphery spider was chased out of its web four times. One interesting thing observed 
during a trial was when a center spider was placed near a periphery spider’s web and the 
center spider was attacked and consumed. This was the only time I had witnessed any 
cannibalism. In one other observation, a periphery spider was chased out of its web by a 
center spider. After monitoring their behavior for a total of 30 minutes, the original 
periphery spider had created a completely new web in an even more optimal position. 
The periphery spider started slowly cutting the framework from his original web and 
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collapsing it with the center spider still inside. Once the web had lost more than half of its 
framework and was collapsing, the spider rebuilt a new web overlapping its original spot 
while also moving the web closer to the center.   
 
Discussion 
 
In M. gravidus, there was a significant trend found in all parts of my experiment where 
there is a size-dependent spatial distribution with the larger, more mature spiders tended 
to colonize the middle and the smaller, more immature spiders colonized the periphery. 
These patterns persisted over time despite the spiders taking down their webs at night, 
only leaving the framework to rebuild on every morning. Aggressiveness was another 
factor that was significantly different between the spatial positions, meaning the more 
aggressive spiders tended to live in the center of the colony and took more drastic 
measures to protect their web and position within the web. 

One reason animals live communally could be due to the fact that there is an 
increase in food availability, by either reducing foraging time or increasing prey capture. 
Uetz (1989) studied the ricochet effect in a colonial spider and found that in some species 
of colonial spider, prey capture was increased when living in a group (Uetz 1989). 
Although the ricochet effect was demonstrated by M. incrassata, there are species of 
spider that have also shown the opposite effects, where the amounts of prey capture had 
not increased (Uetz 1989). The ricochet effect is a possible reason to why M. gravidus 
colonize in groups but are still non-social spiders (Uetz 1989). While it has been shown 
in some species of colonial spider that there is an increase in prey capture, it does not 
specify which part of the colony benefits from this most. There has been a study that 
suggests the periphery spider’s benefit most from increased prey capture within a colony 
(Rayor & Uetz 1993). Another study states the amount of food a spider recieves is not 
effected by its placement in the web at all (Alves-Costa & Gonzaga 2001). The fact that 
food availability is not most prevalent in the center would contradict our findings that M. 
gravidus most actively search for the center.  

The results in this study are consistent with the predictions of the selfish herd 
hypothesis, which predicts that animals that live in groups try and decrease their own 
predation risk by placing themselves in the center of a group as opposed to the periphery 
(Rayor & Uetz 1993). Rayor (1996) found that predatory wasps, when preying on 
colonial spiders, were most likely to attack the largest spiders within a colony. This could 
be a potential reason as to why the most aggressive and largest spiders are found in the 
center of the colony. This study matches the findings by Rayor & Uetz (1993) when 
studying Metepeira incrassata, where the largest spiders colonized the center as well, 
which he assumed was because of the decreased predation risk in the center. The smaller 
spiders are unable to compete with the larger ones for a more optimal spot, which is why 
they were pushed to the periphery. When the ten colonies were re-observed, there was 
variation in the number of individuals. This means that there was potential predation, 
movement between colonies or some spiders not making webs every day.  

Colonial territorial spiders tend to share a common pattern in spatial positioning, 
where the largest individuals occupy the center, pushing the other spiders to the periphery 
(Rayor & Uetz 1993, Salomon et al. 2010). Perhaps the reason why they are organized 
this way is because the largest individuals need protection the most, and so they seek the 
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center. While this seems like a bad system, leaving the youngest, future generations at 
risk of higher predation, there may be trade offs that benefit both the smaller and the 
larger spiders. The smaller, periphery spiders potentially have access to a greater amount 
of food, so they can grow to compete with the larger spiders, while the largest spiders 
may be predated on most often, seeking refuge in the center (Rayor 1996, Rayor & Uetz 
1993). 
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ABSTRACT  
Territoriality is important in animal arrangement and interactions among populations. The ‘neighbor-
stranger’ discrimination theory (NSD) describes differential aggressive interactions between conspecifics 
that result in two known outcomes: the Nasty Neighbor effect (NNE) or the Dear Enemy effect (DEE). The 
NNE describes an elevated aggressive response towards nest mates (neighbors) and less towards foreigners 
(strangers). In contrast, less aggressive behavior towards neighbors than strangers is characterized as the 
DEE. In nature, the latter is more common, especially among social species. Sociality in spiders is rare and, 
previous to this study, the NSD and the DEE have been observed in only one species of social spider. 
Metabus gravidus (Araneidae) is a colonial orb-weaving spider that shows aggressive behavior towards 
conspecifics, yet little is known about interactions with individuals from foreign colonies. To determine if 
M. gravidus exhibits the NSD and the DEE, experiments were performed throughout M. gravidus colonies 
in the Quebrada Cuecha in Monteverde, Costa Rica. In fifteen colonies, three treatments were applied to a 
colony occupant, including the introduction of: a neighbor, an individual from a nearby colony, and a 
stranger. Results of this study revealed a significant increase in aggression as a function of distance, 
indicating that M. gravidus does exhibit NSD. The DEE is most likely the cause of this behavior, if 
aggression is inversely correlated with familiarity. However, this species may have limited dispersal and 
create colonies of closely related individuals. If individual dispersal and gene flow are limited between 
colonies, the discriminating behavior observed in this study may be more attributable to kin selection rather 
than the DEE.  

RESUMEN  
La territorialidad es importante en el ordenamiento animal y las interacciones entre poblaciones.  La teoría 
de discriminación vecino-extraño (NSD por sus siglas en inglés) describe las interacciones agresivas 
diferenciales entre conespecíficos que resultan en dos resultados conocidos: el Efecto del Vecino Sucio 
(NNE por sus siglas en inglés) o el efecto del Querido Enemigo (DEE por sus siglas en inglés).  El NNE 
describe una elevada respuesta agresiva hacia los compañeros de nido (vecinos) y menos hacia los 
extranjeros (extraños).  En contraste, un comportamiento menos agresivo hacia vecinos que extraños es 
caracterizado como DEE.  En la naturaleza, el último es el más común, especialmente entre especies 
sociales.  La socialidad en arañas es rara y, previo a este estudio, el NSD y DEE se ha obervado solamente 
en una especie de araña social.  Metabus gravidus (Araneidae) es una araña colonial tejedora que muestra 
comportamiento agresivo hacia conespecíficos, aunque se conoce poco sobre las interacioes entre 
individuos de colonias extrangeras.  Para determinar si M. gravidus exhibe NSD y DEE, se realizaron 
experimentos con colonias de M. gravidus en la quebrada Cuecha en Monteverde, Costa Rica.  En quince 
colonias, se aplicaron tres tratamientos al ocupante de una colonia, incluyendo la introducción de: un 
vecino, un individuo de una colonia cercana, y un extraño.  Los resultados de este estudio revelan un 
aumento significativo en la agresión como función de la distancia, indicando que M. gravidus exhibe NSD.  
El DEE es muy probablemente el causante de este comportamiento, si la agresión es inversamente 
correlacionado con la familiaridad. Sin embargo, esta especie puede tener disperseón limitada y crear 
colonias de individuos relacionados cercanamente.  Si la dispersión de individuos y el flujo genético está 
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limitado entre colonias, el comportamiento discriminatorio observado en este estudio puede ser más 
atribuible a la selección de parentela que al DEE. 

INTRODUCTION  
Territoriality plays an important role in animal behavior and individual spacing in a 
population or community (GIUGGIOLI 2011). Territoriality can be defined as a fixed space 
from which an individual, or group of mutually tolerant individuals, actively excludes 
competitors for a specific resource or resources (CREASEY et al. 2014). Intraspecific 
aggressiveness is a behavioral response to competition for limited resources, the main 
factor increasing aggressiveness through natural selection (BROWN 1964). In order for an 
animal be successful, it must find a balance between the positive values of acquired food, 
mate, nesting area, protection of family, etc., and the negative values of loss of time, 
energy, opportunities, and risk of injury (BROWN 1964). To help find this balance, 
animals have developed methods to save valuable energy. The ‘neighbor-stranger’ 
discrimination theory (NSD) describes how territorial animals can differentiate between 
conspecifics (FALLS 1982). Animals are able to differentiate between neighbors (familiar 
conspecifics) and strangers (unfamiliar conspecifics) of the same species. Level of 
discrimination can vary depending on the relative threat posed by neighbors and 
strangers, or the degree of familiarity a resident has with a neighbor or stranger. Territory 
residents exhibit NSD because: (1) discrimination minimizes energy expenditures and (2) 
neighbor discrimination can prevent elevated contests between neighbors (FALLS et al. 
1988).  

Among neighbor-stranger discriminating species, territory residents respond in 
two ways: with more aggression towards neighbors (FALLS et al. 1988), or with more 
aggression towards strangers (TELMELES 1988). When more aggression is directed 
towards neighbors than strangers, it is referred to as the ‘nasty neighbor’ effect (MANSER 
& MÜLLER 2007). The Nasty Neighbor effect can occur when territory occupants have 
more to lose, such as territory or prey, from interactions with neighbors than from 
strangers (Temeles 1994). However, among most neighbor-stranger discriminating 
species, the most prevalent reaction is that neighbors elicit a less aggressive response than 
strangers, which is termed the ‘dear enemy’ effect (DEE). DEE suggests that if territory 
owners can adapt to recognize neighboring individuals, and effectively respect a mutual 
boundary, they can reduce energy spent in defense against harmless neighbors and more 
appropriately allocate energy into defense against true usurpers (TEMELES 1994).  

Evidence has supported NSD throughout five major taxa including birds, 
mammals, fish, amphibians and insects (FALLS et al. 1988). However, little is known 
about Arachnids (CLARKE et al. 2009). Spiders are predominately solitary animals and 
have minimal interaction with conspecifics, however there are a few exceptions 
(BUSKIRK 1975). Out of the 40,000 different species of spiders, 20 species have been 
found to live cooperatively in colonies, and are referred to as social spiders. ‘Social’ is 
defined as cooperation among mutually tolerant individuals (FOELIX 2011). There	is	no	
caste	system	of	social	spiders	and	all	females	are	able	to	reproduce,	therefore,	they	
have	not	reached	the	level	of	eusociality	demonstrated	in	wasps,	bees,	termites,	and	
ants. (FOELIX 2011). The ability to discriminate neighbor from stranger is common 
among eusocial species, as it allows altruistic behaviors to be directed towards kin, yet 
the behavior is rare or absent in subsocial and social spiders (CALRKE et al. 2009). In fact, 
most social spiders share a suite of traits that include the acceptance of strangers without 
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expressing excess aggression (BILDE & LUBIN 2007), therefore NSD is rare or absent in 
most social spiders (BILDE & LUBIN 2007). Although rare, NSD and severe aggression 
towards strangers (DEE) have been observed in the social spider Delena canceride 
(CLARKE et al. 2009). As studies on social spiders are considerably lacking, it is possible 
that there are more species of social spider that exhibit NSD.  

Intraspecific behavior has been observed among the ‘territorial permanent-social’ 
or ‘communal territorial’ (AVILÉS 1997) orb weaver Metabus gravidus (Araneidae) 
(BUSKIRK 1975). M. gravidus is unique among the social spiders because of its 
interactive behavior and colonial existence. The spider does not show cooperative 
behavior, but lives communally with up to seventy members in a colony (BUSKIRK 1975). 
The species builds overlapping individual webs over streams, where they maintain and 
catch food caught in their own webs (BUSKIRK 1975). Communal scaffolding connects 
the individual webs, where interactions between individuals are inevitable (BUSKIRK 
1975). Buskirk (1975) described a suite of interactions among individuals within the 
same colony including moving in place, bouncing, web jerking, fleeing, fighting, 
displacement, and prey responses. According to Buskirk (1975), M. gravidus can display 
aggressive behaviors towards colony members (neighbors) but it is unknown whether 
they can distinguish between neighbors and strangers.  

In this study, I tested for NSD in a population of M. gravidus. Specifically, I 
conducted intrusions of individuals from the same, near, and distant colonies to evaluate 
the response of territory occupants to the invasion.  

 
MATERIALS AND METHODS 
Study Site  
Experiments were conducted over four weeks in April and May of 2016. The study site 
was a portion of the Quebrada Cuecha in Monteverde, Puntarenas Province, Costa Rica, a 
lower montane wet forest Holdridge Life Zone (fig. 1). Fifteen colonies of M. gravidus 
were located along the river, numbered, and labeled with flagging tape. A dam, naturally 
divided the fifteen colonies thus, half the colonies were upstream and half the colonies 
were downstream. This natural barrier aided in determining strangers in the field by 
separating the upstream and downstream colonies by at least 50 meters (fig. 2). A colony 
was defined as a group of webs that were directly touching, and colonies were eligible for 
the study if they contained three or more individuals. All individuals used in the 
experiments were adult females of a similar size (abdomen the size of a dime). Females 
of M. gravidus are easy to identify, as they have large bulbous abdomens (ALVAREZ-
PADILLA 2008).  

 86 



 
 
 
 

 
 
 
 

Figure 2. Diagram of fifteen M. gravidus colonies along the Quebrada Cuecha in Monteverde, Costa Rica. 
A colony was defined by a group of webs directly connected together. Colonies were eligible if they 
contained three or more individual webs. The log represents a natural dam that divided the colonies.  

Figure 1. Map of Monteverde, Costa Rica. The star represents the study site of M. 
gravidus colonies along the Quebrada Cuecha.   

 87 



Experiments 
Three treatments were applied to a M. gravidus individual (occupant) from each of the 
fifteen colonies. First, a neighbor spider was reintroduced into the same colony. As 
mentioned above, a colony was determined when the webs were directly touching and a 
neighbor spider was an individual from the same colony as the occupant spider. Second, 
an individual from a near colony was introduced into the periphery of the occupant’s 
web. A near colony was determined to be 3 meters or less away from the focal colony. 
Finally, a stranger spider from a far colony was introduced into the periphery of the 
occupant’s web. A distance of at least 50 meters determined a far colony (fig. 2). Prior to 
experimentation, a list of test pairs was created matching each of the fifteen colonies with 
a near and far colony. This resulted in forty-five total trials including fifteen neighbor 
treatments, fifteen near treatments, and fifteen stranger treatments (fig. 3). Performing the 
treatments was randomized, so all of the treatments were not conducted on the same day. 
The methodology remained the same throughout all trials. To begin, an individual from a 
sample colony (Neighbor, Near, Stranger) was collected into a plastic jar with a lid. To 
avoid destroying the webs, a metal spoon was used to lightly disturb the web, which 
caused the spider to flee to a rock. Once on a rock, the spider could be easily captured 
into the jar. The spider was then transferred to the focal colony. Carefully, without 
damaging the web or disturbing other spiders in the colony, the displaced spider was 
introduced to the periphery of the focal web. This was done by gently tipping the plastic 
jar over the web until the spider crawled out onto the new web. Observations were 
recorded for five minutes. Careful attention to the individuals was critical as to not 
confuse them. The same experiment was repeated for each treatment (Neighbor, Near, 
Stranger) among all fifteen colonies (fig. 4).  
		 
 

Figure 3. Test pairs of M. gravidus in Monteverde, Costa Rica. Numbers represent individuals from 
corresponding colonies (fig. 2). The first number in a pair represents the displaced individual (Neighbor, 
Near, or Stranger) and second number in the pair represents the focal web with the territory occupant. Pairs 
were randomly selected in the field, using a random number generation method. 
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 Figure 4.  Schematic of neighbor-stranger discrimination experiment with Metabus gravidus along 
the Quebrada Cuecha in Monteverde, Costa Rica. The occupant spider was exposed to three 
treatments: introduction of an individual from the same colony (Neighbor), an individual from a 
near colony (Near) and an individual from a far colony (Stranger). The experiment was repeated 
throughout 15 colonies. Letters A, B and C represent different colonies.  
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Behavior 
M. gravidus display a hierarchy of behavioral responses to introduced conspecifics 
(BUSKIRK 1975). Definitions of observed behaviors were modified from Buskirk (1975) 
and adjusted accordingly. Each behavior was assigned a numerical value along an 
aggression gradient. Behaviors included no response (1), run out (2), web jerk (3), 
bounce (4), chase (5) and fight (6), no response being the least aggressive and fighting 
being the most aggressive. Run out meant the occupant spider fled its web to the 
scaffolding. Web jerk meant the occupant spider tugged at the web with its forelegs, 
which Buskirk (1975) defined as an aggressive communicatory function. Bounce meant 
the occupant spider frantically used its entire body to move the web up and down, 
reverberating throughout the colony. Chase meant the occupant spider actively perused 
the intruder out of the web. Fight meant the occupant spider attacked the intruder, which 
resulted in a wrestle between the two. Behaviors were often accumulative along the 
gradient, meaning that the behaviors occurred consecutively (run out à web jerk à 
bounce à chase à fight). These behaviors were compiled to create two aggression 
indices, one with the sum of the values and one with the maximum of the values.  
 
RESULTS 
Web owners react less strongly towards individuals from the same colony than towards 
individuals that came from near colonies and strangers from far colonies, either with the 
sum index, (ANOVA: F=35.90 df=1 and 28 P=<0.0001 n=45; fig. 5) or with the 
maximum index, (ANOVA: F=45.59 df=1 and 28 P=<0.0001 n=45; fig. 6).  
 

            
Figure 5. Aggression Index (Sum) measuring degree of aggression of occupant spider when another spider 
is introduced from the same colony (Neighbor), a near colony (Near), and a far colony (Stranger). Means 
with different letters are significantly different. (Tukey’s HSD: P<0.05 *=0.05<P<0.10). Bars represent +/- 
standard error. 
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Figure 6. Aggression Index (Max) measuring mean aggression value of occupant spider when another 
spider is introduced from the same colony (Neighbor), a near colony (Near) and a far colony (Stranger). 
Means with different letters are significantly different (Tukey’s HSD: P<0.05 ). Bars represent +/- standard 
error.  
 
DISCUSSION 
Spiders were able to differentiate between neighbors, strangers, and even individuals 
from near colonies, which supports the NSD theory. Aside from simply recognizing 
neighbors and strangers, aggression intensity increased with distance. This indicates that 
occupants are more familiar with spiders from nearby colonies and therefore respond less 
aggressively towards Near individuals than Strangers (TEMELES 1994). As Buskirk 
(1975) observed, M. gravidus displays aggressive behavior such as web plucking when a 
neighbor gets too close. However, these data imply that aggressive behaviors increase in 
intensity as the intruding spider becomes more unfamiliar. These results are consistent 
with the NSD and DEE. From the observed behavior, it is undeniable that M. gravidus 
can distinguish between neighbors and strangers, but why favor neighbors over strangers? 
 
Familiarity  
Strangers may pose more of a threat to occupants than neighbors by taking their webs or 
they can simply be a threat because of their unfamiliar status. Buskirk (1975) observed 
neighboring individuals displacing occupants, therefore displacement is possible and a 
threat. Territory owners are more familiar with their neighbors due to previous 
encounters with them (TEMELES 1994). It has been hypothesized that animals fight to 
learn; therefore neighbors fight less because they have little left to learn and strangers 
fight more, to learn if there are any benefits (territory, food, resources) from fighting a 
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particular individual (TEMELES 1994). This supports why there was a gradient of 
aggressive behaviors intensifying further away from the occupant. The results from the 
Near interactions indicate that individuals do move between colonies, but only to a 
certain extent. The DEE is at play if aggression is inversely correlated with unfamiliarity. 

Kin Selection 
However, if spiders do not disperse or travel long distances between colonies, it is 
probable that Kin Selection is more likely than the DEE. The results from the near 
reactions are indicative that spiders have limited dispersal because occupants displayed 
more aggressive behaviors to near colonies than towards neighbors. It is also possible that 
individuals are more familiar with their neighbors because they are related (TAYLOR 
1992). It has been speculated that NSD is largely driven by kin recognition (JOHANNESEN 
& LUBIN 2001). Therefore, individuals are less aggressive towards neighbors because 
they can benefit if they direct altruistic behaviors towards their siblings (TEMELES 1994). 
Sub-social spiders have restricted dispersal of young so the potential for inbreeding could 
contribute to subdivision within a population (JOHANNESEN & LUBIN 2001). This also 
suggests that permanent sociality evolved in species with prolonged times of tolerance 
(JOHANNESEN & LUBIN 2001). Social spiders don’t have long dispersal distances after 
birth, which limits the genetic diversity of a colony and nearby colonies (JOHANNESEN & 
LUBIN 2001). Therefore, colonies are made up of closely related family members 
(JOHANNESEN & LUBIN 2001), giving more significance to the definition of a neighbor. 
To indirectly propagate their own genes, spiders are more likely to direct altruistic 
behaviors towards their kin than towards non-kin (TEMELES 1994).  

Conclusion 
The results of this study were similar to the results of the Delena canceride study with 
residents expressing increased aggression towards neighbors than strangers (CLARKE et 
al. 2009). Social spiders, like M. gravidus, form colonies to increase individual fitness by 
minimizing predation and increasing access to resources (BUSKIRK 1986). Neighbor 
recognition should evolve when there is some benefit to discriminating against strangers, 
as in this social spider system where foraging individuals may enter a foreign colony and 
the colony retreat is a limited resource (CLARKE et al. 2009). Based on these assumptions, 
and the results from this study, NSD should be expected to occur in other social spider 
species as well. To better understand the dynamics of the colonies and physical and 
genetic movement between them, genetic analysis is necessary. Studies testing the effect 
of kinship in social spiders are few and far between (BILDE & LUBIN 2007). The 
mechanism behind NSD is still disputed and will require further study to learn more. 
Nonetheless, this study provides exciting new insights into spider behavior and the 
unique organization of the rare social spider M. gravidus.  
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ABSTRACT 
 
Neighbor-stranger discrimination (NSD) has been demonstrated in various taxa. The types of responses to 
neighbors and strangers can be highly variable among taxa and even within families. This study tested 
responses to neighbor-stranger playbacks by white-eared ground-sparrows (Melozone leucotis). Using 15 
territorial pairs, neighbor-stranger playbacks were presented to the territories. Responses were recorded for 
song structure and behavioral changes between neighbor and stranger responses. The results of this study 
demonstrated support for NSD and the “dear enemy” effect in M. leucotis. Territorial pairs responded more 
aggressively to the strangers than neighbors. They replied by increasing the number of syllables in a song 
(stranger: 20.2 ± 1.4, neighbor: 16.9 ± 1.0), broadening the bandwidth (stranger: 6739 ± 158.9, neighbor: 
5986 ± 301.8), and demonstrating a longer territory defense time (stranger: 219.4 ± 26.9, neighbor: 133.1 ± 
14.5). This study exemplifies that M. leucotis has the ability to NSD and responds more aggressively to 
strangers by altering song structural components and behavioral responses.     
 
RESUMEN  
 
La discriminación del vecino-extraño (NSD por sus siglas en inglés) se ha demostrado en varios taxones.  
Los tipos de respuesta a vecinos y extraños pueden ser altamente variables entre taxones y aún entre 
familias.  Este estudio prueba las respuestas a vecinos-extraños a reproducciones de llamdos por Pinzón 
Orejiblanco (Melozone leucotis).  Usando 15 pares territoriales, las reproducciones de vecinos y extraños se 
presentaron por territorios.  Las respuestas fueron grabadas para la estructura vocal y cambios en el 
comportamiento entre las respuestas de los vecinos y los extraños.  Los resultados de este estudio 
demuestran apoyo a NSD y su efecto de “querido enemigo” en M. leucotis.  Los pares territoriales 
responden más agresivamente a los extraños que a los vecinos.  Ellos responden aumentando el número de 
sílabas en los cantos (extraño: 20.2 ± 1.4, vecino: 16.9 ± 1.0),  aumentando el ancho de banda (extraño: 
6739 ± 158.9, vecino: 5986 ± 301.8), y demostrando un mayor tiempo de defensa de territorio (extraño: 
219.4 ± 26.9, vecino: 133.1 ± 14.5).  Este estudio ejemplifica que M. leucotis tiene la habilidad para 
discriminar entre vecinos y extraños y responder más agresivamente a extraños alterando la estructura de 
los componentes del canto y las respuestas de comportamiento. 
 
INTRODUCTION 
 
Territorial behavior over limited access to resources such as mates, food, or refuges can 
inherently benefit the individual who claims these resources. Yet, there are high costs for 
territory surveying, vocalizing, and engaging in physical disputes. If the benefits gained 
outweigh the inherent costs then territoriality will be implemented (Brown 1964). The 
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relationship between vocal communication and territory discrimination is an effective 
strategy that many taxa use as a means of establishing and defending territory boundaries 
(Briefer et al 2007). Utilizing vocal communication effectively reduces the need for 
physical confrontation, leading to an increase in fitness for both individuals. The 
incorporation of neighbor-stranger discrimination (NSD) is likely a trait that enhances 
individual fitness by maximizing efficiency of energy expenditure when the individual 
can recognize the presence of a neighbor versus that of a stranger. This has been 
proposed by two methods: (1) discrimination can reduce the amount of energy expended 
for aggressive acts (2) discrimination can alleviate conflicts between neighbors 
(Ydenberg et al. 1988, Stoddard 1996, Briefer et al. 2007). These methods only hold true 
when neighbors have established stable territorial boundaries because the costs of 
constant aggressive acts toward neighbors becomes more costly than beneficial. This is 
because the stability of territories at this point instill that the neighbor is little threat 
(Ydenberg et al. 1988). Many territorial species, in multiple taxa (birds, fish, mammals, 
amphibians, and insects) display a more aggressive response in the presence of a stranger 
than a neighbor (Ydenberg et al. 1988, Temeles 1994), a phenomenon known as the 
“dear enemy effect” (Fisher 1954). This response is thought to form a mutualism for 
neighboring individuals so they conserve energy that they would have spent defending 
territory. However, in the presence of the stranger, a territorial pair may interpret an 
intruder as a true threat and hence the “dear enemy” effect occurs. This is described 
because in this situation the territory holder can lose both mates and a territory to a 
stranger, but it can only lose mates to a neighbor, assuming the neighbor holds its own 
territory (Temeles 1994). Contrary to the “dear enemy” effect, the “nasty neighbor” effect 
has also been described, which explains that territorial individuals will illicit a more 
aggressive response to the presence of a neighbor in the territory (Müeller & Manser 
2007). This is thought to exist in social species, where the loss of territory and mating 
success is expected to be much higher due to neighbors. Strangers may be viewed as 
merely passing through looking for food which less threatening to the territory holder 
(Hale et al. 2014). 
 NSD is commonly observed in the territorial defense of sub-oscine and oscine 
birds (Wei et al. 2011, Briefer et al. 2007, Lovell & Lein 2004), however this is not 
limited to these two groups. NSD was also displayed in the order Gruiformes (Budka & 
Osiejuk 2013) and Audobon’s shearwaters (Puffinus l. lherminieri, Mackin 2005). The 
ability of oscines to learn and produce songs is a product of both cognitive ability and a 
complicated syrinx that can modulate songs unique to the individual (Gil & Gahr 2002). 
Oscines have the capacity to change their songs in response to environmental changes. 
For instance great tits (Parus major) displays changes in frequency and amplitude usage 
in the presence of anthropogenic noise (Slabbekoorn & Peet 2003). This indicates that 
some song characteristics are plastic, allowing for fluctuations in regards to conveying 
threat. For NSD to occur in a species, individuals must have the ability to distinguish 
between songs of a neighboring territory holder and a conspecific stranger or 
heterospecific individual (Briefer et al. 2007, Osiejuk 2014). Many species of birds 
produce distinct individual song repertoires and recognize these songs. Wilson and 
Mennill (2010) found that male black-capped chickadees (Poecile atricapillus) produce 
individual songs by altering song structure and demonstrated individual recognition.  
Ortolan buntings (Emberiza hortulana) were demonstrated to exhibit NSD by subtly 
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changing frequency in the initial song phrase (Osiejuk 2014). Sandoval et al. (2013) also 
found that white-eared ground-sparrows (Melozone leucotis) recognize and respond more 
aggressively to conspecifics than congenerics. 
 Song alteration in response to NSD encompasses a diverse set of structural and 
behavioral aspects. In an NSD playback experiment yellow-bellied tits (Parulus 
venustrus) responded to the presence of a stranger by producing more frequent 
vocalizations, approaching the playback speaker faster and at closer distances, and 
spending longer durations of time at the speaker (Wei et al. 2011). Skylarks (Alauda 
arvensis) use group signatures that are shared between the “neighborhood” in order to 
detect the intrusion of a stranger (Briefer et al. 2007). Alteration of frequency, phrase 
recognition, and increased vocalizations are a few of the responses that birds can adjust 
for both NSD and territorial responses that support the “dear enemy” effect. Many 
species of birds have already supported the “dear enemy” effect such as alder flycatchers 
(Lovell & Lein 2004), corncrakes (Budka & Osiejuk 2013), yellow-bellied tits (Wei et al. 
2011), and Nutall’s white-crowned sparrows (Zonotrichia leucophrys nuttalli, Baker et 
al. 1981).    
 The white-eared ground-sparrow (Melozone leucotis) is a good candidate species 
to test the generality of NSD and the “dear enemy” effect hypothesis. This species 
utilizes four types of vocal signals: two calls (“tseet” and “chip” calls), a male produced 
solo song, and a duet of the territorial female and male sparrow (Sandoval et al. 2016). 
White-eared ground-sparrows also display evidence of conspecific versus congeneric 
discrimination. This evidence proved that individual ground-sparrows reacted more 
aggressively towards conspecifics than congenerics (Sandoval et al. 2013). Thus, 
providing evidence in favor for song recognition in M. leucotis. Sandoval et al. (2014) 
provided evidence that male ground-sparrows have both group similarity in repertoire use 
and individual distinctness in the fine structural features of the male solo, mainly 
frequency and inflections of the trills in the song.  
 These studies suggest that M. leucotis has the capacity for NSD both at the 
individual and group levels but has not yet been tested. Therefore, this study was 
conducted to test three questions (1) whether this species of sparrow will provide support 
for NSD and the “dear enemy” hypothesis proposed by Fisher (1954) by reacting more 
aggressively towards a stranger playback in comparison to the neighbor playback (2) 
which aspects of behavior are altered in response to neighbor playbacks versus stranger 
playbacks (Wei et al. 2011) and (3) whether song structural components will be altered in 
response to the neighbor-stranger playbacks (Sandoval et al. 2013, Sandoval et al. 2014). 
This study is one of only a few looking at differences in structural components in relation 
to NSD.    
 
METHODS 
 
Study Species 
White-eared ground-sparrows (Melozone leucotis; Emberizidae) are resident Neotropical 
birds that have a distribution from Chiapas, Southern Mexico to Cordillera Central, Costa 
Rica. This species inhabits secondary growth covered with extensive thickets and thick 
undergrowth (Stiles & Skutch 1989, Garrigues & Dean 2007). These birds are highly 
territorial and hold year round territories as a socially monogamous female-male pair 
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(Sandoval & Mennill 2012). Territories are frequently utilized for nesting, mating, and 
foraging. Breeding and nesting in Costa Rican population of M. leucotis typically span 
from late March to September (Sandoval & Mennill 2012).  
 
Study Site 
Research was conducted at Bajo del Tigre Reserve in Monteverde, Puntarenas, Costa 
Rica (10° 19’ 31.5” N, 84° 48’ 58.1” W) at an elevation of approximately 1300 meters. 
This reserve is dominated by a thick secondary forest and is classified as a tropical 
premontane moist forest (Holdridge 1966). The research was conducted in April, 2016. 
 
Territory Location 
Sparrow territories were located on all trails in the reserve using a generic conspecific 
song downloaded from xeno-canto.org. The song was from a source sparrow located in 
Heredia, Costa Rica. This song was presented to all identified territories. The generic M. 
leucotis call was presented every 100 meters on trails in the reserve (Johnson 2013). 
Sparrow territories were confirmed when sparrows responded with a song or when visual 
confirmation was made. Visual confirmation was tested with the xeno-canto playback in 
order to confirm that this was a territory holder. Once the territory was confirmed GPS 
coordinates were taken using a GarminX60c model GPS system.  
 
Territory Recording  
Confirmed territories were presented with the typical conspecific song from xeno-
canto.org used to discover the territories over the course of 3-4 days. This was played out 
of a portable speaker at a constant volume for each territory that matched volumes heard 
in the field. The song was presented to each of the territories at 30-second intervals. A 
total of 10 songs were played unless the territorial pair responded, at which point the 
recording was stopped and the full song was recorded. If the pair responded, the song was 
recorded using the RØDE NTG2 directional microphone and the Tascam PCMRecMKII 
recording application that records uncompressed sound for maximum quality on an 
iPhone6. A total of 15 territories were confirmed and recorded on the trails of Bajo del 
Tigre. 
 
Neighbor-stranger Playbacks  
Neighbor-stranger assignments for each territory were made with a basic territory map 
that was created from the GPS coordinates of each territory. In this study pairs were 
considered to be “neighboring” if the territory was less than 3 territories away from the 
playback. Strangers were assumed if the playback territory was 3 or more territories away 
or if a territory was greater than 300 meters away (Johnson 2013)(Fig. 1). Each of the 15 
territories was assigned a neighbor and a stranger. Playbacks were then created from the 
recordings of each territory. Each recording consisted of a 30 second clip of a continuous 
song that was normalized at a volume that did not exceed -1.0 dB to keep volume 
constant, created using Audacity version 2.1.2.0. In order to avoid any unexpected 
variance the songs played for the 15 territories were alternated so that the individual 
wouldn’t be presented only neighbors or strangers on the given day. In order to assure 
that sparrows were not responding to one specific individual’s song, 3-5 of the clearest 
playbacks were presented for both neighbors and strangers for the territories. The 
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playback was presented to the territory for 30 seconds, or when the pair began to respond, 
then a one-minute lapse to record the response. This procedure was repeated again for the 
territory if no response was given. If no response was produced after the second time the 
song was presented for an additional 30-second interval and then the observer waited for 
3 minutes. If no response was recorded then the territory was left and returned to on a 
different day. If a response was given then a recording was taken. In addition to a 
recording, the observer recorded the time taken to respond (excluding time of the 
playback), the number of songs produced, and the time delay between the first and last 
song. A 5-minute observation period following the first song was used in order to record 
the time the pair spent defending the territory.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 1. This map represents the 15 territories used in the study. Strangers were defined 
as being at least 3 territories away for the territory playback being used. Territorial pairs 
were neighbors if they were no more than three territories of each other. For example, 
“Bench” would be considered a stranger to “LA1”, but “Bench” is considered a neighbor 
to “CET2”.  
 
 
Acoustic Analysis 
After all 30 responses were recorded for the 15 territories they were uploaded into 
Audacity for sonogram analysis. The song was identified in the recording and then 
isolated. Using the noise reduction effect in Audacity extraneous noise was removed 
from the song. The song was then analyzed for multiple features that are commonly 
analyzed in song recordings (Handford & Lougheed 1991, Sandoval et al. 2014, DuBois 
et al. 2008): highest frequency (Hz), peak mean energy (PME) (dB), frequency at PME 
(Hz), lowest peak frequency (Hz), energy of the lowest peak (dB), note repetition, time of 
the song (seconds), bandwidth (Hz), and range of the energy (dB)(Fig. 2). 
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FIGURE 2. Sonogram of response for territorial pair of M. leucotis (Bench). Top image is 
the sonogram of a territorial response to a stranger playback. The bottom image is the 
sonogram of the territorial response to neighbor playback. Indicated in white is the 
bandwidth of the song, the highest frequency (Hz), lowest peak frequency (Hz), and a 
note in the song.  
 
RESULTS 
White-eared ground-sparrows demonstrated significant evidence that territorial pairs will 
respond differently to neighbors than strangers. Results suggest more aggression towards 
stranger than neighbors in the contexts of time defending the territory, the bandwidth, and 
repetition of notes in the song. The sample size consisted of 15 territorial pairs, which 
were used for all of the tests except the defense time where 13 territories were used 
because two territories did not respond more than the initial song to the neighbor 
playbacks. On average the time spent responding to a stranger playback was 60% longer 
compared to the neighbor playback (Fig 3). Territorial pairs showed significant difference 
in the means of note repetition in a song. An increase in the repetition of notes was used 
by the pair in response to stranger playback, on average using approximately 3 more 
syllable repetitions compared to the response to a neighbor playback (Fig 4). Territorial 
pairs displayed an approximately 12% wider range of bandwidth use when responding to 
the stranger playback in comparison to the neighbor (Fig 5). Results suggest that there is 
an observed trend (t = -1.95, df = 14, p = 0.072) that responses to strangers will 
incorporate a larger range of energy used compared to that of the neighbor response. 
There was also an observed trend (Wilcoxon paired test, V = 91, p = 0.083) 
demonstrating that territorial individuals use a lower lowest peak frequency in response 
to a stranger playback. The results also suggested non-significant results for the length of 
the song (seconds) (t = -1.53, df = 14, p = 0.15), the highest frequency (t = -1.15, df = 14, 
p = 0.27), and the PME (t = -1.13, df = 14, p = 0.28).  
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FIGURE 3. Response times of territorial M. leucotis sparrows simulated intrusions of 
neighbor-stranger individuals using playbacks in Monteverde, Puntarenas, Costa Rica. 
The response time was significantly longer when a stranger playback was given to a 
territorial pair (t-test, t = -2.92, df = 11, p = 0.014). Means are presented with one 
standard error. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 4. Number of notes used in territorial M. leucotis sparrows to simulated intrusions 
of neighbor and stranger individuals using playbacks in Monteverde, Puntarenas, Costa 
Rica. Territorial pairs significantly produced more note repetition when responding to the 
stranger playback (t = -2.53, df = 14, p = 0.024).  
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FIGURE 5. Bandwidth of response between the neighbor and stranger playback in M. 
leucotis in response to simulated intrusions using neighbor and stranger playbacks in 
Monteverde, Puntarenas, Costa Rica. The box indicates the 25th, mean, and 75th percentile 
and the whiskers represent the 5th and 95th percentile. Territorial pairs will utilize a larger 
bandwidth when responding to strangers in comparison to neighbors (Wilcoxon paired 
test, V = 23, p = 0.035).  
 
DISCUSSION 
 
White-eared ground-sparrows showed significant behavioral evidence to support NSD 
and the “dear enemy” hypothesis. Ground-sparrows consistently spent a longer time 
defending territories when responding to the playback of a stranger than that of a 
neighbor. These findings support a study performed on yellow-bellied tits, which 
demonstrated that yellow-bellied tits spend a longer time responding to a stranger 
playback than to a neighbor (Wei et al. 2011). The more aggressive behavioral response 
to stranger playback may be expected for this highly territorial species of sparrow. It has 
been proposed that showing relaxed responses to territorial intrusions by neighbors can 
increase individual fitness (Ydenberg et al. 1988, Stoddard 1996, Briefer et al. 2007). 
This idea acknowledges that neighbors will respond more aggressively to strangers than 
to one another because the stable territories that are held between neighbors aren’t a 
priority for defense. This allows for more time allocation for processes such as mating 
and foraging when sparrows can discriminate between real perceived threats (strangers) 
compared to a neighboring pair (Lovell & Lein 2004, Wei et al. 2011). Interestingly, 
results suggest the number of songs sung by the territorial pair does not differ between 
neighbors and strangers. This suggests that perhaps the amount of vocalizations given to 
a neighbor or stranger have no effect on the aggression level of the territorial 
individual(s). However, the time surveying was longer in the presence of the stranger 
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playback, perhaps to ensure that the stranger is removed from the territory because 
strangers pose a real threat to the territorial pair. De Kort et al. (2008) manipulated 
playbacks by altering the pattern of trill rate to bandwidth, which produced high-quality, 
medium-quality and low-quality song, explained in previous studies (Podos 1997, Iles et 
al. 2006). This study demonstrated the number of songs delivered in the presence of a 
low-quality individual song was significantly higher than that of the response given to 
both a high-quality individual and medium-quality individual song in banded wrens 
(Thryophilus plurostictus). Perhaps this is because individuals respond more aggressively 
to a low-quality song since individuals may associate this song with a subordinate 
competitor that they are more willing to engage in confrontation with. This idea was 
confirmed in a previous study on banded wren aggression in response to low, medium, 
and high-quality songs (Iles et al. 2006). Perhaps, in M. leucotis, NSD does not induce 
the behavioral response necessary to elicit a larger number of songs. It is also likely that 
M. leucotis do not use number of songs to convey aggression when defending territories.  
 In addition to multiple behavioral traits supporting the “dear enemy” hypothesis 
given above, M. leucotis provided significant evidence that song structural traits were 
altered in response to neighbor-stranger playbacks. Results from this study indicate that 
song bandwidth (range of frequency use) is broadened when territorial individuals 
respond to a stranger playback. This ultimately proposes that broadening bandwidth may 
be a mechanism that conveys higher levels of aggression. Swamp sparrows (Melospiza 
georgiana), a close relative of M. leucotis, also increase bandwidth, in conjunction with 
trill rate, in aggressive contexts (DuBois et al. 2008). Altogether my results and DuBois 
et al.’s (2008) provide more evidence that birds in the family Emberizidae alter structural 
components of the song in an aggressive context. M. leucotis used broader bandwidth in a 
more aggressive response to a conspecific compared to a congeneric (Sandoval et al. 
2013), providing support to the idea that they adjust the structure of the song to convey 
aggression in an NSD situation. This provided additional support for NSD and the “dear 
enemy” effect in M. leucotis. Though the modification of bandwidth broadness is 
consistent with NSD in this species, the means for why this is a factor are not well 
understood. One possible explanation may be the Acoustic Adaptation Hypothesis 
(AAH). The AAH suggests that species will modify their acoustics to increase their 
communicative ability to conspecifics and heterospecifics in their surrounding 
environment (Morton 1975). Lower frequencies are expected to transmit better in dense 
habitats because the short wavelengths of high frequency sound are more easily scattered 
by objects (Proppe et al. 2010). Handford and Lougheed (1991) found that rufous-
collared sparrows (Zonotrichia capensis) would effectively use narrower bandwidth in 
open habitat and use broader bandwidths in more closed habitats. This was also 
confirmed in summer tanagers (Piranga rubra, Shy 1983) and northern cardinals 
(Cardinalis cardinalis, Anderson and Conner 1985). The secondary habitat that M. 
leucotis is found in may act as a barrier for using a narrow bandwidth because of the 
dense amount of thickets and secondary growth. M. leucotis may utilize the AAH in order 
to increase the effective range and aggressive signal that it intends to use. This caveat to 
the AAH can be defined at the Maximal-aggression Signal Adaptation Hypothesis. This 
idea suggests that some species of birds will adjust their acoustic structure in order to 
maximize the efficiency for which they communicate a threat. In the case of M. leucotis 
the fluctuation of bandwidth may act as a means to effectively communicate over the 
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entire distance of the territory maximizing the signals potential to be heard and 
interpreted by the stranger. 
 NSD and the “dear enemy” effect are supported further in M. leucotis due to a 
significant increase in the repetition of notes per song in response to a stranger playback. 
Studies explain that bird songs are constrained by a trade-off between bandwidth and trill 
rate (Podos 1997). This was not tested in this experiment because there was no significant 
difference between time lengths of songs, therefore the rate of repetitions per song was 
not significant. Sandoval et al. (2013) observed that M. leucotis produces a longer-lasting 
duet when emitting an aggressive call toward a conspecific compared to the response 
towards a congeneric. In this study, this was not found to be significant. Perhaps, when 
producing an aggressive response towards a stranger M. leucotis does not utilize rate 
specifically but the number of repetitions. The use of multiple other features to convey 
aggression in NSD may work as a tradeoff allowing M. leucotis to neglect the use of a 
tightly evolved trill rate. Previous research on M. leucotis suggests that the number of 
elements and inflections within trills are among the most prevalent characteristics that 
define individual song distinctness (Sandoval et al. 2014). This provides sufficient reason 
to assume that number of trills may be used in order to distinguish and communicate 
between neighbors and strangers. Therefore, recognition by number of trills and trill 
inflections indicates that altering these characteristics can provide a more aggressive 
signal towards a stranger and assist in NSD.  
 An observed trend in the lowest peak frequency (LPF) demonstrated that M. 
leucotis utilized a lower frequency in response to the stranger playback. Conversely, the 
highest frequency used for a response to a stranger compared to a neighbor was non-
significant in this research. Sandoval et al. (2014) suggests that M. leucotis may use fine 
scale frequency change as a means of individual identification. Therefore, it is expected 
that alteration of LPF and highest frequency should convey more aggression in NSD and 
territory defense. Geberzahn and Aubin (2014) demonstrated that skylarks (Alauda 
arvensis) lower LPF when singing in response to a conspecific intruder versus singing 
spontaneously. They state that there was a significant difference of the use of lower LPF, 
however the means for achieving this was not well understood. One study demonstrated 
that the size of dark-eyed juncos (Junco hymalis) and sirens (Serinus serinus) had no 
effect on the frequencies used in the song repertoire. This indicates that other birds 
cannot accurately judge the size of the bird based on the frequencies used in songs 
(Cardoso et al. 2008). The researchers suggest that size between conspecifics is likely too 
small to truly alter frequency. However, size is expected to have the largest effect on the 
LPF used. This is because of the limited ability of birds to alter LPF due to constraints of 
the vocal organ. In juncos and sirens the LPF is not utilized in song therefore the body 
size may not be a necessary indicator of frequency use (Cardoso et al. 2008). In a study 
by Price et al. (2005) montezuma oropendolas (Psarocolius montezuma) showed a 
negative relationship between tarsal size and LPF produced. Male oropendolas 
consistently sang at a lower LPF when songs overlapped the competitor song nearby. 
This indicates that oropendolas may use LPF as an indication of size, thus attracting more 
females to the larger male (Price et al. 2005). Perhaps M. leucotis displays a trend for 
using a lower LPF because this may convey a more serious indication of size. This 
indication of size may then persuade the stranger present in the territory to leave. The 
relaxation of the LPF for the use with neighbors may function in the opposite direction 
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due to less of the need to convey threat with the component of size. The non-significant 
relationship detected between NSD response and the use of the highest frequency may be 
due to a physical limitation of highest frequency conveying individual size in M. leucotis 
(Cardoso et al. 2008). Therefore NSD responses may not differ in the use of the highest 
frequency because changing the highest frequency provides no component of intent or 
aggression towards a neighbor or stranger.  
 Peak mean energy (PME) was not altered between neighbor-stranger responses. 
Other species of birds such as alder flycatchers and yellow-bellied tits demonstrated a 
closer approach to the playback speaker, which would be expected to increase the PME 
(Lovell & Lein 2004, Wei et al. 2011). This was not the case documented in this 
experiment, perhaps the other elements used for territory defense against neighbors and 
strangers are already used in the way that efficiency is maximized and an increase in 
energy used to approach is not beneficial. Finally, a trend was detected in the range of 
PME. This has yet to be tested in studies to my knowledge. I would speculate that the 
drastic change in energy might act as a trade off between the increased syllable use 
and/or increased bandwidth directed towards strangers. It has been explained that loud 
songs are significantly more costly to produce for the individual (Gil & Gahr 2002). This 
study observed that the peak mean energy was not a factor when responding to both 
neighbors and strangers. Therefore, the wider range of energies used may be a small-
scale energy conservation technique that is used in order to enhance other aspects of the 
response accordingly.        
 In conclusion, this study demonstrated that M. leucotis shows significant evidence 
for NSD and the “dear enemy” effect. Results suggest that this species of sparrows also 
alter behavioral aspects of defense and structural song components in the presence of a 
stranger compared to a neighbor. Results suggest that M. leucotis will increase defense 
time of the territory, increase the number of trill repetitions in a song, and broaden the 
bandwidth in response to the stranger playbacks. An observed trend in the use of lower 
LPF in the presence of stranger playbacks may also function as a component of 
aggression by conveying body size of individuals. This study proves to further advance 
knowledge of NSD and alteration of structural song components in a relatively 
understudied genus of Neotropical birds. By using information such as behavioral and 
social biology of different species we can begin to produce more conducive management 
plans that aim to protect multiple aspects of a species’ biology. Increasing the knowledge 
of diverse sets of traits in multiple species lies at the forefront of how management plans 
can work effectively to conserve not only our ecosystems but also the complex 
interactions that operate within them.   
 
ACKNOWLEDGMENTS  
 
I would like to thank my advisor Dr. Johel Chaves-Campos, Katy González, and José-
Carlos “Moncho” Calderón for all of their support and guidance along the research 
process. I would also like to thank the entire CIEE staff for providing research materials. 
Finally, I would like to thank the Bajo del Tigre reserve and the Children’s Eternal 
Rainforest in Monteverde, Puntarenas, Costa Rica for allowing me to conduct field 
research on reserve trails.  

 104 



 
LITERATURE CITED 
 
ANDERSON, M. J. AND R. N. CONNER. 1985. Northern cardinal song in three forest habitats in eastern Texas. 
 Wilson Bull 97: 436-449.   
BAKER, M. C., D. B. THOMPSON, AND G. L. SHERMAN. 1981. Neighbor/stranger song discrimination in 
 White-crowned sparrows. The Condor 83: 265-267. 
BRIEFER, E., T. AUBIN, K. LEHONGRE, AND F. RYBAK. 2007. How to identify dear enemies: the group 
 signature in the complex song of the skylark Alauda arvensis. The Journal of Experimental 
 Biology 211: 317-326.  
BROWN, J. L. 1964. The evolution of diversity in avian territorial systems. Wilson Bull 76: 160-169. 
BUDKA, M. AND T. S. OSIEJUK. 2013. Neighbour-stranger call discrimination in a nocturnal rail species, the 
 Corncrake Crex crex. J Ornithol 154: 685-694.  
CARDOSO, G. C., A. T. MAMEDE, J. W. ATWELL, P. G. MOTA, E. D. KETTERSON, AND T. D. PRICE. 2008. 
 Song frequency does not reflect differences in body size among males in two oscine species 
DE KORT, S. R., E. R. B. ELDERMIRE, E. R. A. CRAMER, AND S. L. VEHRENCAMP. 2008. The deterrent effect 
 of bird song in territory defense. Behavioral Ecology 20: 200-206. 
DUBOIS, A. L., S. NOWICKI, AND W. A. SEARCY. 2008. Song sparrows modulate vocal performance in an 
 aggressive context. Biology Letters DOI: 10.1098/rsbl.2008.0626.  
FISHER, J. 1954. Evolution and bird sociality. In Evolution as a Process (ed. J. Huxley, A. C. Hardy, and E. 
 B. Ford). pp. 71-83. London: Allen and Unwin.  
GARRIGUES, R. AND R. DEAN. 2007. The Birds of Costa Rica: A Field Guide. A Zona Tropical Publication, 
 Cornell University Press, Ithaca, New York.  
GEBERZAHN, N. AND T. AUBIN. 2014. How a songbird with a continuous singing style modulates its song 
 when territorially challenged. Behavioral Ecology and Sociobiology 68: 1-12. 
GIL, D. AND M. GAHR. 2002. The honesty of bird song: multiple constraints for multiple traits. TRENDS in 
 Ecology & Evolution 17: 133-141. 
HALE, J. A., D. A. NELSON, AND J. K. AUGUSTINE. 2014. Are vocal signals used to recognize individuals 
 during male-male competition in greater prairie-chickens (Tympanuchus cupido)? Behavioral 
 Ecology and Sociobiology 68: 1441-1449.  
HANDFORD, P. AND S. C. LOUGHEED. 1991. Variation in duration and frequency characters in the song of 
 the Rufous-collared sparrow, Zonotrichia capensis, with respect to habitat, trill dialects, and body 
 size. The Condor 93: 644-658.  
HOLDRIDGE, L. R. 1966. The life zone system. Adansonia 6: 199-203. 
ILES, A. E., M. L. HALL, AND S. L. VEHRENCAMP. 2006. Vocal performance influences male receiver 
 response in the Banded Wren. Proc. R. Soc. B. 273: 1907-1912.  
JOHNSON, B. Spring 2013. Neighbor-stranger discrimination in territorial white-eared ground-sparrows 
 (Melozone leucotis). CIEE Spring Study Abroad Program Journal.   
LOVELL, S. F. AND M. R. LEIN. 2004. Neighbor-stranger discrimination by song in a suboscine bird, the 
 alder flycatcher, Empidonax alnorum. Behavioral Ecology 5: 799-804. 
MACKIN, W. A. 2005. Neighbor-stranger in Audubon’s Shearwater (Puffinus l. lherminieri) explained by a 
 “real enemy” effect. Behavioral Ecology and Sociobiology 59: 326-332.   
MORTON, E. S. 1975. Ecological sources of selection on avian sounds. American Naturalist 109: 17-34. 
MÜLLER, C. A. AND M. B. MANSER. 2007. ‘Nasty neighbours’ rather than ‘dear enemies’ in a social 
 carnivore. Proc. R. Soc. B 274: 959-965.     
OSIEJUK, T. S. 2014. Difference in frequency of shared song types enables neighbour-stranger 
 discrimination in a songbird species with small song repertoire. Ethology 120: 893-903.   
PODOS, J. 1997. A performance constraint on the evolution of trilled vocalizations in a songbird family. 
 Evolution 51: 537-551. 
PRICE, J. J., S. M. EARNSHAW, AND M. S. WEBSTER. 2006. Montezuma oropendolas modify a component of 
 song constrained by body size during vocal contests. Animal Behaviour 71: 799- 807. 
PROPPE, D. S., L. L. BLOOMFIELD, AND C. B. STURDY. 2010. Acoustic transmission of the chick-a-dee call 
 of the Black-capped chickadee (Poecile atricapillus): forest structure and note function. Can. J. 
 Zool. 88: 788-794. 

 105 



SANDOVAL, L. AND D. J. MENNILL. 2012. Breeding biology of white-eared ground-sparrows (Melozone 
 leucotis), with a description of a new nest type. Ornitologia Neotropical 23: 225-234.   
SANDOVAL, L., C. MÉNDEZ, AND D. J. MENNILL. 2013. Different vocal signals, but not prior experience, 
 influence heterospecific from conspecific discrimination. Animal Behaviour 85: 907-915.   
SANDOVAL, L., C. MÉNDEZ, AND D. J. MENNILL. 2014. Individual distinctness in the fine structural features 
 and repertoire characteristics of the songs of white-eared ground-sparrows. Ethology 120: 275-
 286.   
SANDOVAL L., C. MÉNDEZ, AND D. J. MENNILL. 2016. Vocal behaviour of white-eared ground-sparrows 
 (Melozone leucotis) during the breeding season: repertories, diel variation, behavioural contexts, 
 and individuals. J Ornithol 157: 1-12.  
SHY,  E. 1983. The relation of geographical variation in song to habitat characteristics and body size in 
 North American Tanagers (Thraupidae: Piranga). Behavioral Ecology and Sociobiology 12: 71-
 76. 
SLABBEKOORN, H. AND M. PEET. 2003. Birds sing at a higher pitch in urban noise. Nature 424: 267. 
STILES, F. G. AND A. F. SKUTCH. 1989. A Guide to the Birds of Costa Rica. Comstock Publishing 
 Associates, Cornell University Press, Ithaca, New York.  
STODDARD, P. K. 1996. Vocal recognition of neighbors by territorial passerines. In: Ecology and evolution 
 of acoustic communication in birds (ed. Kroodsma, D. E. and E. H. Miller). Cornell University 
 Press, Ithaca, New York.  
TEMELES, E. J. 1994. The role of neighbours in territorial systems: when are they ‘dear enemies’?. Animal 
 Behaviour 47: 339-350.  
WEI, M., H. LLOYD, AND Y. ZHANG. 2011. Neighbor-stranger discrimination by Yellow-bellied Tit Parus 
 venustulus: evidence for the “dear enemy” effect. J Ornithol 152: 431-438. 
WILSON, D. R. AND D. J. MENNILL. 2010. Black-capped chickadees, Poecile atricapillus, can use 
 individually distinctive songs to discriminate among conspecifics. Animal Behaviour 79: 1267-
 1275. 
YDENBERG, R. C., L. A. GIRALDEAU, AND J. B. FALLS. 1988. Neighbors, strangers, and the asymmetric war 
 of attrition. Animal Behaviour 36: 343-347.  
 

 106 



Polarized Light as an Intraspecific Signal in 
the Neotropical Butterfly Morpho helenor 
 
Abigail Anderson 
 
Department of Environmental Science, Policy, & Management, University of 
California Berkeley 
 
 
ABSTRACT 
 
The Neotropical understory butterfly Morpho helenor has polarized wing iridescence. Brighter blue hue and greater 
iridescence has been shown to attract conspecifics in this species, but behavioral responses to polarization have not 
been explored. Pinned M. helenor models were placed under a circular depolarizing filter and a polarization-neutral 
control filter in a large flight cage and trials were conducted to investigate which models were approached more 
often. Separate trials were conducted for male and female models, at two incident angles of light, allowing 
maximum or limited depolarization. Butterflies significantly approached models beneath the control filter more 
often than those under the depolarized filter in all trials. Under the control filter the mean number of approaches 
ranged from 6.7 ± 0.434 to 8.5 ± 0.342, under maximum depolarization 2.2 ± 0.291 to 2.9 ± 0.348, and under limited 
depolarization 3.7 ± 0.291 to 3.8 ± 0.300. Only males were seen approaching the models despite a near equal sex 
ratio in the enclosure. Additionally, males but not females approached both sexes at an outdoor feeding site, 
suggesting males use polarization to find communal feeding and mating sites.  
 
RESUMEN 
 
La mariposa neotropical del sotobosque Morpho helenor posee iridiscencia en las alas.  Un azul más brillante y 
mayor iridiscencia se ha mostrado atrae conespecíficos en esta especie, pero las respuestas de comportamiento a la 
polarización no se ha explorado.  Modelos montados de M. helenor se colocaron bajo un filtro circular depolarizado 
y un filtro control de polarización neutral en una jaula de vuelo grande y se condujeron tratamientos para investigar 
cuales modelos recibieron aproximaciones más frecuentemente.  Tratamientos separados se condujeron para 
modelos de machos y hembras, a dos ángulos de incidencia de luz, permitiendo máxima o minima depolarización.  
Las mariposas se aproximaron significativamente más frecuentemente a modelos bajo el filtro de control que a 
aquellos bajo el filtro depolarizado en todos los tratamientos.  Bajo el filtro de control el número promedio de 
aproximaciones varío de 6.7 ± 0.434 to 8.5 ± 0.342, bajo máxima polarización 2.2 ± 0.291 to 2.9 ± 0.348 bajo 
polarización limitada 3.7 ± 0.291 to 3.8 ± 0.300. Solo los machos se observaron aproximándose a los modelos a 
pesar de que había una proporción similar de sexos en las jaula.  Adicionalmente, los machos, pero no las hembras, 
se aproximaron se aproximaron a ambos sexos en un sitio de alimentación externo, sugiriendo que los machos usan 
la polarización para encontrar sitios de alimentación y reproducción comunal!
 
INTRODUCTION 
 
Color is one of the most widely used and recognizable signals in the natural world, but not all 
animals see and respond to color the same way (Brandley et al. 2013, Endler et al. 2005, Warrant 
& Locket 2004). The spectrum of light detected by the human eye represents only a narrow 
portion of wavelengths used by animals. For example, some birds and many insects can detect 
ultraviolet light that humans cannot see (Bennett & Cuthill 1994, Borst 2009), while other 
species, like the majority of those found in the deep sea, do not see red light that the human eye 
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detects (Warrant & Locket 2004). This variation in visual ability often makes color an ideal 
signal, one that can be both conspicuous for those communicating (e.g. mates or organisms in a 
mutualistic relationship), and inconspicuous to predators, parasites, and competitors with 
different visual receptors (Douglas et al. 2007, Brandley et al. 2013).  
 Many invertebrates have evolved the ability to use polarized light. Some spiders, 
crustaceans, cephalopods, and insects can detect polarized light, including butterflies (Douglas et 
al. 2007). Polarized light may be especially useful in forest habitats, because as little as 2.5% of 
available visible light reaches the understory, and illumination varies greatly in spectrum and 
intensity (Douglas et al. 2007, Sweeney et al. 2003).  Iridescence is compromised in the low light 
of the understory, and polarization may supplement iridescence in this habitat (Douglas et al. 
2007). Sweeney et al. (2003) studied the effects of wing polarization on mate choice in 
Heliconius cydno chioneus, a forest-dwelling species. They found that males were significantly 
less attracted to female butterfly models under a depolarized filter than under a control filter, but 
found no difference in attraction in H. melpomene malleti, a species that lives strictly in open 
areas.  

The wings of the Neotropical understory butterfly genus Morpho have striking 
iridescence that is also polarized (Vukusic et al. 1999). M. helenor is a widespread species that 
spends time in the open and forest understory (DeVries 1987).  Male but not female M. helenor 
are more attracted to increased brightness, iridescence and area of blue on the dorsal wing 
surface, regardless of the sex of the model (Denis 2013, Boghean 2015). This study tests 
attraction to wing polarization in M. helenor as well. I investigated whether individuals were 
more attracted to models with or without polarization using depolarizing and control filters.  
 
METHODS 
 
Study Site 
 
This study was conducted at the Ranario Butterfly Garden in Monteverde, Puntarenas, Costa 
Rica. The garden has a large enclosure with leaves available for ovipositing and rotten bananas 
for adults to feed on. The flight cage was approximately 9 x 13m and 3m tall. The garden 
replenishes the butterflies frequently, normally with approximately 30 M. helenor and an equal 
number of the crepuscular Owl Butterfly (Caligo memnon) that interact little with the diurnal M. 
helenor. According to Ranario, these butterflies generally live approximately one week.   
 
Study Organism 
 
M. helenor, or the Blue Morpho, is a large understory Neotropical and Subtropical butterfly 
(DeVries 1987). The dorsal side of the wings is an iridescent, bright blue color, while the 
underside has various colors of brown and with many eyespots. They have a forewing length of 
64-78 mm (DeVries 1987), but males are slightly smaller and have a larger blue area with a 
narrower brown band on the dorsal wing surface (DeVries et al. 2010).  
 M. helenor wings show distinct polarization, which I demonstrated by moving a circular 
polarizing filter over a pinned model; this showed noticeable changes in color and iridescence as 
the filter turned. I also demonstrated the effect of wing polarization by taking photos of the 
models using a circular polarizing lens at different angles (Figure 1). 

 108 



I studied M. helenor (Lepidoptera: Nymphalidae: Morphinae) raised in captivity. The 
sexual dimorphism within M. helenor allowed me to distinguish males from females and record 
the sex of the butterflies upon approach of the models. I counted the number of butterflies 
present each day and only collected data when there were at least 30 butterflies present. I also 
noted when there was a large departure from a 1:1 sex ratio. Individuals with extremely poor 
wing condition who were not actively flying were not counted. Observations were made between 
8 a.m. and 12:00 p.m. 
 

 
Trials 
 
I displayed mounted male and female wings in white cardboard boxes 19.5cm x 11.2cm x 4.2cm 
in size. Models were pinned to a 1.5cm sheet of Styrofoam inside the box. The dorsal wing 
surface of the pinned specimen was flush with the top of the box, and circle-shaped filters were 
taped over each specimen. Each model was displayed beneath either a circular depolarizing filter 
(3M Optical Systems Division) or a polarization-neutral filter. The polarization-neutral filter 
acted as a control. This filter was comprised of a clear acetate sheet and gray plastic to cover it. 
This gray plastic matched the gray color of the circular-polarizing filter. I conducted trials with 
the depolarized specimen at maximum depolarization and at limited depolarization. Maximum 
depolarization was obtained by turning the filter until I observed the largest change in hue and 
iridescence through the filter. I achieved limited depolarization by turning the filter to maximum 
polarization and then rotating it 90° further to decrease the depolarizing effect of the filter.   

In each trial I placed two pinned individuals on either the wall or the floor to change the 

!!!! !FIGURE 1. Photos of pinned M. helenor butterflies taken with a polarizing camera lens at different 
angles.  This is the same butterfly model where a. has the filter at an angle that does not show 
polarized light while b. is showing the added effect of polarization.  These photos indicate that the 
dorsal side of M. helenor wings are polarized, and that animals that cannot see polarized light detect 
it differently than animals that can see polarized light, like butterflies.  

a b 
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incident angle of light hitting the wings (Figure 2). For trials conducted on the wall, I secured the 
boxes holding models to the wall using wire. I placed them approximately two meters apart and 
two meters off the ground. For the trials on the ground I placed the models two meters apart on 
the walkway through the garden.  
 

 
Each trial used one individual under the circular depolarizing filter and another individual of the 
same sex under the polarization-neutral filter to act as the control. I counted the number of visits 
to each specimen over a period of 10 minutes per trial. A visit counted as a flight through a 
volume of radius 30 cm above the model (Figure 3). If one individual visited multiple times, it 
only counted as multiple visits as long as the butterfly left for at least 30 seconds before 
returning. I conducted 10 trials for each sex, at each incident angle of light (the wall or the floor), 
and for each amount of polarization, maximum depolarization and limited depolarization. 
 
 
 
 
 

!!! !
a b 

FIGURE 2. Experimental and control models were placed approximately two meters apart on the 
wall (a) or on the ground (b) of the Morpho enclosure at the Ranario Butterfly Garden in 
Monteverde, Puntarenas, Costa Rica. The models were placed far enough apart as to not interfere 
with each other. The models shown are the butterfly under the circular depolarizing filter (left on 
the wall, near on the ground) and the control model under the polarization neutral filter (right on 
the wall, far on the ground.  
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Field Observations 
 
The field study was conducted on the Principal Trail at the Estación Biologica in Monteverde, 
Puntarenas, Costa Rica, in Tropical Premontane Moist Forest at 1650m. I observed the butterflies 
that gathered at a fruit dump on the Principal trail and counted the number of males and females 
present. I began noting their interactions five minutes after I arrived to allow the butterflies to 
settle back onto the fruit dump. I watched the butterflies twice for one hour each time and 
recorded the number times an individual approached another, as well as the sex of both the 
butterfly approaching and the butterfly that was approached.  
 
RESULTS 
 
The number of butterflies in the garden ranged from 37-49 and there was never a large departure 
from a 1:1 sex ratio. Male butterflies were seen approaching the models most often, with only 
two female approaches to the models, but approaches from both sexes were counted. In each 
trial, multiple individuals approached each model, one individual was never seen returning to a 
model more than twice during one trial. 

Under maximum polarization, the butterflies approached the model beneath the control 
filter significantly more times than the model beneath the depolarized filter for both sexes on the 
ground (Figure 4) and on the wall (Figure 5). The female control models were approached more 
often than the female depolarized models on the ground (Wilcoxon sign rank test, p = 0.0057, V 
= 55, n = 10) and on the wall (p = 0.0056, V = 54, n = 10); and the male control models were 

! !

FIGURE 3. M. helenor males approaching models underneath a depolarizing filter on the wall 
(a) and a polarization-neutral control filter (b) at the Ranario Butterfly Garden in Monteverde, 
Puntarenas, Costa Rica. One experimental model and one control model were used in trials to 
determine behavioral responses to polarization. Approaches were categorized as any time a 
butterfly landed on the model, or dove within a 30cm3 volume above the model.  

a b 
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also approached more often than the male depolarized models on the ground (p = 0.0058, V = 
55, n = 10) and on the wall (p = 0.0048, V = 55, n = 10). The median number of approaches to 
the control filter ranged between 7-8, while the median number of approaches to the depolarized 
filter ranged between 2-3 per trial. There was no significant difference between the number of 
approaches to male and female models with the control filter, or between models of different 
sexes underneath the polarized filter, as butterflies approached male and female models almost 
equally. 

 
 
 
 

!
FIGURE 4. M. helenor butterfly approaches to control models underneath a polarization neutral filter and beneath a 
circular depolarizing filter at maximum depolarization on the ground in Ranario Butterfly Garden in Monteverde, 
Puntarenas, Costa Rica. Butterflies approached male control models (left) and female control models (right) 
significantly more often than the depolarized models when the models. The box represents 50% of the data and the 
bars represent the maximum and minimum number of approaches that occurred during 10-minute trials. 
Comparisons between approaches to control and depolarized models for all trials were statistically significant (p ≤ 
0.005).  
!
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When the filter was turned to limited depolarization, the butterflies still approached the control 
models significantly more often than the depolarized models on the ground (Figure 6) and on the 
wall (Figure 7). Individuals approached the control male models more often than the depolarized 
male models on the ground (p = 0.0054, V = 55, n = 10) and on the wall (p = 0.0057, V = 55, n = 
10); female control models were also approached more often than female depolarized models on 
the ground (p = 0.0055, V = 55, n = 10) and on the wall (p = 0.0057, V = 55, n = 10). Median 
approaches to the control filter ranged from 6-8, while median approaches to the depolarized 
filter ranged from 3-4. Butterflies approached male and female models almost equally on both 
the ground and the wall, showing no preference for either sex. 
 
 
 
 
 
 
 
 
 
 
 
 

!
FIGURE 5. M. helenor butterfly approaches to control models underneath a polarization neutral filter and beneath a 
circular depolarizing filter at maximum depolarization on the wall in Ranario Butterfly Garden in Monteverde, 
Puntarenas, Costa Rica. Butterflies approached male control models (left) and female control models (right) 
significantly more often than the depolarized models. The box represents 50% of the data and the bars represent the 
maximum and minimum number of approaches that occurred during 10-minute trials. Comparisons between 
approaches to control and depolarized models for all trials were statistically significant (p ≤ 0.005). 
!
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FIGURE 6. M. helenor butterfly approaches to control models underneath a polarization neutral filter and 
underneath a circular depolarizing filter at 90° past maximum depolarization on the ground in Ranario Butterfly 
Garden in Monteverde, Puntarenas, Costa Rica. Butterflies approached male control models (left) and female control 
models (right) significantly more often than the depolarized models. The box represents 50% of the data and the bars 
represent the maximum and minimum number of approaches that occurred during 10-minute trials. Comparisons 
between approaches to control and depolarized models for all trials were statistically significant (p ≤ 0.005).  

!

 
FIGURE 7. M. helenor butterfly approaches to control models underneath a polarization neutral filter and 
underneath a circular depolarizing filter at 90° past maximum polarization on the wall in Ranario Butterfly Garden 
in Monteverde, Puntarenas, Costa Rica. Butterflies approached male control models (left) and female control models 
(right) significantly more often than the depolarized models. The box represents 50% of the data and the bars 
represent the maximum and minimum number of approaches that occurred during 10-minute trials. Comparisons 
between approaches to control and depolarized models for all trials were statistically significant (p ≤ 0.005).  
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Upon arriving at the fruit dump, the individuals present flew up in an erratic, circular  
pattern before landing on nearby vegetation and then returning to the fruit on the forest floor. 
Once the butterflies had settled, observations showed that males approached both male and  
female individuals, while only one female approached another individual (Figure 8). Both males 
and females were seen feeding and mating at the fruit dump. Males approached males more 
frequently, and approached females over twice as often, as expected by chance alone (x2 = 46.9, 
df = 3, n = 75, p <0.0001). 11 males and 6 females were observed over two days.  
 

 
DISCUSSION 
 
The results clearly indicate that M. helenor uses polarized light as an intraspecific signal. In 
addition, butterflies were attracted to individuals with higher degrees of polarization, indicating 
that the quantity of polarized light reflected is important in signaling. Changing the incident 
angle of light did not effect how attractive the models were, which may indicate that wing 
polarization is visible across a wide range of angles. Morpho butterfly scales reflect up to 75% of 
incident blue light over an angle range of over 100°, which allows individuals to recognize 
iridescence across a wide range of angles (Vukusic et al. 1999). This same mechanism could also 
allow for the reflectance and detection of polarized light from many angles. Alternatively, the 
incident angle most effective for reflecting polarized light could be different than the angles I 
tested. Glass scales on the swordtail butterfly Graphium sarpedon reflect the most polarized light 

!
FIGURE 8. Observed and expected number of approaches of M. helenor butterflies to other individuals at a 
fruit dump in Monteverde, Puntarenas, Costa Rica in tropical premontane moist forest at 1650m. The first 
letter represents the sex of the individual approaching, while the letter following represents the sex of the 
individual approached. 11 males (M) and 6 females (F) observed over two days were distinguished because 
of their sexual dimorphism.  
!
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at an incident angle of 58° (Stavenga et al. 2012), which lies in between the angles I tested when 
I placed the models on the wall and the floor.  
 Males approached both male and female models, an observation consistent with Denis 
(2013) and Boghean (2015), that suggests that males cannot distinguish between the sexes based 
on color, iridescence, and polarization. M. helenor males have been shown to approach brighter 
Morpho amathonte males (Boghean 2015) or even bright blue scarves (DeVries 1987), 
indicating that males will approach anything possessing the right hue and iridescence. This aligns 
with my field observations and observations made by Young (1975) that males occasionally 
attempt to mount other males at feeding sites. These results seem to demonstrate that hue, 
iridescence, and polarization do not allow males to distinguish between the sexes in captivity or 
at feeding sites, or that the males do not need to distinguish males from females in these 
contexts.  
 Males approached females and other males more often than expected at the feeding site. 
However, there was a greater difference between experimentally observed and expected number 
of approaches by males to females than by males to males. This conflicts with my results from 
the garden that males approached male and female models equally, which suggests that some 
difference between the models and the live butterflies makes females more attractive to 
approaching butterflies. One possible explanation is that males recognize hue, iridescence, and 
polarization from long distances and use them to investigate other individuals, but at short 
distances chemical signals allow males to better differentiate between males and females. 
Pheromones could signal to males whether they should pursue and mate with females, chase 
away competing males, or ignore other males.  
 Color does not appear to facilitate male-male interactions at feeding sites, although males 
may interact aggressively away from feeding sites. My observations, as well as those of Young 
(1975) noted a lack of aggressive behavior in M. peleides at fruit dumps. These feeding sites are 
important mating locations, as they are the only place where individuals regularly encounter 
conspecifics of the opposite sex (Young 1973, Young 1975). Food resources are clumped, 
patchy, and communal. If males engaged in aggressive courtship behavior at these sites, 
competition and resulting territoriality could inhibit their access to food because it is not 
uniformly distributed throughout the habitat. A lack of aggressive behavior could explain why 
males and females have limited sexual dimorphism in hue, iridescence, and polarization. Males 
in the closely related territorial species M. amathonte have extremely bright blue wings, while 
females have only a small amount of duller blue on the wings, with large brown and white 
borders (DeVries 1987). This pronounced sexual dimorphism could allow males to recognize 
other males and chase them out of their territory, while females avoid this aggression. Young 
(1975) observed frequent aggression in M. amathonte males with overlapping territorial flight 
routes, but noted that M. peleides rarely engaged in aggressive or territorial behavior. Thus, there 
is no evolutionary pressure for M. peleides to develop more pronounced sexual dimorphism.  
  If the color of M. helenor wings does not operate in male-male aggression, it may 
function as a cue to help individuals find food. The polarization patterns on the wings could 
attract individuals to fruit dumps, alerting them to a communal feeding and mating site. 
However, this does not explain why females do not approach the models in the garden or other 
individuals in the field. Females could associate the bright, iridescent, polarizing wing patterns of 
other butterflies with sources of food and mates, but not approach other individuals within 30 
cm3, the criteria I used to qualify an approach at both the butterfly garden and in the field, 
because males initiate courtship. Alternatively, males could need to visit a higher number of 
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feeding sites than females to maximize their potential number of mating opportunities. To mate 
with as many females as possible, males may try to visit many different fruit dumps, while 
females have no need to switch between different feeding clusters. To test this hypothesis, a 
future study could set up multiple fruit dumps, tag the males and females visiting them, and 
investigate whether males visited more feeding sites than females.   
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ABSTRACT  
Niche partitioning and interference competition can both lead to differential resource use. A species of 
ripple bug from the genus Rhagovelia (Hemiptera: Veliidae) in a montane stream in Monteverde, Costa 
Rica uses different microhabitats according to age. However, it is unknown if water velocity alone can 
explain differential microhabitat use, and if early instar juveniles have the same interactions with adults as 
third and fourth instars. Ripple bug distribution was measured by sampling individuals in transects, and 
sorting them by adults and juveniles. Transects were categorized into microhabitats quantitatively by water 
velocity and qualitatively by substrate type. Adults tended to use slow moving waters adjacent to fast 
moving waters, while juveniles tended to aggregate in still regions of the stream’s margins. When placed in 
a segment of the stream cleared of all adult competitors, first and second instar juveniles did not remain in 
optimal foraging microhabitats, but rather retreated to the fringes of the stream. Adults placed in 
suboptimal regions of the stream quickly migrated to optimal foraging microhabitats. Therefore, early 
instar juveniles and adults have differential resource use not due to interference competition, but rather due 
to niche partitioning. Early and late instars may have different competitive interactions with adults. Niche 
partitioning could be advantageous to juveniles in evading predation or reducing competition with adults, 
but could also be a product of time-dependent juvenile exposure to adults or satiation prior to 
experimentation.  
 
RESUMEN  
La partición de nicho y la competición por interferencia pueden ambos llevar a uso diferencial de recursos.  
Una especie de patinador del género Rhagovelia (Hemiptera: Veliidae) en una quebrada en Monteverde, 
Costa Rica usa diferentes microhábitats de acuerdo a la edad.  Sin embargo, es desconocido si la velocidad 
del agua por si sola puede explicar la diferencia en el uso del hábitat, y si los estadíos juveniles tienen las 
mismas interacciones con los adultos como los estadíos tres y cuatro.  La distribución de los patinadores se 
midió capturando  muestras de individuos en transectos, y separándolos en adultos y juveniles. Los 
transectos se categorizaron en microhábitats cuantitativamente por la velocidad del agua y cualitativamente 
por el tipo de sustrato.  Los adultos tienden a usar aguas de movimiento lento adjuntas a aguas de 
movimiento rápido, mientras que los juveniles tienden a agregarse en regiones quietas en las márgenes de 
la quebrada.  Al colocarlos en un segmento de la quebrada limpio de adultos competidores, los juveniles del 
primer y segundo estadío no se mantienen en el microhábitat de forrajeo óptimo, más bien se mueven a las 
márgenes de la quebrada.  Los adultos puestos en las regiones subóptimas de la quebrada migraron 
rápidamente a los microhábitats de forrajeo óptimo.  Así, los estadíos juveniles tempranos y los adultos 
tienen uso diferencial de recursos no debido a la competencia por interferencia, más bien debido a la 
partición de nicho.  Los estadíos tempranos y tardíos pueden tener interacciones competitivas diferentes 
con los adultos.  La partición de nicho puede ser ventajosa para los juveniles evadiendo depredación o 
reduciendo la competencia con los adultos, pero también puede ser el producto de la exposición 
dependiente del tiempo de los juveniles o la saturación previa al experimento. 
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INTRODUCTION  
Competition generally has a negative impact on individual or population fitness (BEGON 
ET AL. 1990). Resource partitioning often occurs in order to reduce competition (BEGON 
ET AL. 1990). Competition can operate through a variety of mechanisms, including 
interference and exploitative competition (SPENCE 1983). Interference competition 
involves active displacement of a subset of the population or of another population from a 
resource, while exploitative competition occurs when one population outcompetes 
another from the resource by using it more effectively (BEGON ET AL. 1990). These can 
manifest as either intra- or interspecific competition (RICKLEFTS 1990). Regardless of the 
mechanism, this leads to niche partitioning if all populations involved are going to 
coexist and survive (BEGON ET AL. 1990).   
 Differential resource use due to competitive interactions has been observed in a 
variety of taxa. Competition for food can cause differential resources use, as seen in 
Galapagos ground finches (LACK 1947). Finches on islands with a history of interspecific 
competition have evolved different beak sizes and specialize on particular seed types, and 
their beak sizes do not overlap (LACK 1947). However, the same species on islands 
without interspecific competition were able to eat all seeds in their fundamental niche, 
and therefore had beak sizes intermediate to their counterparts on islands with 
interspecific competition (LACK 1947). However, differential resource use and 
interference competition is not only a vertebrate behavior. In a textbook example of 
interference competition, Connell (1961) showed that Balanus balanoides barnacles 
exclude Chthamalus stellatus barnacles from the lower intertidal zone by prying C. 
stellatus from the rock. When B. balanoides were removed from the lower intertidal 
zone, C. stellatus were able to expand to the lower regions, from which they were 
normally excluded (CONNELL 1961). However, interference competition was 
asymmetrical, as B. balanoides were not excluded from upper intertidal zones by C. 
stellatus, but could not occupy this habitat because of physiological limitations related to 
desiccation (CONNELL 1961). Another example of niche partitioning can be seen in 
division of log and leaf litter microhabitats, which allows the coexistence of Mesopsocus 
beetles, with different species dominating different microhabitats (O’NEILL 1967).  

Studies with aquatic insects clearly illustrate the interplay between competition 
and niche partitioning. One study showed that Veliidae ripple bugs have more efficient 
prey capture than the related family of waterstriders, Gerridae, and thus outcompete 
Gerridae for food (DITRICH AND PAPÁČEK 2016). However, through division of 
microhabitat type, species can coexist even in small ponds (DITRICH AND PAPÁČEK 2016). 
In a study conducted in the Rio Guacimal in Monteverde, Costa Rica, Rhagovelia scabra 
(Hemiptera: Veliidae) ripple bugs were found to distribute across microhabitats according 
to sex and age, due to interference competition (WILSON ET AL. 1987). Females actively 
outcompeted males for prime foraging grounds, and males in turn outcompeted juveniles, 
resulting in a scenario where females occupied slow moving waters adjacent to fast 
moving waters and juveniles (particularly the earliest instars) occupied stagnant, food 
poor regions (WILSON ET AL. 1987). Areas of slow moving waters adjacent to fast moving 
waters are presumably optimal foraging areas, because fast waters provide a high rate of 
prey opportunities, while the ripple bugs in slower adjacent waters do not expend as 
much energy swimming (WILSON ET AL. 1987). Other studies have shown similar patterns 
of age-specific distribution, although they have not attributed it to interference 
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competition, such as in the aquatic insects Anisops deanei (Notonectidae) and Ranatra 
dispar (Nepidae) whose juveniles tended to inhabit shallower water than the adults 
(BAILEY 1987). This pattern was likely seen due to niche partitioning, where adults were 
better at exploiting prey in deeper waters because they could dive further into the water 
column (BAILEY 1987). Additionally, juvenile Gerridae may further partition habitats by 
vegetation type and density, with the youngest occupying the densest areas of leaf litter 
or foliage, possibly for protection from predation by conspecifics (Gerridae adults 
reportedly cannibalize juveniles) or heterospecifics, or to reduce competition with adults 
(NUMMELIN ET AL. 1984, VEPSÄLÄINEN AND NUMMELIN, 1986).  

Despite this wealth of research, the majority of studies examining niche 
partitioning and competitive behavior in aquatic insects neglect the family Veliidae, 
which are the most common species in montane streams in Monteverde, Costa Rica 
(FARLEY, personal observation). There are 30 genera and 420 species of Veliidae in the 
world (ANDERSON AND POLHEMUS 1976), and the genus Rhagovelia is the most common 
aquatic insect in the tropics (MOREIRA ET AL., 2015). Ripple bugs are small, wingless, 
oval-shaped bugs (ANDERSON AND POLHEMUS 1976). Their long legs and hair-covered 
body enable them to walk on the water’s surface, with only the distal segments of their 
legs coming in contact with the water (ANDERSON AND POLHEMUS 1976). They are 
sensitive to disturbances in the water’s surface, which they use to locate prey (ANDERSON 
AND POLHEMUS 1976), mainly dead insects that fall into the stream (WILSON ET AL. 1987). 
They have five larval instar stages and one adult stage (ANDERSON AND POLHEMUS 1976), 
the only notable difference between which is size (NUMMELIN ET AL. 1984). Wilson et 
al.’s (1987) study is one of few studying non-breeding behavior in Veliidae, instead 
focusing on intraspecific competition. However, they only qualitatively determined water 
velocity when determining microhabitat preferences. Furthermore, they only 
experimentally tested interference competition between adult and late instars, despite the 
fact that early instars were also seen to occupy different niches than adults.   

This study examines a species of ripple bug Rhagovelia sp. from the family 
Veliidae in the Quebrada Máquina, Monteverde, Costa Rica (MOREIRA ET AL., 2015). The 
purpose of this study is to reassess and increase the resolution of Wilson et al.’s (1987) 
study on interference competition in Rhagovelia sp. (Veliidae), particularly on adult and 
early instar juvenile interactions. It aims to: 1) determine patterns of differential resource 
utilization between adults and juveniles based on water velocity (quantitative); 2) 
determine patterns of differential resource utilization between adults and juveniles based 
on substrate type (qualitative); and 3) experimentally determine if observed patterns are 
due to intraspecific interference competition or niche partitioning mechanisms.  
 
METHODS  
Study site  
Sampling and experiments were conducted along a segment of the Quebrada Máquina at 
the Estacion Biólogica de Monteverde, Puntarenas Province, Costa Rica. This area is 
classified as a lower montane wet forest Holdridge Life Zone. The specific 50m segment 
of stream was chosen because it was the most accessible, and one of the few regions that 
had water flow during the peak of the dry season when the study was started. The study 
was conducted from April to May 2016, spanning the transition from the dry to rainy 
season.  
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Natural distribution by water velocity  
To determine if there is differential resource use between juveniles and adults, ripple 
bugs were collected from areas of varying water velocity along the length of the stream. 
A 20cm ruler was used to estimate a 20 x 20cm2 transect. Then, an aquarium net was 
swept through the transect. All collected individuals were placed in a plastic container 
containing a small amount of stream water and labeled with a corresponding transect 
number. After 30 seconds, a second sweep with the net was made in the same transect, 
and after another 30 seconds a third sweep was made. Ripple bugs from all three sweeps 
were held in the same plastic container. This was done at 43 transects along the length of 
the stream, in areas of varying water velocity. Transects varied in their distance from 
each other, from 20cm to 5m apart.  

To measure water velocity, a measuring device consisting of a 20cm string tied at 
each end to a wooden skewer was used. The skewers were pushed into the sediment at 
the bottom of the stream so that the string was taught and aligned with the direction of 
water flow. Then, a Styrofoam ball was dropped in the water slightly upstream of the 
measuring device. When the leading edge of the ball crossed the first wooden skewer, a 
timer was started. Time stopped when the ball’s tailing edge crossed the second wooden 
skewer. Water velocity was recorded in seconds (s). Smaller time values represent faster 
water velocities, while larger time values represent slower water velocities. In areas 
where water velocity could not be measured because of interfering leaf litter, rocks, or 
other debris, or in areas where non-linear water patterns prevented the ball from passing 
along the linear path of the measuring device, water velocity was recorded as “10s,” the 
same notation used for still water. Water velocity was measured in this way three times 
and an average was taken for each transect.  

Collected ripple bugs were taken to the laboratory, in order to count the number 
of juveniles and adults found in each transect. Because the ripple bugs move so quickly, 
it was difficult to count them. Therefore, each container was placed in the freezer for 1-3 
minutes. This slowed the insects down enough to be sorted by age (juveniles vs. adults) 
and counted. “Adults” were classified as the largest two size classes (fifth instar and 
adult), while “juveniles” were classified as the smallest four size classes (first through 
fourth instar). Ripple bugs were transferred to a container of room temperature water and 
kept in the laboratory overnight. They were released back into the part of the stream they 
were collected the following day.  
 
Natural distribution by substrate type  
Samples of ripple bugs were also taken in four qualitatively determined substrates: 1) 
‘turbulent waters’ were characterized by rapidly flowing water with a rough surface, such 
as flowing from rocks or channeled through narrow bottle necks in the stream; 2) ‘rapid 
smooth waters,’ which had similar water velocities to turbulent waters, but had a smooth 
surface and were generally found next to areas of turbulent water; 3) ‘slow smooth 
waters’ consisted of similar surface texture to rapid smooth waters, but had a slower 
water velocity; and 4) ‘leaf litter,’ which was found at the fringes of pools near the bank 
and filled with organic debris and still water. Two of each of these substrates were 
sampled, using the same methodology described for determining natural distribution by 
water velocity.  Substrate types were chosen and modified from stream characterizations 
by Wilson et al. (1987).  
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Mechanism of distribution  
The experimental setup for determining the mechanism for differential distribution 
(interspecific competition or niche partitioning) was modified from methodology by 
Wilson et al. (1987). The stream was comprised of a series of mouths and pools, one of 
which was chosen based on its accessibility for the experiment. This section of the stream 
represented two different habitats, comprised of five microhabitats (Fig. 1). At the mouth 
of the section, water rushed quickly from the previous pool through a narrow channel of 
rocks, creating a fast flowing stream of water (fast mouth (FM) microhabitat). Next to 
this fast stream of water at the mouth was a slower patch (slow mouth (SM) 
microhabitat). Around this, there were fringe patches of slow water (fringe mouth (FrM) 
microhabitat). These three microhabitats were considered the “mouth” habitat of the 
stream segment. Based on observation and the results of Wilson et al. (1978), the SM 
microhabitat is expected to have the most naturally occurring adult ripple bugs, and was 
assumed to be the ideal foraging location. A meter downstream, the stream was slower 
and smoother, with no fast moving channel of water moving through it (slow pool (SP) 
microhabitat). This was fringed by even slower water (fringe pool (FrP) habitat), similar 
to the fringes of the mouth. These two microhabitats were considered the “pool” habitat 
of the stream segment. Based on observation and the results of Wilson et al. (1978), this 
portion of the stream was expected to have the most naturally occurring juvenile ripple 
bugs. The SP microhabitat is assumed to be the worst foraging location, because the slow 
water velocity decreases the rate of passing food items  (WILSON et al. 1987). The water 
velocities of each microhabitat were taken using the methods for water velocity 
measurement outlined above. The average water velocity for the FM was 1.94 (SD: 
±0.81) seconds, the SM was 4.23s (SD: ±1.72), the SP was 5.65 (SD: ±1.18), and the 
FrM and FrP were assumed to be completely or nearly still.  
 

 
Figure 1. Diagram of the experimental section of the Quebrada Maquina, Monteverde, divided into two 
habitats and five microhabitats. The mouth consisted of a fast moving section where water was channeled 
from an upstream pool (FM), a slower moving section adjacent to the FM microhabitat which was assumed 
to be the optimal foraging location (SM) for ripple bugs, and the fringes of the stream, which were 
characterized by very slow or still water (FrM). The pool consisted of a slow moving area of water 
characterized as the worst foraging location (SP), and its fringes, characterized by very slow or still water 
(FrP). Adults and juvenile ripple bugs were counted visually in all five microhabitats, and were collected 
for counting using an aquarium net in the SM and SP microhabitats. 
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Without disturbing the area, a sample of ripple bugs was taken from the SM and 

the SP microhabitats, following the same procedure outlined for determining ripple bug 
distribution (Fig. 2). This was done in order to determine the natural distribution of adults 
and juveniles in these specific microhabitats. Individuals were later sorted and counted in 
the laboratory, again using the method described above.  

To test for niche partitioning or interference competition between adults and 
juveniles, the stream segment was completely swept of insects. All insects were gathered 
from the stream using the aquarium net, and collected in containers containing small 
amounts of stream water for holding during the duration of the experiment. Once the 
stream was completely clear, 50 juvenile ripple bugs (collected earlier from a 
downstream segment of the stream) were gently placed into the SM microhabitat. This 
was done in order to test if juveniles would use the optimal habitat if there was no 
competition from adults. ‘Juveniles’ were mainly first and second instar, as there were 
many more of these age classes in the stream than the larger third and fourth instar age 
classes. After 10 minutes had passed, the number of juveniles was visually counted in the 
three microhabitats (FM, SM, FrM) of the mouth, as well as the number of juveniles in 
the two microhabitats of the pool (SP, FrP). Then, 50 adult ripple bugs (collected earlier) 
were released in the slow flowing section of the pool. This was done in order to test if 
adults would migrate to optimal foraging habitats, and if they would displace any 
juveniles remaining there. ‘Adults’ were comprised of adults and fifth instars. After 
another 10 minutes, juveniles and adults were visually counted in each of the five 
microhabitats. Finally, another sample of ripple bugs were taken from the SM and SP 
microhabitats using the aquarium net and housed in containers for later sorting and 
counting in the laboratory (Fig. 2). All ripple bugs were returned to a downstream 
segment of the stream the following day. This procedure was repeated five times, each on 
a separate day. Replicates were included in all relevant statistical models as a random 
effect to account for variation between replicated experiments conducted in the same 
stream segment.  
 

 
Figure 2. Timeline of methodology for determining patterns of niche partitioning or interference 
competition between ripple bugs juveniles and adults. An initial sample of the natural distribution of the 
ripple bugs in the SP and SM microhabitats were taken. Then, the entire pool was cleared, and 50 juveniles 
were replaced in the SM. After 10 minutes, the new distribution of the juveniles was visually measured, 
and 50 adults were placed in the SP. After ten minutes, the distribution of the adults and juveniles were 
visually measured. Another sample of the SP and SM microhabitats was taken to more accurately confirm 
the new distribution of juveniles and adults in these important regions.  
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RESULTS  
Natural distribution by water velocity  
Although there was a trend toward adults being in faster waters, adults had a fairly even 
distribution throughout the stream according to water velocity (Linear regression: 
individuals = -1.031(speed) + 19.453, R2 = 0.008, F = 1.318, df = 1 and 40, P=0.258, 
n=42; Fig. 3a). However, the juveniles were found significantly more frequently in 
slower waters than faster waters (Linear regression:  individuals = 0.465(speed) + 1.410, 
R2 = 0.126, F = 6.928, df = 1 and 40, P = 0.012, n = 42; Fig. 3b). Additionally, areas of 
slower waters had a significantly higher ratio of juveniles to adults (Linear regression: 
juveniles/adults = 0.036(speed) + 0.178, R2 = 0.029, F = 0.035, df = 1 and 40, P = 0.029, 
n = 42; Fig. 3c). However, water velocity explains very little of the variation in ripple 
bug abundance, in adults (R2 = 0.008) or juveniles (R2 = 0.029).  
 

 
Figure 3. Distribution of adults and juvenile Rhagovelia sp. based on water velocity of collection site in 
stream. Using an aquarium net, ripple bug samples were taken from transects of the stream of varying water 
velocities. a) Adults tended to be in faster waters, but this was not statistically significant (Linear 
regression: P = 0.258). b) Juveniles were found significantly more frequently in slower water than faster 
water (Linear regression: P = 0.012). c) Transects with slower waters had a significantly higher ratio of 
juveniles to adults than areas of faster waters (Linear regression: P = 0.029).  

 125 



	

	

Natural distribution by substrate type  
When the stream was divided qualitatively into substrate types based on water velocity 
(turbulent, rapid smooth, slow smooth, and leaf litter), the distribution of adults and 
juveniles was significantly different (Fisher exact test: P = <0.001; Fig. 4). One hundred 
percent of individuals in turbulent and rapid smooth substrates were adults, while 100 
percent of individuals in leaf litter substrates were juveniles. The only sampled substrate 
with both adults and juveniles was the slow smooth substrate, which contained 90 percent 
adults and 10 percent juveniles (Fig. 4).   
 

 
Figure 4. Adult and juvenile Rhagovelia sp. had significantly different patterns of distribution in 
qualitatively determined stream substrates (Fisher exact test: P = <0.001). Only adults were found in 
turbulent and rapid smooth substrates, while only juveniles were found in leaf litter. Slow smooth was the 
only substrate shared by adults and juveniles, although more adults were present than juveniles.  
 
Mechanism of distribution  
Juveniles and adults were distributed differently between the SP and SM microhabitats 
(General Linear Mixed Model (ANOVA) with Poisson distribution and replicate included 
as random effect, hereafter GLMM: z = 3.623, P = <0.05, n = 40; Fig. 5a). In the SP, 
there were no significant differences between the average number of juveniles and adults 
(Post-hoc: P = >0.05), except that there were more juveniles before the experiment (Post-
hoc: P = <0.05). When the data for before and after the experiment were combined, the 
SM contained significantly more adults than juveniles, both before and after the 
experiment (Post-hoc: P = <0.05). The SP had significantly more juveniles than the SM 
(Post-hoc: P = <0.05; Fig. 5b). The SM had significantly more adults than the SP (Post-
hoc: P = <0.05; Fig. 5c).  
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Figure 5. The distribution patterns of adult and juvenile Rhagovelia sp.  in the SP and the SM, before and 
after the experiment. Post-hoc analysis combined data from before and after the experiment. a) Juveniles 
and adults had different distributions between the SP and SM microhabitats (GLMM: P = <0.05), although 
there were no significant differences between juveniles and adults in the SP except for the fact that there 
were more juveniles in the SP before the experiment than adults. However, there were more adults than 
juveniles in the SM. b) The SP had more juveniles than the SM. c) The SM had more adults than the SP. 
Bars represent means ± 1 SE. Conditions with different letters are significantly different (P = <0.05), 
according to post-hoc comparisons.   
 

The number of juveniles was estimated for five different microhabitats in the 
experimental segment of the stream, once 10 minutes after juveniles were replaced in the 
stream, and once 10 minutes after adults were replaced. There was a statistically 
significant difference between the number of juveniles 10 minutes after juvenile 
replacement and 10 minutes after adult replacement (GLMM: F = 8.599, df = 4 and 36, P 
= 0.0001, n = 50). However, this is mainly due to the fact that the FrM microhabitat had 
significantly fewer juveniles 10 minutes after adult replacement than 10 minutes after 
juvenile replacement (Post-hoc: P = <0.05; Fig. 6a) whereas the rest of the microhabitats 
were non-significantly different between the two time treatments (Post-hoc: P = >0.05). 
Juveniles were concentrated in the FrM and then the FrP, both 10 minutes after juvenile 
replacement in the empty pool, and 10 minutes after adult replacement. The SP, FM, and 
SM locations were not significantly different from one another, having essentially no 
juveniles (Post-hoc: P = >0.05). After-experiment adults were not evenly distributed 
between microhabitats (GLMM with Poisson distribution: z = -2.061, P = 0.039, n = 25; 
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Fig. 6b). Adults were found most frequently in the SM microhabitat (Post-hoc: P = 
<0.05). They were found slightly more frequently in the SP microhabitat than in the FM, 
FrM, and FrP, but in approximately even amounts in the FM, FrM, and FrP (Post-hoc: P 
= >0.05).  
 

 
Figure 6. Patterns of distribution of adult and juvenile Rhagovelia sp. across five microhabitats in a stream 
segment. a) Juveniles were found most commonly in the FrM and the FrP microhabitats. b) After the 
experiment, adults were found most commonly in the SM microhabitat. Bars represent means ± 1 SE. 
Conditions with different letters are significantly different (P = <0.05), according to post-hoc comparisons.   
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Additional observations  
Prior to conducting the experiment, a practice trial was run in order to refine and practice 
methodology, but no quantitative data was taken. Ripple bugs used for the practice trial 
had been kept in captivity for a maximum of 5 days, in terrariums of both adults and 
juveniles, and were fed dead insects found in the lab. Juveniles were released in the SM 
of the stream segment, and many remained there for the next ten minutes. The remaining 
juveniles in the SM evacuated when the adults were replaced in the SP, and subsequently 
traveled to the SM.  

In official experimental trials, ripple bugs were captured that morning from the 
stream, and were held in containers for no more than 15 minutes. Juveniles vacated the 
SM almost immediately after they were placed in the stream. Adults placed in the SP 
almost ubiquitously and immediately migrated to the SM. Not all 50 juveniles or 50 
adults could be accounted for by the end of the experiment.  
 
DISCUSSION 
Natural distribution by water velocity  
Quantitatively determined water velocity was an indicator of juvenile distribution. Water 
velocity only predicted adult distribution when the juvenile to adult ratio was considered. 
However, in both cases, water velocity was not a strong indicator of distribution. This is 
in contrast with Wilson et al.’s (1987) study, which found clear separation of adults and 
juveniles between qualitatively determined slow and fast waters.  The findings from this 
study indicate that the speed of the water alone does not fully explain differences in 
habitats occupied by adults and juveniles.  
   
Natural distribution by substrate type  
Studies with aquatic insects from the family Gerridae have found that aquatic substrate 
type is an important factor in habitat division between species (BAILEY 1987). In 
particular, movement in open substrates is facilitated by long legs in certain species, 
while shorter-legged species have an advantage in areas of dense vegetation, because 
those with longer legs get tangled in the foliage (BAILEY 1987, SPENCE 1981).  Therefore, 
it is possible that this same principle may apply at an intra-species level. Ripple bug 
adults may have the competitive advantage in open substrates, but shorter-legged 
juveniles can better exploit resources in leaf litter substrates. Another study speculates 
that juveniles may choose habitats with denser foliage in order to avoid competition with 
adults, but also to avoid predators or to protect themselves from water surface 
disturbances (NUMMELIN ET AL. 1984).  
 Therefore, microhabitats were categorized qualitatively into similar classifications 
as presented in Wilson et al.’s (1987) study for the reasons presented above. With this 
qualitative classification method, there was a clear division between adult and juvenile 
territories, expanding on and corroborating Wilson et al. (1987). The turbulent and rapid 
smooth substrates were exclusively occupied by adults, indicating that they are either 
more physically able to occupy these areas than juveniles, or that they outcompete 
juveniles in these substrate types. However, the rapid smooth substrate was clearly 
preferable to the turbulent waters, indicating that water velocity is not a complete 
indicator of adult habitat preference. Turbulent waters may be too physically taxing on 
adults, or the velocity may be too fast for optimal foraging. Food may be funneled into 

 129 



	

	

certain areas of the stream by fast flowing waters (SPENCE AND ANDERSON 1994), 
however in particularly fast waters, they may pass by too fast for capture. Furthermore, 
adults were able to exploit a wider range of substrates than juveniles. This is possibly a 
product of their larger size. In Gerridae, adults were shown to have a wider home range 
than juveniles because of their larger body size ratios (WHEELWRIGHT AND WILKINSON 
1985). Conversely, only juveniles were found in the leaf litter substrate, again indicating 
that they are either more physically capable at occupying this substrate, or that they 
derive some benefit from inhabiting leaf litter. Predator avoidance has been suggested for 
this behavior in Gerridae (BAILEY 1987), but ripple bugs have few known predators 
(ANDERSON AND POLHEMUS 1976), and further study is necessary to establish this 
connection.  

The only substrate where both adults and juveniles were found was the slow 
smooth substrate type. This, along with distribution evidence from quantitative water 
velocity measurements, indicates that adults and juveniles are capable of coexisting in the 
same areas of the stream. Therefore, intraspecific interference competition (or niche 
partitioning) may be less strong than reported by Wilson et al. (1987), or there may be 
other factors contributing to nuances in distribution.   
 
Mechanism of distribution  
In the experimental section of the stream, the SM contained higher numbers of adults 
than the SP, and the SP contained higher numbers of juveniles than the SM. This was true 
both before any experimental manipulation took place, and after the experiment was 
concluded. This verified that the experimental method did not alter the behavior of the 
ripple bugs, and the interactions between the adults and juveniles were consistent with 
their natural behaviors.  

During the experiment, when the adults were placed in the sub-optimal SP, they 
immediately moved to the optimal feeding ground, the SM (WILSON ET AL. 1987), 
explaining their high proportions in this microhabitat after the experiment. Because of 
this behavior, it is likely that the SM did indeed represent optimal foraging grounds in 
this segment of the stream. In all experimental trials, when juveniles were placed in the 
SM optimal microhabitat, they immediately moved towards the FrM even without the 
presence of adults. This indicates that interference competition is likely not the 
mechanism for differential microhabitat distributions between adults and juveniles. 
However, because juveniles were able to occupy the SM during the practice trial, 
physical inability of juveniles to occupy this area can also be excluded as the reason for 
differential resource use.  

Although there was a statistically significant difference between juvenile 
distribution before and after the experiment, this was mostly due to the difference in 
abundance in the FrM. The reduction in abundance of juveniles in this location was most 
likely due to dispersal to other parts of the pool over the 20 minutes the juveniles were in 
the stream segment. It is possible that adults competitively displaced some juveniles from 
the FrM, as there were a few adults found in the FrM, thus lowering the abundance of 
juveniles in this region at the end of the experiment. It is also more likely that adults 
displaced more juveniles from the FrM than from the FrP, because the FrM was directly 
adjacent to the SM, the microhabitat most preferred by the adults. The distribution 
patterns of the juveniles and adults were complementary, further confirming the assertion 
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that ripple bugs divide habitats by age. However, because the juveniles voluntarily moved 
to less desirable habitats even without the presence of adult competition, interference 
competition must be excluded as the mechanism of differential age distribution in the 
stream. This is contrary to the findings of Wilson et al. (1987), who found that juveniles 
occupied the optimal habitats they were placed in until adults displaced them. 

 
Conclusion  
Differential resource use can occur when populations compete for the same resources, 
and enables them to coexist. In ripple bugs, juveniles and adults use different 
microhabitats, based on both water velocity and substrate type. Juveniles and adults may 
use different microhabitats in order to best avoid direct competition from each other. 
However, this study suggests that differential microhabitat use is due to niche 
partitioning, not interference competition between adults and juveniles, as was previously 
concluded by Wilson et al. (1987). This suggests that juveniles may use different 
microhabitats than adults because certain habitats confer a higher survival advantage 
(predator avoidance) or are better suited to prey capture for their physiological 
characteristics (small body size and short legs). However, it must be noted that 
physiological characteristics do not preclude juveniles from occupying optimal habitats. 
Prior to official experimentation, juveniles were observed to remain in the optimal SM 
habitat prior to adult replacement, and for some reason did not continue to exhibit this 
behavior during official experimentation. It is possible that being held in captivity 
conferred some behavioral change in the first cohort of ripple bugs used for the practice 
trial that freshly caught ripple bugs do not demonstrate. Further studies could investigate 
the effects of captivity on age specific interactions, as it seems possible that conditioning 
to adults immediately prior to experimentation may have affected juvenile behavior. It is 
also possible that juveniles held in captivity may have received less sustenance than they 
would in the stream, as they were unable to niche partition and may have faced increased 
competition over food with adults in the terrarium. This could cause behavioral changes 
controlled by satiation levels.  
 Nevertheless, one of the most plausible reasons for the difference in results 
between this study and Wilson et al. (1987) is the age of the juveniles used for 
experimentation. Wilson et al. (1987) used primarily third and fourth instar juveniles, few 
of which were available for capture in this study, possibly because it was conducted two 
months earlier than Wilson’s study. Third and fourth instar juveniles are larger and 
therefore may have a greater ability to compete with fifth instars and adults. Wilson et al. 
(1987) also casually observed that first and second instars had different behavior, and 
remained in the margins of the river, much as the juveniles used in this study were seen to 
aggregate in the FrM and FrP. This indicates that third and fourth instars may have 
considerably different interactions with adults than first and second instars do. It is 
possible that third and fourth star instars have interference competition interactions with 
adults, while first and second instars exhibit niche partitioning and avoid competition 
with adults completely. Therefore, intraspecific competition in ripple bugs may be more 
nuanced and complex than previously thought and niche partitioning may play a key role 
in reducing direct competition.  
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ABSTRACT 
  
Interspecific competition is important for determining species ranges along elevational 
gradients, especially for species that are closely related or occupy similar niches. 
Interspecific competition creates dominance hierarchies, which form when individuals 
interact, most often aggressively, to create a ranking system. Hummingbirds have both 
limited elevational gradients and form dominance hierarchies, though how these 
hierarchies change over an elevational gradient is largely unexplored in the literature. In 
this study, I observed the competitive interactions between seven different species of 
hummingbirds of both sexes and ranked their dominance hierarchies via David’s scores 
along an elevational gradient in the Cordillera de Tilarán (Monteverde, Costa Rica). My 
elevational gradient comprised of three different elevations in two different life zones: 
1500 m in the lower montane wet forest and 1660 and 1790 m in the lower montane rain 
forest. Generally, hummingbirds were found to maintain the same dominance ranking 
throughout all three elevations. There was a strong link between hierarchal rank and the 
number of species interactions that each hummingbird type engaged in; however, species 
interactions did not necessarily positively correlate with an increase in their rank. In 
general, the larger male individuals were found to be more dominant, as in the case of 
Campylopterus hemileucurus, which was generally the most dominant hummingbird, 
though only when it was also abundant. My results suggest that abundance and 
competition play important roles in hummingbird dominance hierarchies along an 
elevational gradient, perhaps more than physiological constraints due to recent climate 
change.  
 
RESUMEN 
 
La competencia inraespecífica es importante para determinar los rangos de especies a lo 
largo de un gradiente altitudinal, especialmente para especies que están altamente 
relacionadas o que ocupan nichos similares.  La competencia intraespecífica crea 
jerarquías de dominancia, las cuales se forman cuando los individuos interactuan, más a 
menudo agresivamente, para crear un sistema de rangos.  Los colibríes tienen tanto un 
gradiente altitudinal limitado y forman jerarquías de dominancia, aunque como cambian 
estas jerarquías a lo largo del gradiente altitudinal es poco explorado en la literatura.  En 
este estudio, observé las interacciones competitivas entre siete especies diferentes de 
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colibrí de ambos sexos y clasifiqué las jerarquías de dominancia a través del marcador de 
David a lo largo de un gradiente altitudinal en la Cordillera de Tilarán (Monteverde, 
Costa Rica).  Mi gradiente altitudinal comprende tres elevaciones diferentes en dos zonas 
de vida diferentes: 1500 m en el bosque humedo montano bajo, y 1660 y 1790 en el 
bosque lluvioso montano bajo.  Generalmente, los colibríes matuvieron la misma 
jerarquía de dominancia a lo largo de las tres elevaciones.  Hay una correlación fuerte 
entre el rango de jerarquía y el número de interacciones entre las especies que tiene cada 
tipo de colibrí; sin embargo, las interacciones entre las especies no se correlacionan 
necesariamente de una manera positiva con un aumento en el rango.  En general, los 
individuos machos más grandes se encontraron fueron los más dominantes, como en el 
caso de Campylopterus hemileucurus, el cual fue generalmente el colibrí más dominante.  
Mis resultados sugieren que la abundancia y competencia juegan un papel importante en 
las jerarquías de dominancia de los colibríes a lo largo de gradientes altitudinales, quizás 
más que restricciones fisiológicas debido al reciente cambio climático. 

 
INTRODUCTION 
 
Environmental gradients play an important role in determining the factors that limit 
species distributions (Doebeli & Dieckmann 2003). In particular, elevational gradients 
are useful for understanding species range limitations, since abiotic conditions and 
habitats greatly change even on small elevational spacial scales (Jankowski et al. 2010, 
Jankowski et al. 2013). These changes are especially easy to quantify in tropical montane 
regions because these regions have both narrow elevational distributions and high beta 
diversity (Jankowski et al. 2013). These factors combine to create a landscape of high 
species diversity, with most species having narrow elevational ranges (Jankowski et al. 
2010).  
 Elevational ranges of species are determined by a mix of abiotic and biotic 
factors. Of the factors, interspecific competition and environmental temperature are most 
impactful for determination of ranges (Jankowski et al. 2010, Jankowski et al. 2013). 
With increasing altitude, average environmental temperatures decline. For many 
endotherms, especially avian species, maintaining a body temperature greater than the 
environmental temperature is crucial for survival (Jankowski et al. 2013). Thus thermal 
tolerances play a large role in determination of elevational distributions. Biological 
functions, such as energy requirements and performance, are all temperature dependent 
and rely on specific environmental temperatures (Jankowski et al. 2013). Avian species 
have absolute thermal requirements. When these thermal requirements are altered, 
species survival may be placed in jeopardy (Jankowski et al. 2012, Tingley et al. 2012). 
Species should have even narrower elevational distributions than the range predicted by 
their physiological tolerances due to competitive species interactions (Jankowski et al. 
2013).  Interspecific competition has been found to greatly constrain the ranges of 
species, especially species that are closely related or occupy similar niches (Jankowski et 
al. 2012). Competition creates elevational gradients of non-overlapping ranges of 
competing species, further limiting the distribution of individual species beyond their 
thermal physiological constraints (Jankowski et al. 2010; Jankowski et al. 2012). 
Tropical birds may experience the highest amount of competition, due to their low 
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dispersal rates, narrow niches and intense interspecific territoriality and aggression 
(Jankowski et al. 2012).  
 The interspecific competition that often creates such limited elevational gradients 
also can create dominance hierarchies. Dominance hierarchies form when individuals 
interact, most often aggressively, to create a ranking system (Nakano 1995). Dominance 
hierarchies are found in many taxa, including many species of birds. These hierarchies 
have been linked to both size (Laubach et al. 2013) and sex (Barkan et al. 1986). 
Hummingbirds are behaviorally dominant species that either monopolize regions that 
contain clumped flowers, or exhibit exploitative competition in areas of dispersed flowers 
(Jankowski et al. 2012). Competition between hummingbirds in the tropics is almost 
exclusively based off of food access, due to their high-energy expenditures (Wolf et al. 
1976). Hummingbird competitive ability has also been found to shift over elevational 
gradients. Altshuler et al. (2006) found that Broad-tailed Hummingbirds (Selasphorus 
platycercus) were less dominant than Rufous Hummingbirds (Selasphorus rufus) at lower 
elevations but better competitors at high elevations. In the Andes, hummingbird 
competitive ability has also been found to trade off with tolerance to high elevational 
environments (Graham et al. 2009).  
 While some previous studies suggest that hummingbirds have narrow elevational 
gradients (Wolf et al. 1976), form dominance hierarchies (Rahbek & Graves 2000) and 
have their competitive abilities altered over an elevational gradient (Altshuler et al. 2006, 
Feldman & McGill 2013, Graham et al. 2009), little research has been conducted to see if 
dominance hierarchies change over an elevational gradient in the tropics. Hummingbird 
species that are more dominant at lower elevations may not be competitively dominant at 
higher elevations. In order to determine how dominance hierarchies shift over an 
elevational gradient, I observed the competitive interactions of seven different species of 
hummingbirds along elevational gradients of Cordillera de Tilarán. 
 
MATERIALS AND METHODS 
 
GENERAL APPROACH 
 
Hummingbird feeders were set up along an elevational gradient in the Cordillera de 
Tilarán on the trails above the Monteverde Biological Station (Monteverde, Costa Rica). 
My elevational gradient was comprised of the following elevations: 1500, 1660 and 1790 
m. The 1500 m elevation was in the lower-montane wet forest and the 1660 and 1790 m 
elevations were in the lower-montane rain forest (Haber 2000). Twenty-four feeders 
filled with 20% sugar-water were set up in total, eight at each elevation, with four feeders 
placed on either side of the trail. The clumps of four feeders were set up 20 cm apart, at 
least 5 m away from the trail and 1-2m above the ground. Feeders were re-filled twice a 
week, or as needed to minimize sugar fermentation.  
 
DATA COLLECTION 
 
Feeders were set up two days prior to data collection to allow time for hummingbirds to 
locate them.  Data collection took place between April 12 and May 4, 2016. Each 
elevation was observed for one hour per day, but the order in which the elevations were 
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observed was changed each day on a three day rotating cycle. On day one of the cycle, I 
began with 1500 m, then 1660 m, then 1790 m. On day two, I began with 1660 m, then 
1790 m then 1500 m. On day three, I began with 1790 m, then 1500 m, then 1660 m. This 
was done to control for the possibility that interactions and visitation frequencies were 
related to specific times. All observations were conducted between 0700 and 1100.  
Species and sex of interacting hummingbirds were documented. Sex was noted to 
determine its relationship with dominance. Aggressive interaction data were collected 
using the methodology of O’Brien (2015). Specifically, an individual was given a loss if 
they were prevented from drinking at the feeder upon arrival, either due to chasing, 
lunging direct contact, vocalizations, or visual displays from the hummingbird currently 
at the feeder. An individual was given a “win” if they were able to drink for more than 
three seconds at the feeder or were able to drive away the other participant from the 
feeder without their return for at least three seconds (O’ Brien 2015). General visitation 
to feeders was recorded as a measurement for abundance.  Body mass values for males 
and females of each hummingbird species were taken from Stiles and Skutch (1989).  
 
 
RESULTS 
 
In total, 136 aggressive interactions were observed: 40 at 1500 m, 44 at 1660 m and 52 at 
1790 m. Individuals of the following species were observed at least at one elevation: 
Violet Sabrewing (Campylopterus hemileucurus); Purple-throated Mountain Gem 
(Lampornis calolaemus); Green-crowned Brilliant (Heliodoxa jacula); Stripe-tailed 
Hummingbird (Eupherusa eximia); Green Hermit (Phaethornis guy); Coppery-Headed 
Emerald (Elvira cupreiceps); and Green Violet-ear (Colibri thalassinus).  
 Following O’Brien (2015), the Excel software package DomiCalc was used to 
make a matrix of aggressive interactions (Schmid & de Vries 2012) for each elevation. I 
calculated David’s scores (Gammell et al 2003) for each humming species at each 
elevation to estimate its nectar access hierarchy, or dominance hierarchy, within that 
elevation using the R package “steepness” (Leiva 2014). These David’s scores 
demonstrate the proportion in which each hummingbird type won, lost or shared use of 
the feeders in relation to other individuals (Table 1).  
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 At both 1500 m and 1790 m, C. hemileucurus males were the highest scoring 
hummingbirds but were one of the lowest scoring hummingbirds at 1660 m. H. jacula 
males ranked the highest at 1660 m and were second in the hierarchy at the other 
elevations. The lowest scoring hummingbirds differed for each elevation. The lowest 
scoring at 1550 m was P. guy males, at 1660 m was E. cupreiceps males and at 1790 m 
was E. eximia females.  
 Body mass values for males and females of each hummingbird species were 
found to significantly correlate to the David’s scores of hummingbirds observed at 1500 
m (S = 28.2321, p = 0.0164; Fig. 1) and for David’s scores of hummingbirds observed at 
1790 m (S = 15.638, p = 0.06763; Fig. 2). There was no significant correlation between 
masses and David’s scores for hummingbirds at 1660 m (S =!106.4654,!p!=!0.3145).  !
 

Species Sex 1500 m 1660 m 1790 m 
Campylopterus hemileucurus male 6.453 -2.183 8.375 
Campylopterus hemileucurus female 0.803 ----- ----- 
Phaethornis guy male -4.037 0.667 ---- 
Eupherusa eximia male -2.004 -1.350 -2.025 
Eupherusa eximia female ----- -1.667 -5.583 
Heliodoxa jacula male 4.992 6.933 4.278 
Heliodoxa jacula female -0.467 2.458 1.000 
Lampornis calolaemus male ----- -0.542 ----- 
Lampornis calolaemus female -3.793 -1.900 -4.833 
Colibri thalassinus male -0.612 ------ ----- 
Elvira cupreiceps male -1.337 -2.250 ----- 
Elvira cupreiceps female ----- -0.167 

 
-1.211 

TABLE 1. David’s scores for all hummingbirds by species and sex for all three 
elevations (1500 m in lower-montane wet forest; 1660 and 1790 m in lower-
montane rain forest). Large positive numbers indicate that the hummingbird type 
had a high proportion of wins and large negative numbers indicate a high 
proportion of losses. The closer the numbers are to zero, the more often the 
hummingbird type had equal numbers of wins and losses or a greater proportion of 
draws. Dashes indicate that the hummingbird type was not observed to have any 
aggressive interactions. C. hemileucurus males were the most dominant 
hummingbird type at 1500 m and 1790 m, though had a negative David’s score at 
1660 m. H. jacula males were the most dominant at 1660m.  
!
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FIGURE!1.!Spearman’s!rank!correlation!of!David’s!scores!with!body!

mass!for!each!sex!for!all!hummingbird!species!observed!at!feeders!

placed!at!1500!m!in!lower!montane!wet!forest!(Monteverde,!Costa!

Rica).!David’s!scores!were!calculated!from!observed!wins,!losses!and!

draws!(n=40)!in!hummingbird!interactions.!Scores!that!are!both!

positive!and!high!indicate!a!high!number!of!wins.!Body!mass!

significantly!correlated!with!David’s!score.!The!line!of!best!fit!is!

included!for!visual!purposes!only.!!
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 There was no correlation between David’s score and species abundance for both 
male and female hummingbirds at any of the three elevations (1500 m: p = 0.463; 1660 
m: p = 0.3544; 1790 m: p = 0.1389). This was an issue of sample size though, and when 
data from all three elevations were combined, there was a significantly strong 
relationship between David’s score and species abundance (F = 15.06, df = 1, 24, p = 
0.00007114). The abundances of each hummingbird type are listed below (Table 2).  
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FIGURE 2. Spearman’s rank correlation of David’s scores with body mass for 
each sex for all hummingbird species observed at feeders placed at 1790 m in 
lower montane rain forest (Monteverde, Costa Rica). David’s scores were 
calculated from observed wins, losses and draws (n=52) in hummingbird 
interactions. Scores that are both positive and high indicate a high number of 
wins. Body mass significantly correlated with David’s score. The line of best fit 
is included for visual purposes only.  
!
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 The number of interactions a hummingbird type had was significantly correlated 
to its David’s score (ANOVA, F = 7.08, df = 4, p = 0.027246; Fig. 3). Dominance 
hierarchy increase with the number of interactions a species had, but only in some 
species. In other species dominance hierarchy actually decreases. The number of 
interactions a species had can be used as a proxy for its abundance at the particular 
elevation.  
 
   
 
 
 

Species Sex 1500 1660 1790 
Campylopterus hemileucurus male 53 7 52 
Campylopterus hemileucurus female 4 0 6 
Phaethornis guy male 0 2 0 
Phaethornis guy female 1 0 0 
Eupherusa eximia male 4 9 6 
Eupherusa eximia female 0 8 32 
Heliodoxa jacula male 30 67 49 
Heliodoxa jacula female 11 25 34 
Lampornis calolaemus male 0 9 0 
Lampornis calolaemus female 45 21 20 
Colibri thalassinus male 1 0 0 
Elvira cupreiceps male 7 6 0 
Elvira cupreiceps female 0 3 2 

TABLE 2. To measure for abundance, general visitation to feeders was 
recorded. Each individual that visited the feeders was recorded by both sex and 
species. The three most abundant hummingbird types were H. jacula males, C. 
hemileicurus males and L. calolaemus females. C. hemileucurus varied greatly 
in abundance between the 1500 and 1790 m sites and the 1660 m site. When 
the three elevations were combined, abundance was significantly correlated to 
hummingbirds’ respective David’s scores.  
!
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 David’s score has to be corrected with the number of interactions, or abundance, 
because the number of interactions differed greatly between elevations. To correct for the 
number of species interactions at each elevation, a regression between the David’s scores 
and number of interactions was fit, which were significantly correlated (p = 0.0416). The 
residuals from the regression were extracted and explain the proportion of variation in the 
David’s score that was not explained by the number a species. A relationship between the 
corrected scores (the residuals) and elevation was also tested using Analysis of 
Covariance. The lack of significant indicates that, in general, there is no increase or 
decrease in hierarchy with elevation (F = 0.0366, df = 1, p = 0.85755; Fig. 4). Each 
hummingbird did have a fairly distinct hierarchal role for each elevation, though not 
significantly (F = 6.2533, df = 4, p = 0.05178). This is most likely due to low sample 
size; since only hummingbird types at all three elevations were used in analysis.  
 

FIGURE 3. The interaction of David’s score and the amount of species 
interactions for five different hummingbird types found at all three elevations 
(1500, 1660 and 1790 m) in Monteverde, Costa Rica. Although the amount of 
species interactions a specific hummingbird type significantly correlated to the 
hierarchal ranking of that hummingbird type, this correlation was not always 
positive. As species interactions for L. calolaemus females and H. jacula females 
increased, their hierarchal ranking decreased. H. jacula, E. eximia and C. 
hemileucurus males’ ranking all increased with increasing species interactions. 
Only hummingbird types at all three elevations were used in analysis.  
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DISCUSSION 
 
C. hemileucurus were generally the most dominant, and were the largest,  hummingbird 
species across the elevational gradient, winning the majority of interactions at 1500 m 
and 1790 m. While they are not normally territorial at flowers, C. hemileucurus have 
been found to easily dominate all other Costa Rican hummingbirds at feeders (Fogden & 
Fogden 2005). The second most dominant species, and the most dominant at 1660 m, was 
the Green Crowned Brilliant male, the second largest hummingbird observed. L. 
calolaemus females were on the other end of the spectrum, losing or drawing almost 
every interaction they had with other hummingbirds. They had the third to lowest body 
mass of all species observed.  

FIGURE 4.  David’s score corrected for the number of species interactions for 
each hummingbird type found at all three elevations: 1550, 1660 and 1790 m.  The 
1550 m site was located in the lower montane wet forest and the 1660 and 1790 m 
sites were in the lower montane rain forest (Monteverde, Costa Rica). Almost all 
hummingbird types had a distinct hierarchal role for all elevations, with C. 
hemileucurus males being the most dominant and L. calolaemus females being the 
least dominant. Only H. jacula males differed in their hierarchal role over the 
elevational gradient. The change in David’s scores between elevations was not 
significant. Only hummingbird types at all three elevations were used in analysis.  

 142 



 Overall, males were more dominant than their female counterparts. The more 
interactions that males had, the higher their hierarchal ranking. This trend was not true for 
females, whose hierarchal rankings were lower the more interactions they had. Males are 
generally known to have much stronger territorial behavior than females (Altshuler et al. 
2004). This territoriality translates into males being more likely to defend rich nectar 
sources, such as feeders, against all hummingbirds (Altshuler et al. 2004). Females are 
much more likely to move between many sites of poorer resources or to poach nectar 
from males’ territories, except during the breeding season when males often let them into 
their territory to increase mating opportunity (Altshuler et al. 2004, Stiles 1973).  Body 
mass also was significantly correlated to hummingbird’s dominance ranking. Wing disc 
loading (WDL) measurements, the ratio of body weight to area swept out by the wings 
(Altshuler et al. 2004), can be used to predict aggressive hummingbird behavior in the 
presence of food availability (Feinsinger & Chaplin 1975).  Individuals with high WDL 
are more likely to be territorial and less likely to spend time traveling between different 
flowers (Altshuler et al. 2004). Body mass, in grams, can be used as a proxy for WDL 
(O’Brien 2015). O’Brien (2015) also found that dominance correlated significantly with 
body mass, with the most massive hummingbird type, C. hemileucurus males, being the 
most dominant of all hummingbird types.  
 Abundance actually played a larger role in the dominance hierarchy than body 
mass. When the C. hemileucurus males were highly abundant at the 1500 and 1790 m, 
they were the most dominant hummingbirds. At the 1660 m site, the C. hemileucurus 
males were only sighted seven times within the entire study period. This could be one of 
the main factors that C. hemileucurus males ranked so low in the dominance hierarchy at 
1660 m. Although C. hemileucurus males were the largest hummingbird type at this 
elevation, they had such low abundance compared to H. jacula males, causing them to 
rank much lower. Feldman & McGill (2013) found that hummingbirds’ distributions 
were limited along an elevational gradient due to the presence of other hummingbirds 
rather than the actual competitive interference. Altusher (2006) also found that most 
territories had one abundant hummingbird type that would occupy the entire territory 
either due to it being either highly dominant or the only hummingbird type present. Thus, 
abundance played a greater role than physiological adaptions.  
 In general, each hummingbird types’ hierarchal ranking did not shift over the 
elevational gradient. Hummingbirds maintained their level of dominance as elevation 
increased. Each species observed in this study was equally common along the gradient as 
they were in 1993 (Fogden 1993), which could mean that hummingbirds are able to 
maintain their competitive ability within their entire elevational range.  
 One species that was once a common resident above 1600 m in Monteverde, but 
was never sighted was the Fiery-Throated hummingbird (Panterpe insignis). P. insignis 
is highly aggressive and territorial and although it was common, it has become scarce 
(Feinsinger 1977, Wallace 2013) and has shifted its distribution upwards, due to rising 
global temperatures (Fogden & Fogden 2005).  According to my results, its low 
abundance would result in a downward shift in its dominance hierarchy. On the Cerro de 
la Muerte in the 1970’s, Wolf et al. (1976) found that P. insignis not only was the 
dominant species but also reduced the probability of other hummingbird species 
exploiting a large part of the gradient in which they were present.  With less P. insignis 
individuals present in Monteverde, other hummingbirds, such as C. hemileucurus and H. 
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jacula males, may be ranking higher in dominance hierarchies than they did before. 
Determining the dominance hierarchies of C. hemileucurus, H. jacula and P. insignis in 
higher mountains where the three species are still common would be necessary to 
evaluate the hypothesis that the dominance hierarchies of the former two species would 
be different along elevations in the presence of the later.  
 The phenomenon of species moving upwards has been noted in Monteverde, as 
many species of hummingbird are slowly moving upslope (Deliso 2007). Although none 
of the species observed were in life zones that were uncommon for them, the fact that P. 
insignis is no longer a part of the dominance hierarchy tells us that some form of upslope 
movement has been occurring. This movement is most likely caused by climate change, 
which is only predicted to increase and intensify over time.  
 The tropics have warmed 0.7-0.8°C over the last century and are predicted to 
warm another 1-2°C by 2050 (Corlett 2014). With increasing temperatures, elevational 
temperature constraints that originally caused physiological adaptations may be less 
impactful. As hummingbirds become less restricted by temperature, they may be able to 
maintain their hierarchal role throughout an elevational gradient. Competition may now a 
more important determining factor for hummingbird dominance hierarchies along an 
elevational gradient. My research also shows the limitations of dominance hierarchies, 
for they are significantly affected by size and abundance. Therefore dominance 
hierarchies need to be corrected for the number of species interactions.  There is also the 
possibility that dominance hierarchies in Monteverde along an elevational gradient could 
differ during the beginning of the rainy season, when temperatures are significantly lower 
than the dry season. This is the first time that dominance hierarchies have been measured 
along an elevational gradient in the tropics and thus this research provides a baseline for 
future comparisons, in either Monteverde or other mountain ranges.  
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Abstract  
 
Behavioral plasticity and individual consistency (personality) represent evolutionary trade-offs in 
maximizing fitness. Intraspecific trait variation has been shown to affect a wide range of ecological 
processes yet there are few studies examining inter-population differences in plasticity and personality 
related to habitat. Given that habitat affects life-history traits and life-history traits contribute to personality 
it is reasonably likely that personality and plasticity vary by habitat.  This study assesses whether there are 
inter-population differences in behavioral plasticity and personality in the Naked-footed mouse Peromyscus 
nudipes in disturbed and undisturbed habitats. Mice were caught in an undisturbed habitat and three 
behavioral tests were given to measure shyness-boldness and exploration-avoidance as well as plasticity. 
The results were compared to those of a previous study in a disturbed habitat. It was found that P. nudipes 
in the undisturbed habitat are significantly bolder and less exploratory and show evidence of greater 
behavioral plasticity. These inter-population differences in personality may be attributed to factors like 
dispersal, competition, or variation in predators and food sources. The higher plasticity seen in the 
undisturbed habitat could be due to greater variation in some habitat characteristic like available nutrients 
or may even be a form of personality-related plasticity.  
 
Resumen 
 
La plasticidad del comportamiento y la consistencia individual (personalidad) representan compensaciones 
evolucionarias para maximizar el éxito reproductivo.  La variación en los rasgos intraespecíficos han 
demostrado que afectan un rango amplio de procesos aunque aún hay pocos estudios que examinan las 
diferencias entre poblaciones en plasticidad y personalidad relacionado al hábitat.  Debido a que el hábitat 
afecta los rasgos de la historia natural y estos contribuyen a la personalidad es muy probable que la 
personalidad y la plasticidad varien con el hábitat. Este estudio mide si hay diferencias entre poblaciones en 
la personalidad y plasticidad del comportamiento in el ratón Peromyscus nudipes en áreas perturbadas y no 
perturbadas.  Los ratones fueron capturados en un área sin disturbios y se les aplicaron tres pruebas de 
comportamiento para medir timidez-audacia y exploración-evitación así como la plasticidad.  Los 
resultados son comparados con los tomados en un estudio previo en un hábitat perturbado.  Se encontró que 
P. nudipes en el hábitat no perturbado son significativamente más audaces y menos exploradores y 
muestran evidencia de una mayor plasticidad del comportamiento.  Estas diferencias entre poblaciones en 
la presonalidad pueden ser atribuidas a factores como dispersión, competición, o variación en los recursos 
alimenticios y depredadores.  La mayor plasticidad vista en las áreas sin disturbios se puede deber a una 
mayor variación en algunas características del hábitat como disponibilidad de nutrientes o puede también 
ser una forma de plasticidad relacionada a la personalidad.	
 
 
Introduction 
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Behavioral plasticity is the extent to which an individual can adjust their behavior 
optimally to match a specific situation (Bell 2007). While it seems logical that it would 
be advantageous to be able to adjust behavior to best fit different situations, individuals 
do often behave in consistent ways, and the ways they behave vary between-individuals. 
Personality is defined as individual behavioral differences that are consistent across 
contexts or time or both (Sih et al. 2004). Animal personality, or temperament has been 
demonstrated in numerous species across a range of taxa, both invertebrate and 
vertebrate. Previously, it was thought that differences in individual behavior were just 
variation around an adaptive mean (the “ideal” behavior) (Dall et al. 2004). However, 
this variation in behavior is often not distributed randomly, suggesting that between-
individual variation must be adaptive in some way (Briffa et al. 2008). Consistency can 
evolve independently in multiple behavioral traits (Réale et al. 2007) or simultaneously 
in multiple genetically linked behavioral traits, which is defined as a behavioral 
syndrome (Sih et al. 2004, Bell 2007, Réale et al. 2007). Individual consistency in linked 
traits as well as individual traits has a genetic component.  The heritability of personality 
has been demonstrated in the Great Tit (Parus major; Drent et al. 2003) as well as the 
dumpling squid (Euprymna tasmanica; Sinn 2006). Despite this evidence that behavioral 
consistency is maintained by selection, it is not well understood why individuals of the 
same species living in the same place consistently behave in different ways when one set 
of behaviors should be advantageous. Additionally, it is not well understood why 
individuals behave the same way over time when altering behavior (plasticity) would be 
advantageous (Stamps et al. 2007). One explanation for increased behavioral consistency 
and reduced plasticity is that the cost of the sensory and processing systems necessary for 
plasticity are high and behavioral consistency could limit plasticity when this cost is too 
high to be advantageous (Bell 2007). Another explanation proposed to explain inter-
individual variation in behavior and intra-individual stability in behavior is an early-life 
model that accounts for epigenetic responses to environmental conditions that individuals 
are exposed to at a young age. This early-life model implies that after a certain age an 
individual has been “locked” into a set of behaviors; however, behavior is potentially 
plastic throughout an individual’s life which makes it more difficult to understand why 
inter-individual variation and intra-individual stability should occur simultaneously 
(Stamps 2007).  

One mechanism to explain the maintenance of personality suggests that state 
variables like physiological, behavioral, and morphological characteristics contribute to 
mortality tradeoffs that result in comparable fitness for individuals with consistently 
different behaviors (Stamps 2007). For example, in larval amphibians highly active 
individuals forage faster, grow faster, and are at a higher risk of predation than less-active 
individuals (Werner & Anholt 1993, Sih et al. 2004). Some of these trade-offs are related 
to habitat characteristics. Habitat quality was found to significantly alter life history traits 
in the green toad (Bufo viridis). Specifically, low levels of human impact and smaller 
migratory ranges were linked to older age at maturity in males (Sinsch et al. 2007). This 
association between habitat and life history traits has been demonstrated in mammalian 
species as well. Gunnison’s Prairie Dogs (Cynomys gunnisoni) were found to be heavier, 
reach sexual maturity faster, and disperse at a younger age in more favorable habitats 
(Rayor 1985).   
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Furthermore, life history traits are highly correlated with personality. Stamps 
(2007) demonstrated that faster growing individuals tended to take more risks in foraging 
contexts than slower-growing individuals and that selection for high growth rates would 
increase the mean levels of this risk-taking behavior. In Muroid rodents, interspecific 
variation in exploratory behavior was identified as an important variable explaining 
physiological characteristics such as basal metabolic rate (BMR) (Careau et al. 2008). At 
the intraspecific level, it has been demonstrated that more exploratory Norway Rats 
(Rattus norvegicus) survived longer than less exploratory individuals (Cavigelli and 
McClintock 2003).  

Since habitat affects life history traits and life history traits contribute to 
individual personality, it seems reasonable that certain personality types should be 
relatively more common by habitat. For example, in the case of Bufo viridis, one might 
expect increased human disturbance to lead to faster growth and maturation and thus 
associated bolder personality types would be more prevalent in these habitats (Sinsch et 
al. 2007). In bullhead fish (Cottus perifretum) individual frequency in the use of complex 
habitats was significantly negatively correlated to the level of aggressiveness (Kobler et 
al. 2011). In the Bullfinch (Loxigilla barbadensis) it was experimentally demonstrated 
that urban individuals were significantly bolder than their rural counterparts (Audet et al. 
2016). Norris et al. (2010) found that in a small patches in a highly fragmented 
Amazonian forest armadillos (Dasypus novemcinctus) switched from nocturnal to 
cathemeral activity patterns, suggesting that behavioral plasticity is important in 
determining species persistence in disturbed habitats. Behavior-type may also be an 
important determinant of dispersal (e.g. bolder individuals may be more likely to 
disperse, Sih et al. 2012).  Because behavior is an important determinant in which 
individuals disperse and persist, it is important to determine whether populations of the 
same species living in different habitats exhibit differences in behavioral plasticity and/or 
personality. To the best of my knowledge, there are no previous studies that have 
specifically examined whether inter-population plasticity and personality differ by 
habitat.  

Due to high local abundance in different habitat types (Smith 2009, Romero 2012, 
Lyness 2015) and the existence of a previous personality study in Monteverde, Costa 
Rica (Delventhal 2015), I used the Naked-footed Mouse (Peromyscus nudipes) as my 
study species to examine habitat influenced inter-population plasticity and personality 
differences. P. nudipes (Rodentia: Cricetidae) is a medium-sized Neotropical cricetid 
which can be easily distinguished from other congenerics by the lack of hair on the tail 
(Trujano-Alvarez & Alvarez-Castaneda 2010).  P. nudipes (formerly P. mexicanus, Pérez 
Consuegra & Vásquez-Dominguez 2015) is a nocturnal forest dwelling-species 
(Robertson 1975). The species’ diet consists of tropical fruits, seeds, and coffee beans 
(Trujano-Alvarez & Alvarez-Castaneda 2010). The home range of P. nudipes may be 
more than 0.5 hectares and population density can be up to 30 individuals per hectare 
(Garcia-Franco and Rico-Gray 1996).  

Personality was demonstrated to exist in the P. nudipes in Monteverde, Costa 
Rica (Delventhal 2015) using the standardized personality traits of exploration-avoidance 
and shyness-boldness as defined by Réale et al. (2007). This study was conducted in 
April 2015 in a disturbed habitat (secondary-growth forest adjacent to farmland). Because 
data on personality and plasticity of this species was collected one year previous to this 
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study and in April (the same month data collection in this study took place), it is an ideal 
dataset to use for comparison with a P. nudipes population in an undisturbed habitat in 
Monteverde to determine whether significant differences in behavioral plasticity and/or 
personality exist in this species between habitats with different levels of disturbance.  
  
Materials and Methods 
 
Study Site  
 
The study took place in Monteverde, Costa Rica (10°19’31.5”N 84°48’58.5W). 
The study site consisted of trails behind the Monteverde biological station, a relatively 
undisturbed habitat approximately (1550-1650m elevation, Lower Montane Wet Forest 
Holdridge Life Zone). Trails used were a minimum of 200 meters from forest edge. Data 
was collected during April 2016. The study site was approximately 1.4 kilometers from 
the study site of Delventhal 2015 (1300-1400m elevation, Premontane Wet Forest 
Holdridge Life Zone) (Fig. 1). 
 

 
 
Figure 1. Left: Undisturbed habitat at the Monteverde Biological Station. Right: 
Disturbed habitat study site of Delventhal (2015).   
 
Trapping and Morphometric Measurements 
 
For trapping and behavioral testing, I followed the methodology used by Delventhal 
(2015) with minor differences.  All behaviors were defined following the standard 
classification of Réale et al. (2007).   
 
Mice were captured using Sherman traps (dimensions: 26x10x12cm). Bait consisted of a 
mixture of rolled oats, peanut butter, and vanilla. Eighty-five traps were placed 
continuously along the trail approximately 7 meters apart. All traps were checked in the 
morning and traps containing mice were replaced with new traps and bait. All captured 
mice were weighed and sexed at the time of capture to minimize handling directly before 
behavioral tests were done. Mice were ear tagged to identify recaptures since all 
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recaptured mice were tested for a second time. After morphometric measurements were 
complete, mice were placed back in the trap in which they were caught and transported to 
an enclosed area where they remained until dark when testing took place. All pregnant 
females were released and excluded from the experiment because their behavior might 
not be representative of their normal condition (Neumann et al. 1998, Seebacher et al. 
2013). 
 
Behavioral Tests 
 
Mice captured in the morning were given additional food in order to distinguish 
temperament traits from motivational states such as hunger (Koolhaas et al. 1999). P. 
nudipes is nocturnal, thus all testing occurred after dark.  
 
Exploration-Avoidance  
Exploration-Avoidance is trait measured in response to a novel environment, risky or 
non-risky (Réale et al. 2007).  I conducted two tests to measure exploration-avoidance, 
both of which occurred in a dark box. The box was constructed using 1m x 40 cm 
Styrofoam pieces covered with black plastic. The bottom of the box was divided into six 
equal-sized sections using white tape. A 10cm x 12cm square was cut into the wall of the 
right corner on the 40cm side to place a Sherman trap so that the mouse could enter the 
box directly for testing. All testing was done in a dark and quiet area with only a red 
headlamp for lighting to minimize disturbance and the mouse’s awareness of the 
researcher’s presence. Sherman traps were flipped upside down right before the test (so 
the mouse could exit the trap without tripping it) and placed into the cutout square for a 
five-minute adjustment period.  Upon opening the door to the trap, a stopwatch was 
started.  
 The first test, “startle time box” measured the amount of time it took the mouse to 
leave the trap and enter the testing box. Once the mouse entered the box, the stopwatch 
was stopped and the time recorded. If the mouse did not leave the trap within 15 minutes, 
the trap containing the mouse was removed from the cutout square and replaced with 
another open trap. The mouse was then deposited into the testing box near the cutout 
square and the second test was started. The time for the first test in these cases was 
recorded as the maximum (900 sec). The second test, “boxes crossed” measured how 
many taped sections of the box the mouse crossed within a five-minute period. 
Immediately after recording the time for the first test, the stopwatch was restarted and the 
five-minute period began. After the duration of the second test, the mouse was gently 
urged back into the Sherman trap and the number of boxes crossed was recorded. The 
number of times the mouse entered the Sherman trap was recorded within the total 
number of boxes crossed as well as in a separate count.  
 
Shyness-Boldness 
Shyness-boldness is defined as a trait measured in response to a non-novel, risky situation 
(Réale et al. 2007). To conduct a test of shyness-boldness, a second startle experiment 
was preformed: “startle forest”. After behavioral testing with the testing box was 
complete for all mice, each individual was returned to their specific capture location 
where the trap was again placed upside down for a five-minute adjustment period before 
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the trap was opened. The time it took for the mouse to leave the trap and enter the forest 
was recorded. If the mouse did not leave the trap within 5 minutes it was deposited onto 
the forest floor and the time was recorded as the maximum (300 sec). Because the mice 
were tested at their capture site, this represents a non-novel situation. The prior trapping 
and handling by the researcher is a stressor to the mouse and thus represents a risky 
situation.  
 
Statistical Analysis 
 
Behavioral consistency needs to be analyzed separately from behavioral plasticity 
because both may occur in different levels among individuals simultaneously. A 
behavioral reaction norm (Fig. 2) can be used wherein the adaptive nature of consistency 
and plasticity is recognized under the set of behavioral phenotypes that an individual 
demonstrates in a given set of environments (Dingemanse et al. 2010). Between-
individual differences in behavior can be statistically defined as a non-zero difference 
between random intercepts of the reaction norm (Dingemanse and Dochtermann 2013). 
Once between-individual differences are determined, consistency can be tested using 
repeatability, which is defined as the proportion of total phenotypic variation explained 
by individual differences (Dingemanse et al. 2010).  The combination of both significant 
between-individual differences and repeatability would indicate strong evidence of 
personality. A behavioral syndrome can be statistically defined as a non-zero correlation 
between two behavioral traits at the between-individual level (Dingemanse et al. 2012). 
 To test for personality, consistency, and a behavioral syndrome, a trivariate linear 
model was used to partition variance within and between individuals for each trait and to 
calculate between-individual correlations between traits. Behavioral traits (startle time 
box, boxes crossed, and startle time forest) were specified as dependent variables and 
individual identity was specified as a random effect in the model. This method allows an 
estimate of repeatability in behaviors over time. To estimate variance components, I used 
a Bayesian Markov Chain Monte Carlo (MCMC) approach using the package 
MCMCglmm (Hadfield 2010). I calculated ninety-five percent confidence intervals (CI) 
around the mode of each estimate. Effects and covariances were considered to be 
significant if zero was outside of the 95% CI of the posterior distribution (Stuber et al. 
2013, Araya-Ajoy and Dingemanse 2014). I calculated repeatability and correlates from 
the significant variance components using the formulas specified by Dingemanse and 
Dochtermann (2013).  All behaviors were log transformed prior to any analyses to 
normalize their frequency distributions.   
 After repeating the above statistical tests performed by Delventhal (2015) on my 
data set, I then compared my data set for the undisturbed habitat to Delventhal’s data for 
the disturbed habitat. To test for average differences in the magnitude of the behaviors 
measured (day 1 and day 2 for each habitat) between populations, ANOVA tests were 
used for each behavioral test. I also tested for differences between populations after 
ranking the individuals by the magnitude of their behavior, because this could be the only 
way to detect differences between sites when the differences between individuals in each 
population are large (i.e. large variation around a common mean that might obscure 
comparison between sites). Then individuals were ranked by time	or number of boxes and 
compared using an analysis of covariance with average times (times for day 1 and day 2 
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for repeated individuals were averaged before being included). For the ANCOVA, 
individuals within each population were ranked based on their times from low to high, 
but the rankings from one population did not directly correspond with the rankings from 
the other because the same individuals were not caught at both sites.	To	compare	
plasticity,	I	used	a	t-test	for	each	behavioral	test	to	see	if	average	within-individual	
variation	(the	difference	between	an	individuals	first	and	second	times	or	number	of	
boxes	crossed)	was	different	between	the	two	populations.		
 
 

 
 
Figure 2. Reaction norm plot showing variation between and within each of five 
individuals assayed seven times over an environmental gradient. The response variable 
(y-axis) might represent aggressiveness, and the predictor variable, population density (x-
axis). The black solid line gives the population–average reaction norm; its intercept (β0) 
lies at the position where the mean-centered environmental gradient has the value zero, 
and its slope (β1) is positive. The grey dotted lines indicate each individual’s reaction 
norm (numbered 1–5); individual reaction norms differ from the population–average 
reaction in their intercept (+ind0j ), where ind0j is either negative (individuals 1 and 2), 
zero (individual 3) or positive (individuals 4 and 5). There is thus variance among their 
intercepts (between-individual variance: Vind0) resulting in nonzero values of individual 
repeatability. Each observation also deviates slightly from the individual’s estimate 
reaction norm (+e0ij ) leading to within-individual residual variance (Ve0) (Taken from 
Figure 4.1 in Dingemanse and Dochtermann 2014).   

Results 
 
General Description of Behaviors 
 
A total of 37 individuals were tested, 20 of which were recaptured and tested again at 
least once. I found exploratory individuals and avoidant individuals. Startle time box 
ranged from immediate exploration to the time limit (1-900 sec). Exploration measured 
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as number of grid boxes crossed during five minutes ranged from 3-129. I found both 
bold and shy individuals as well. Startle time forest ranged from immediate exit to the 
time limit (1-300 sec). The effect of sex was not significant in the model (Estimate: 0.1; 
95% CI: -0.07 - 0.25) demonstrating that males and females behaved similarly for all 
three behavioral tests. 
 
Evidence of Personality 
 
Consistent with the findings of Delventhal (2015), I found strong evidence of personality, 
as shown by two statistical tests. First, the 95% CI for variance across random intercepts 
did not include zero in any of the three tests. This suggests significant variation between 
individuals in both exploration-avoidance and shyness-boldness indicating that individual 
differences are responsible for a significant amount of phenotypic variation. Second, the 
lower limit of the 95% CIs for repeatability did not include zero for all the three 
behaviors (Table 1), indicating that individuals’ behaviors were repeatable over time.  
The magnitude of the values was moderate (around 0.5 with 1 being perfect 
repeatability). For instance, many individuals that ranked as relatively exploratory the 
first time they were tested also ranked as exploratory when they were recaptured and 
tested later during the study. This is true for avoidant individuals as well as shy and bold 
individuals. For comparison, this was analyzed using traditional statistics that do not 
separate between from within-individual variation (e.g. Briffa et al. 2008). In each 
behavioral test, there was a significant relationship between time one and time two for 
retested individuals (ANCOVA: startle forest: t=2.4, p=0.03, Fig. 3; startle box: t= 3.7, 
p<0.001, Fig. 4; boxes crossed: t=2.4, p=0.02, Fig. 5), indicating the possibility of 
personality. 

All correlations between behaviors were not significant (i.e. the 95% CI did 
include zero, Table 1) so there is no evidence of a behavioral syndrome in this 
population. This is contrary to the findings of Delventhal 2015, where there was a 
significant (though weak) correlation between startle forest and startle box (95% CI 
included zero, Delventhal 2015). However, the magnitude of the correlations and the 
breadth of the 95% CI were very similar for both populations (Table 1).  

  
Comparisons Between Populations 

 
When comparing repeatability in the population of P. nudipes in the undisturbed habitat 
(recaptures only, n=20) to the population in the disturbed habitat (recaptures only, n=12) 
tested by Delventhal (2015), there were no significant differences with regard to habitat. 
There was no significant difference in between-individual consistency (repeatability) 
between habitats in any of the three tests (ANCOVA, startle forest: t= -0.03, p=0.98, Fig. 
3; startle box: t=0.84, p=0.41, Fig. 4; boxes crossed: t=-0.89, p=0.38, Fig. 5).  
  There were significant differences in boldness between the two populations 
(ANOVA: F=4.62, df=3, 105, p=0.004, undisturbed day 1: mean=1.70, se=0.11 (n=37), 
undisturbed day 2: mean=1.39, se=0.16 (n=20), disturbed day 1: mean=2.06, se=0.12 
(n=39), disturbed day 2: mean=1.95, se=0.16 (n=13)). Specifically, the mean time for day 
2 in the undisturbed habitat was 33% lower than the mean time for day 1 in the disturbed 
habitat (t=-3.52, p=.003).  The difference between habitats is more evident when the 
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individuals are ranked by their behaviors. Ranked average startle forest times (between 
times 1 and 2) were 9% lower across all ranks in the undisturbed habitat, indicating that 
individuals were bolder (ANCOVA, t=-4.62, p<0.001, Fig. 6).  Comparison between 
mean differences in individuals’ first and second tests for both populations indicates no 
significant difference (Fig. 7).  

The population in the undisturbed habitat was significantly less exploratory (more 
avoidant) than the population from the disturbed habitat (measured by startle box test). 
This difference did not appear to be significant (Kruskal-Wallis=2.7006, df=3, p= 0.44, 
undisturbed day 1: mean=2.26, se=0.13 (n=37), undisturbed day 2: mean=1.85, se=0.23 
(n=20), disturbed day 1: mean=2.08, se=0.12 (n=38), disturbed day 2: mean=2.12, 
se=0.14 (n=12)) until individuals were ranked and average startle box times were 
considered. Ranked average startle box times (between times 1 and 2) were significantly 
higher in the undisturbed habitat, indicating that individuals were less exploratory 
(ANCOVA, t= 2.01, p=0.0479, Fig. 8). From ranks 10 to 20 individuals in the 
undisturbed habitat were 12% less exploratory and from ranks 20 to 30 the individuals in 
the undisturbed habitat were 18% less exploratory. Comparison between mean 
differences in individuals’ first and second tests for both populations indicates no 
significant difference (Fig. 9). 

There was no significant difference in exploration between the two populations 
using the boxes crossed test. Two very high times in the data set for day 1 in the 
disturbed habitat gave the appearance of a significant relationship (Kruskal-
Wallis=13.68, df=3, p=0.003, undisturbed day 1: mean=1.66, se=0.05 (n=36), 
undisturbed day 2: mean=1.57, se=0.12 (n=20), disturbed day 1: mean=2.06, se= 0.12 
(n=39), disturbed day 2: mean=1.65, se=0.07 (n=12)), but when the average times are 
considered, the difference between the two populations is not significant (ANCOVA, 
t=1.51, p=0.13, Fig. 10). Comparison between mean differences in individuals’ first and 
second tests for both populations indicate higher plasticity in the undisturbed habitat (Fig. 
11). 
 
Discussion 
 
My results demonstrate that habitat and level of disturbance affect behavioral plasticity 
and personality at the population level. First, I demonstrated that there are rank-order 
differences in behavioral phenotypes between individuals within both populations. This 
individual variation shows consistency across contexts and over time (Sih et al. 2004, 
Dingemanse et al. 2010). Specifically, there was significant between-individual variation 
and repeatability over time for both exploration-avoidance and shyness-boldness.    

I found no correlation between exploration-avoidance and shyness-boldness, 
which would have indicated the existence of a behavioral syndrome in P. nudipes 
(Dingemanse & Dochtermann 2013). Though Delventhal (2015) did find weak evidence 
of a behavioral syndrome, the difference between the two populations is small enough 
that this finding is consistent. Recent work suggests that behavioral syndromes apply 
across the entire animal kingdom (Gosling 2001) and it is likely that if more behavioral 
traits were measured in P. nudipes or if a greater sample size was analyzed there would 
be evidence of a behavioral syndrome in this species (Dingemanse & Dochtermann 
2013). 
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When rank-order differences in behavioral phenotypes were compared for the two 
populations, the population in the undisturbed habitat was significantly bolder and less 
exploratory. Previous studies in other taxa demonstrated that proactive (bolder, more 
exploratory) individuals tend to dominate and outcompete reactive (shyer, more avoidant) 
individuals in a stable environment while reactive individuals respond better to changing 
environments (Sih et al. 2004). The results of this study by Sih et al. (2004) are 
consistent with my finding that P. nudipes in the undisturbed habitat were bolder but 
contrary to my finding that these same individuals were less exploratory. It is possible 
that more exploratory individuals could be present in the disturbed habitat because they 
were more likely to leave nearby undisturbed habitat. Species interactions in source 
habitats influence which personalities are more likely to disperse. For example, in 
habitats where predation risk is inducing prey to disperse, more cautious individuals 
might leave to avoid predators (Sih et al. 2012). This is one potential explanation for my 
finding that individuals in the disturbed habitat were shyer. 

Despite a significant difference in exploration in the startle box test, there was no 
significant difference in the boxes crossed test and there was no correlation between these 
two tests in my study or that of Delventhal (2015), which indicates that this test is likely 
not measuring exploration and may be measuring another trait, such as general activity 
level. This highlights the potential limitations of the standardized terminology defined by 
Réale et al. (2007). Indeed, other assessments of this standardized terminology did not 
consistently find correlations between tests designed to measure the same behavior 
(Watanabe et al. 2012).  

I also found evidence of greater plasticity in the P. nudipes population in the 
undisturbed habitat. Because the benefits of being able to alter behavior outweigh the 
costs of plasticity under variable environmental conditions, one may have expected to 
find higher plasticity in individuals in the disturbed environment (e.g. Norris et al. 2010), 
but there are numerous examples in previous studies where this has not been the case 
(e.g. Audet et al. 2016).  It is possible that a characteristic of the undisturbed habitat such 
as more variation in predators or food sources could be the cause of this plasticity. For 
example, it is likely that P. nudipes in the undisturbed habitat have different diets than 
those in the disturbed habitat. It has been demonstrated in previous studies that variation 
in macronutrient composition can lead to differences in personality and behavioral 
syndromes. For instance, individuals fed a higher quality diet tended to be more active 
and malnutrition has been shown to affect boldness and aggression. Protein-deprived 
individuals are expected to be bolder than those eating balanced diets because they are 
willing to take more risks due to lower future fitness expectations (Chang and 
Dingemanse 2015). 

It is also possible that the plasticity seen in P. nudipes in the undisturbed habitat is 
a form of personality-related plasticity and that either the bold or avoidant personality 
type has higher levels of associated plasticity. Personality related plasticity can occur in 
two ways (Mathot et al. 2012). One, the average level of a given trait may be correlated 
with the degree of plasticity for the same behavior. For example, aggressive mice do not 
adjust level of aggression in different contexts, while less aggressive mice do (Natarajan 
et al. 2009). Two, personality-related differences in plasticity can come from consistent 
individual differences in one behavior correlated with the level of plasticity in another 
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behavior. For example, Great Tits (Parus major) that were less exploratory adjusted more 
rapidly to changes in the location of food (Verbeek et al. 1994, Mathot et al. 2012).  

A species’ common behavioral type has broad implications for its ecological role 
and community impact (Holway & Suarez 1999). Behavioral differences within a 
population are associated with demographic and life-history traits that affect factors like 
population growth rate, stability, and resilience (Wolf and Weissing 2012). Greater 
diversity in personality within a species can allow a single species to function like 
multiple species in its ecosystem effects (Sih et al. 2012). I have clearly demonstrated 
that P. nudipes has a differential expression of personality types tied to differences in 
habitat. This suggests that the ecological function of P. nudipes may differ in habitats 
with varying levels of disturbance. For example, because there are more shy P. nudipes in 
the disturbed habitat, these individuals may have less of a prey impact than a similar 
sized population comprised of bold individuals (since bolder individuals tend to take 
more risks and thus are predated upon more heavily, Sih et al. 2012). Given the small size 
and high local abundance of P. nudipes, it is likely an important source of prey, and this 
reduction in prey-availability in the disturbed habitat could affect P. nudipes predators 
and other associated species. Overall, differential personality and plasticity expression is 
potentially an adaptive response to disturbance. For instance, global warming has reduced 
onset of spring snow cover, causing a mismatch between snowshoe hare (Lepus 
americanus) coat color and background that leaves hares more vulnerable to predation. A 
recent study concluded that there was insufficient plasticity in moult phenology and anti-
predatory behaviors to adapt to this camouflage mismatch and that future adaption to 
climate change will require natural selection on this plasticity (Zimova et al. 2014).  In 
the case of P. nudipes, the species is known to be abundant across a range of habitats 
(Garcia-Franco & Rico-Gray 1996), suggesting that if personality varies with habitat 
across its range, perhaps differential personality expression is beneficial to P. nudipes. 
Higher plasticity may allow P. nudipes to disperse and succeed in a greater range of 
habitats and to adapt to varied conditions, but this represents a trade-off since plasticity is 
energetically costly. In general, the demonstration that habitat and level of disturbance 
affect inter-population personality and plasticity has important implications for 
developing effective conservation strategies including both habitat management and 
captive-breeding programs (Bremner-Harrison et al. 2004).  

In conclusion, there are significant inter-population differences in behavioral 
plasticity and personality in P. nudipes in disturbed and undisturbed habitats. The P. 
nudipes population in the undisturbed habitat was significantly bolder and less 
exploratory and showed evidence of greater behavioral plasticity. This demonstration of 
inter-population differences has numerous ecological implications (Sih et al. 2012) for P. 
nudipes and other species.  
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Table 1. Trait variance due to variation between individuals (Vind), trait repeatability (R), 

and Covariances (Cov) and correlations (r) between traits. Parameters were estimated 

using a linear mixed model that included the following traits: time P. nudipes mice spent 

before leaving a trap to enter a dark box (Startle Box) and before leaving a trap to be 

released at their specific capture site in the forest of Monteverde, Costa Rica (Startle 

Forest). The number of boxes a mouse crossed in a five-minute period while in the 

experiment box was also recorded. Covariances and correlations between these traits 

were calculated using the output from the same model. The respective 95% Confidence 

Interval range (q2.5% and q97.5%) is shown for all terms. Parameters with confidence 

intervals that do not include zero were considered significant.  

 

Model Term Vind/Cov q2.5% q97.5% R/r q2.5% q97.5% 

       
Startle Box 0.52 0.18 0.98 0.54 0.32 0.75 

Boxes Crossed 0.1 0.06 0.21 0.45 0.31 0.67 

Startle Forest 0.24 0.1 0.5 0.46 0.23 0.67 

       
Startle Box – Boxes Crossed -0.04 -0.18 0.03 -0.23 -0.58 0.32 

Startle Box - Startle Forest 0.11 0.02 0.33 0.52 -0.02 0.8 

Boxes Crossed-Startle Forest -0.01 -0.09 0.06 -0.27 -0.57 0.28 
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Figure 3. Consistency in startle forest test between days in recaptured P. nudipes in two 
habitats in Monteverde, Costa Rica. Each time represents the seconds (log transformed) it 
took a mouse to leave the trap and enter the forest at its specific capture site. The 
behaviors were correlated between times (ANCOVA, p=0.03 ) but the relationship was 
similar between habitats (ANCOVA, p=0.98).  
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Figure 4. Consistency in startle box test between days in recaptured P. nudipes in two 
habitats in Monteverde, Costa Rica.  Each time represents the seconds (log transformed) 
it took a mouse to leave the trap and enter the testing box. The behaviors were correlated 
between times (ANCOVA, p<0.001 ) but the relationship was similar between habitats 
(ANCOVA, p=0.41).  
 
 
 
 
 
 
 
 
 
 

0	

0.5	

1	

1.5	

2	

2.5	

3	

3.5	

0	 1	 2	 3	 4	

Ti
m
e	
D
ay
	2
	(s
)	

Time	Day	1	(s)	

Disturbed	

Undisturbed	

Linear	(Disturbed)	

Linear	
(Undisturbed)	

 164 



 
 
Figure 5. Consistency in the boxes crossed test between days in recaptured P. nudipes in 
two habitats in Monteverde, Costa Rica.  Each point represents the number of boxes (log 
transformed) a mouse crossed in five minutes after leaving the trap and entering the 
testing box.  The behaviors were correlated between times (ANCOVA, p=0.02 ) but the 
relationship was similar between habitats (ANCOVA, p=0.38).  
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Figure 6. Average shyness-boldness (measured by startle forest times) for P. nudipes 
populations in disturbed and undisturbed habitats in Monteverde, Costa Rica. Here, times 
for all individuals are included and times for day 1 and day 2 for recaptured individuals 
are averaged. Individuals for each population were ranked low to high based on times and 
the rankings for each population do not correspond to each other. The P. nudipes 
population from the undisturbed habitat is significantly bolder (ANCOVA: t=-4.62, 
p<0.001, disturbed n=38, undisturbed n=37). 
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Figure 7. Mean differences between times for individuals’ first and second tests in the 
forest box test for both populations. There was no significant difference between 
populations (t = -0.35, df = 16.52, p = 0.73, disturbed n=10, undisturbed n=19). 
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Figure 8. Average exploration-avoidance (measured by startle box times) for P. nudipes 
populations in disturbed and undisturbed habitats in Monteverde, Costa Rica. Here, times 
for all individuals are included and times for day 1 and day 2 for recaptured individuals 
are averaged. Individuals for each population were ranked low to high based on times and 
the rankings for each population do not correspond to each other. The P. nudipes 
population from the disturbed habitat is significantly more exploratory (ANCOVA: t= 
2.01, p=0.0479, disturbed n=39, undisturbed n=37). 
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Figure 9. Mean differences between times for individuals’ first and second tests in the 
startle box test for both populations. There was no significant difference between 
populations (t = -0.33, df = 24.13, p=0.74, disturbed n=12, undisturbed n=20).  
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Figure 10. Average exploration-avoidance (measured by boxes crossed) for P. nudipes 
populations in disturbed and undisturbed habitats in Monteverde, Costa Rica. Number of 
boxes for all individuals is included and numbers for day 1 and day 2 for recaptured 
individuals are averaged. Individuals for each population were ranked low to high based 
on number of boxes and the rankings for each population do not correspond to each other. 
There is no significant difference in exploration-avoidance for this particular test between 
the two populations (ANCOVA: t=1.51, p=0.13, disturbed n=39, undisturbed n=37). 
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Figure 11: Mean differences between number of boxes crossed during the individuals 
first and second test in the boxes crossed test for both populations. The mean was 
significantly higher in the undisturbed habitat (t= -2.07, df = 24.6, p=0.04954, disturbed 
n=12, undisturbed n=20).  
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Rejection and Antifungal Leaf Extracts by Leaf-cutter 
Ants (Atta cephalotes) 
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ABSTRACT 
Leaf-cutter ants are major herbivores of the Neotropics. They can significantly alter the composition of forests. They 
forage for leaves that are used to cultivate the fungus Leucocoprinus gongylophorus. The juices of the hyphae are 
then used as the primary source of food for the ants and their larva. The leaf-cutter ants must forage for plants that 
are suitable for the fungus. They also must learn to avoid unsuitable plant species, known as delayed rejection. Past 
studies have tried to use leaf-cutter ants as bioassays for antifungal compounds but have shown that leaf-cutter ants 
harvest plant species with putative antifungal compounds and do not immediately reject them. In this study, colonies 
of Atta cephalotes were tested to determine which plant species the ants learned to reject because they harmed the 
fungus. Leaves of five reputed antifungal plants were used to test on the ants. Leaf extracts were made and added to 
oat flakes. Oat flakes were placed along an ant trail. The number of oats taken of each plant recorded and also the 
day each colony was tested.  Overall, ants did not reject any of the plant species. A.cephalotes oat foraging was 
lowest on the first day. Oats taken increased after the initial sample but then did not change significantly after that. 
The results suggest that leaf-cutter ants may harvest plants with putative antifungal compounds and L.gongylophorus 
may not be harmed by the plants used in this study.   

RESUMEN 
Las hormigas zompopas son herbívoros importantes en el Neotrópico.  Ellas pueden significativamente alterar la 
composición del bosque.  Ellas forrajean por hojas que son usadas para cultivar el hongo Leucocoprinus 
gongylophorus.  Los jugos de las hifas son usadas como el recurso alimenticio primario para las hormigas y sus 
larvas.  Las zompopas deben forrajear por plantas que son adecuadas para el hongo.  Ellas también deben aprender a 
evitar especies de plantas no adecuadas, conocido como rechazo retardado.  Estudios previos han tratado de usar 
zompopas como bioensayos para compuestos antifungícos y no las rechazan inmediatamente.  En este estudio, 
colonias de Atta cephalotes se probaron para determinar cuales especies de plantas las hormigas aprenden a rechazar 
debido a que pueden dañar el hongo.  Hojas de cinco especies de plantas reportadas con propiedades antifúngicas se 
utlizaron para probar las hormigas.  Extractos de las hojas se hicieron y se añadieron a hojuelas de avena.  Las 
hojuelas de avena se colocaron a lo largo del sendero de las hormigas.  El número de hojuelas tomadas para cada 
planta se anotó además del día que cada colonia fue probada.  En general, las hormigas no rechazaron ninguna 
especies de planta.  El forrajeo por parte de A. cephalotes fue menor en el primer día.  Las hojuelas tomadas 
aumentaron después del muestreo inicial pero despues no cambio significativamente.  Los resultados sugieren que 
las zompopas pueden recolectar hojas con supuestos compuestos anifúngicos y L. gongylophorus no puede ser 
dañado por las plantas usadas en este estudio. 

INTRODUCTION 

Leaf-cutter ants are significant herbivores, establishing them as keystone species of the 
Neotropics. Their abundance in the lowlands is high, with ant colonies that can contain millions 
of workers. It has been estimated that these ants consume 12-17% of leaf production of tropical 
forests (Garrettson et al., 1998), which can alter the abundance of other organisms and the 
succession of vegetation (Leal et al., 2014). The leaves cut are used as a substrate to harvest their 
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mutualistic fungus, Leucocoprinus gongylophorus. Forager ants collect the leaves and gardening 
workers in the nest process the leaves and incorporate it into the fungus garden (North et al., 
1999). The juices of the hyphae are then consumed by the ants and their brood (Herz, 2008). This 
obligate mutualism has allowed both of these species to thrive for millions of years (Schultz et 
al., 2015).  Since the fungus is the only food source for the larvae, the ants must be selective in 
the leaves they harvest. Leaf-cutter ants, therefore, select leaves that will not harm the fungus.  

Since leaf-cutter ants are such important herbivores, plants have developed defenses 
against them. Some studies have shown that plants that have developed defenses against fungal 
infections can also repel leaf-cutter ants. One of the most significant factors affecting leaf 
preferences of the ants are their secondary compounds (Howard, 1988). Hubbell et al. (1983) 
found that leaf-cutter ants tended to not prefer Hymenaea leaves because of antifungal terpenoids 
it contained. Although the terpenoids do not harm leaf-cutter ants, they discriminate against it 
because of negative effects it has on their fungus. Discrimination may not occur immediately. 
Some plants may be harvested although they contain harmful compounds and foragers eventually 
learn to avoid these plants, known as delayed rejection. These plants may be rejected because 
they have compounds harmful to the ants once ingested or compounds harmful to the fungus 
(Saverscheck, 2010).  For instance, leaf-cutting ants can harvest leaves laced with fungicide but 
they learn to reject these leaves within 24-48 hours (Saverscheck, 2010; Herz, 2008). 
Discrimination might involve several castes and communication between them. Plants may first 
be discriminated by the foragers but if they make it into the nest, they can also be rejected by 
gardening worker ants (Herz, 2008). 

A few species have been shown to have chemicals that affect the growth of L. 
gongylophorus of leaf-cutting ants (Atta cephalotes) such as H.courbaril (Hubbell et al., 1983), 
Canavalia ensiformis and Tithonia diversifolia (Valderrama-Eslava et al., 2009). For C. 
ensiformis and T. diversifolia  it took approximately two weeks for the ants to begin reducing 
consumption of these plants, although they reduced fungus growth (Valderrama-Eslava et al., 
2009), while, rejection of H. courbaril occurred within one day (Saverschek et al., 2010). Not 
many studies have been done to study plant rejection by the ants or to further establish that this 
rejection occurs because specific plant compounds inhibit growth of the symbiotic fungus.  

Despite the lack of research, bioassays using leaf-cutter ants have been used to evaluate 
whether plants have antifungal activity, since there are many plants, especially medicinal, with 
antifungal activity (Navarro-Garcia et al., 2003).  Past bioassays performed in Monteverde, Costa 
Rica have shown that some plants with putative antifungal properties were still harvested by leaf-
cutting ants and they were not preferred less than plants with non-antifungal properties (Gabow, 
2015; Thurston, 2007). However, these studies were short term and tested only the immediate 
rejection of the plants, since the ants were examined only once for less than two hours. Since the 
ants did not seem to instantaneously reject these plants, it is unclear whether they truly have 
antifungal properties or if only certain antifungal compounds affect L. gongylophorus (Gabow, 
2015; Barton 2014). To evaluate whether these plants do have antifungal compounds that affect 
the fungus cultivated by leaf-cutter ants, I examined the foraging behavior over time of A. 
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cephalotes on substrate with putative antifungal plant compounds from the leaf. If the plants do 
have such compounds A. cephalotes should learn to reject the plant. 

METHODS 

Study Site 

This study was performed at Caballeriza El Rodeo, which is a pre-montane wet forest 
located in Santa Elena, Costa Rica. It was performed from April 12th- May 4th. . This area has a 
dry season from February to April and receives approximately 2-4 m of annual precipitation. Its 
elevation is approximately 1100-1400m. At this site eight different A. cephalotes colonies were 
tested.  

Sample Preparation 

Plant species with putative general antifungal properties were used to extract their 
secondary compounds Plants with studied antifungal activity used were: Psidium guajava 
(Rahman et al., 2014; Dhiman et al., 2011), Asclepias curassavica (Navarro-Garcia et al., 2003), 
Piper auritum (Pineda et al., 2012), and Bocconia frutescens (Guldbrandsen et al., 2014). Only 
Heliconia latispatha has not been  shown to have fungal activity in a lab setting but is used as a 
medicinal plant against fungal infections (Schultes & Raffauf, 1990),  Leaves of these plants 
were be collected from the garden of the Biological Field Station in Monteverde, Costa Rica ( 
lower montane wet forest, 1535 m elevation). To extract plant compounds, 5.0 g of each leaf 
sample was chopped into small pieces using a hand blender. Next, 40 mL of 80% methanol was 
added to the mortar and will be crushed for 10 minutes. Then, the leaf material was strained from 
the mixture using filter paper in a funnel over a vial (Siegel, 2014). Oat flakes were soaked in the 
extract and were given to leaf-cutter ants. This would ensure that only plant compounds were 
affecting the ants’ foraging decision instead of leaf toughness or texture. Sixty oat flakes were 
placed in a petri dish and then two drops of the extract were added to oat flakes and allowed to 
dry for about 2 hours. This process was done for leaves of each plant species.  To ensure that 
extracts were fresh, extractions were made twice a week. The control group was oat flakes that 
had been soaked only with methanol. 

Experimental Procedure 

The Smorgasbord Leaf Disk Assay methodology was used to test different plant extracts 
simultaneously (Hubbell et al., 1983). Oat flakes were placed along an ant trail approximately 1-
3 meters away from the nest entrance. Five oat flakes of the 5 different plant extracts and control 
were placed along each side of the ant trail. After 15 minutes, the oats were rotated, with the first 
oat being moved to the last place, and the subsequent discs each moving up a spot. This 
controlled for proximity to the nest as a variable. As soon as an ant removed an oat it was 
replaced by another oat of the same type. The number of oats removed per species was recorded. 
Each nest was observed for 60 minutes or until 60 oat flakes of a plant extract were taken, 
whichever came first. Three ant colonies were tested per day, with every nest being tested 
approximately every 5 days, for about 21 days between 3:00-6:00pm. 
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Fig. 1 A) A.Cephalotes nest at Caballerizo El Rodeo (premontane wet forest, 1100-1400m) B) 
Leaf extracts made by chopping 5.0g of leaves in hand blender then crushed for 10 min in mortar 
and pestle with 40mL of 80% methanol. Plant extract was then filtered into a glass vial (From 
left to right Control, A. curassavica, B.frutescens, P. guajava, P.auritem, H.latispatha). C) 
Mortar and pestle used for plant extracts D) Caballerizo El Rodeo (premontane wet forest, 1100-
1400m) E) 5 oats with plant extract were placed on both sides of the ant trail for each treatment 
to use in a “Smorgasbord Leaf Assay”. Each time an oat was taken by an ant it was replaced. The 
number of ants taken were recorded for one hour.  

RESULTS 

Plant extracts taken over time  

There was a significant difference between plant species and the foraging day (General 
Linear Mixed Model (ANOVA) with Poisson distribution and colony included as random effect, hereafter 
GLMM, z=.22, p=0.03). Across all species there was a significant difference between the first 
day and the subsequent days they were tested on. The greatest change in oats taken occurred 
between the first and second time the colonies were tested (Fig. 2).  The first time the leaf-cutter 
ants were tested, the control had a higher mean number of oats taken and P.guajava had the 
lowest.  By the next sampling day most plant extracts had a mean of 48-55 oats taken. Only 
P.auritum had a lower number of oats foraged. After the 2nd time they were sampled, there was 
not a significant difference in the amount of oats foraged. After the initial sampling, the mean 
oats taken differed only by about 5 oats between sampling times.   
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Fig. 2. Consumption rate (Mean + standard error) of oats taken over time by leaf cutter ants (Atta 
cephalotes) for A) A. curassavica B) B. frutescens C) Control D) H. latispatha E) P. auritum F) 
P. guajava. Five oats of each treatment were placed on both sides of the ant trail. Each time an 
oat was taken it was replaced by an oat of the same species. The number of oats taken by each 
species was recorded and also the day each colony was studied. Eight colonies were observed for 
an hour or until 60 oats of a treatment had been taken, from April 12th- May 4th in Santa Elena, 
Puntarenas, Costa Rica (premontane wet forest, 1100-1400m). Ants had the lowest mean number 
of oats taken on the first day they were tested. It increased between the first and second time 
tested. Afterword, there was not a significant change in oats taken (different letters above means 
indicate significant differences according to post-hoc tests, p<0.05).  
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Differences between Plant Species 

 Plant extracts foraged was significantly different between species (GLMM z=1.99, 
p=.04).  The number of oats taken of A. curassavica and P. auritum were significantly different 
from all the other plant species (p<.01).  A. curassavica had the most mean oats taken and P. 
auritum had the least (Fig. 3). The other plant species had an average of 45-48 oats taken. 
P.guajava was significantly different from all the other plant species except H.latispatha. There 
was no significant difference between B.frutescens, H. latispatha, and the control .The mean oats 
taken ranged from 50-39 oats taken.  

Fig. 3 Consumption (Mean +standard error) of oats of each treatment. Five oats of each 
treatment were placed on both sides of the ant trail. Each time an oat was taken it was replaced 
by an oat of the same species. The number of oats taken by each species was recorded and also 
the day each colony was studied. 8 colonies were observed for an hour or until 60 oats of a 
treatment had been taken. The colonies were observed from April 12th- May 4th in Santa Elena, 
Puntarenas, Costa Rica (premontane wet forest, 1100-1400m). A. curassavica and P.auritum 
were significantly different from all the other plant species. P.guajava was significantly different 
from all plant species except H. latispatha. There was no significant difference between the 
control, B.frutescens, and H. latispatha (different letters above means indicate significant 
differences according to post-hoc tests, p<0.05). 

Additional Observations 

 On the first day of sampling, most of the colonies took their time in taking the oats. The 
ants took up to 20 minutes to begin taking oats. The leaf-cutter ants would examine and nibble 
the oats before they took the oats. After the initial sampling, the leaf-cutter ants tended to take 
the oats without examining them too thoroughly. Additionally, the first sampling was done at an 
earlier time when there were less ants and occasionally trails without any ants. Subsequent 
samplings were done later in the afternoon, when there tended to be a greater abundance of ants 
foraging. The ants continued to forage after the hour was over and ended up taking all of the 
oats.  

A            B                      B        BD                   C                       D  
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DISCUSSION 

 The results do not support the initial hypothesis that plants with putative antifungal 
compounds would be rejected by ants over time. Instead, ants significantly increased the number 
of oats taken between the first and second sampling and then in subsequent sampling days took 
about the same amount. These results are consistent with other studies that show leaf-cutter ants 
still harvest substrate with putative antifungal compounds (Gabow, 2015; Thurston, 2007) and 
did not show delayed rejection after several days (Barton, 2014) in Monteverde.The increase in 
harvesting of oats by leaf-cutter ants between the first and second time the colonies were tested 
may be due to the ants’ learning that the oat flakes were a suitable food item. Forager ants 
determine suitable leaves through their physical and chemical characteristics. Leaf-cutter ants 
can learn the odor of suitable and unsuitable plant species, which they use to avoid harming 
themselves or their fungus. Additionally, the ants use the texture as another cue to identify 
suitable plants (Saverschek & Roces, 2011). Most ant colonies on the first day of testing took 
their time to begin taking oat flakes. They would investigate the different oat flakes by nibbling 
them. The increase in oat flakes taken then may have occurred because the ants learned that these 
oat flakes were suitable based on the smell and texture of the oats.   

 The ants did not show any delayed rejection towards any of the plant extracts, which has 
been shown to occur within 24 hours of exposure to an unsuitable substrate (North et al., 1999; 
Herz et al., 2008). The absence of delayed rejection of these putative antifungal compounds 
suggests that they did not harm L.gongylophorus. This may be due to several reasons. First, it is 
possible that L.gongylophorus has evolved a tolerance towards general antifungal properties of 
plants that may be used to help protect it from other pathogenic fungi. The fungus garden can be 
threatened by a co-evolved parasitic fungus in the genus Escovopsis, which can overgrow the 
fungus garden. To protect against this pathogen, bacteria in the genus Pseudoncardia grow in the 
crypts of the body of worker ants and secrete an antibiotic that prevents the growth of Escovopsis 
(Suen et al., 2011). Bacteria in the genus Streptomyces are also found within leaf-cutter ant nests 
and inhibit the growth of both pathogenic fungi and L. gongylophorus. This suggests that the 
benefit of protection against other fungi outweighs the cost of growth inhibition (Schoenian et 
al., 2011). This may also be the case for the plant extracts. They may negatively affect L. 
gongylophorus but serve a greater benefit as a food source and potentially protection against 
other pathogens in the garden.  

 It is also possible that only certain antifungal compounds significantly affect L. 
gongylophorus. Hubbell et al. (1983) demonstrated that H. courbaril leaves were rejected 
because they contained terpenoids that killed the fungus. Specifically caryophyllene and 
caryophyllene epoxide have been shown to decrease that activity of leaf-cutter ants as the 
concentration increased (Howard et al., 1989). Of the plants studied, only A.curassavica 
(Navarro-Garcia et al., 2003) and Piper auritum (Pineda et al., 2012) have been shown to have 
terpenoids, though perhaps not the specific compounds found in H.courbaril. P.guajava had 
fungistatic activity due to phenolic compounds (Morais-Braga et al., 2015). B.frutescens had 
antifungal compounds that showed antifungal activity. None of the antifungal compounds of 
these plants have been tested on L.gongylophorus.Heliconia latispatha has not been formally 
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studied for antifungal activity but Heliconia sp. is used by a tribe in the Amazon for fungal 
infections. Despite these antifungal compounds, none of them affected the fungus in a manner 
that would lead to the leaf-cutter ants rejecting them. It could be that the fungus has evolved a 
resistance to these antifungal compounds, which is beneficial since it could potentially be used to 
defend it from pathogenic fungi that may try to invade the nest.  

Another potential cause that prevented a delayed reaction by the ants is that the fungus 
was not exposed enough to the antifungal compounds.  In one study using C. ensiformis and T. 
diversifolia, ants were only allowed to take one type of plant. These two plants were harmful to 
the ants and the fungus but they did not stop harvesting them. It took the ants about two weeks to 
begin rejecting the plants (Valderrama-Eslava et al., 2009).  This may be because the 
concentrations were not high enough to do significant damage within the first day of foraging. 
The ants in this experiment were only exposed to the oat flakes for an hour and perhaps they 
need to be continuously exposed to the extracts for 24 hours or more.   The extraction method 
may also affect the compounds that were in the plant extract. One study showed that in 
P.auritum, essential oils and hexane extractions worked better to show antifungal activity on a 
fungus (Pineda et al., 2012).  It is also important to take into consideration that different parts of 
the plant may have antifungal compounds such as the latex in A.curassavica (Navarro-Garcia et 
al., 2003) and the stem in B .frutescens (Guldbrandsen et al., 2014), whereas in this study only 
leaf extracts were used. Finally, Hubbell et al. (1984) found evidence suggesting that in the dry 
season, plants may not produce as many antifungal properties. This is probably because fungus 
would be more abundant in the wet season when it is moister. In this study, there was not a 
significant change in oat foraging that occurred before and after it began to rain. It could be that 
the plants are just now beginning to produce more of these compounds.   The combination of 
these factors may have impacted the concentration of the antifungal compounds and thus the 
fungus’ reaction.  

The differences in species may reflect the ants’ preference towards each plant extract 
since there was no difference in texture. A. curassavica had the highest mean number of oats 
taken and P. auritum had the lowest. The differences in species may reflect the better “taste” or 
smell of certain plant extracts.  P. auritum may have been least preferred because it may have an 
ant-repellent chemical that has been found in P. tuberculutum (Capron & Wiemer, 1996).  

In conclusion, the results suggest that leaf-cutter ants may harvest plants with putative 
antifungal compounds. This suggests that L.gongylophorus is not harmed by the antifungal 
compounds of plants used in this study. The tolerance for these antifungal compounds may be a 
result of the complex interactions of the fungus garden’s microbiome. Further research testing 
delayed rejection can try to increase the ants’ exposure to the antifungal compounds. This can be 
done by trying different extraction methods to determine the way that has the greatest effect on 
fungal activity and/or testing the ant colonies daily. The implications of this study suggest that 
leaf-cutter ants would not serve as reliable bioassays for plants with antifungal compounds, given 
that they do not reject them.  
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ABSTRACT 
To fully comprehend the impact of climate change on an ecosystem, biotic interactions must be considered along 
with changes in abiotic factors. Plant pollinator interactions maintain species distributions and abundances. 
Hummingbirds are important pollinators in tropical montane communities vulnerable to increasing temperatures and 
reduced moisture related to climate change. It has been suggested that tropical birds are being forced up montane 
elevational gradients to cope with such changes. However, hummingbird pollination patterns along an elevational 
gradient has not been directly assessed. To describe aspects of hummingbird pollination in Monteverde, Costa Rica 
that may be most subject to change with climate, the distribution of artificial fluorescent pollen along with real 
pollen between feeders at different elevations spanning two life zones is analyzed for hummingbirds of different bill 
lengths. Results indicate that pollen is moved more within elevational bands than between elevations, but that both 
long-billed and short-billed hummingbirds occasionally move pollen across elevations and life zones. Short-billed 
birds are responsible for more of the local movement than long-billed trap liners. Birds of both bill lengths that 
move pollen across life zones are moving more pollen from the lower elevations up than in the other direction thus 
increasing the abundance of lower elevational plants across the entire elevational gradient. Pollen species moved this 
way by short-billed hummingbirds are identified. As a whole, these results indicate that hummingbirds may already 
be shifting up elevational gradients in response to climate change, gradually homogenizing the plant communities 
between life zones as they go. 

RESUMEN 
Para comprender totalmente el impacto del cambio climático en un ecosistema, las interacciones bióticas tienen que 
ser consideradas junto con los cambios en los factores abióticos.  Las interacciones entre las plantas y sus 
polinizadores mantienen las distribuciones y abundancia de las especies.  Los colibríes son polinizadores 
importantes en las comunidades montanas tropicales vulnerables al aumento en la temperatura y reducción de la 
humedad relacionado al cambio climático.  Se ha sugerido que las aves tropicales se están viendo forzadas a 
gradientes elevacionales en la montaña para lidiar con dichos cambios.  Sin embargo, los patrones de polinización de 
los colibríes a lo largo de gradientes altitudinales no han sido medidos directamente.  Para describir los aspectos de 
la polinización en Monteverde, Costa Rica que pueden estar sujetos a cambios con el clima, la distribución de polen 
florescente artificial junto con polen real entre comederos a elevaciones diferentes en dos zonas de vida se analizó 
para colibríes de diferente tamaño de pico.  Los resultados indicant que el polen se mueve más dentro del mismo 
rango altitudinal que entre elevaciones, pero que tanto los colibríes de pico corto como los de pico largo mueven 
ocasionalmente entre elevaciones en las diferentes zonas.  Los colibríes de pico corto son responsables por la 
mayoría del movimiento local que los colibríes trazadores de línea de pico largo.  Las aves de pico de ambos 
tamaños que mueven polen a lo largo de las zonas de vida están moviendo más polen de las elevaciones bajas hacia 
arriba, que en la dirección opuesta así aumentando la abundancia de las plantas a elevaciones bajas a lo largo del 
gradiente altitudinal.  Las especies de polen movidas de esta manera por colibríes de pico corto fueron identificadas.  
Como un todo, estos resultados indicant que los colibríes pueden estar ya cambiando sus gradientes altitudinales en 
respuesta al cambio climático, homogenizando gradualmente las comunidades de plantas entre zonas de vida al ir 
subiendo. 
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INTRODUCTION 

Current understanding only scratches the surface of how changing global climate impacts not 
only certain vulnerable species, but biotic interactions in ways that alter entire life-zones and 
regions. Tropical Montane communities are likely some of the most affected ecosystems in the 
world in terms of rising temperatures and less frequent precipitation (Karmalkar et al. 2008). 
Many tropical species are confined to narrow bands along elevational gradients because of 
narrow thermal niches and high moisture requirements (Cadena et al. 2012). Such organisms, 
especially amphibians and birds, are being forced to move up mountains in order to cope with 
climate change (Pounds et al. 1999; Wheelwright 2000; Kelvin 2007; Gasner et al. 2010; Feeley 
et al. 2013). However, models that only consider how species distributions will shift with abiotic 
conditions will not be sufficient for comprehensively predicting future changes for such 
ecosystems (Araújo & Luoto 2007). Understanding how climate change will alter complex 
species interactions, such as plant pollinator mutualisms, is crucial to predicting overall future 
changes in species distributions and therefore landscape-level changes (Hegland et al. 2009).  

 Plant pollinator mutualisms are important in maintaining distributions and abundances of 
species within a community (Fontaine et al. 2005; Hegland et al. 2009). With expected doubling 
in atmospheric CO2 in the next century and corresponding shifts in species distributions and 
plant phenologies, floral resources available to pollinators could be reduced by 17-50% 
(Memmott et al. 2007). Hegland et al. (2009) asserts that the most important research directions 
for pollination ecology will be assessments of these potential mismatches. Montane ecosystems 
could be homogenized more quickly than expected as more species not only get forced outside of 
the range of abiotic conditions they can tolerate, but also find themselves lacking pollination as 
plants or a food source as pollinators. The specific mechanisms for pollination at play in a 
community will affect how much temporal and/or spatial disconnect climate change precipitates 
between pollinators and plants that could lower the functional diversity of both and lead to less 
diverse plant communities overall (Fontaine et al. 2005; Memmott et al. 2007; Maglianesi et al. 
2015). Thus being able to determine the severity, rate, and exact nature of these possible changes 
will largely depend on how much is known about the current state of pollination dynamics in 
specific locations. 

 Hummingbirds are crucial pollinators within tropical montane forests (Murray et al. 
2000). Tropical montane avian species tend to have narrow local distributions along an 
elevational gradient, some occurring in only one-hundred meters of an altitudinal zone 
(Jankowski et al. 2008). Many montane plant species also have narrow thermal tolerances that 
result in very different communities between elevational bands on a slope (Feeley et al. 2013). 
Several species of hummingbirds are known to temporarily emigrate across elevational gradients 
post-breeding (Stiles 1985), but whether montane hummingbirds currently travel to pollinate 
many species of plants across life-zones on a daily basis is unclear.  

Certain characteristics of hummingbirds are known to define their patterns of pollination 
in the tropics. Highland species tend to be more generalist than lowland species across thousands 
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of meters of elevational gradient (Maglianesi et al. 2015). Bill- length also determines how a 
species forages. Long-billed trap-liners, like hermits, tend to cover more ground to visit floral 
patches than short-billed birds. They have demonstrated the ability to move pollen effectively for 
hundreds of meters to circumvent fragmented landscapes (Hadley & Bretts 2016) or to find more 
nectar per flower they visit (Linhart 1973; Fogden & Fogden 2005). Additionally, birds of 
different bill lengths are often tightly coevolved to flowers of corresponding corolla lengths 
(Mayzel 1997; Maglianesi et al. 2014; Henderson 2015) and long-billed birds tend to be more 
tightly coevolved to a particular plant species than short-billed birds (Stiles 1985). Therefore, the 
relationship between bill-length and elevational distribution of hummingbirds may determine 
pollination rates and thus the distribution of plants along an elevational gradient.  

 Monteverde, Costa Rica is an ideal place to examine hummingbird pollination patterns 
that may be subject to alteration by climate change in the near future. Hummingbird’s play a 
large role in pollination in Monteverde; nine percent of all flora rely on hummingbirds compared 
to only four percent at lower elevations (Murray et al. 2000). However, highland generalist and 
lowland specialists already coexist at all elevations on the mountain since several life zones are 
compressed to several hundred meters of elevational gradient (Lynn 2001; Wallace 2013). As the 
climate of Monteverde increasingly shifts to warmer temperatures with fewer days of 
precipitation/ mist, becoming more conducive to lowland hummingbird species moving up the 
mountain, studies attempting to determine the impact of such changes will need to know 1) 
whether hummingbirds with long and/or short bills have moved pollen between life zones in the 
past 2) whether hummingbirds of certain bill lengths have been known to primarily pollinate 
within a specific elevation, and 3) whether the magnitude of pollination and diversity of species 
pollinated was once greater in the upper or lower life zone. This study aims to provide baseline 
data for future comparisons since there are no studies answering these questions for Monteverde 
now.  This will enable future research on Monteverde hummingbird pollination to determine if 
climate change has altered the patterns perceived now. 

 This study uses the distribution of artificial fluorescent pollen from different elevations to 
determine whether short-billed and long-billed hummingbirds pollinate across elevations or 
whether they tend to stay fairly local to a single elevation. Similar methods have confirmed dyed 
dust as good analogs for pollen transfer (Bozeman 2013; Waser 1982; Fenster 1996). An analysis 
of real pollen deposition at the various elevations further indicates patterns of elevational 
movement and enables inferences to be made about which plants will be most impacted by 
changes in these patterns. 

 

MATERIALS AND METHODS 

Study Site 

The experiment took place in the forest surrounding Estación Biológica, Monteverde, Costa 
Rica. Feeder locations spanned 2 Holdridge life-zones. The area from 1500m to 1600m is 
comprised of lower montane wet forest, which receives 1850-4000mm of rainfall annually, has a 
mean annual temperature of 12-17 ºC, and has an average canopy height of 25-35m. The area 
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from 1600m to 1790m is comprised of lower montane rain forest, which receives 3600-8000mm 
of rainfall annually, has a mean annual temperature of 12-17 ºC, and has an average canopy 
height of 20-30m (Haber 2000). Data were collected during the transition between the dry and 
the wet season, from April 18th to May5th. 

Modified Feeders 

Hummingbird feeders had to be modified to have two “flowers” that could donate the 
colorful artificial pollen to the heads of the visiting birds and two that could receive it. They also 
had to be able to accommodate both long-billed and short-billed birds equally, so each feeder had 
4 unique apparatuses (Fig. 1); a long sticky clear tape at the end of a straw to receive artificial 
pollen from long-billed hummingbirds, a short sticky clear tape to receive artificial pollen from 
short-billed hummingbirds, an extended cotton ball at the end of a straw to donate artificial 
pollen to long-billed hummingbirds, and a cotton ball directly above the feeder hole to donate  
artificial pollen to short-billed hummingbirds. 
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FIGURE 1. Long type tape (A) and long type cotton ball (B); a 3cm straw inserted in the feeder 
hole mimics long corolla lengths of flowers coevolved with long-billed hummingbirds. Short-
billed hummingbirds have direct access to the feeder hole (C & D). For all length types, plastic 
arcs cut from soda bottles position the tape or cotton ball above the openings so that they will 
touch the birds’ heads, either receiving artificial pollen or donating it. 
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Data Collection 

A total of 24 feeders (48 data tapes) were set up- eight feeders at each elevation (1500m, 
1660m, and 1790m). Each elevation’s cotton balls had a different color dust to represent it. 
Those eight feeders were divided into two stations, one on each side of the trail. The four feeders 
at each station were strung together approximately ten cm apart, one to two meters off the 
ground, and at least five meters off the trail. They were also covered with a bright tarp that both 
protected the cotton-ball and tape apparatus from the rain and allowed the birds to find the 
feeders quickly. Feeders were filled with a 20% sugar water solution. Data tapes were collected 
and replaced on the feeders every four days totaling five collections and 238 tapes. On the 
second day between collections, feeders were refilled and the wet cotton-balls replaced and re-
dusted with the color corresponding to their elevation as needed. 

Artificial Fluorescent Pollen Analysis 

The 238 collected tapes were analyzed in a dark room with a black light for artificial 
fluorescent pollen. Each tape was assigned a pollen deposition rank that corresponded to a range 
in the number of spots of color observed. If less than ten spots were observed, the deposition 
rank was recorded as 1, if 10-20, then 10, if 20-40, then 20, if 40-60 then 40, if 60-80, then 60, if 
80-100, then 80. 

Real Pollen Grain Analysis 

 A total of 18 short tapes, six from each elevation, were dried in a room with a 
dehumidifier and analyzed under a microscope for real pollen grains. A sub-sample of 12 short 
tapes was analyzed from collections one through four. Due to time constraints, collection five 
was not analyzed for real pollen. A pollen species database unique to Monteverde (Jost 2004) 
was used to identify the species of plant to which each observed pollen grain corresponded. The 
approximate number of pollen grains for each species found on each analyzed tape was also 
noted. 

 

RESULTS 

Tapes accommodating short-billed hummingbirds receive significantly more artificial pollen 
moved from within the same elevation than those tapes accommodating long-billed 
hummingbirds, regardless of the elevation (Fig. 2; Generalized linear mixed model with Poisson 
distribution and replicate as random effect, hereafter GLMM:  Z = 15.372, p < 0.001 n(1500m & 
1790m)= 40 and n(1660) = 38). When the difference between elevation and tape type (long or 
short) are analyzed simultaneously for the abundance of artificial pollen received, the 
proportional difference between long and short types changed with elevation (GLMM: Z = -
4.372, p < 0.001 n= 40 for 1500 and 1790 and n = 38 for 1660), Specifically, 1500m long type 
received proportionally less artificial pollen in comparison to short type than at higher elevations 
(Fig. 2). 
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FIGURE 2. Average artificial pollen deposition by hummingbirds on tapes of distinct types 
accommodating either long-billed (L) or short-billed (S) hummingbirds within three distinct 
elevations (1500m, 1660m, and 1790m) on the Pacific slope of Monteverde, Costa Rica. The 
average for each elevation and tape type is determined by 40 tapes, except for 1660m; both long 
and short averages for this elevation are instead determined by 39 tapes since two tapes were 
lost. Means with different letters are determined as significantly different by a poisson ANOVA. 
Error Bars represent +/- one standard error for long and short tape types respectively. 

 

 Far less artificial pollen was moved between tapes of different elevations (11 instances) 
than was moved between tapes of the same elevation (238 instances). However, cross-elevational 
pollination still occurred between all elevations. All of the long type tapes observed to have 
artificial pollen from other elevations came from 1800 m. Overall, Feeders at 1500m are 
involved in more cross-elevation artificial pollen movement than would be expected by chance 
(nine tapes versus the expected eight) and the other two elevations are less involved than 
expected (seven tapes at 1660m and six tapes at 1790m versus the expected 8; Fig. 7). However, 
these differences are not statistically significant (X  = 0.75, df = 2. p = 0.31, and n = 11). Feeders 
at 1500m donate to more inter-elevational tapes than would be expected by chance (6 versus 4.5) 
and feeders at 1790m receive from more inter-elevational tapes than would be expected by 
chance (five versus three), but the overall difference in donating-receiving ratios between the 
elevations is still not statistically significant (X  = 3.81, df = 2. p = 0.15, and n = 11). Lack of 
statistical significance here is likely due to a small sample size.  
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FIGURE 3. Artificial pollen transfers by hummingbirds between tapes and color donors of 
different elevations in Monteverde, Costa Rica. A total of 11 tapes, four long type and seven 
short type, exhibited cross-elevational pollination. The number received indicates how many 
tapes at a given elevation had the artificial pollen color of a different elevation. The number 
donated for a given elevation indicates how many times its color was found on tapes of another 
elevation. Overall, the most cross-elevational transfer involves feeders at 1500m. Feeders at 
1500m and 1660m in elevation donated more pseudo-pollen to other elevations than would be 
expected by chance and feeders at 1790m in elevation received more pseudo-pollen than would 
be expected by chance. 

 The presence and abundances of pollen species are more similar between 1660m and 
1500m (Morista Similarity Index: 85.27% similar) than between 1660m and 1800m (Morista 
Similarity Index: 49.43% similar). Additionally, similarity between these adjacent elevations is 
greater than between 1500m and 1800m (Morista Similarity Index: 43.10% similar). There is 
greater species richness observed at 1790m (16 species) than at 1500m (12 species) and 1660m 
(ten species), but the difference is not significant, likely due to a small sample size. All the pollen 
species observed belong to plants whose natural distributions encompass the entire elevational 
range studied (Jost 2004). Columnea microcalyx is the overall most commonly observed pollen 
species. Satyria warzewiczii, Razisea spicata, and Drymonia conchocalyx are other notably 
common species. These hummingbird-pollinated species (Jost 2004) are the same species found 
on tapes that exhibited cross-elevational movement of artificial pollen. A few species are only 
found on tapes from 1500m; Centropogon solanifolius, Callistemon sp., and Rubus roseifolius. 
Many more species are found exclusively on tapes from 1790m than at the other two lower 
elevations’ tapes: Heliconia tortusa, Cavedishia complectens, Cuphea appendiculata, Psychotria 
elata, and Faramea multiflora. 
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FIGURE 4. Pollen species and relative number of grains observed on tapes at 1500m, 1660m, 
and 1790m in Monteverde, Costa Rica. A total of 18 short tapes from the first four collections, 
six from each elevation, were analyzed for pollen. Tapes from collection five were not analyzed 
for real pollen due to time restrictions. Species presence and abundance is more similar between 
adjacent elevations than between 1500m and 1790m and is also more similar between 1660m 
and 1500m than between 1660m and 1800m (Morisita Similarity Index). 
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 The most commonly observed hummingbird species at the feeders differed between the 
three elevations. Violet Sabrewings (Campylopterus hemileucurus) were most common at the 
highest and lowest elevations, while Green-Crowned Brilliants (Heliodoxa jacula) were most 
common at the middle elevation. The Purple-Throated Mountain-Gem (Lampornis calolaema) is 
noted as the third most common species overall, found at any elevation (Munger 2016). 

 

DISCUSSION 

Even though much less artificial pollen was found to be moved between tapes of different 
elevations than between tapes of the same elevation, the fact that movement was observed at 
least once between tapes of every elevation demonstrates that both long-billed and short-billed 
hummingbirds are capable of pollinating across life-zones on an elevational gradient on a daily 
basis in Monteverde. Montane hummingbird individuals have been known to briefly move across 
life zones during post-breeding emigrations (Stiles 1984), however, to the best of my knowledge, 
daily movements along an elevational gradient was previously unknown. Since birds of different 
bill lengths pollinate flowers of various corolla lengths (Stiles 1984; Mayzel 1997; Maglianesi et 
al. 2014), the fact that individuals of both bill lengths are moving across elevations daily 
indicates that a variety of plant species are regularly pollinated across several hundred meters of 
the elevational gradient. 

Since tapes accommodating short-billed hummingbirds, like the Purple-Throated 
Mountain Gem (Henderson 2015), received significantly more artificial pollen deposition from 
the same elevation on average than those accommodating long-billed hummingbirds, like Violet 
Sabrewings and Green-Crowned Brilliants (Henderson 2015), short-billed birds may be 
responsible for more of the pollination within elevations while long-billed birds spend less time 
in one place. It is therefore likely that long-billed birds visit fewer flowers, but over longer 
distances to obtain more nectar per visit as is consistent with existing literature (Linhart 1973; 
Fogden & Fogden 2005; Hadley & Bretts 2016). This greater distance traveled by long-billed 
birds is not necessarily up and down in elevation since short-billed hummingbirds were still 
slightly more responsible for cross-elevational artificial pollen movement.  

Long-billed trap-lining hummingbirds likely spend less time visiting flowers in the lower 
montane wet forest zone that includes the 1500m site than in the lower montane rain forest zone 
that includes the 1660m and 1790m sites; significantly less artificial pollen was moved by long-
billed birds within the lower elevation than within the upper two elevations. Trap-liners spending 
less time in the lower life zone may be because they prefer the wetter climate of higher 
elevations. However, regionally drier warmer conditions stemming from global climate change 
can cause asynchrony between flowering phenology and pollinator activity (Wall et al. 2003), so 
long-billed birds spending less time at 1500m may also be because the flowers from which they 
drink are flowering later in the lower life zone with the onset of the rainy season. 

While the differences between ratios of artificial pollen donated across elevations to 
artificial pollen received across elevations were insignificant between tapes from individual 
elevations (probably because of a small sample size), it is notable that the tapes at 1500m 
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donated more than expected by chance while tapes from 1790m received more than expected by 
chance. This could be explained by the fact that picking up artificial pollen that could be 
distributed to multiple tapes only requires one visit to a single cotton-ball; short-billed 
hummingbirds can spend relatively little time foraging at the lower elevation and still deposit its 
pollen many times at the higher elevations as they return to and move within them. Additionally, 
all of the cross-elevational movements of artificial pollen by long-billed hummingbirds were 
found on tapes at 1800m. This reaffirms that birds responsible for cross-elevational movement 
are still likely to spend more of their time at higher elevations, repeatedly depositing the artificial 
pollen they picked up from a quick visit to the lower life zone. This greater transfer of lower 
elevation pollen species to higher elevations than is reciprocated may increase the abundances of 
low elevational plants in the highlands over time. This is consistent with literature suggesting 
that lower elevation hummingbirds have already begun to become more abundant higher up the 
elevational gradient in Monteverde (Lynn 2001; Delisio 2008; Wallace 2013).  

The patterns involving real pollen species are only pertinent to patterns exhibited by 
short-billed birds since only short type tapes were analyzed. The idea that pollination events 
across great elevational distances are far rarer than pollination events between close or within 
elevations is further supported by adjacent elevations exhibiting greater similarity in pollen 
species present and their abundances than is exhibited between the highest and lowest elevations. 
Although the difference in species richness observed between the different elevations was not 
statistically significant, likely due to a small sample size, the highest elevation exhibited the most 
pollen species overall as well as the most pollen species unique to a single elevation. This may 
support the idea that highland hummingbirds, such as the Fiery-Throated Hummingbird which 
used to be dominant generalists anywhere above 1400m in Monteverde (Fogden 1993; Fogden & 
Fogden 2005, Diliso 2008), were generalists at some point responsible for transferring pollen for 
more plant species within their elevation than lowland species (Maglianesi et al. 2015). The 
Fiery-Throated is now rare or completely unobserved anywhere below 1800m in Monteverde, 
likely because of climate change (Fogden & Fogden 2005; Wallace 2013). Other hummingbird 
pollinators’ peak abundances have shifted upslope, such as the Purple-Throated Mountain-Gem 
(Wallace 2013). Knowing that they move pollen from the lower elevations to higher ones, not 
only briefly with yearly migrations as was known before (Stiles 1985), but on a daily basis, the 
greater diversity of plants once pollinated by the Fiery-Throated Hummingbird at higher 
elevations may be lost to an increased abundance of lowland plant species being moved up 
(Fontaine et al. 2005; Memmott et al. 2007). This may be especially likely since the loss of a 
generalist pollinator from a community tends to be most dangerous for pollination networks 
(Memmott et al. 2004). However, Purple-Throated Mountain-Gems have already been observed 
taking over floral patches once dominated by Fiery-Throated Hummingbirds (Fogden & Fogden 
2005), so they may be in the process of expanding their niche to pollinate the species at the 
higher elevations that are no longer getting pollinated in the absence of the Fiery-Throated 
Hummingbird. 

The most common species observed generally comprise a greater portion of the pollen 
found on tapes from the lower elevations than on those found on higher ones and were also the 
most common species found on tapes that exhibited cross-elevational deposition of artificial 
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pollen.  It is therefore likely that these few common species (Columnea microcalyx, Satyria 
warzewiczii, Razisea spicata, and Drymonia conchocalyx) are increasing in abundance relative to 
other plants across all elevations. The Purple-Throated Mountain-Gem is likely to be a prominent 
perpetrator of this as it is the most commonly observed short-billed bird at every elevation 
(Munger 2016), and is known to prefer flowers of both Satyria and Columnea (Stiles et al. 
1989). Pollen species moved by long-billed birds, such as Violet Sabrewings and Green-
Crowned Brilliants, should be assessed by future studies to ensure that flowers with corolla 
lengths coevolved for them are being considered as species that may be increasing in abundance 
as well. 

Overall, most of the hummingbird pollination activity along Monteverde’s elevational 
gradient occurs within elevational bands. However, events of pollination by both long and short-
billed hummingbirds across life-zones do happen occasionally. These birds responsible for cross-
pollination, Violet Sabrewings, Green-Crowned Brilliants, and Purple-Throated Mountain-Gems 
being the most likely candidates, may be moving more pollen from lower elevations to higher 
ones than vice versa. Thus they are gradually increasing the abundance of pollen species from 
lower elevations in higher altitudes. The ratio in pollen being moved to upper elevations versus 
that being moved to lower elevations may continue to increase making the common species of 
pollen mentioned above may become increasingly common as well as a greater of a portion of 
overall pollen transferred at higher elevations in the future.  The relatively little movement across 
elevations now can be compared to the movement observed later to determine how climate 
change is impacting hummingbird pollinators and their plant communities along an elevational 
gradient in Monteverde.  
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ABSTRACT 
	
Frugivorous bats are important dispersers for many Neotropical plants.  Bat ingestion of seeds may enhance 
seed germination as a result of co-evolution with plant seeds.  Previous studies have found varying results 
on the effect of seed ingestion and germination.  This study compares the impact of bat ingestion on seed 
germination for three related plant species: Solanum nudum, S. umbellatum and Acnistus arborescens all in 
the Solanaceae family.  S. nudum and S. umbellatum are classic bat fruits that ripen to yellow at night.  A. 
arborescens fruits are orange and are normally dispersed by birds.  Carollia perspicillata (Phyllostomidae) 
bats fed all three fruit species and were compared to control for germination success after ingestion. Bird-
dispersed A. arborescens had the highest germination success (95.9%) while S. umbellatum had the lowest 
(4.4%). It was revealed that overall seed germination was largely unaffected by bat ingestion.  Bat ingested 
seeds of S. nudum germinated approximately a half day longer than non-bat ingested seeds. Coevolution in 
bat and bird fruits appears more related to fruit traits than seeds.  Perhaps gut morphology in birds and bat 
is similar enough that seeds can pass through either unimpacted.     
 
RESUMEN 
 
Los murciélagos frugívoros son dispersores importantes para muchas plantas neotropicales. La ingestión de 
semillas por murciélagos, puede mejorar la germinación. Estudios previos han encontrado resultados 
variables en el efecto de la ingestión de semillas y su germinación. Este estudio compara el impacto de la 
ingestión de semillas por murciélagos en tres especies de plantas relacionadas: Solanum nudum, S. 
umbellatum y Acnistus arborescens todas pertenecientes a la familia Solanaceae. S. nudum y S.umbellatum 
son frutas clasicamente consumidas por murciélagos que maduran a amarillo de noche. A. arborescens 
posee frutos naranjas  y son normalmente dispersados por aves. Individuos de Carollia perspicillata 
(Phyllostomidae) fueron alimentados con las frutas descritas anteriormente y comparadas con el éxito de 
germinación después de la ingestión. La especie dispersada por aves A. arborescens tuvo el mayor éxito de 
germinación (95.9%) mientras que S.umbellatum tuvo el menor (4.4%). En general, se demostró que la 
germinación de semillas no fue afectada por la ingestión de los murciélagos. Las semillas ingeridas de 
S.nudum germinaron aproximadamente medio día más que las semillas no digeridas por murciélagos. La 
coevolución en semillas de murciélagos y aves parece estar más relacionada a características de las frutas y 
no de las semillas. Sin embargo, la morfología intestinal en aves y murciélagos son suficientemente 
parecidas para que las semillas pasar a traves sin ser impactadas. 
 
INTRODUCTION 
	
	 Seed dispersal is important to avoid intraspecific competition, density-dependent 
mortality and inbreeding (Muscarella & Fleming 2007).  Different types of seed dispersal 
include: wind, water, gravity, and animal dispersal (Begon et al. 1990). In the Tropics, 
over 90% of plant species use animals for dispersal (Howe & Smallwood 1982).  Many 
plants have adapted their fruits to attract optimal dispersers (Howe & Smallwood 1982).  
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Beyond fruit morphological attraction, the effectiveness of seed dispersal can be 
impacted by the survival rate and passage time of the seeds through animal guts (Peciado-
Benítez 2015).  Therefore, seeds may pass through coevolved dispersers guts unharmed 
or may even benefit (Traveset 1997).   
 In the most extreme case, mammal guts may be required for seed germination by 
scarifying seeds in the gut that would not be able to germinate otherwise (Howe and 
Smallwood, 1982). This is apparently the case for Enterolobium (Janzen 1983).   
Additionally, it has been proposed that there was a strong coevolved obligate mutualism 
between the dodo bird and the tambalacoque tree in which the seeds of this tree could not 
germinate without abrasion in the gut of a dodo (Witmer & Cheke 1991).  Another 
example of a possible coevolved relationship is found in the Australian mistletoe bird that 
feeds almost exclusively on mistletoe berries defecates frequently. During each 
defecation the bird rubs its butt on the branch of a tree allowing the seeds to germinate 
and establish themselves as parasites on the host tree (Begon et al. 1990).   
 There are many lesser cases where passing through the gut is not required but 
increases germination by increasing both germination rate and success (Figeiredo & Perin 
1995). Figeiredo and Perin tested the effect of bird and bat ingestion of the fig, Ficus 
luschnathiana, seed germination and it was found that both bird and bat ingestion 
improved the germination rates of F. luschnathiana (1995).  This may suggest a close tie 
to coevolved dispersers or a more general response to vertebrate guts. Comparing seeds 
from fruits adapted for different vertebrate dispersers is needed to assess the difference 
between a coevolved and general response.  This may support the hypothesis that some 
plants co-evolve with their dispersers with the purpose of improving their overall 
germination success.   
 Frugivorous bats and birds play an important role as seed dispersers in the Tropics 
(Muscarella & Fleming 2007). Even though bats are dispersers for many plant species in 
the tropics, they have demonstrated preferences for certain fruit traits (Ratcliffe & 
Hofstede 2005).  For instance, Phyllostomidae bats have been observed to prefer 
Solanaceae fruits such as Solanum (York & Billings 2009) but they tend to avoid the 
bird-dispersed fruits of A. arborescence, also Solanaceae (Lovaba 2009). Two Solanum 
fruits, S. nudum and S. umbellatum, are strictly bat-dispersed while A. arborescens is 
consumed primarily by birds (Valburg, 1992; Dinerstein, 1986).  It is possible Solanum 
species have co-evolved with their bat dispersers while A. arborescens may be co-
evolved to pass through bird but not bat guts.   
 The purpose of this study is to look at the effect of gut retention in frugivorous 
bats on germination success of S. nudum, S. umbellatum and A. arborescens. Controls of 
non-bat ingested fruits will used to estimate the germination success of bat-ingested 
seeds.  It is predicted that if bats are the primary dispersers of S. nudum and S. 
umbellatum, then germination success will be greater in these two fruits than A. 
arborescens, a primarily bird-dispersed fruit. It is also predicted that seeds eaten by bats 
will have a higher success rate of germination than control seeds. 
			
	
METHODS 
	
Study Site 
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This study was conducted in April 2016, which is dry season with little precipitation 
since February (Nadkarni et al. 1995).  Data were collected in a disturbed area 
surrounded by Premontane Moist forest in Monteverde, Costa Rica. Annual temperature 
remains constant throughout the year at a mean temperature of 17.7 °C (Nadkarni et al. 
1995).  The study site was at 1500 m in elevation. The study bats were kept inside in 
individual cages with the dimensions of 16in3 (Figure 1) with normal light: dark.  
	

	
Figure 1. Study site in Monteverde, Costa Rica where 7 subject Carollia bats were kept 
from April 22nd to April 25th to test seed responses to gut passage.  Plastic cover paper 
was taped to both left and right sides of each cage.  Each cage was elevated and nailed 
down to two separate pieces of wood on either side of the cage, leaving space between 
the table and the bottom of the cage for seeds to drop and be removed.   
 
 
Study Species 
	
Seven C. perspicillata bats were obtained from a colony in San Luis, Costa Rica.  C. 
perspicillata bats are the most common frugivorous bats feeding in the understory in 
many Neotropical forests (Fleming 1991) and they prefer the fruits of understory plants 
such as Solanum (York & Billings 2009). All species of frugivorous bats are known to eat 
A. arborescens in the wild but it is not preferred (Lovaba 2009).  Two fruits, S. nudum 
and S. umbellatum were obtained in Monteverde, Costa Rica and A. arborescens was 
collected in Santa Elena, Costa. These three species of Solanaceae fruits are abundant in 
Monteverde, Costa Rica and all are reported from bat droppings (Dinerstein 1986), 
though Solanum is common and A. arborescens is occasional, as it is mostly-bird 
dispersed.  Between one to three ripe fruits were set aside for each trial and were used for 
controls.  A total of 20 ripe fruits of each species were obtained to estimate the average 
number of seeds per fruit.  	
	
Experiment 
 
Seven wire mesh 16in3 cages were constructed.  A door hole was cut out in the front of 
each cage.  A separate piece of welded wire mesh was placed over the door hole and 
hinges were made on the left hand side of the door with cable wires.  Each cage was 
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placed on top of two pieces of wood and elevated enough to allow a gap between the 
table and the bottom of the cage.  To stabilize the cages, they were nailed down on all 
four sides to the wood.  For further stabilization, the wood pieces were duct taped down 
to the table. Then plastic covers were duct taped to the left and right side of each cage, to 
prevent the bats from seeing one another.  Hand towels were draped over the top of all of 
the cages to minimize the light in each cage and to provide the feeling of a roof to the 
bats.  A red light bulb was put into the overhead light in the study room for nighttime 
observations.   
 
Feeding 
 
The bats were obtained on April 21st and the first night they were given approximately ¼ 
of 1-in3 pieces of banana for the night.  Water was provided for each bat for the 
remainder of the study in 1-½ inch diameter petri dishes. The Carollia bats were fed with 
S. nudum for the first two nights of the study (Figure 2).  Five full ripe fruits of S. nudum 
fruit were put into each petri dish for all seven bats. A. arborescens was given to the bats 
on the third night (Figure 2) and S. umbellatum was given on the last night (Figure 2).  
Five ripe pieces of S. umbellatum was also given to each bat. Study fruits were offered to 
the bats for two hours every night. To collect guano samples, white printer paper was 
placed under each cage directly after the study fruit was given out to the bats.  At the end 
of the trial period ¼ cup of 1in3 pieces of banana and papaya were offered to each bat in a 
3-inch diameter petri dish. Banana and papaya pieces were roughly the same size as the 
study fruits to allow bat consumption.  There was a lot of access food left over in the petri 
dishes the next morning.   
	

	
Figure 2. Experimental fruit fed to Carollia bats in Monteverde, Costa Rica to assess the 
impact of the bat’s gut on germination.  S. nudum (a) was given on the first and second 
nights, A. arborescens (b) was given on the third night, and S. umbellatum (c) was given 
on the fourth night.  
 
Data Collection 
 
Bats were fed either S. nudum or A. arborescens at 6pm for their selected nights. On the 
first night, S. nudum was fed and guano samples were taken until 8:15pm.  On the second 
night, S. nudum was given to the bats and guano samples were taken until 7:45 pm. 
Instead of switching over to the diced fruit, S. nudum, banana, and papaya were all 
mashed together and then given to the bats for the remainder of the night (Figure 3). 
Overnight guano samples were collected from each bat the next morning. The third night, 
A. arborescens was prepared into petri dishes for bats #1-6 but bat #7 did not participate 

a b
b
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in the study this night and was only given mushed banana.  At 7:10pm a homogenous 
mixture was prepared again of A. arborescens, banana, and papaya. The guano samples 
were not collected that night, only overnight guano samples were collected the next 
morning. On the last night of data collection, S. umbellatum was fed to the bats at 
5:30pm.  Guano samples from this night were taken from 7:30pm until 8:30pm.  At 
8:30pm S. umbellatum was mashed with banana and papaya and then given to the bats for 
the night.  Overnight guano samples were also collected the following morning.   
	

 
Figure 3. Homogenous mixture of study fruits, banana, and papaya. A) A. arborescens 
mixture that was fed to the subjects on the third night.  B) S. umbellatum mixture given to 
the bats on the last night of the study.  Food samples were given to the bats at the study 
site in Monteverde, Costa Rica.  
 
Germination 
 
All of the guano samples from the first two nights were transferred from their respected 
vials into glass petri dishes the morning after each trial.  The number of seeds in each 
sample were counted. All of the samples from the third and fourth night were transferred 
from their vials into glass petri dishes the morning after the fourth night of collection. 
Instead of counting the seeds in a petri dish the guano samples from each vial were 
washed in a sieve to separate the seeds (Figure 4).  The seeds from the sample were 
transferred to a plastic cover and counted.  After the number of seeds were counted from 
each sample, they were transferred again into their own prepared petri dish with filter 
paper (Figure 4).  Each sample was sprayed with fungicide directly after their transfer 
into the filtered petri dishes.  Previous studies showed that fungicide was essential for 
seed germination (Dorobek 2010; Earp 2014) The seeds were placed on a table that 
received sunlight for approximately 12 hours a day and were watered twice a day, once in 
the morning and once in the afternoon so that seeds were never dry but never fully 
submerged.  Seeds were checked for germination daily until May 9th.  
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Ripe fruits that were set aside each day were used to make controls. The number of seeds 
in each control fruit were counted before their transfer into a filtered petri dish. In total 
there were four S. nudum controls were prepared, two for the first night and another two 
for the second night.  One control of each for A. arborescens and S. umbellatum were 
prepared after the fourth night. Controls were sprayed with fungicide directly after their 
transfer into petri dishes and were kept in the same location as the bat-eaten seeds (Figure 
4).  Control seeds were also watered twice a day checked for germination until May 9th.  
Germination was defined as any sign of a seedling. Germination success was a measured 
percentage calculated from the number of seeds germinated divided by total number of 
seeds collected. Germination rate defined as the measured number of days from gut 
passage until germination.   
	

	
Figure 4. Seed germination beds for three Solanaceae species whose seeds passed 
through bat guts or control that did not. A) Guano samples being filtered through a sieve.  
B) All of the guano samples from the four nights in their individual petri dishes.  Seed 
samples were kept in La Estación Biologíca in Monteverde, Costa Rica where they were 
watered and checked for germination daily.   
	
	
RESULTS 
	
Germination success 
	
Seeds from S. nudum, A. arborescens, and S. umbellatum that had passed through a bat 
showed germination success to a varying degree.  To compare the germination success 
rate of the three different wild fruits a one-way Analysis of Variance (One-way ANOVA) 
test was used.  It was determined that germination success rates between the fruit species 
were significantly different from one another (One Way ANOVA, F=220.3, df=2, 
p<0.001; Figure 5).  The germination success of S. nudum (90.4 % +/- 5.5) was found to 
be statically higher than S. umbellatum (4.4 % +/- 2.4) and A. arborescens (95.9 % +/- 
1.9) germination success was also statistically higher than S.umbellatum (Fisher LSD, 
p<0.001 in all cases).  **add in means and sd**However, S. nudum and A. arborescens 
were not statistically different from one another (Fisher LSD, p=0.29).  A. arborescens 
had the highest germination success percentage (95.9% +/- 1.94), S. nudum had the 
second highest (90.4% +/- 5.51), and S. umbellatum comparatively much lower 
germination success (4.4% +/-2.41) (Figure 5).   
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  It was found there was a significant difference between total germination 
successes of S. nudum (Two way Chi-Square, X2=11.51, df=1, p=0.007; Figure 6) and A. 
arborescens (Two way Chi-Square, X2=20.39, df=1, p<0.001;Figure 7) in treatment 
types. There were 818 bat-ingested S. nudum seeds that germinated while 603 bat-
ingested seeds did not germinate.  Only 294 control S. nudum seeds germinated and 302 
control seeds did not germinate.  As for A. arborescens, 332 bat-ingested seeds 
germinated and 7 did not germinate while only 23 control seeds germinated and 5 control 
did not germinate.  There was no significant difference between germination success and 
treatment type in S. umbellatum seeds (Two way Chi-square, X2=3.56, df=1, p=0.59).  
None of the control seeds germinated for S. umbellatum (Figure 8). For all three cases, 
the numbers of observed and expected seeds were essentially the same.   
	

	
Figure 5. Percent germination success of S. nudum, A. arborescens, and S. umbellatum 
that passed through the gut of C. perspicillata bats.  Measurements for S. nudum and A. 
arborescens were based on 6 C. perspicillata bats while measurements for S. umbellatum 
were based on 7 C. perspicillata bats.  Data was collected and analyzed in Monteverde, 
Costa Rica. The germination success of S. nudum was found to be statically different 
from S. umbellatum and A. arborescens germination success was also statistically 
different from S.umbellatum (Fisher LSD, p<0.001 in all both). Error bars represent ±1 
standard error.  
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Figure 6: Observed and expected number of germinating seeds in bat and non-bat 
consumed S. nudum seeds. Germination success was statically different from treatment 
type of S. nudum seeds (Two way Chi-Square, X2=11.51, df=1, p=0.007).  Seed count 
was based off 6 C. perspicillata bats in Monteverde, Costa Rica.   
	
	

	
Figure 7: Observed and expected number of germinating seeds in bat and non-bat 
consumed A. arborescens seeds.  Germination success is statistically different from 
treatment type of A. arborescens seeds (Two way Chi-Square, X2=20.39, df=1, p<0.001).  
Seed count was based off 6 C. perspicillata bats in Monteverde, Costa Rica.  
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Figure 8: Observed and expected number of germinating seeds in bat and non-bat 
consumed S. umbellatum seeds. Germination success is not statistically different in 
treatment types of S. umbellatum seeds (Two way Chi-square, X2=3.56, df=1, p=0.59).  
Seed count was based off 7 C. perspicillata bats in Monteverde, Costa Rica.  
 
Germination rate 
 
To compare the average number of days that each seed type took to germinate, another 
one-way Analysis of Variance statistical test was run.  It was found that the average 
number of days until germination between seeds from S. nudum, A. arborescens, and S. 
umbellatum were significantly different from one another (One way ANOVA, F=202.8, 
df=2, p<0.05; Figure 9).  The mean number of days until germination for A. arborescens 
(5.0 +/- 0.04) was statistically higher than S. umbellatum (3.8 +/- 19) and S. nudum (3.5 
+/- 0.04)  (Fisher LSD, p<0.001 in both cases).  However, the mean number of days until 
germination was not statistically different between S. nudum and S. umbellatum (Fisher 
LSD, p=0.24).  
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Figure 9. Average number of days for seeds of S. nudum,, A. arborescens, and S. 
umbellatum to germinate.  Measurements for S. nudum and A. arborescens were based on 
6 C. perspicillata bats while measurements for S. umbellatum were based on 7 C. 
perspicillata bats. The mean number of days until germination for A. arborescens was 
statistically different from S. nudum and S. umbellatum (Fisher LSD, p<0.001 in both 
cases). S. nudum is not statically different than S. umbellatum (Fisher LSD, p=0.24). 
Error bars represent ±1 standard error. Data was collected and analyzed in Monteverde, 
Costa Rica.   
	
Interaction between treatment and germination rate 
	
A two-way ANOVA was used to look at the interaction between time until germination 
between treatment type and fruit species. There was a statistical difference in mean 
number of days until germination between treatment (bat or no bat) and fruit species 
(Two way ANOVA, F=299.08, df=3, p=0.039; Figure 10).  Treatment type did not 
significantly impact the mean number of days until germination in A. arborescens seeds 
(Tukey HSD, p>0.05). The mean number of days until germination in bat consumed S. 
nudum seeds (3.51 +/- 0.034) differed significantly from the mean number of days until 
germination in non-bat consumed S. nudum seeds (3.03 +/- 0.04) (Tukey HSD, p<0.05; 
Figure10).  	
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Figure 10. Average number of days S. nudum and A. arborescens took to germinate after 
the passage through bats and without bats.  Mean numbers of S. nudum and A. 
arborescens fruit were based on 6 subject C. perspicillata. Germination rate differed 
significantly between treatment types in S. nudum seeds (Tukey post hoc test, p<0.05).  
Error bars represent ±1 standard error. Data collection took place in Monteverde, Costa 
Rica. 
	
DISCUSSION 
	
	 The purpose of this study was to determine the effect of gut retention of 
frugivorous bats and the subsequent germination rate of three wild Neotropical fruits, two 
primarily dispersed by bats and one primarily dispersed by birds.  Germination success 
and germination rate were compared between S. nudum, A. arborescens, and S. 
umbellatum.  The interaction between treatment type and germination rate were then 
compared between S. nudum and A. arborescens.  Previous studies have demonstrated 
that germination of fig seeds has either been enhanced or unaffected by gut passage of 
bats (Tang et al. 2007). However, the results from this study suggests that germination of 
Solanaceae was largely unaffected by gut passage of bats, regardless of who normally 
disperses the fruits.   
 Bat-eaten S. nudum seeds were revealed to have the shortest mean time until 
germination while bat-eaten A. arborescens seeds had the longest.  When treatment type 
and germination rate where compared, S. umbellatum was not analyzed due to the lack of 
germination in control seeds. Due to the lack of germination in the S. umbellatum control 
seeds, scarification might be necessary for germination of these seeds (Howe & 
Smallwood 1982). On the other hand, it was found that bat ingestion did not affect the 
germination rate of A. arborescens seeds and it delayed the germination rate of S. nudum 
seeds by half of a day. Germination rate is one of the most important factors in plant 
fitness (Verdú & Traveset 2005). The time at which a seedling emerges determines the 
subsequent success and even the slightest delay of germination can impact plant biomass 
and reproduction (Verdú & Traveset 2005). Thus, a long germination rate of A. 
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arborescens after bat ingestion infers the plant has not been able to adapt well to bat 
consumption. Moreover, Sarazen found that the highest percentage of seeds per dropping 
of A. arborescens was at 30 minutes and the highest percent of germinated seeds was also 
at 30 minutes (2014).  These results further support that A. arborescens has not adapted 
to bat consumption due long gut passage time and germination rate of seeds passed which 
could lead to an unfavorable seed establishment. Therefore, A. arborescens most likely 
relies heavily on their many bird-dispersers for seed germination (Wheelwright et al. 
1984).   
 The mean gut passage time of C. perspicillata has been reported to be 22 minutes 
and these bats have been observed to produce a defecation as soon as 5 minutes after 
ingestion of food (Shilton et al. 1999). C. perspicillata gut retention time is fairly rapid 
compared to other bat species such as C. crachyotis and Pteropus campyrus with an 
average gut passage time of 7.5 and 5.5 hours (Shilton et al. 1999). Short gut retention 
time is most likely due to the small size of bat’s guts and their constant need for fuel as 
frugivorous bats are known to be active travelers during the night (Shilton et al. 1999). 
Therefore, plants may remain to be constrained to evolve with such a short gut retention 
time, explaining why we did not find bat-ingestion to enhance germination.  Furthermore, 
some larger seeds may even be spit out and rejected by the bat due to the small diameter 
of their gullets (Shilton et al. 1999).  As assumed, it has been determined that ejecta, or 
spit samples, do not have an effect on ficus seed germination (Tang et al 2007), further 
supporting they hypothesis that plants are co-evolutionary restrained due to lack of time 
spent in their dispersers.  Bat consumption may not affect germination success in these 
Solanaceae fruits but the plant may be benefitting by dispersal distance from the parent 
plant (Murray et al. 1994) 
 Our results did not show extreme variation in germination rates of bat ingested 
versus control seeds yet these findings are very important in regards to the potential 
fitness of S. nudum, A. arborescens, and S. umbellatum. There was no clear evidence of 
plant-disperser coevolution in this study. However, for means of conservation of tropical 
plants such as these Solanaceae plants in regenerating forests, this is useful information to 
have.  It is important that we still consider plant-disperser interactions, as they are crucial 
to our understanding of forest biodiversity.   
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ABSTRACT 

 
Anthropogenic climate change is causing increases in global average 

temperature, changes in seasonality and altered precipitation patterns which are linked 
to upslope range shifts, population declines, and phenological changes.  This study 
examines the response of the elevational ranges of three species of Cecropia trees and 
four species of their mutualistic Azteca ants between 700 and 1825m in Monteverde, 
Costa Rica to climate change.  Sampling was conducted in April 2016 and species 
ranges were compared against baseline data collected in 1985 and re-sampled in 2008.  
In the past 31 years, maximum elevation of Cecropia occupation by Azteca has 
increased 130m. The mean elevation of all but one Azteca species increased 
significantly from 1985, with A. coeruleipennis found 58m higher (p<0.001), A. 
constructor found 104m higher (p=0.001), and A. xanthochroa found 57m higher 
(p<0.001). A. alfari was found 27m higher, but this upward trend was not significant 
(p=0.089).  Additionally, two Cecropia species have shifted upward significantly, C. 
obtusifolia 83m (p<0.001) and the C. obtusifolia/C. angustifolia hybrid 107m 
(p<0.001).  Additionally, the composition of the Azteca community has shifted; with 
the abundance of the generalist A. constructor increasing relative to that of more 
specialized species (Chi-squared=13.62, p=0.001).  These data indicate that both 
Azteca ants and Cecropia trees are responding to climate change by moving upslope 
and changing in relative abundance. 
 
RESUMEN 

 
El cambio climático antropogénico está causando aumentos en la temperatura 

promedio global, cambios en la estacionalidad y patrones alterados de precipitación 
ligados a cambios en los rangos altitudinales, decline de poblaciones, y cambios 
fenológicos. Este estudio examina la respuesta de los rangos altitudinales para tres 
especies de árboles de Cecropia y cuatro especies de su hormiga mutualista Azteca 
entre 700 y 1825m en Monteverde, Costa Rica en respuesta al cambio climático. El 
muestreo fue llevado a cabo en abril del 2016 y el rango de las especies se comparó 
con datos base recolectados en 1985 y re-muestreados en el 2008. En los últimos 31 
años, la elevación máxima de Cecropia ocupadas con Azteca ha aumentado 130 m. La 
elevación media de todas menos una de las especies de Azteca aumentaron 
significativamente desde 1985, con A. coeruleipennis encontrándose a 58m más alto 
(p<0.001), A. constructor encontrada 104m más alto (p=0.001), y A. xanthochroa 
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encontrada 57m más alto (p<0.001). A. alfari se encontró 27m más arriba, pero este 
movimiento no fue significativo (p=0.089).  Adicionalmente, dos especies de 
Cecropia se movieron significativamente a elevaciones más altas C. obtusifolia 83m 
(p<0.001) y el híbrido C. obtusifolia/C. angustifolia 107m (p<0.001). 
Adicionalmente, la composición de la comunidad de Azteca ha cambiado, con la 
abundancia de la generalist A. constructor aumentando con respecto a las especies 
más especializadas (Chi-cuadrado =13.62, p = 0.001). Estos datos indican que tanto 
las hormigas Azteca y los árboles de Cecropia están respondiendo al cambio 
climático moviéndose hacia arriba y cambiando sus abundancias relativas. 

 
INTRODUCTION 
 

Global average temperatures are rising as a result of anthropogenic carbon 
forcing (IPCC 2013, Corlett 2014). Since 1880, average global temperature has 
increased by 0.85° C, with some areas experiencing more than 1°C of warming (IPCC 
2013). The effects of climate change also go beyond temperature, impacting 
precipitation, seasonality, short-term weather events, and causing time lags in normal 
climatic processes (Ghalambor et al. 2006, Parmesan et al. 2013). Changing 
temperature and precipitation patterns have been linked to upslope altitudinal and 
latitudinal range shifts, population declines, and changes in phenology (McLaughlin 
et al. 2002, Battisti et al. 2005, Wilson et al. 2005, Walther et al. 2005, Kelly and 
Goulden 2008, Kearney et al. 2010, Yang and Rudolf 2010, VanDer Wal et al. 2012, 
Krishnaswamy et al. 2014). Species may react differently to climate change, resulting 
in the disruption of species interactions and community dynamics (Hegland et al. 
2009, Gilman et al. 2012, Forrest 2015).  In the Tropics, average temperature has 
risen 0.7 to 0.8°C in the last century, with the rate of temperature change increasing 
sharply since 1970 (Pounds et al. 2006).  Tropical areas are also susceptible to 
temperature and precipitation fluctuations brought on by El Nino-Southern Oscillation 
events (Corlett 2014).  It has been hypothesized that tropical species may be more 
vulnerable to changing temperatures due to narrower thermal ranges and greater 
stability over evolutionary history (Ghalambor et al. 2006, Buckley & Jetz 2008, 
Huey et al. 2009 Gasner et al. 2009, Cadena et al. 2012). 

Monteverde, Costa Rica is an ideal location to study the effects of climate 
change on species ranges, given the diversity of habitats along the slopes of the 
Tilarán Mountains between 700 and 1850m.  This relatively small area supports seven 
Holdridge life zones (Holdridge 1957, Haber 2000) and is historically well studied, 
providing a baseline for studies of species ranges. Since the 1980s, the climate of the 
Pacific slope of Monteverde has changed significantly (Gasner et al. 2009, Clark et al 
2014).  Rising cloud levels due to climate change have increased seasonality by 
decreasing critical mist inputs during the dry season, and an increase in the prevalence 
and number of consecutive dry days has changed hydrological patterns (Pounds et al. 
1999).  Pounds attributes these changes to rising sea surface temperatures, but 
deforestation on the Atlantic slope may also be playing a role (Lawton et al. 2001).  
The daily temperature range of Monteverde is also decreasing as nighttime 
temperatures are increasing faster than daytime temperatures (Pounds et al. 2006). In 
Monteverde, climate change has been linked to population declines in Norops lizards 
and anurans (Pounds et al. 1999 and 2006), as well as the upslope movement of 
lowland bird and bat species (Pounds et al. 1999, LaVal 2004). 
 A prevalent, well-studied neotropical plant-insect mutualism is the 
relationship between Azteca ants and pioneer trees in the genus Cecropia (Carroll 
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1983, Schupp 1986, Longino 1989 and 1991a and b, Scalley 1993, Mazzei 2003, 
Cernac 2005, Loope 2008, Vizek et al. 2012).  Ants assist the tree by removing 
climbing vines and lianas and by deterring herbivores from the tree.  In return the tree 
provides ants with domatia in hollow stem internodes, as well as carbohydrate-rich 
Müllerian bodies (Janzen 1969, Schupp 1986).  While Cecropia is not an obligate 
myrmecophile, competition for Cecropia domatia between Azteca colonies is 
normally intense, resulting in few ant-associated Cecropia without Azteca colonies 
(Longino 1989).  Several species of Azteca ants are obligate Cecropia inhabitants 
(Longino 1989). 

In Monteverde, three Cecropia species (C. peltata, C. obtusifolia, and C. 
angustifolia) and four Azteca species (A. xanthochroa, A. alfari, A. constructor, and 
A. coeruleipennis) are found on an elevational gradient from 700 to 1825m.  Each 
species inhabits a specific elevational range within this larger gradient (Longino 1989, 
Loope 2008).  While all four Azteca species are obligate inhabitants of Cecropia 
internodes, they are not species specific, and ranges of Azteca and Cecropia species 
are not directly coincident (Longino 1989).  Additionally, the high elevation species 
Cecropia angustifolia does not partner with Azteca ants (Longino 1989, 1991a and 
1991b), instead relying on toxic secondary compounds to protect against herbivory 
(Scalley 1993).  C. angustifolia hybridizes with C. obtusifolia, producing a zone of 
hybridization in which ant occupation is varied (Longino 1989, Cernac 2005). As 
there are few existing data on the effects of climate change on partners within non-
pollination mutualisms, the Azteca-Cecropia complex in Monteverde provides an 
excellent opportunity to investigate the effects of climate change on such a system. 
 Since Longino first identified the ranges of Azteca and Cecropia in the 
Monteverde area in 1985 (Longino 1989), several studies have investigated the 
movement of Azteca and Cecropia elevational ranges over time.  Mazzei (2003) 
found that three of the four Monteverde Azteca species had shifted up in elevation, 
while Cernac (2005) found that C. obtusifolia had shifted upward, enlarging the zone 
of hybridization with C. angustifolia.  Vizek et al. (2012) found upward range 
extension of Cecropia occupation by Azteca, as well. A more extensive study by 
Loope (2008) found upward movement of two Azteca species, as well as changes in 
relative abundance of Azteca species.  However, Loope (2008) did not find evident of 
shifting Cecropia ranges.  

My research will involve repeating the study performed by Longino (1989) 
and Loope (2008) to see if there has been continued upward movement by Azteca and 
Cecropia in the last eight years.  Through comparisons with data gathered in 1985, 
2003, and 2008, I will be able to investigate trends in changes of elevational range 
and abundance over time that are predicted from climate change. 
 
MATERIALS AND METHODS 
 

Samples from Cecropia and Azteca were collected along a 10km transect 
running from Cerro Amigos through the trails near La Estación Biológica de 
Monteverde down to Cerro Plano/Monteverde, through the San Luis Valley to below 
San Luis Abajo.  This represents a range of elevations from 700 to 1825m that have 
been sampled by Longino (1989), Mazzei (2003) and Loope (2008), allowing data to 
be comparable to past studies.  This transect contains five Holdridge life zones: 
tropical moist forest (pre-montane transition), pre-montane moist forest, pre-montane 
wet forest, lower montane wet forest, and lower montane rain forest (Holdridge 1967, 
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Haber 2000).  Mean annual rainfall ranges from 2000mm in the lower San Luis 
Valley to upwards of 8000mm along the continental divide, and mean annual 
temperature varies from 21-24°C at 700m to 12-15°C above 1800m (Haber 2000). 
This transect consists mostly of open pasture and secondary growth from extensive 
deforestation from the 1950’s through the 1980’s.  Primary forest is found at high 
elevations and along Quebrada Maquina in Bajo del Tigre Preserve, and some areas 
have extensive ecotourism development. Along this transect, sampling was conducted 
on all trees with a diameter at breast height (DBH) of less than 12 cm along trails and 
roads during April 2016, with the goal of collecting samples from at least 10 trees for 
every 100m of elevation.  Trees with a DBH larger than 12 cm were not sampled in 
order to avoid re-sampling trees from previous studies. 

The methods for this study are close to those used by Loope (2008) to 
facilitate comparisons.  Cecropia leaves were sampled physically using an extendible 
tree trimmer or visually using binoculars in order to identify Cecropia species.  
Cecropia were identified in the field using the following key based on averaging the 
number of secondary veins on the longest lobe of four leaves (Haber et. al 2000).  
Cecropia with a mean number of secondary veins less than 25 and short 
inflorescences are identified as C. peltata, trees with between 25 and 35 secondary 
veins, long inflorescences, and ants as C. obtusifolia, trees with over 35 secondary 
veins, short inflorescences, and no ants as C. angustifolia, and trees displaying some 
characters of both C. obtusifolia and C. angustifolia as hybrids.  For each Cecropia, 
the tree identification number, number of secondary veins from the four leaves, the 
DBH, description of site location (forest/road ditch/pasture/garden) and the elevation 
at which the tree was found were recorded.  Elevation was measured using a Casio 
Pro-Trek altimeter watch set to a known altitude. From each tree four to eight ants 
were collected using an aspirator and placed in alcohol in a vial marked with the 
number of the tree from which they were collected to store for later identification.  In 
the lab Azteca were identified using keys and photographs from Longino 
(http://antwiki.com/azteca, Longino 1991, Appendix 1).  Characteristics used in this 
identification included placement of setae on the hind tibia, color, facial markings and 
shape of the thorax and the petiole.  

To compare elevational ranges to data from 1985 and 2008, repeated re-
sampling of various elevational ranges was used to correct for differing sampling 
intensity between different studies.  The data for each study was subdivided into 
100m elevational bands, the sample size for each band from each study was 
determined, and the smallest sample size from each band was determined, expect for 
elevations above 1400m which were poorly sampled in previous studies due to the 
absence of Azteca from these areas.  For each elevational band, a random sample of 
the minimum sample size from that elevation was taken and used to determine a mean 
elevation for each species and the difference in mean elevation for each species 
between different studies.  This was repeated 1000 times after which the average 
mean elevation and the average different in means between different studies was 
calculated.  The p-value corresponds to the proportion of times out of 1000 that the 
between means was greater than zero for each species.  The elevational range of all 
species from 2016 were compared using an ANOVA.  Relative abundance of each 
Azteca species was compared between different studies using a Chi-squared test in 
which the expected value was based on the number of trees found between the 
maximum and minimum elevation at which a given species has been found. 
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RESULTS 
 
RELETIVE ELEVATIONAL RANGES 
A total of 119 Cecropia trees were sampled between 720m and 1815m, of which 76 
were inhabited by Azteca ants.  No trees had more than one species of ant occupant, 
though one tree was being raided by army ants (Ecition sp).  All species of Azteca and 
Cecropia fell into distinct altitudinal bands, as observed by Longino (1989) and 
Loope (2008). C. peltata was common below 975m and was the only Cecropia 
species found below 865m (Table 1).  C. obtusifolia was present throughout the 
transect above 865m, but was most common from 1050m to 1500m.  C. angustifolia 
was exclusively found about 1475m.  C. obtusifolia/C. angustifolia hybrids were 
found scattered through much of the sample, but were most common above 1400m.  
For ants, A. coeruleipennis was consistently found at low elevations, mostly below 
865m. A. alfari was uncommonly found throughout low and middle elevations.  A. 
xanthrochroa, common at mid to high elevations, was most frequently found between 
1065 and 1500m  A. constructor was the most common ant species, representing 44% 
of all ants collected, and was found throughout the transect, but most frequently 
occurred between 1100 and 1530m.  
 
ELEVATIONAL PARTITIONING BETWEEN SPECIES 

All Cecropia species differed significantly in elevation (ANOVA, df=3, 
f=82.15, p<0.0001), and pairwise comparisons also showed that each Cecropia 
species differed significantly in elevational range from all others (Fisher LSD, t >3.6, 
p<0.0004).  Likewise, all Azteca species differed significantly in elevation (ANOVA, 
df=4, f=21.05, p<0.0001).  In pairwise comparisons, all Azteca species differed 
significantly from all others in their elevational ranges (Fisher LSD, t >2.7, p<0.007), 
except for between A. alfari and A. coeruleipennis and between A. xanthochroa and 
A. constructor, which occupy similar elevational ranges. 

 
__________________________________________________________________ 
Table1: Elevational range data from 2016 (Jensen), 2008 (Loope), 2003 (Mazzei) and 
1985 (Longino) for all species of Azteca and ant-housing Cecropia in Monteverde, 
Costa Rica. 
 
Jensen 2016 Mean Max Min N % total 
A. xanthochroa 1265 1530 890 21 28.0 
A. constructor 1353 1530 765 34 44.0 
A. coeruleipennis 873 1430 (1065) 720 14 18.7 
A. alfari 959 1300 725 7 9.3 
C. obtusifolia/C. 
angustifolia 
hybrid 

1398 1770 940 35  

C. obtusifolia 1261 1530 865 44  
C. peltata 821 1100 720 19  
 
Loope 2008 Mean Max Min N % total 
A. xanthochroa 1275 1450 950 27 23.3 
A. constructor 1147 1450 815 52 44.8 
A. coeruleipennis 793 975 720 22 19.0 
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A. alfari 1016 1280 725 15 12.9 
C. obtusifolia/C. 
angustifolia 
hybrid 

1259 1610 890 34  

C. obtusifolia 1179 1450 725 60  
C. peltata 835 1135 720 31  
 
Mazzei 2003 Mean Max Min N % total 
A. xanthochroa 1263 1450 1000 28 35.0 
A. constructor 1235 1430 925 23 28.8 
A. coeruleipennis 840 980 745 10 12.5 
A. alfari 997 1310 780 19 23.8 
 
Longino 1985 Mean Max Min N % total 
A. xanthochroa 1172 1380 860 32 34.4 
A. constructor 1156 1400 860 14 15.1 
A. coeruleipennis 836 940 730 20 21.5 
A. alfari 916 1240 750 27 29.0 
C. obtusifolia 1140 1400 770 57  
C. peltata 860 1250 730 40  
 
ELEVATIONAL RANGE SHIFTS 
 The elevational distributions of many of the species which make up the 
Monteverde Cecropia/Azteca community have shifted significantly since they were 
first surveyed in 1985 after correcting for sampling effort between elevational bands 
different studies.  The mean elevation all but one Azteca species increased 
significantly from 1985, with A. coeruleipennis found 58m higher (p<0.001), A. 
constructor found 104m higher (p=0.001), and A. xanthochroa found 57m higher 
(p<0.001).  A. alfari was found 27m higher, but this upward trend was not significant 
(p=0.089).  For Cecropia, C. peltata did not exhibit any range shifts, but C. 
obtusifolia was found 83m higher (p<0.001).  Several Azteca and Cecropia species 
have also shifted upward since sampling was last conducted in 2008, with A. 
coeruleipennis, A. constructor, C. obtusifolia, and C. angustifolia/C. obtusifolia 
hybrids all found at significantly higher elevations than in 2008 (p<0.001).  Beyond 
shifts in mean elevation, the maximum and minimum elevation at which each species 
is found has also shifted dramatically in most species.  C. obtusifolia, A. constructor 
and A. xanthochroa are now found at elevations up to 1530m, 130m higher than the 
maximum elevation reported by in 1985 and 80m higher than in 2008 (Table 2).  
Similarly, A. coeruleipennis was found as high as 1430m, 500m higher than in 1985.  
Even without this seeming outlier at 1430m, A. coeruleipennis was found up to 
1065m, 125m higher than in 1985 and 80m higher than in 2008.  The maximum 
elevation of C. obtusifolia/C. angustifolia hybrid has also increased 160m to 1770m 
since 2008.  The minimum elevations of C. obtusifolia and the hybrid have also 
increased 90m and 50m, respectively.  The minimum elevation of Azteca species have 
not shifted, with exception of A. constructor which is now found 50m lower than in 
2008 and 95m lower than in 1985. 
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Figure 1: Elevational distribution of Cecropia and Azteca in Monteverde, Costa Rica.  
Hubbs-Miller diagram shows mean, 95% confidence interval (shaded bar), + standard 
deviation (open bar), and range (error bars).  Sampled in (a) 2016 by Jensen (b) 2008 
by Loope and (c) 1985 by Longino.  The C. obtusifolia/C. angustifolia hybrid was not 
sampled in 1985 and thus is not represented in (c). 
____________________________________________________________________ 
Table 2: Maximum elevation at which all species of Azteca and Cecropia were found 
by Jensen (2016), Loope (2008), and Longino (1985) in Monteverde, Costa Rica. 
 
 Max 1985 Max 2008 Max 2016 
A. coeruleipennis 940 975 1430 (1065) 
A. alfari 1240 1280 1300 
A. xanthochroa 1380 1450 1530 
A. constructor 1400 1450 1530 
C. peltata 1250 1135 1100 
C. obtusifolia 1400 1450 1530 
Cecropia hybrid N/A 1610 1770 
 
RELATIVE ABUNDANCE 

In addition to range shifts, the composition of the ant community found in the 
Monteverde area has shifted significantly since Longino’s 1985 surveys (Fig. 2).  A. 
alfari has decreased significantly in abundance going from 29% of ants in 1985 to 
9.3% in 2016 (Chi-squared = 7.31, p=0.026), and A. xanthochroa has also decreased 
from 34.4% in 1985 to 23.3% in 2008 and 28% in 2016 (Chi-squared=5.44, p=0.066).  
Meanwhile, A. constructor has significantly increased in abundance. A. constructor 
was the least abundant Azteca species in Longino’s 1985 sampling, comprising 15.1% 
of ants sampled, but rose to 28.8% in 2003, and 44% in 2016 (Chi-square=13.62, 
p=0.001).  Only A. coeruleipennis showed no trend, remaining the dominant ant 
species at lower elevations with about 20% of all ants in each sample (Chi-
square=1.34, p=0.51).  For Cecropia, up slope movement of C. obtusifolia and C. 
obtusifolia/C. angustifolia hybrids did not translate into changes in species 
community composition along the transect for any Cecropia (all p>0.30). 
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Figure 2: Abundance of each species of Azteca found by (a) Longino in 1985, (b) 
Mazzei in 2003 and (c) Jensen in 2016 as a proportion of total number of Azteca 
found.  A. alfari decreased significantly in abundance (Chi-squared=7.31, p=0.026), 
A. constructor increased significantly in abundance (Chi-squared=13.62, p=0.001), A. 
xanthochroa experienced a non-significant decline in abundance (Chi-squared=5.44, 
p=0.066), while A. coeruleipennis remained consistent (Chi-squared=1.34, p=0.51). 
 
DISCUSSION  
 

It is clear that Azteca ants and Cecropia trees in Monteverde are exhibiting 
progressive upward range shifts, as well as changes in relative abundance.  These 
changes are likely due to the effects of anthropogenic climate change, as has been 
observed by previous studies (Pounds et al. 1999).  While it is often difficult to 
differentiate between the effects of climate change and human induced fragmentation 
and habitat loss (Wilson et al. 2007, Vizek et al. 2012), there has been little 
deforestation in the Monteverde area since the 1970’s (Pounds et al. 1999) and 
Cecropia in all studies were largely sampled in open pastures or edge habitats, 
suggesting that the amount of forest is likely less important than climate change in 
explaining these shifts.  While Cecropia and Azteca species maintained a similar 
pattern of relative elevational preference to previous studies (Longino 1989, Loope 
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2008), most members of the Cecropia/Azteca mutualism complex have shown upward 
movement since 1985, with this trend intensifying since 2008. 

Azteca ants are found occupying Cecropia trees up to 130m higher than their 
historical altitudinal limit, and most Cecropia and Azteca species are now 
significantly higher than 30 years ago.  A. constructor, A. coeruleipennis, A. 
xanthochroa, C. obtusifolia, and Cecropia hybrids have all moved upslope between 
60 and 110m on average, with increases in maximum elevation often exceeding that 
of the mean.  This result is consistent with studies on other arthropod and plant taxa 
(Walther et al. 2005, Wilson et al. 2007, Kelly and Goulden 2008), and corresponds to 
about 0.4° to 0.7°C of temperature shift (Holdridge 1967, Clark 2000).  This roughly 
corresponds to the amount of warming which has taken place in the Neotropics since 
1985 (Corlett 2014). 

In addition to range shifts, changes in relative abundance of Azteca ants have 
resulted in significant population declines for some species, with corresponding 
increases in abundance for others.  A. alfari and A. xanthochroa were the two most 
abundant species in 1985, occupying mid-elevational and upper-elevational ranges, 
respectively. Since 1985, the abundance of the A. alfari, and to a lesser extent A. 
xanthochroa, have declined, while A. constructor, rare but with a broad range in 
1985, has increased three-fold in abundance, comprising 44% of all ants in 2008 and 
2016.  Of all Azteca present in Monteverde, A. constructor is the only species known 
to be successful in both wet and dry forest habitats (Longino 1991). This follows a 
generally observed pattern in which climate change favors generalist species which 
are better able to take advantage of changing climatic condition (Julliard et al 2003, 
Menendez et al. 2006, Wilson et al. 2007).  This also helps to explain the fact that A. 
constructor was the only species for which the minimum elevation range was lower in 
2016 than in 1985. Additionally, A. alfari is less aggressive than other Azteca species 
(Longino 1991a), and may be losing out due to the release of stronger competitors due 
to climate change, or because climate change is increasing herbivory pressure, 
selecting for more aggressive Azteca species. 

The consequences of climate change are not limited to range shifts of individual 
species but also impact communities and ecosystems (Menendez et al. 2006, 
Bartomeus et al. 2013).  In close relationships like mutualisms, shifts in one species 
have the potential to drastically effect mutualistic partners (Hegland et al. 2009, 
Forrest 2015), accentuating the threat posed by climate change.  Multiple species of 
both Cecropia and Azteca adapted to specific conditions but also capable of overlap 
may provide this mutualism complex with greater stability (Bartomeus et al. 2013).  
However, differences in Azteca and Cecropia species and their response to changing 
conditions have the potential to cause substantial shifts in functionality.  For instance, 
the replacement of A. alfari with more aggressive Azteca species may decrease 
herbivory levels, while movement of myrmecophilous Cecropia into areas previously 
without ants may expose Azteca colonies to new predators, reducing their 
effectiveness as herbivore defense.  Similarly, the expansion of the zone of 
hybridization potentially impacts the efficacy of Azteca-based defense, as hybrids are 
more variable in the degree to which they support Azteca colonies than C. obtusifolia 
and C. peltata (Longino 1989, Loope 2008). 

The effects of climate change are manifesting themselves in Monteverde 
Cecropia and Azteca populations through shifts in altitudinal range and species 
composition, with these effects intensifying since the last analysis in 2008.  These 
results, along with Mazzei (2003), Loope (2008) and Vizek et al (2012), support the 
idea that the biological community in Monteverde is changing due to climate change 

 220 



(Pounds et al. 1999 and 2006, LaVal 2004), and not just compositionally, climate 
change is impacting species interactions, as well. 
 
ACKNOWLEDGMENTS 
 
I would like to thank Alan Masters and Jose Carlos “Moncho” Calderon for their 
assistance throughout the project, and Johel Chaves for being a statistics wizard.  I 
would also like to thanks Geovanny Leiton for his good humor and for showing me 
around San Luis, and Azalia and Danilo Bandilla Soto for opening up their home to 
me.  Thank you to the citizens who of San Luis and Monteverde who let me sample 
Cecropia in their backyards and tried to convince me that I should drink coffee.  
Finally, thanks to the CIEE TEC class of 2016. You guys are da bomb. 
 
 
LITERATURE CITED 
 
Ayala, F.J., J.K. Wetterer, J.T. Longino, and D.L. Hartl. 1996. Molecular phylogeny 

of Azteca ants (Hymenoptera: Formicidae) and the colonization of Cecropia 
trees. Molecular Phylogenetics and Evolution 5 (2): 423-428. 

 
Bartomeus, I., M.G. Park, J. Gibbs, B.N. Danforth, A.N. Lakso, and R. Winfree. 

2013. Biodiversity ensures plant-pollinator phonological synchrony against 
climate change. Ecology Letters 16: 1331-1338. 

 
Battisti, A., M. Stastny, S. Netherer, C. Robinet, and A. Schopf. 2005. Expansion of 

geographic range in the pine processionary moth caused by increased winter 
temperatures. Ecological Applications 15 (6): 2084-2096.  

 
Buckley, L.B. and W. Jetz. 2008. Linking global turnover of species and 

environments. PNAS 105: 17836-17841.  
 
Cadena, C.D., K.H. Kozak, J.P. Gomez, J.L. Parra, C.M. McCain, R.C.K. Bowie, 

A.C. Carnaval, C. Moritz, C. Rahbek, T.E. Roberts, N.J. Sanders, C.J. 
Schneider, J. VanDerWal, K.R. Zamudio, and C.H. Graham. 2012. Latitude, 
elevational climatic zonation and speciation in New World vertebrates. 
Proceedings of the Royal Society B 279: 194-201. 

 
Carroll, C.R. 1983. Azteca (Hormiga Azteca, Azteca Ants, Cecropia Ants). Costa 

Rican Natural History. Ed. Janzen, D.H. University of Chicago Press. Print. 
 
Cernac, J. 2005. Altitudinal range change in a Pacific Cecropia-Azteca Mutualism. 

CIEE Tropical Ecology and Conservation Fall 2005. Monteverde, Costa Rica. 
 
Corlett, R.T. 2014. The impacts of climate change in the tropics. State of the Tropics 

2014 Report. James Cook University, Queensland, AU. 
 
Clark, K.L., R.O. Lawton, and P.R. Butler. 2000. Physical Environment. Monteverde: 

Ecology and Conservation of a Tropical Cloud Forest. Eds. N.M. Nadkarni and 
N.T. Wheelwright. Oxford: Oxford University Press. Print. 

 221 



 
Clark, K.L., R.O. Lawton, and P.R. Butler. 2014. Physical Environment Update 2014. 

Monteverde: Ecology and Conservation of a Tropical Cloud Forest, Update 
2014. Eds. N.M. Nadkarni and N.T. Wheelwright. Oxford: Oxford University 
Press. Print. 

 
Forrest, J.R.K. 2015. Plant-pollinator interactions and phenological change: what can 

we learn about climate impacts from experiments and observations? Oikos 124: 
4-13. 

 
Gasner, M.R., J.E. Jankowski, A.L. Ciecka, K.O. Kyle, K.N. Rabenold. 2009. 

Projecting the local impacts of climate change on a Central American montane 
community. Biological Conservation 143: 1250-1258. 

 
Ghalambor, C.K., R.B. Huey, P.R. Martin, J.J. Tewksbury, and G. Wang. 2006. Are 

mountain passes higher in the tropics? Janzen’s hypothesis revisited. Integrative 
and Comparative Biology 46 (1): 5-17. 

 
Gilman, R.T., N.S. Fabina, K.C. Abbott, N.E. Rafferty. 2012. Evolution of plant-

pollinator mutualisms in response to climate change. Evolutionary Applications 
5 (1): 2-16. 

 
Haber, W.A. 2000. Plants and vegetation. Monteverde: Ecology and Conservation of 

a Tropical Cloud Forest. Eds. N.M. Nadkarni and N.T. Wheelwright. Oxford: 
Oxford University Press. Print. 

 
Haber, W.A., W. Zuchowski, and E. Bello. 2000. An Introduction to Cloud Forest 

Trees of Monteverde, Costa Rica, 2nd ed. Puntarenas de Monteverde, Costa 
Rica: Mountain Gem Publications. Print. 

 
Hegland, S.J., A. Nielsen, A. Lazaro, A.L. Bjerknes, O. Totland. 2009. How does 

climate warming affect plant-pollinator interactions? Ecology Letters 12 (2): 
184-195. 

 
Holdridge, L.R. 1967. Life Zone Ecology. Tropical Science Center. San Jose, Costa 

Rica. 
 
Huey, R.B., C.A. Deutsch, J.J. Tewksbury, L.J. Vitt, P.E. Hertz, H.J. Alvarez Perez, 

and T. Garland. 2009. Why tropical forest lizards are vulnerable to climate 
warming. Proceedings of the Royal Society B 276: 1939-1948. 

 
IPCC. 2013. Summary for Policymakers. Climate Change 2013: The Physical Science 

Basis. Contribution of Working Group I to the Fifth Assessment Report of the 
Intergovernmental Panel on Climate Change. Eds. Stocker, T.F., D. Qin, G.-K. 
Plattner, M. Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex and 
P.M. Midgley. Cambridge University Press, Cambridge, United Kingdom. 

 
Janzen, D.H. 1969. Allelopathy by myrmecophytes: The ant Azteca as an allelopathic 

agent of Cecropia. Ecology 50 (1): 147-153. 
 

 222 



Julliard, R., F. Jiguet, and D. Couvet. 2003. Common birds facing global changes: 
what makes a species at risk? Global Change Biology 10: 148-154. 

 
Karmalkar, A., R.S. Bradley, and H.F. Diaz. 2011. Climate change in Central 

America and Mexico: regional climate model validation and climate change 
projections. Climate Dynamics  

 
Kearney, M.R., N.J. Briscoe, D.J. Karoly, W.P. Porter, M. Norgate and P. Sunnucks. 

2010. Early emergence in a butterfly causally linked to anthropogenic warming. 
Biology Letters 6: 674-677. 

 
Kelly, A.E. and L.M. Goulden. 2008. Rapid shifts in plant distribution with recent 

climate change. PNAS 105 (33): 11823-11826. 
 
Krishnaswamy, J., R. John, and S. Joseph. 2014. Consistent response of vegetation 

dynamics to recent climate change in tropical mountain regions. Global Change 
Biology 20: 203-215. 

 
LaVal, R.K. 2004. Impact of global warming and locally changing climate on tropical 

cloud forest bats. Journal of Mammology 85 (2): 237-244. 
 
Lawton, R.O., U.S. Nair, R.A. Pielke Sr., and R.M. Welch. 2001. Climatic impact of 

tropical lowland deforestation on nearby montane cloud forests. Science 294: 
584-587 

 
Longino, J.T. 1989. Geographic variation and community structure in an ant-plant 

mutualism: Azteca and Cecropia in Costa Rica. Biotropica 21 (2): 126-132. 
 
Longino, J. 1991a. Azteca ants in Cecropia trees: taxonomy, colony structure, and 

behaviour. Ant-Plant Interactions. Eds C. Huxley and D. Cutler. Oxford: Oxford 
University Press. 271-288. 

 
Longino, J. 1991b. Taxonomy of Cecropia-inhabiting Azteca ants. Journal of Natural 

History 25, 1571-1602. 

Longino, J. 2007. Key to Azteca of Costa Rica. 
<www.antwiki.com/Azteca/CostaRica>. 

Loope, G. 2008. Range change in Cecropia and Azteca: the effects of climate change 
on mutualistic partners in Monteverde, Costa Rica. CIEE Tropical Ecology and 
Conservation Fall 2008. Monteverde, Costa Rica. 

 
Mazzei, P. Effect of climate change on four species of Azteca in Monteverde, 

Puntarenas, Costa Rica. CIEE Tropical Ecology and Conservation Fall 2003. 
Monteverde, Costa Rica. 

 
McLaughlin, J.F., J.J. Hellmann, C.I. Boggs, and P.R. Ehrlich. 2002 Climate change 

hastens population extinctions. PNAS 99: 6070-6074.     
 

 223 



Menendez, R., A. Gonzalez Megias, J.K. Hill, B. Braschler, S.G. Willis, Y. 
Collingham, R. Fox, D.B. Roy, and C.D. Thomas. 2006. Species richness 
changes lag behind climate change. Proceedings of the Royal Society B 273 
(1593): 1465-1470. 

 
Parmesan, C., M.T. Burrows, C.M. Duarte, E.S. Poloczanska, A.J. Richardson, D.S. 

Schoeman, and M.C. Singer. 2013. Beyond climate change attribution in 
conservation and ecological research. Ecology Letters 16: 58-71. 

 
Pounds, J.A., M.R. Bustamante, L.A. Coloma, J.A. Consuegra, M.P. Fogden, P.N. 

Foster, E. La Marca, K.L. Masters, A. Merino-Viteri, R.Puschendor, S.R. Ron, 
G.A. Sanchez-Azofeifa, C.J. Still and B.E. Young. 2006. Widespread 
amphibian extinctions from epidemic disease driven by global warming. Nature 
439: 161-167. 

 
Pounds, J.A., M.P.L. Fogden, and J.H. Campbell.  1999. Biological response to 

climate change on a tropical mountain. Nature 398: 611-615. 
 
Scalley, Michelle. 1993. “Defence Tradeoffs and its effects on herbivores in two 

species of Cecropia”  University of California Education Abroad Program Fall 
1993. Monteverde, Costa Rica. 

 
Schupp, E.W. 1986. Azteca protection of Cecropia: ant occupation benefits juvenile 

trees. Oecologia 70: 379-385. 
 
Gilman, R.T., N.S. Fabina, K.C. Abbott, N.E. Rafferty. 2012. Evoloution of plant-

pollinator mutualisms in response to climate change. Evolutionary Applications 
5 (1): 2-16. 

 
VanDer Wal, J., H.T. Murphy, A.S. Kutt, G.C. Perkins, B.L. Bateman, J.J. Perry. 

2012. Focus on poleward shifts in species distribution underestimates the 
fingerprint of climate change. National Journal Climate Change 3: 239-243. 

 
Vizek, A.L., M. Brusich, J.E. Arevalo, and G. Mora-Pineda. 2012. The shift in 

altitudinal range of Azteca (Hymenoptera: Formicidae) ants inhabiting Cecropia 
(Urticaceae) trees in Monteverde, Costa Rica. Brenesia 78: 93-95. 

 
Walther, G.R., S. Beibner, and C.A. Burga. 2005. Trends in the upward shift of alpine 

plants. Journal of Vegetation Science 16 (5): 541-548. 
 
Wilson, R.J., D. Gutierrez, J. Gutierrez, D. Martinez, R. Agudo, and V.J. Monserrat. 

2005. Changes to the elevational limits and extent of species ranges associated 
with climate change. Ecology Letters 8: 1138-1146. 

 
Wilson, R.J., D. Gutierrez and V.J. Monserrat. 2007. An elevational shift in butterfly 

species richness and composition accompanying recent climate change. Global 
Change Biology 13: 1873-1887. 

 
APPENDIX ONE 
 

 224 



KEY TO CECROPIA-OBLIGATE AZTECA OF MONTEVERDE 
 
1. Outer surface of hind tibia completely devoid of erect setae, rarely with 1 or 2 short 
setae on largest workers; palpal formula 5,3 . . . Azteca alfari 
 

 
 
1’. Outer surface of hind tibia with 5 or more erect setae (these may be very short, 
less than a quarter of tibial width, and difficult to see); palpal formula 5,3 or 6,4 . . . 2 
 
2. Palpal formula 6,4; color yellow; dorsal face of propodeum and metanotal groove 
together form a single flat "shelf" that abruptly meets rising posterior mesonotum 
(Fig. 7)  . . . Azteca coeruleipennis 
 

 
 
2’. Palpal formula 5,3; color various; dorsal face of propodeum and mesonotum 
forming two convexities that meet at impressed metanotal groove (e.g., Fig. 7, 
sericeasur worker) . . . 3 
 
3. Petiole in profile with node more massive than sternal lobe, perpendicular distance 
from tergosternal suture to apex of node greater than or equal to distance to ventral 
margin of sternal lobe (Fig. 7); face with mottled coloration, light brown to orange 
with variable extent of medial infuscation (Fig. 3) . . . Azteca xanthochroa 
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3’. Petiole in profile with node less massive than sternal lobe, perpendicular 
distance from tergosternal suture to apex of node less than distance to ventral margin 
of sternal lobe (Fig. 7); face uniformly brown (Fig. 3) . . . Azteca constructor 
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ABSTRACT  
 
Human population growth and consumption have resulted in widespread pollution of tropical streams. Yet, 
there are few studies examining the effects of pollution on aquatic invertebrates, which are often important 
bioindicators. Pollution severely impairs immune system function in a variety of organisms making them 
more susceptible to parasite colonization. Here, I examine the differences in colonization of Elmidae larvae 
by gregarine parasites in polluted and pristine stream environments. The stream habitat study sites were 
located in lower montane wet forest of Monteverde, Costa Rica. Twenty larvae were collected from two 
sites, both along the Quebrada Maquina. After larvae were collected, body length was measured and the 
peritrophic membrane of the gut was removed. Gregarine parasite abundance was determined by counting 
individuals after midgut staining. I found that individuals in the polluted environment had greater parasite 
abundance (polluted: 3.8 ± 0.4 SE individuals, pristine: 2.55 ± 0.36 SE individuals), greater numbers of 
parasites per cm of body length (polluted: 1.97 ± 0.4 SE individuals, pristine: 3.57 ± 0.36 SE individuals), 
and were significantly smaller as larvae (pristine: 1.28 ± 0.02 SE individuals, polluted: 1.1 ± 0.03 SE 
individuals). This demonstrates that pollution is impacting gregarine parasite abundance in Elmidae beetles, 
specifically making hosts more susceptible to parasite infection.  
 
RESUMEN 
 
El crecimiento de la población humana y el consumo ha resultado en una contaminación que se ha 
extendido en las quebradas tropicales. Aún,  hay pocos estudios examinando el efecto de la contaminación 
en invertebrados acuáticos, los cuales son usualmente importantes bioindicadores.  La contaminación afecta 
severamente la función del sistema inmune en una variedad de organismos haciendolos más suceptibles a la 
colonización por parásitos.  Aquí, examino las diferencias en colonización en larvas de Elmidae por 
parásitos gregarinos en ambientes pristinos y contaminados en una quebrada.  El hábitat estudiado en la 
quebrada se ubica en el bosque humedo montano bajo de Monteverde, Costa Rica.  Veinte larvas se 
colectaron de dos sitios, ambos a lo largo de la quebrada Máquina.  Después de recolectar las larvas, se 
midió el tamaño corporal y la membrana peritrófica del intestino fue removida.  La abundancia de parásitos 
gregarinos se determinó contando individuos después de teñir el intestino medio.  Encontré que los 
individuos en los ambientes contaminados tienen una mayor abundancia (contaminado: 3.8 ± 0.4 SE 
individuos, pristino: 2.55 ± 0.36 SE individuos), un mayor número de parásitos por cm de largo corporal 
(contaminado: 1.97 ± 0.4 SE individuos, pristino: 3.57 ± 0.36 SE individuos), y fueron significativamente 
larvas más pequeñas (pristino: 1.28 ± 0.02 SE individuos, contaminado: 1.1 ± 0.03 SE individuos).  Esto 
demuestra que la contaminación está impactando la abundancia de parásitos gregarinos en escarabajos de la 
familia Elmidae, específicamente haciendo los hospederos más susceptibles a infecciones por parásitos.!
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INTRODUCTION 
!
Unrestrained human-growth and consumption have resulted in increased human-impact 
on freshwater systems for irrigation, hydroelectric power and flood control (Morley 
2007). These anthropological impacts have had unparalleled effects on tropical stream 
ecosystems causing declines in biodiversity (Benstead et. al 2003) and disruption of 
important ecological process like nutrient cycling, primary production and decomposition 
(Wallace and Webster 1996). Streams in highly populated areas that are subject to 
surfactant chemicals and wastewater dumping have higher concentrations of inorganic 
compounds and lower oxygen concentration. This places a large stress on stream 
communities (Mallin 2008). Pollution often results in cover of the substrata which 
reduces available space for stream organisms (Carlsson 1967). This pollution causes 
changes in biotic communities and species interactions, altering fragile stream 
ecosystems (Wallace and Webster 1996). However, the full extent to which ecosystem 
structure is affected by anthropogenic disturbances remains largely unknown (Ramírez et. 
al 2009). 

In many ecosystems, including streams, perturbations in structure and function 
(e.g. pollution) impact parasite transmission and abundance (Marcogliese 2005). 
Therefore, parasite populations may serve as powerful bioindicators of environmental 
stress (Marcogliese 2005). Parasites can affect host fitness behaviorally, physiologically 
or morphologically (Marcogliese 2005).  Previous studies examining parasite 
colonization of chub communities in various levels of polluted environments found 
greatest parasite richness in polluted rivers when comparing to pristine habitats and 
environments with signs of pollution (Galli et. al 2001). Pollution also impacts parasite 
abundance of smaller organisms that are vital to stream ecosystems. Gut fungal parasite 
abundance of lotic black fly larvae was found to be in greater abundance in individuals 
from polluted streams than pristine (Cox 2013). Gregarine parasites (phylum 
Apicomplexa: class Conoidasida: subclass Gregarinasina) are large single-cellular 
parasitic protozoa commonly found inhabiting aquatic insect hosts (Brusca & Brusca 
1990). Hosts typically ingest gregarine oocysts containing infective sporozoites (Logan 
et. al 2012) which then attach and penetrate the hosts’ intestinal cells or reproductive 
system (Roberts & Janovy Jr. 2005). Gregarine infected individuals experience delayed 
development and decreased longevity, especially under environmentally stressful 
conditions (Zuk 1987).  

Adults and larvae of family Elmidae (riffle beetles) are known hosts of gregarine 
parasites (Brown 1987). Elmidae is also particularly sensitive to the degradation of 
streams (Criado & Alaez 1995). This ability to react to stream quality reflects their ability 
as bioindicators. Elmidae larvae, found most often in well-aerated streams (Elliott 2008), 
contribute greatly to stream ecosystems by feeding on wood and creating highly grooved 
and sculptured surfaces (Steedman & Anderson 1985). These spatially complex surfaces 
support diverse invertebrate communities (Steedman & Anderson 1985).  

Polluted environments severely impair immune system function in a variety of 
organisms (Rice et. al 1996). Protozoan parasites, including gregarines, take advantage of 
the hosts’ comprised immune system and increase in abundance when under ecosystem 
stress (Marcogliese 2005).  Typically, parasite species are most abundant at moderate 
pollution levels suggesting that they may serve as good indicators for earlier detection of 
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unwanted environmental effects (Galli et. al 2001). To the best of my knowledge, there 
are no previous studies examining Elmidae and their response to anthropogenic impacts 
in the tropics. Here, I examine the difference in colonization of Elmidae larvae by 
gregarine parasites in polluted and pristine tropical stream environments.  
 
METHODS 
!
STUDY SITE!
 
Elmidae larvae were collected from two sites in Lower Montane Wet Forest in 
Monteverde, Puntarenas, Costa Rica (Holdridge 1966). The first collection site (Pristine) 
was undisturbed stream habitat along the Quebrada Maquina at the Monteverde 
Biological Station at 1535 m in elevation. The second collection site (Polluted) was 
further downstream of the Quebrada Maquina, at an elevation of 1450 m, which 
experiences dumping of organics and other waste from residential areas.!!
!
LARVAL COLLECTION 
!
Larvae from the pristine habitat were collected every 3 days beginning 4/16/16 and 
concluding 4/30/16. Larvae from the polluted habitat were collected every 3 days 
beginning 4/26/16 and concluding 5/3/16. All samples were obtained along a 20 m stretch 
of stream. At each site, a dip net was placed vertically into the substrate at the bottom of 
the stream. Rocks and sand were disturbed in front of the net and were collected into the 
net. Contents of the net were placed onto a white tray for examination and identification 
of Elmidae. Using tweezers, larvae were placed into jars containing 80 percent alcohol. 
Larvae were all dissected within 72 hours of capture and, if necessary, were refrigerated 
overnight to preserve the peritrophic membrane, a semi-permeable structure that forms 
the midgut of the larvae.  
!
DISSECTION AND MICROSCOPY 
!
Larvae were measured length-wise to the nearest hundredth of a centimeter under an 
Olympus CX22 dissecting microscope using a centimeter ruler. Body length was 
measured to approximate the length of gut. After measurement, a larva was placed in a 
Petri dish with a small pool of water containing a few drops of 1:4 dilution of Giemsa 
stain and buffer. Using dissecting scissors, the eighth segment of the abdomen was 
removed to free the inferior end of peritrophic membrane of the midgut (Fig. 1a). The 
head was then removed from the prothorax using a pin. This served to separate the 
superior end of the midgut from the pharyngeal muscles. Using tweezers, the seventh 
segment of the abdomen was then squeezed to push the midgut out of the inferior end 
(Fig. 1b). Once a sufficient portion of the peritrophic membrane was visible, the midgut 
was removed by carefully grasping the end and pulling away from the abdomen. 
Following complete removal of the midgut, tweezers were squeezed along the membrane 
to completely clear the gut of feces content. This was also accomplished by gripping one 
end of the membrane with tweezers and repeatedly lifting out of a small pool of distilled 
water. The membrane was then colored with 1:4 dilution of Giemsa stain (Fig. 1c). After 
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coloring, each larvae membrane was wet mounted and examined with an Olympus CX22 
compound microscope at 400x magnification. Total number of gregarine individuals 
were counted and recorded for each larva midgut (Fig. 1d).  
 
 

 
Figure 1. Dissection process for the removal of the peritrophic membrane of Elmidae 
larvae. (a). General external anatomy of Elmidae larvae with labeled abdominal segments 
(Kehl 2014). (b) Removal of midgut from inferior end of larvae abdomen. (c) Peritrophic 
membrane stained with Giemsa after feces content removal. (d) Gregarine parasite found 
in peritrophic membrane of Elmidae larvae viewed at 400x magnification.  
 
 
RESULTS 
!
Twenty larvae were collected from each habitat: pristine and polluted. Individuals from 
the pristine habitat ranged in body length from 1.1 – 1.4 cm and hosted between 0 – 7 
gregarine parasites. Individuals from the polluted habitat ranged in body length from 0.7 
– 1.25 cm and hosted between 1 – 7 gregarines. To the best of my knowledge, all 
gregarine parasites belonged to the same species as they were morphologically similar 
and found inhabiting Elmidae midguts.  
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The mean number of gregarine parasites counted on the peritrophic membrane of 
Elmidae larvae from polluted stream habitat  (3.8 ± 0.4 SE individuals) was, on average, 
33 percent higher than individuals collected from pristine habitat (2.55 ± 0.36 SE 
individuals; independent t-test, p = 0.026, t = 2.32, df = 37.6, n = 20 larvae/site; Fig. 2).  
 
 

!
!
!
FIGURE 2. Gregarine parasites in the midgut of Elmidae hosts in pristine and polluted 
stream environments of Lower Montane Wet Forest of Monteverde, Puntarenas, Costa 
Rica. Polluted stream larvae possessed greater gregarine abundance than those of pristine 
stream habitat. Means are based on 20 individuals from each habitat. Error bars represent 
± standard error.  
 
The mean number of gregarines counted on the peritrophic membrane of Elmidae larvae, 
adjusted by gut length, from polluted environments (1.97 ± 0.4 SE individuals) were, on 
average, 45 percent higher than those from pristine habitat (3.57 ± 0.36 SE individuals; 
independent t-test, p = 0.003, t = 3.18, df = 35.6, n = 20 larvae/site; Fig. 3).  
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!
!
!
FIGURE 3. Gregarine number in the midgut of Elmidae hosts in pristine and polluted 
stream habitats of Lower Montane Wet Forest of Monteverde, Puntarenas, Costa Rica per 
centimeter of body length. Polluted stream larvae hosted greater abundance of gregarine 
per centimeter of body length than those of pristine stream habitat. Means are based on 
20 individuals from each habitat. Error bars represent ± 1 standard error.  
 
!
Elmidae larvae displayed a significant difference in body length between pristine and 
polluted habitats (independent t-test, p < 0.001, t = 5.3265, df = 32.769, n = 20 
larvae/site). Individuals collected from pristine habitats (1.28 ± 0.02 SE individuals) 
were, on average, 15 percent longer than individuals of polluted environments (1.1 ± 0.03 
SE individuals; Fig. 4).  
!
!
!
!
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!
FIGURE 4. Body length of Elmidae individuals in pristine and polluted streams of Lower 
Montane Wet Forest of Monteverde, Puntarenas, Costa Rica. Body length in centimeters 
was greater for individuals of pristine stream habitat than those from polluted areas. 
Means are based on 20 individuals from each habitat. Error bars represent ± 1 standard 
error.  
 
It was determined that the number of gregarine parasites did not increase in proportion 
with increasing body length for either habitat (ANCOVA, F = 0.20, df = 1, p = 0.20, n = 
20 larvae/site, Fig. 5).  
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!
FIGURE 5. Effect of body length on gregarine count in the gut of Elmidae larvae of 
pristine and polluted stream sites in Lower Montane Wet Forest of Monteverde, 
Puntarenas, Costa Rica. Gregarine number did not increase with body length for the 
pristine or polluted stream habitats. Pristine and polluted samples are each represented by 
20 individuals. 
 
DISCUSSION  
!
This study demonstrated that gregarine parasites are more abundant in Elmidae hosts 
from polluted stream environments than those from pristine environments. It was also 
demonstrated that gregarine infestation per centimeter of body length increased 
significantly in more polluted habitats when compared to pristine inhabiting individuals. 
Interestingly, larvae from the polluted habitat were significantly shorter than those from 
pristine habitat.  

These results clearly demonstrate that stream pollution is correlated with 
increased level of gregarine infestation of Elmidae midguts. Previous studies evaluating 
intestinal parasites of fish found that toxin exposure increases parasite burden 
(Marcogliese 2004). It is often found that parasites, like gregarines, with direct life cycles 
increase in abundance in contaminated habitats (Marcogliese 2004). This has been further 
demonstrated indicating that pollution compromises host immune systems increasing 
susceptibility to parasite loads in a variety of organisms (Marcogliese 2005). Another 
possible explanation is the density-dependent prophylaxis hypothesis that states that as 
host densities increase and are more exposed to infective stages of parasites, hosts 
allocate more energy towards parasite resistance, making them less susceptible (Locklin 
& Vodopich 2010). Studies on Oriental armyworm moth (Mythimna separata) larvae 
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found that virus-induced mortality declined from 95 percent for insects reared solitarily to 
37 percent for insects reared at the highest density (Wilson & Reeson 1998). This idea 
could potentially be applied to parasite transmission. Thus, since Elmidae abundances are 
greater in pristine habitats, due to Elmidae’s sensitivity to stream degradation, they will 
have greater resistance to parasite colonization in pristine habitats.  

This study also shows that Elmidae larvae body length varied significantly 
between habitats with smaller individuals found inhabiting polluted stream habitats. 
Therefore, smaller individuals with higher gregarine loads were found in polluted 
environments. Previous studies on earthworms (Lumbricus terrestris) determined that 
there was a significant negative relationship between parasite load and growth. Thus, 
parasite-mediated lower growth rate represents a fitness cost because mating success and 
choice is often correlated with size (Field & Michaels 2004). This connective nature 
between pollution, increased parasites and inhibition of growth demonstrates the potential 
overarching impacts on the ecological function of Elmidae.  

While I identified larvae by family level characteristics, there was no reason to 
believe that genus or species level differences would result in different outcomes due to 
strong morphological similarities and similarities in substrate between individuals 
collected from both sites. Therefore, there was no reason to believe the larvae were of 
different species despite my inability to classify them to species level.  

In conclusion, elevated pollution levels are increasing gregarine abundances in 
Elmidae hosts. This indicates that parasitism levels of Elmidae may serve as powerful 
bioindicators for stream water quality. Although the overall ecological impact of higher 
levels of parasitism in Elmidae is still not well understood, this study demonstrates that 
pollution is impacting gregarine parasite abundance in Elmidae beetles, specifically 
making hosts more susceptible to parasite infection.  
 
ACKNOWLEDGMENTS  
!
I would like to thank my advisor Dr. Johel Chaves for his continuous guidance throughout the research 
process. Thank you to Dr. Alan Masters for helping develop my project idea and Moncho Calderon for his 
continuous patience and support in developing my methods and general encouragement. I would also like 
to thank Madison Cox for her advice and answering any experimental design questions. Finally, thank you 
to all CIEE staff and the Monteverde Biological Station for providing me with a field study site and 
facilities.  
 
 
LITERATURE CITED 
 
BENSTEAD, J.P., M.M. DOUGLAS, AND C. M. PRINGLE. 2003. Relationships of stream invertebrate
 communities to deforestation in Eastern Madagascar. Ecological Applications 13: 1473 – 1490.  
 
BROWN, H.P. 1987. Biology of riffle beetles. Annual Review of Entomology 32: 253 - 273.  
 
BRUSCA, R.C., AND G. J. BRUSCA. 1990. The Protozoa. In R. C. Brusca and G. J. Brusca (Eds.).
 Invertebrates, pp. 161 – 162. Sinauer Associates, Sunderland, Massachusetts.  
 
CARLSSON, G. 1967. Environmental factors influencing blackfly populations. Bulletin of the World Health
 Organization 37: 139 – 150.  
 

 235 



COX, M. 2013. Stream pollution and Trichomycete gut fungal abundance in lotic larvae of Simulium
 sp.  (Diptera: Simuliidae). CIEE Fall 2013 TEC: 53 – 61.  
 
CRIADO, F. G. AND M. F. ALAEZ. 1995. Aquatic Coleoptera (Hydraenidae and Elmidae) as indicators of the
 chemical characteristics of water in the Orbigo River basin (N-W Spain). International Journal of
 Limnology 31: 185-199.  
 
ELLIOTT, J.M. 2008. The ecology of riffle beetles (Coleoptera: Elmidae). Freshwater Reviews 1: 189-203.  
 
FIELD, S.G & MICHIELS, N.K. 2004. Parasitism and growth in the earthworm Lumbricus terrestris: fitness
 costs of the gregarine parasite Monocystis sp. Parasitology 130: 397 – 403.  
 
GALLI, P., G. CROSA, L. MARINIELLO, M. ORTIS, AND S. D’AMELIO. 2001. Water quality as a determinant of
 the composition of fish parasite communities. Hydrobiologia 452: 173 – 179.  
 
KEHL, S. 2014. Morphology, Anatomy, and Physiological Aspects of Dytiscids. In D. A. Yee (Eds.).
 Ecology, systematics, and the natural history of predaceous diving beetles (Coleoptera:
 Dytiscidae), pp. 173 – 198. Springer Science, Dordrecht, Netherlands.  
 
LOCKLIN, J. L., AND D. S. VODOPICH. 2010. Patterns of gregarine parasitism in dragonflies: host, habitat,
 and seasonality. Parasitology Research 107: 75 – 87.  
 
LOGAN, J.D., J. JANOVY JR., AND B.E BUNKER. 2012. The life cycle and fitness domain of gregarine
 (Apicomplexa) parasites. Ecological Modelling 233: 31-40.  
 
MALLIN, M.A. AND V.L. JOHNSON. 2009. Comparative impacts of stormwater runoff on water quality of an 

urban, a suburban, and a rural stream. Environmental Monitoring and Assessment 159: 475 –491.  
 
MARCOGLIESE, D. J. 2004. Parasites: Small players with crucial roles in the ecological theater. EcoHealth 

1: 151 – 164.  
 
MARCOGLIESE, D. J. 2005. Parasites of the superorganism: Are they indicators of ecosystem health?
 International Journal for Parasitology 35: 705 – 716.  
 
MORLEY, N. J. 2007. Anthropogenic Effects of Reservoir Construction on the Parasite Fauna of Aquatic
 Wildlife. EcoHealth 4: 374-383.  
 
RAMÍREZ, A., R. D. JESÚS-CRESPO, D. M. MARTINÓ-CARDONA, N. MARTÍNEZ-RIVERA & S. BURGOS
 CARABALLO. 2009. Urban streams in Puerto Rico: what can we learn from the tropics? Journal of
 the North American Benthological Society 28: 1070 – 1079.  
 
RICE, C. D., D.H. KERGOSIEN, AND S. M. ADAMS. 1996. Immune function as a bioindicator of pollution
 stress in fish. Ecotoxicology and Environmental Safety 33: 186 – 192.  
 
ROBERTS, L. S. AND J. JANOVY JR. 2005. Phylum Apicomplexa: Gregarines, Coccidia, and related
 organisms. In L. S. Roberts and J. Janovy Jr. (Eds.). Foundations of Parasitology, pp. 124 – 126.
 McGraw Hill, New York, New York.  
 
STEEDMAN, R.J. AND N.H. ANDERSON. Life history and ecological role of xylophagous aquatic beetle, Lara
 avara LeConte (Dryopoidea: Elmidae). Freshwater Biology 15: 535 – 546.  
 
WALLACE J.B AND J.R. WEBSTER. 1996. The role of macroinvertebrates in stream ecosystem function.
 Annual Review of Entomology 41: 115 – 139.  
 
WILSON, K. & A.F. REESON. 1998. Density-dependent prophylaxis: evidence from Lepidoptera-baculovirus
 interactions? Ecological Entomology 23: 100-101.  

 236 



ZUK, M. 1987. The effects of gregarine parasites, body size, and time of day on spermatophore production
 and sexual selection in field crickets. Behavioral Ecology and Sociobiology 21: 65 – 72.  

 237 



Diversity of Neotropical montane jumping 
spiders with substrate and land use  
Natalia Lucero 

Department of Environmental Studies & Communication Arts, University of 
Wisconsin - Madison 

 

ABSTRACT 
Diversity and coexistence among jumping spider species has been concluded to be especially high in the tropics. 
While past studies have estimated how community structure varies across environmental or disturbance gradients, 
less research has compared microhabitat preference within habitats of varying disturbance gradients by jumping 
spiders. Pasture, banana plantation, and forest were the three habitats selected for this study, all located on a farm in 
Santa Elena, Costa Rica. Jumping spiders were observed in 40 circular plots, each with a 3 meter diameter, in 
different parts of each habitat, each plot timed for 15 minutes. The pasture had the highest mean of individuals per 
plot (mean=7.15; SE=0.812) while the forest had the lowest mean of individuals per plot (mean=0.750; SE=0.174). 
The pasture had the highest number of morphospecies per plot, averaging 2.25 morphospecies while the forest had 
the least number of species per plot, averaging less than 1 morphospecies. Microhabitat partitioning by jumping 
spiders was more specific in the forest and less so among the pasture and plantation. The lower abundance of 
individuals in the forest may be likely due to the low amount of sunlight that may reach the bottom, or they occupy 
niches higher in the canopy rather than on the forest understory. In conclusion, this study was able to detect that 
jumping spider diversity was higher in more physically disturbed habitats with greater light availability and 
decreased as habitats were less disturbed. 

 

La diversidad y coexistencia entre arañas saltadoras ha estado concluido de ser especialmente alta en zonas 
tropicales. Aunque estudios pasados han estimado como la estructura de comunidades varean a través de gradientes 
del medio ambiente o perturbación, hay poco estudio comparando micro-hábitats preferidos por arañas saltadoras 
entre hábitats de diferentes gradientes de perturbación. Pastar, plantación de banano, y bosque fueron los tres 
hábitats seleccionados para este estudio, su locación en Santa Elena, Costa Rica. Las arañas saltadoras fueron 
observadas en 40 parcelas de 3 metros en diámetro, en diferentes partes de cada hábitat. Cada parcela fue observada 
por 5 minutos. El pastar tuvo la media más alta de individuales por parcela (media = 7.15, SE = 0.812) mientras el 
bosque tuvo el medio más bajo de individuales por parcela (media = 0.750; SE = 0.174). El pastar tuvo la cantidad 
más alta de morfoespecies por parcela, promediando 2.25 morfoespecies mientras el bosque tuvo la cantidad más 
pequeño de morfoespecies pro parcela, promediando menos de uno. La distribución de micro-hábitats por arañas 
saltadoras fue más específica en el bosque y menos en el pastar y la plantación. La abundancia menor de 
individuales en el bosque es probablemente un resulto de menos luz que pueda caer en el suelo, o puede ser que 
haya especies ocupándose nichos en el dosel del bosque en mes del sotobosque. En conclusión, este estudio pudo 
lograr de detectar que la diversidad de arañas saltadoras fue más alta en hábitats físicamente más perturbado con 
más luz del sol y bajo con hábitats menos perturbado. 
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INTRODUCTION 

Niche partitioning by different species has been an occurrence widely studied. Species occupy 
different niches as a response to selection pressures, and species occupying the same or similar 
niches are able to do so through resource partitioning. Largely influenced by competition (Fayle 
et al. 2015), niche partitioning promotes the ability for species to coexist, as it creates a more 
specific and organized allocation of resources within ecosystems. The “limiting factors” of 
species’ niches, as described by Grinnell (1917), includes microhabitats, abiotic factors, 
resources, and predators. Niche-based processes thus are often proposed to be dominant factors 
in explaining the assembly of local communities (Bregman et al. 2015). 

Greater niche partitioning occurs among tropic species (Platnick 1991) due to higher 
niche abundances and separation of species between niches in tropical environments than in 
temperate zones, this thus promotes greater diversity. It is of interest to understand how current 
deforestation rates are impacting the abundance of forest-dwelling species and their occupied 
niches, while increasing the opportunity for other, perhaps more open-area species to inhabit 
deforested habitats. Some studies have argued that fragmentation reduces interspecific 
competition by creating new niches, thus allowing more species to co-occur (Tilman 1994). 
Spiders in general are organisms known to thrive in the recolonization of disturbed areas 
(Dippenaar-Schoeman & Wassenaar 2002), particularly due to their ability to disperse by 
ballooning (Cumming & Wesolowska 2004). However, other studies have found spiders to often 
be an abundant component of the canopy fauna (Basset 2001), such as in the study by Majer et 
al. (1994), where spiders were the third most species-rich group in the eastern and western 
Australian eucalypt forest. In one Tanzanian undisturbed primary montane forest, 5233 
individual spiders comprising 149 species were collected from the canopy with a fogger. 
(Sørensen 2004). 

Jumping spiders are arguably the most diverse family of modern spiders, with more than 
5,000 described species (Hill & Richman 2009). They are most well known for their high visual 
acuity, useful in their methods of locating, tracking, stalking, chasing down, and finally leaping 
on its prey, all the while having each sequence be under visual control (Harland & Jackson 
2000). According to Scotese (2003), it is probable that the divergence and rapid speciation of 
jumping spiders took off during the global warming period of the Paleocene through the Eocene 
era. Research indicates that rapid speciation is based on high metabolic rates, occurring in warm 
areas (Allen et al. 2006), explaining the high diversity in the tropics in general, and suggesting 
that early global warming increased speciation of jumping spider clades able to take advantage of 
new niche opportunities. Classified as cursorial hunter, Salticidae (jumping spiders) are one of a 
few families to dominate tropical canopy spider communities in terms of species richness 
(Sørensen 2004). 

A study by Cumming & Wesolowska (2000) documented 34 jumping spider species in a 
single 0.6 ha suburban garden in Zimbabwe, only 2 less than the total jumping spider species 
documented in all of Great Britain (Roberts 1993). Another study on jumping spider coexistence 
within a tropical suburban study site in Zimbabwe confirmed that a wide range of microhabitats 
specifically was essential in supporting such high diversity of jumping spiders and contributing 
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to their conservation (Cumming & Wesolowska 2004). In this study, it was reported that many 
jumping spiders were solitary, however there were some spiders of different species that shared a 
specific microhabitat without signs of interspecific aggression, suggesting that different diet, 
phenologies, or habits reduced potential competition between them (Cumming & Wesolowska 
2004).  

In one study done by Floren and Deeleman-Reinhold (2005), spider diversity was 
compared between primary and disturbed forests. The family Salticidae (jumping spiders) was 
said to have 111 species which was seen to have species recover faster in forests close to the 
primary forests than in the isolated forest, yet had individuals species be highest in the most 
disturbed forests. 

To the best of my knowledge, very few studies have directly compared the effect of 
habitat alteration on the diversity and microhabitat use of jumping spiders in the neotropics. For 
this reason. the purpose of this study is to evaluate whether Neotropical montane areas of greater 
disturbance differ in the diversity of jumping spiders compared with less disturbed areas. A 
second goal is to determine whether species occupy different microhabitats within each area. 

 

METHODS & MATERIALS 

Observations were made during the daytime, ranging from 8am to 12:30pm. Spider 
diversity and microhabitat use were studied in the habitats pasture, banana plantation, and forest 
on the farm of the Torres – Villalobos family in Santa Elena, Costa Rica during the end of April 
and beginning of May (Fig.1).  

 
Figure 1. Map showing the location of the study site in Santa Elena, Costa Rica. Site 
was on the Torres – Villalobos farm and is marked with the blue star. 
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The size of the area studied in each habitat was about one hectare. Pasture had the highest 
disturbance, banana plantation was the intermediate, and the forest had the least disturbance 
(relative to the other two). These habitats were   Jumping spiders were observed in 40 circular 
plots per habitat, each plot with a 3 meter diameter and a 5 meter separation from the next plot. 
120 plots in total were observed. Each plot was observed for a total of 15 minutes, with the timer 
being stopped to photograph each spider found. Only spiders found from the heights of ground 
level to 2 meters above ground level were considered for documentation. The seven 
microhabitats that jumping spiders were recorded to be in were grass, plant, leaf litter, log, dirt, 
plant stem, and attached dead leaf. The microhabitat occupied by each jumping spider found 
within a given plot was recorded and it was also documented if no spiders were found. Spiders 
were classified and grouped as morphospecies based on morphological features observed in the 
photographs taken.  

 

RESULTS 

In total, 436 individuals were found and 33 different morphospecies were classified. The pasture 
had 278 individuals divided amongst 17 morphospecies, the plantation had 128 individuals 
divided amongst 19 morphospecies, and the forest had 30 individuals divided amongst 11 
morphospecies (Fig. 2). The pasture had 1 morphospecies (Appendix 1; M1) unique to the 
habitat, the plantation had 6 morphospecies (Appendix 1; M23, M27, M29, M30, M32, M33) 
unique to the habitat, and the forest had 7 (Appendix 1; M10, M12, M13, M16, M17, M19, M28) 
morphospecies unique to the habitat. Of the 120 plots sampled, 37 plots had no individuals 
present, 23 of which were in the forest. Rain was present in 4 plots of the plantation as well as in 
6 plots in the pasture but none in the forest.  

The  pasture was the habitat that showed more individuals per plot, followed by plantation 
and forest (Kruskal-Wallis χ2 = 44.635, df = 2, P < 0.05, Figure 2). The pasture had an average of 
7.15 spiders found per plot, almost 10 times more individuals found than in the forest, which 
averaged less than 1 species ( mean = 0.75). The pasture also had the highest amount of species 
per plot, averaging 2.25 species while the forest, having the lowest number averaged 0.575 
species. The plantation was the intermediate of the three habitats, averaging 3.175 individuals 
and 1.475 species. 
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Figure 2. Jumping spider diversity in habitats with different degrees of disturbance on a farm in 
Santa Elena, Costa Rica among 436 individuals and 33 morphospecies. Kruskal-Wallis tests 
followed by post hoc comparisons revealed that all habitats were significantly different in 
individual and species numbers except for the pasture and plantation for the number of species. 
Error bars are ±1 SE. 
 

A Morisita index of similarity test comparing the three habitats showed there to be an 
overall high similarity between all of them in morphospecies shared and their abundances (Table 
1). The highest similarity in habitats was between the pasture and the plantation, sharing more 
than 98% of jumping spider diversity. This similarity was over 10% more than the similarities 
shared between the forest and the pasture, as well as between the forest and the plantation. There 
were three morphospecies (M2, M3, M5; Fig. 3) shared among the pasture and plantation whose 
abundances were high relative to the other morphospecies shared, and their numbers were 
similar. The forest, while it shared less morphospecies with the other two habitats, the abundance 
of a single morphospecies (M5) comprised almost 50% of the diversity. M5 was the only one of 
the 33 morphospecies present in all the habitats. 

 

Table 1. Jumping spider diversity in habitats of different degrees of disturbance on a farm in 
Santa Elena, Costa Rica. Morisita index of similarity test revealed all habitats to be similar to 
one another in jumping spider diversity. 
 Pasture Plantation Forest 
Pasture 1 0.987 0.873 
Plantation 0.987 1 0.877 
Forest 0.873 0.877 1 
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Figure 3.  
Jumping spider diversity in habitats with different degrees of disturbance on a farm in Santa 
Elena, Costa Rica among 436 individuals and 33 morphospecies. Kruskal-Wallis tests 
followed by post hoc comparisons revealed that all habitats were significantly different in 
individual and species numbers except for the pasture and plantation for the number of 
morphospecies. The pasture with 278 individuals and 17 morphospecies, the plantation with 
128 and 19 morphospecies, and the forest with 30 individuals and 11 morphospecies. Only one 
morphospecies (M5) was present in all three habitats, and had the highest individual 
abundance with pasture having 163 individuals (59%), the plantation having 81 individuals 
(63%), and the forest having 14 individuals (47%).  
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 Seven general microhabitats were distinguished from the data collected: grass, plant, leaf 
litter, log, dirt, plant stem, and attached dead leaf. A Morista index of similarity analysis was 
conducted to compare both the number of morphospecies and their abundances between 
microhabitats across all of the habitats (Table 2, Fig. 4). Plant and dirt had the highest similarity, 
sharing about 97 percent of the morphospecies and numbers. Grass and leaf litter as well as grass 
and plant microhabitats also had a high result with a 95% similarity. The attached dead leaf 
microhabitat, which was only found to have jumping spiders present on in the forest, had no 
similarity value at all with any of the other microhabitats.  

Table 2. Jumping spider diversity in microhabitats among three habitats of varying disturbances 
within the Torres – Villalobos farm in Santa Elena, Costa Rica. Morisita index of similarity test 
revealed plant stem (PS) and attached dead leaf (ADL) microhabitats to be the least similar with 
the rest of the habitats.  

 Grass Plant LL Log Dirt PS ADL 
Grass 1 0.954 0.981 0.409 0.937 0.053 0 
Plant 0.954 1 0.953 0.334 0.976 0 0 
LL 0.981 0.953 1 0.426 0.947 0.084 0 
Log 0.409 0.334 0.426 1 0.317 0 0 
Dirt 0.937 0.976 0.947 0.317 1 0 0 

PS 0.053 0 0.084 0 0 1 0 

ADL 0 0 0 0 0 0 1 
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Figure 4.  

Jumping spider diversity in microhabitats among three habitats of varying disturbances within 
the Torres – Villalobos farm in Santa Elena, Costa Rica. Morisita index of similarity test 
revealed plant stem (PS) and attached dead leaf (ADL) microhabitats to be the least similar with 
the rest of the habitats. 436 total individuals distributed among 33 different morphospecies.  

 

DISCUSSION 

The results show that of the three habitats, the pasture (highest disturbance) was the most 
abundant in both jumping spider morphospecies and individuals, supporting the idea that spiders 
generally do well in more disturbed environments. It is of interest that even though the forest was 
the only habitat to not have been affected by rain, it still was the lowest in numbers of 
individuals and species suggesting that rain did not cause the decreased in the abundance and 
number of morphospecies recorded in the forest habitat. The lower abundance of individuals in 
the forest may be likely due to the low amount of sunlight that may reach the bottom. Jumping 
spider vision could contribute to their lesser numbers within the forest. It may be that lower light 
distorts the optical cues they seek when distinguishing between mates, rivals, predators, prey, 
and features of their non-living environment (Harland & Jackson, 2000). It is possible more 
species and individuals occupy niches higher in the canopy rather than on the forest understory, 
perhaps in order to achieve more light, explaining why such low numbers were documented in 
this study that only focused on jumping spiders presence from ground level to two meters off the 
ground. Jumping spiders were the third most species-rich family in one study observing spider 
diversity and composition in the canopy of a montane forest in Tanzania. Jumping spiders 
comprised 137 individuals and 15 species (Sørensen 2004). It may also simply be that the 
isolation of the highly fragmented forest from a more species rich primary forest has resulted in 
requiring a longer time for jumping spider diversity to adapt and accumulate in the forest 
understory. 

A single morphospecies (M5) shared between the three habitats suggest it being a generalist 
species. Perhaps it is the first of the species to colonize an isolated forest fragment. And so, 
though the forest in this study was considered to be the less disturbed by humans, managed to 
have the greatest affect in limiting itself to jumping spider diversity. Habitat complexity is a key 
factor in determining spider species richness and composition (Goncalves-Souza et al. 2010). It 
is likely that the specific shape of the dead leaves attached to the tree within the forest habitat 
offered a productive microhabitat to the three morphospecies found exclusively there (M10, 
M11, & M12) as it has been shown for jumping spider species that specialize on specific leaf 
architectures (Omena & Romero 2007).  

Finally, perhaps a different method for collection would have resulted in greater diversity 
sought out in all of the habitats, including the forest. One study comparing different methods of 
collecting jumping spider specimens within an Afromontane forest (Sørensen et al. 2002), it was 
concluded that method was a great indicator of variance of number of species per sample 
collected. According to Sørensen et al. (2002) this result could reflect the real differences in 
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species richness between microhabitats; whereas beating the understory vegetation yielded more 
species and individuals, fewer specimens and species were yielded per sample unit by hand 
searching.	

 In conclusion, this study was able to detect that jumping diversity was higher in more 
physically disturbed habitats with greater light availability and decreased as habitats were less 
disturbed,. It was also concluded that microhabitat partitioning by jumping spiders was more 
specific in the forest and less so among the pasture and plantation. 
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ABSTRACT 
 
Many naturally occurring plants have evolved secondary compounds that confer cytotoxicity (Cowan 
1999). In Tropical developing countries, medicinal plants are used widely. The brine shrimp Artemia 
salina is commonly used as a bioassay tool in measuring general cytotoxicity, which is correlated 
with anti-parasitic and anticancer properties. Twelve medicinal plant extracts were collected in 
Monteverde and screened for cytotoxicity. In conjunction, 51 Costa Rican individuals were surveyed 
around the Monteverde area to determine the population’s extent of knowledge on medicinal 
properties of these plants. In the bioassay portion, mean percent survival of A. salina after 24 hours in 
83 μg/mL plant extract solution showed significant differences with Annona muricata compared with 
controls. This finding correlated with survey results, where 65% of responding individuals showed 
belief of this plant to have anticancer properties. For 9 of 12 studied plants, there was a significant 
trend of impact of age, where increasing age groups had increasingly more knowledge of medicinal 
uses of the plants (Fisher's exact test, p < 0.05) (Figures 3 – 14). Only 35% of survey participants 
were familiar with “Chagas” disease caused by the parasite Trypanosoma cruzi, and very few 
individuals knew of medicinal plants that can be used as treatment options for this disease, such as 
Carica papaya. The potential anti-tumoral property of Annona muricata shows that with further 
study, this effective, accessible, inexpensive, side-effect free method of medicinal treatment can be 
taken advantage of, especially in the Neotropics, where the prevalence of parasites, including T. cruzi, 
threatens the lives of a substantial amount of the population.   
 
 
RESUMEN 
 
Muchas plantas que ocurren naturalmente han evolucionado compuestos secundarios que les 
confieren toxicidad (Cowan 1999).  En países en desarrollo tropicales, las plantas medicinales son 
usadas ampliamente. La Artemia Artemia salina es usada comúnmente como un bio-ensayo para 
medir la toxicidad general, la cual es correlacionada con propiedades anti-parasíticas y anti-
cancerígenas.  Doce extractos de plantas medicinales colectadas en Monteverde y se probaron por 
citotoxicidad.  En conjunto, 51 individuos costarricenses se entrevistaron en los alrededores de 
Monteverde para determinar el conocimiento de la población en las propiedades medicinales de las 
plantas.  En la porción del bio-ensayo, la sobrevivencia promedio de A. salina después de 24 horas en 
83 μg/mL de solución de extracto de planta muestra diferencias significativas entre Anona muricata al 
compararlo con los controles.  Estos resultados correlacionan con los resultados de las encuestas, 
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donde 65% de los individuos muestran una creencia de que esta planta posee propiedad anti-cancer.  
Para 9 de las 12 plantas estudiadas, existe una tendencia significativa en el impacto de la edad, en el 
cual al aumentar la edad del grupo de estudio aumenta el conocimiento de los usos medicinales de las 
plantas (Prueba Exacta de Fisher', p < 0.05) (Figures 3 – 14).  Solo 35% de los participantes en la 
encuesta están familiarizados con Chagas causado por el parasite Trypanosoma cruzi y muy pocos 
individuos conocen plantas medicinales que pueden ser usadas como opciones de tratamiento para 
esta enfermedad, tal como Carica papaya.  Las propiedades potenciales anti-tumoral de Annona 
muricata muestra que con estudios futuros, este efectivo, accesible, y barato método de tratamiento 
medicinal puede ser tomado como una ventaja, especialmente en el Neotropico, donde la prevalencia 
de parásitos como T. cruzi pone en riesgo las vidas de una cantidad sustancial de la población. 
 
	
INTRODUCTION 
 
Historically, plants have played a large part of many people’s lives for medicinal value (VanZandt 
2002). In Africa, it was estimated in 2003 that around 80% of the population uses traditional medicine 
as their primary source of healthcare (Anon 2003). In contrast, developed countries such as the United 
States of America depend much less upon plants for medicinal value, with around 20% of the 
population using medicinal plants in 2008 (Bent 2008). In countries such as these, the use of 
medicinal plants is termed as, “Complementary Alternative Medicine” showing that this method of 
healthcare is much less prominent for the majority of people than in less-developed and developing 
countries (Anon 2003).  
 The increasing availability of technology and economic resources has allowed for the 
advancement of laboratory synthesized drugs. In those drugs that are synthesized from natural plants, 
the process involves the isolation of only the substance within the plant that is thought to be most 
active in curing or preventing the targeted illness (VanZandt 2002). In contrast, the use of medicinal 
plants is advantageous as the biochemistry of compounds within medicinal plants works in a more 
synergistic way; the natural composition of plants may contain a mixture of bioactive secondary 
compounds that allows for efficient prevention and healing of a wide range of illnesses (Briskin 
2000). While not all plants’ secondary products may have medicinal effects when used by humans, 
there are many that in fact do (Briskin 2000). Many naturally occurring plants have evolved 
secondary compounds that confer cytotoxicity i.e. toxicity to cells (Cowan 1999), which work as self-
defense against microbial pathogenic competitors, such as microorganisms, plants, and animals 
(Briskin 2000). These cytotoxic properties of plants have a large potential for antimicrobial and anti-
tumoral use by humans as well (Cowan 1999).   
 To search for cytotoxic properties of plants, scientists have tested plant extracts in 
conjunction with the brine shrimp Artemia salina. A. salina is a very advantageous model organism 
for conducting toxicity assays for a variety of reasons. It is very easily accessible, it can be quickly 
hatched in salt water under laboratory settings, and can be easily be stored for hatching at the optimal 
time for study (Arajabi et al. 2015). Past research has highlighted the correlation between A. salina 
toxicity and anti-tumor activity of plant extracts (McLaughlin & Rogers 1988), which creates value of 
using these shrimp as a pre-screening mechanism for further research on general toxicity and anti-
tumor research that can then be implemented to aid in the treatment of illnesses worldwide (Arcanjo 
et al. 2012, León-Deniz et al. 2009).  
 In Latin America, one protozoan parasite that has a substantial effect on the health of the 
population is Trypanosoma cruzi (Alves et al. 2000). An estimated 6 to 7 million people worldwide 
have been infected by this parasite (Anon 2016). Infection of T. cruzi causes Chagas disease 
(American trypanosomiasis), which is characterized by heart and digestive problems as the parasites 
take over the heart and digestive muscles (Anon 2016). Current available treatment drugs for Chagas 
disease are not available everywhere and have led to adverse reactions in around 40% of the infected 
population (Anon 2016). Because of this evident issue, further insight into the possible new options of 
treatment using medicinal plants that exhibit anti-T. cruzi bioactivity are likely to have a beneficial 
impact on many humans. 
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 Because of the large diversity of plants in the Tropics, medicinal plants are a highly 
prospective resource against a variety of illnesses, such as T. cruzi parasites and cancer. In 
Monteverde, Costa Rica, there are over 30 common species of plants that are known to have 
medicinal uses for humans (VanZandtada 200215). In this study, extracts of 12 species of medicinal 
plants were tested for cytotoxicity using A. salina as a bioassay in order to see what species of locally 
growing plants may be useful for Chagas disease and future pharmacological studies for cancer. In 
combining local knowledge of medicinal plants with the toxicity bioassay using A. salina, this study 
will determine what plants in Costa Rica may be valuable for human use against cancer and Chagas 
disease, and also if knowledge of Costa Rican residents of different ages, gender and educational level 
will align with experimental results. 
 
MATERIALS AND METHODS 
 
Bioassay of Plant Extracts using the Brine shrimp A. salina: Plant Extraction 
 
 Twelve species of plants that are commonly used for medicinal purposes in the area were 
collected. Species are listed in Table I. For each plant, five grams of fresh, undamaged leaves of 
intermediate age by visual assessment were used to make extracts. Samples were ground in a food 
processor, and added to 40 mL of 80% methanol solution. These mixtures were then mashed for 10 
minutes using a mortar and pestle. Liquid extracts were separated from solid leaf material using a 
funnel with filter paper. All extracts were contained in glass vials and stored in the refrigerator.  
 
Bioassay of Plant Extracts using the Brine shrimp A. salina: Preparation 
 
In a clear plastic cylindrical container, two tablespoons of sea-salt were combined with one liter of 
water, followed by the addition of one tablespoon of Artemia salina cysts. Water temperature was 
kept in between 25°-30° Celsius. Tubing was inserted into the tank to provide adequate aeration for 
cyst suspension. A lamp was pointed directly at the tank to provide a light source. Because of the 
light, mesh cloth was applied over the open cover of the tank to prevent insects from entering. After 
24 hours, A. salina were hatched.  

Bioassay of Plant Extracts using the Brine shrimp A. salina: Bioassay 
 
To determine cytotoxicity on A. salina, 2.990 mL of seawater and 8-14 A. salina were added to each 
test tube (initial # of A. salina was recorded for each test tube). A drop of yeast suspension (3 mg 
yeast/5 mL water) was added as food for A. salina. Once each test tube was prepared, 10 μL of each 
individual plant extract were added to 16 test tubes, resulting in extract concentrations of 83 μg/mL. 
For controls, 10 μL of sea-water and methanol were separately added to 24 test tubes each. Test tubes 
were placed in test tube racks, and were surrounded by illumination from lamps. Mesh cloth was 
applied on top of the test tubes to prevent insects from entering test tubes.  A total of 16 replicates 
were made for each of the twelve plant extracts, and 24 replicates for each control group, water and 
methanol. After 24 hours, test tube contents were transferred to glass dishes and A. salina survivors 
were counted visually. Percent survival of A. salina for each test tube was recorded using the 
equation: 

 
% Survival = # of A. salina Alive After 24 Hours  x 100 

                            Initial # of A. salina  

Ethnobotanical Surveys 

A total of 51 surveys were conducted in Monteverde (10.2750° N, 84.8255° W) located in the 
province of Puntarenas, Costa Rica. All individuals surveyed were residents of Costa Rica, living in 
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the Monteverde area. The procedure and composition of this survey was adapted from a study by 
Zada (Spring 2015, appendix 1). In a 10 open answer survey, individuals recorded personal 
information and knowledge of medicinal properties of the 12 plants used in the bioassay portion of 
this study. Individuals were also asked about their knowledge of Chagas disease and if they knew of 
any plants that can be used for treatment for both Chagas and cancer.  

RESULTS 
 
Artemia Bioassay 

Differences were found when comparing the % of survival of A. salina in different extracts (ANOVA; 
df = 13, P = 0.00293, n = 14) (Figure 1). It was observed that the largest differences occurred between 
the Annona muricata and Water treatments (Tukey’s HSD, p = 0.0246) and the Annona muricata and 
Methanol treatments (Tukey’s HSD, p = 0.0435). While not statistically significant, the difference in 
mean percent survival between Mimosa pudica extract test tubes and water test is near-significant (p = 
0.0883) as mean percent survival of A. salina was 26.1% in these test tubes. While mesh cloth was 
placed over all test tubes, there were still numerous amounts of insects that made their way into many 
test tubes after 24 hours. Insect species inside of test tubes were various and unknown. 

 

 

Figure 1: Mean percent survival of the brine shrimp A. salina in bioassays testing for toxicity in 12 
species of thought medicinal plants. Each plant extract’s mean value is represented by 16 replicates 
using 8-14 brine shrimp per test tube and calculating % survival using initial and final counts of live 
A. salina after 24 hours in test tubes with 83 μg/mL extract solution. 2 Control groups were used, 
using Water and Methanol instead of extracts. For each of the two control groups, 24 replicates were 
used. Statistical significance between groups was determined using an ANOVA test, and a post-hoc 
Tukey’s test was used to see where differences lied between treatments and controls.  
 
Surveys 

 Of the 51 individuals surveyed, 51 were females and 44 were males. 25% of individuals 
were 18-25 years old, 33% were 25-35 years old, 27% were 35-45 years old, 14% were over the age 
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of 45. 12% of individuals surveyed had not completed gradeschool, 12% had reached gradeschool 
completion, 25% had not completed highschool, 25% had graduated from highschool, and 25% are 
attending or have graduated from college/university.  

 When ask to recognize the species, 100% of survey participants recognized the plant species 
Annona muricata, Mimosa pudica , Psidium guajava , Citrus aurantiifolia , and Mentha piperita, 
while the least commonly recognized plants were Piper auritum (47%), Sida rhombifolia (51%), and 
Salvia officinalis (61%) (Figure 2). Because the most common plants were known by more 
participants, there were consequently more known medicinal uses of these plants in general compared 
to other, less known plants (Table I).  

 
Figure 2: Summary of whether 51 surveyed individuals recognized each of 12 plant species. All 
surveys were conducted in Monteverde, Costa Rica. Individuals surveyed were local residents living 
in the Monteverde area. Survey participants were presented with photos along with common names of 
each plant as listed in the table. 
 
Table I: Summary of most commonly described medicinal uses of 12 plants stated by 51 individual 
local residents living in the Monteverde area in Costa Rica. Surveys were conducted in Monteverde, 
Costa Rica. 

Plant Scientific Name 

Most Commonly 
States Medicinal Use 
(# of Times Stated) 

Salvia officinalis 

Relieves stomach pain 
(3), Topical for burns 
(2) 

Annona muricata Cancer (20) 

Mimosa pudica 
Sleep aid (4), Relieves 
toothache (3) 

Plantago major 
Relieves stomach pain 
(17) 

Bidens pilosa Weight loss (5) 
Acnistus arborescens Relieves stomach pain 
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(9) 

Desmodium intortum 

Relieves heartburn 
(15), Relieves stomach 
pain (11) 

Psidium guajava 

Vitamin C (7), 
Relieves stomach pain 
(5) 

Piper auritum 

Relieves heartburn 
(2), Mosquito repellent 
(2) 

Sida rhombifolia Anti-parasitic (2) 

Citrus aurantiifolia 

Relieves heartburn 
(13), Relieves stomach 
pain (12) 

Mentha piperita 
Relieves stomach pain 
(24) 

  
 
In comparing the relationship between gender and knowledge of medicinal uses for the 12 plants, 
gender only had a significant impact on knowledge of whether there were medicinal uses for 2 out of 
12 plants; Bidens pilosa (x2 = 4.05, df = 1, p = 0.04) and Annona muricata (x2 = 4.46, df = 1, p = 
0.03). In both cases, females had a statistically significant higher amount of knowledge of the two 
plant species. Education level did not have any significant effect on individual’s knowledge of 
medicinal uses for the 12 plant species (Fisher’s exact test; p > 0.05). When comparing the 
relationship between age and knowledge of medicinal uses for the 12 plants (Figures 3 – 14), age had 
an impact on whether individuals knew if there were medicinal uses for each plant (Fisher’s exact 
test, p < 0.05), except for in Mentha piperita and Citrus aurantiifolia (Fisher’s exact test, p > 0.05). 
For the remaining 10 plants, age group was positively correlated with knowledge of whether there 
were medicinal uses of the plants (Fisher's exact test, p < 0.05) (Table I)(Figures 3 – 14). 

  
Figure 3: Impact of age group on knowledge of Annona muricata  
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Figure 4: Impact of age group on knowledge of Annona muricata  
 

 
Figure 5: Impact of age group on knowledge of Mimosa pudica  
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Figure 6: Impact of age group on knowledge of Plantago major  
 

 
Figure 7: Impact of age group on knowledge of Bidens pilosa  
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Figure 8: Impact of age group on knowledge of Acnistus arborescens 
 

 
Figure 9: Impact of age group on knowledge of Desmodium intortum  
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Figure 10: Impact of age group on knowledge of Psidium guajava  
 

 
Figure 11: Impact of age group on knowledge of Piper auritum  
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Figure 12: Impact of age group on knowledge of Sida rhombifolia 
 

 
Figure 13: Impact of age group on knowledge of Citrus aurantiifolia  
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Figure 14: Impact of age group on knowledge of Mentha piperita  
 
Figures 3 – 14:  Knowledge of a medicinal use for each of 12 plant species by 51 survey participants. 
All surveys were conducted in Monteverde, Costa Rica. Individuals surveyed were local residents 
living in the Monteverde area. Survey participants were presented with photos along with common 
names of each plant as listed in the table. In comparing the relationship between age and knowledge 
of medicinal uses for the 12 plants, age had an impact (p < 0.05) on whether individuals knew if there 
were medicinal uses for each plant, except for in Mentha piperita (Fisher's exact test, p = 0.32), Citrus 
aurantiifolia (Fisher's exact test, p = 0.73), and Piper auritum (Fisher’s exact test, p = 0.07). Fisher’s 
exact test values: Salvia officinalis = 0.03; Annona muricata = 0.03; Mimosa pudica =0.01; Plantago 
major = 0.01; Bidens pilosa = 0.04; Acnistus arborescens = 0.004; Desmodium intortum = 0.008; 
Psidium guajava = 0.003; Piper auritum = 0.07; Sida rhombifolia = 0.00005; Citrus aurantiifolia = 
0.73; Mentha piperita = 0.32.  
 
 
In this sample group, there was no preference to use medicinal plants over going to the doctor of 
using both under different situations (Fisher’s exact test, p = 0.39). However, it is mentionable to say 
that in the age range of 35-45 years old, 71.4 % of individuals said that they only used medicinal 
plants, while 7 % of individuals in the age range of 18-25 said that they only used medicinal plants 
(Figure 15).  When asked where they obtain medicinal plants, 57% stated that they obtained medicinal 
plants from their gardens or area around their residency. 47% stated that they actively purchased 
medicinal plants from markets or specialty stores. 23% stated that they obtained medicinal plants 
from acquaintances, such as family or friends, and 10.6% stated that they actively foraged for 
medicinal plants in forests or nearby areas. One individual stated that he obtained medicinal plants 
from the doctor. 
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Figure 15: Survey results for 51 individual’s preferred method used when sick.  
 
 Only 35% of 51 surveyed individuals were familiar with Chagas disease; of those people, 2 believed 
that papaya could help against Chagas, and 1 believed that the Targua tree could help against Chagas. 
For cancer, 17 different plants were mentioned, but 65% of responses to this question were “Annona 
muricata” or “Guanábana.” Which aligns with the percentage of survival A. salina and its potential 
antitumoral properties. The next most common responses were Cannabis (11.5%), Morinda citrifolia 
(7.7%) and Aloe vera (7.7%) . The rest of the plants were mentioned  by single individuals:  Psidium 
friedrichsthalianum, Cinnamomum sp., Phyllanthus niruri, Zingiber officinale, Citrus aurantiifolia, 
Anacardium occidentale, Moringa oleifera, Couepia polyandra, Averrhoa carambola, Solanum 
lycopersicum, Curcuma longa, Sagittaria latifolia. 
 
 
DISCUSSION 
 
Both the mean percent survival of A. salina in Annona muricata extract and common beliefs of its 
anti-cancer properties by Monteverde residents are supported by past studies. Although only leaf 
samples were tested in this study, cytotoxicity has been proven in different parts of the plant; seed 
components have shown cytotoxicity for A-549 lung carcinoma, MCF-7 breast carcinoma, and HT-29 
colon adenocarcinoma human tumor cell lines, and leaf components have shown cytotoxicity to six 
human tumor cells including PACA-2 pancreatic carcinoma and PC-3 prostate adenocarcinoma cell 
lines (Schauss et al. 2010). Bullatacin, which is an “acetogenin” (compound only found in the 
Anonnaceae family) is only found in Annona muricata, and is found to be very potent against the 
L1210 murine leukemia cell line by inhibiting ATP production (Schauss et al. 2010). Because of 
Annona muricata’s proven strength in decreasing survival of A. salina in this study, and cancer cells 
in other studies, it is evidently an effective resource that is being well taken advantage of by the 
Monteverde community.   
 While it is not commonly known in Monteverde for its anticancer properties, M pudica has 
recently been cited as a treatment for cancer in other areas of the world (Muhammad et al. 2015). 
While the difference in mean percent survival of A. salina was not statistically significant in M. 
pudica extract compared with controls, both hydroalcoholic extract and pure compound of M. pudica 
have been shown to inhibit proliferation of the Lymphoma Daudi line of cancer cells, and thus have 
been proved to have significant anticancer bioactivity (Parmar et al. 2015).   
 It is unclear whether the presence of insects inside of test tubes had any effect on survival of 
A. salina. In the case of a further study, other techniques should be employed to more effectively 
prevent the entry of insects into test tubes. 
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 While Mentha piperita and Citrus aurantiifolia are non-native, the fact that all ages knew 
about possible medicinal properties is likely due to the fact that these plants are commonly used in 
cooking and are used very prevalently by people of all ages (Encyclopedia Britannica 2016, Mentha 
piperita 2011). Increases in knowledge of medicinal plants according to age can be explained in either 
that with increasing age, individuals gather more knowledge of medicinal plants through experience 
that comes with the passing of time (Inta et al 2013), or that with increasing age, individuals are from 
older generations in which knowledge of medicinal plants was more common and was passed down 
(Malek et al 2012). If the second possibility is truly the case, then this may signify that medicinal 
plant knowledge is now passed down less/taught less to younger generations than it was in the past. 
Because only survey participants over the age of 45 years old knew that Sida rhombifolia had a 
medicinal use, it may be hypothesized that Sida rhombifolia may currently be used less for medicinal 
purposes than in the past. With only 51 individuals surveyed, it may also be the case that this sample 
size may have had an impact on this result; however, because there were many less individuals 
surveyed over the age of 45 than under 45 years old, the fact that 100% of these individuals knew of 
Sida rhombifolia’s medicinal use shows just how drastic the difference is with age.  
 Because there was no significant effect of education level on individual’s knowledge of 
whether the 12 plants had a medicinal use or not (Fisher's exact test, p > 0.05), it may be reasoned that 
local people’s knowledge here is not obtained through formal education, but rather through outside 
information sources such as family, acquaintances, or individual interest (Haselmair et al 2014). I 
hypothesize that with a larger sample size and more evenness in age groups, it may be possible to see 
that older individuals do in fact use solely medicinal plants more than younger individuals, especially 
as the number of individuals of age 18-25 was much larger, yet only 7% said that they solely used 
medicinal plants. As the average percent of individuals along all age groups that solely use medicinal 
plants is 34.2%, this is a fairly substantial percentage of the sample population that relies on medicinal 
plants to treat both weak and severe illnesses. This shows the importance of finding medicinal plants 
that can be used to cure severe illnesses such as cancer and Chagas disease. With this, I believe that 
the results of the A. salina bioassay portion of this study can be used to help, especially for those 
individuals who solely rely on plants for medicine. 
 While treatments for Chagas disease are evidently necessary in Costa Rica, the situation 
seems to be quite unknown by locals, as only 35% of survey participants were familiar with Chagas 
disease. As 2 participants stated that Carica papaya is effective against Chagas disease, this can be 
backed up with scientific evidence, as Carica papaya seed extracts were found to reduce the number 
of T. cruzi blood trypomastigotes and amastigotes in infected animals (Jiménez-Coello et al 2013). 
This antiprotozoan action is due to three bioactive acids existing in ripe papaya seeds: oleic, palmitic, 
and stearic acid (Jiménez-Coello et al 2013). In another study, air-dried C. papaya seeds were given to 
Nigerian children with intestinal parasites, and were found to effectively treat these intestinal parasites 
with no significant side effects (Okeniyi et al 2007) The evident anti-parasitic and anti-trypanosomal 
activity of Carica papaya seeds shows yet again another effective, accessible, inexpensive, risk-free 
method of a potentially medicinal treatment that is not only important because of its native 
distribution in the Neotropics, but also because of the prevalence of parasites, including T. cruzi, in 
the Neotropics (Hyde et al 2016).  
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Appendix  
 
Sample of surveys conducted in Monteverde, Costa Rica.  
 

¡Hola! Me llamo Stephanie, y soy estudiante del programa de Ecología Tropical de CIEE.  
Estoy muy interesada en las plantas medicinales, así que mientras yo estoy aquí en Costa Rica, quiero 

aprender lo más que pueda acerca de cómo la gente usa plantas medicinales. 
Toda  la  información  se  mantendrá  anónima. 

¡Muchísimas gracias por su tiempo, aprecio realmente su ayuda!!! 
 

Plantas Medicinales  
 
 
1. ¿Cuál es su género?         
 
O  Femenino     O   Masculino 
 
 
2.  ¿ A cuál rango de edad pertenece? 
 
 O    18-25     O    25-30    O    30-35   O    35-40   O   40-45 
 
O     45-50  O    50-55  O    55-60  O    60-65  O   65-70  O     70-75 
 
 
3.   Profesión      _________________ 

4.   ¿Cuál es su nivel de educación?  

O   Ninguno         O  Escuela incompleta       O   Escuela completa           

O   Colegio incompleto         O  Colegio completo    O otro ____________ 

 

5.  ¿Donde vive? ___________________ ¿De dónde es originario? _______________ 

6. De las siguientes plantas: 

Nombre común de la 
plata 

¿Conoce la 
planta que 

observa en la 
foto? 

¿Sabe si tiene algún uso 
medicinal? 

¿Para que uso lo 
conoce? 

1. Salvia 
 

   

2. Guanábana 
 

   

3. Dormilona    
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4. Llantén 
 

   

5. Moriseco 
 

   

6. Güitite 
 

   

7. Mozote 
 

   

8. Guayaba 
 

   

9. Anisillo 
 

   

10. Escobilla 

 

   

11. Limón 

 

   

12. Menta 

 

   

7. ¿Si utiliza plantas medicinales, de donde las obtiene?  

 

 

8. ¿Cuando se enferma, suele utilizar plantas medicinales o ir al médico? 

 

 

9. ¿Está usted familiarizado con la enfermedad de Chagas? ¿Conoce usted de plantas 
medicinales que se puede utilizar para combatir esta enfermedad? 

 

 

10. ¿Conoce usted de plantas medicinales que se puede utilizar para combatir el cáncer o 
tumores? 
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ABSTRACT 
 
Due to the climate change and global warming, about 20-30% of all species will be extinct Species should 
respond to climate change according to their distributions along the climatic gradient. Changes in 
distribution and abundance of wildlife, especially birds, require extensive information on their natural 
history and demography. In some circumstances, local ecological knowledge (LEK) can serve as a useful, 
complementary data source, and may be particularly valuable when gathering more data and information. 
Knowledge of different species of birds and awareness of their frequency was surveyed to 100 people in 
Monteverde, The different species were the Quetzal, Azure-hooded Jay, Toucan, White-throated Magpie 
Jay, and a control: Black-browed Barbet. These birds are potentially affected by climate change, and this 
information could be used as a conservational tool in region. The people interviewed are knowledgeable 
about the climate changes and presence of the species, but when it came to knowing their frequency 
through time it was non significant. The locals in Monteverde, Costa Rica can be used for a tool for further 
information but the questions needs to be handled with care. Since not all the questions were correctly 
answered and not all the questions were significant if one wants to use LEK for further research, the 
organization and or group should not expect that everything the locals say are correct. 
 
RESUMEN  
 
Debido al cambio climático y calentamiento globarl, cerca de 20-30% de las especies totales se extinguirán.  
Las especies deben responder al cambio climático de acuerdo a sus distribuciones a lo largo del gradiente 
climático.  Cambios en la distribución y abundancia de la vida salvaje, especialmente las aves, requiere 
información extensiva en su historia natural y demografía.  En algunas circunstancias, el conocimiento 
ecológico local (LEK por sus siglas en inglés) puede servir como un recurso de datos complementario y 
útil, y puede ser particularmente valioso al colectar más datos e información.  El conocimiento de 
diferentes especies de aves y el conocimiento en su frecuencia fue obtenido de 100 personas en 
Monteverde.  Las diferentes especies fueron el Quetzal, la Piapia de Montaña, el Tucan, la Urraca 
Copetona, y como control: el Barbet Cejinegro.  Estas aves son afectadas potencialmente por el cambio 
climático, y esta información puede ser usada como una heramienta conservacionista en la región.  Las 
personas entrevistadas son conocedoras sobre el cambio climático y la presencia de lase species, pero 
cuando se refiere al conocimiento en sus frecuencias durante el tiempo esto no fue significativo.  Los 
locales en Monteverde, Costa Rica pueden funcionar como herramienta para future información pero se 
necesita manejar las preguntas con cuidado.  Ya que no todas las preguntas fueron contestadas 
correctamente y no todas las preguntas fueron significativas si uno quiere usar el LEK como investigación 
future, the organization y/o el grupo no debe esperar que todos los locales digan lo correcto. 
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INTRODUCTION 
 
In recent years, variations on Earths climate have been more noticeable. Temperature and 
precipitation has been becoming less predictable as the years proceed (Araújo and 
Rahbek, 2006; Sha 2014; Corlett, 2014). Increases in global average air temperature, in 
ocean temperatures, in melting of snow, and a general increase in temperature worldwide 
are good examples of changes of weather conditions that could alter habitat composition 
(Gasner et al. 2010; Bernstein et al. 2007). Such increases may lead to more extreme heat 
waves during the summer while producing less extreme cold spells during the winter but 
in some regions it depends on where you are. Along with global warming, in the tropics it 
has been said that policymakers have advocated extension of anthropogenic climate 
change which is the component of change that has been driven by increase in Green 
House Gasses (GHG) (Parmesan et al. 2013). In this same article it mentions that when a 
particular biological system is dramastically altered and that species goes extinct, 
policymakrkers as well as the public will often demand a level of “attribution” that 
explains the role of ACC from those of other potential drivers (Parmesan et al. 2013).  
 Species should respond to climate change according to their distributions along 
climatic gradient (Pounds et al. 1999), and some can be especially vulnerable to this 
changes (Corlett, 2014). The species of birds that inhabit high elevations of mountaintops 
are affected the worse because they will not be able to move elsewhere. Some bird 
species, mostly the ones in the lower elevation, may benefit from climate change because 
they are able to move upwards in elevation in order to seek for cooler temperatures if 
they are able to adapt (Pounds et al. 1999). In a recent study, it was said that speciation is 
based on geographical patterns of species ranges (Mayr, 1963; Endler, 1977). It is known 
that in allopatric speciation, longterm geographical isolation generates reproductively 
isolated and spatially segregated descendants of bird species (Doebeli, 2003). Growing 
body of phylogenetic and experimental data suggets that closely related species often 
occur in sympatry to nature (Doebeli, 2003).  
 It has been said that an increase in greenhouse gas concentrations and the 
consequent accumulation of heat will result that in over the next 100 years the planet will 
have an equal amount of warming to that which has already been taken place (Lovejoy & 
Hannah, 2008). Due to the climate change and global warming, there will be an estimated 
amount of 20-30% of all species will be extinct (Lovejoy & Hannah, 2008). As 
temperatures increase and the different types of species has to relocate, it has been said 
that biological communities do not move as communities; rather, the individual species 
move each in their own direction and at their own rate (Lovejoy & Hannah, 2008). This 
will result in some of the members of the community dying because they cannot handle 
the trip, which then results in a decrease of the species leading to extinction. 
 Changes in distribution and abundance of wildlife, especially birds, require 
extensive information on their natural history and demography. According to Gilchrist et 
al. (2005) in some circumstances, local ecological knowledge (LEK) can serve as a 
useful, complementary data source, and may be particularly valuable when gathering 
more data and information. In the Teknaf Game Reserve (TGR), in Bangladesh, it was 
recently shown that most of the locals were able to provide information of the birds that 
had distinct physical and behavioral characteristics such as birds that were from open 
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areas, had unique color combinations, has big bills, and it’s size (Karim, 2008). In the 
same study it has been said that the usefulness of LEK depends on the community that 
will be monitoring them (Karim, 2008). Birds that are living near or outside of the area 
are the species that are more easily identified (Karim, 2008). LEK can provide high-
quality and low-cost information (Anadon et al. 2009) about any information that relates 
to abundance and or distribution about animals. 

Climate change is one of the biggest threats for birds in the Monteverde region in 
Costa Rica. In Monteverde, the decrease in precipitation is the result of evaporation loss, 
global warming and El Nino (Lovejoy & Hannah, 2008). Monteverde Cloud Forest is 
experiencing more frequent dry spells as climate changes raises altitude at which clouds 
form (Pounds et al, 2005). This results in the decrease of chances of migration of birds to 
take place at the same rate since there may be a lag that could possibly endanger species 
in specific locations (Lovejoy & Hannah, 2008). Can Local awareness of altitudinal 
changes in birds with distinct physical characteristic contribute to Wildlife/climate 
change Management in this region? 
 
METHODS 
 
Surveys were conducted in Monteverde, Costa Rica. Monteverde has a population of 
about 6,750 people (Nadkarni et al, 1995). It is located 140 miles (225 km) northwest of 
San José at an elevation of 4,100 feet (1,250 m) above sea level, which sets on a cloud 
forest (Nadkarni et al, 1995). Monteverde is generally a misty, humid and windy area 
with a mean temperature of 18 °C (64 °F) (Nadkarni et al, 1995). I surveyed 100 locals 
from both sexes that have been living in the Monteverde area for 15 years or more 
(Appendix 1). The survey consisted of closed questions regarding the individual’s 
personal information, knowledge on climate changes in Monteverde region and 
awareness of the distribution in time and space of five species of birds. The species that 
were tested is as followed: Quetzal, Azure-hooded Jay, Toucan, White-throated Magpie 
Jay, and Black-browed Barbet. The first four species are species seen in the Monteverde 
region. The Quetzal ranges from 1,000-3,300 meters in elevation. The Azure-hooded Jay 
ranges from Costa Rica, Guatama, Hondurous, southeastern Mexico and even western 
Panama. This specie typically lives in humid evergreen forests. The next two, are species 
that historically are common to lower elevations but are potentially moving up. The 
Toucan typically is found in Argentina, Peru, French Guiana, Boliva and Brazil but can 
now be commonly seen up to 1750 m in elevation. The White-throated Magpie Jay is 
found from sea-level up to 1,250 m (4,100 ft), although occasionally higher than 800 m 
(2,600 ft). The fifth one is a control species, that is not present in the country. The Black-
browed barbet is from Asia and is going to be asked to see the accuracy of the responses. 
Pictures are going to be used to facilitate recognition of species.  
 
RESULTS 
 
Person Information of the Locals 
 
Out of the 100 individuals that took the survey, there were 58 males and 42 females. 
These individuals ranged from 18-74 years of age. Most of these locals that took the 
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survey were administrators, students, worked in the food departments, or even worked 
with tourists. Most of the individuals lived in Santa Elena, Cerro Plano, and Monteverde. 
 
Awareness of Climate Change 
 
When ask the agreement of statements related to climate change, people interviewed new 
about it. For example, for the 45% of people interviewed, when asked if mist is still very 
frequent in Monteverde, responded that they disagreed (Figure 1a, x2 = 41.3, df = 4, p > 
0.000145353). Only 14% responded that they in fact thought that mist was is still 
frequent in the area. When asked if the weather in Monteverde has been getting hotter 
each year, more than half (65%) of the total individuals surveyed answered that they 
strongly agreed (Figure 1 b, x2 = 146.7, df = 4, p > 1.037E-30). When asked if the locals 
thought that there has been the same amount of rainfall each year, 47 % of the individuals 
strongly disagree (figure 1c, x2 = 79.53, df = 4, p > 2.18491E-16). In the last questions, 
the community was asked if in the last two years has there been fewer days without rain. 
Out of the 100 individuals, 43 % strongly agreed verse 12% that strongly disagreed 
(figure 1d, x2 = 70.1, df = 4, p > 2.16214E-14).  
 
 

  

a)	Mist	is	still	very	
frequent	here	in	
Monteverde	

Agree	

Disagree	

Neither	agree	
nor	disagree	
Strongly	agree	

Strongly	
disagree	

b)	The	weather	in	
Monteverde	is	getting	
hotter	every	year	

Agree	

Disagree	

Neither	agree	
nor	disagree	
Strongly	agree	

Strongly	
disagree	
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 Figure 1: Responses on Whether or Not Locals in Monteverde, Costa Rica Agree 
or Disagree to the Following Statements: a) Mist is Still Very Frequent Here in 
Monteverde(1,250 m) above sea level (x2 = 41.3, df = 4, p > 0.000145353). b) Weather is 
getting hotter every year (x2 = 146.7, df = 4, p > 1.037E-30). C) We Have The Same 
Amount of Rain Than Before (x2 = 79.53, df = 4, p > 2.18491E-16). D) This last two 
years, there were fewer days without rain (x2 = 70.1, df = 4, p > 2.16214E-14). 
 
Local Awareness of Birds in Monteverde, Costa Rica 
 
When asked about the frequency of the Quetzal, from the individuals surveyed, 98% 
knew the specie, most people responded with saying that they sometimes see it rather 
than never or all the time. Out of these groups of individuals they are seeing it more now 
than the previous years (x2: 9.53; df =4; p= 0.04). But when compared the frequency in 
different time frames, no significant difference was found (fig 2, Fisher, p=0.7142).  
 

c)	We	have	the	same	
amount	of	rain	than	

before	
Agree	

Disagree	

Neither	
agree	nor	
disagree	
Strongly	
agree	

Strongly	
disagree	

d)	This	last	two	years,	
there	were	fewer	days	

without	rain	

Agree	

Disagree	

Neither	agree	
nor	disagree	
Strongly	agree	

Strongly	
disagree	
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Figure 2: The frequency that the Monteverde population has seen the Quetzal through 
out different periods of time (fisher test p < 0.7142, n=100). 

 
 
When the locals were asked about the Azure-hooded Jay only 16% (x2=46.24; DF=1; 
P=1.04619E-11) of the individuals has seen the bird. Out of those individuals only 9% 
the name of the species correct (x2=2.54; DF=2; P=0.280597693). From the people that 
had seen the bird it was found that it was not significant (fig 3, fisher test: p < 0.97; 
n=16).  
 

  
 
 
Figure 3: The frequency that the Monteverde population has seen the Azure-hooded Jay 

through out different periods of time (fisher test p < 0.97, n=16). 
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When asked about the frequency of the Toucan, from the individuals surveyed, 96% 
(x2=84.64; DF=1; P=3.5795E-20) knew the specie, most people responded with saying that 
they often see it rather than never or all the time. Out of these groups of individuals they 
are seeing it more now than the previous years (x2: 21.27027027; df =5; p= 3.96122E-52). 
But when compared the frequency in different time frames, no significant difference was 
found (fig 4, Fisher, p=0.8848).  
 

  
 
Figure 4: The frequency that the Monteverde population has seen the Toucan through out 

different periods of time (fisher test p < 0.8848, n=100). 
 
 
When asked about the frequency of the White-throated Magpie Jay, from the individuals 
surveyed, 71% knew the specie, most people responded with saying that they sometimes 
see it rather than never or all the time. Out of these groups of individuals they are seeing 
it more now than the previous years (x2: 9.94; df =4; p= 0.04). But when compared the 
frequency in different time frames, there was a significant difference (fig 5, Fisher, 
p=0.1418).  
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Figure 5: The frequency that the Monteverde population has seen the White-throated 
Magpie Jay through out different periods of time (fisher test p < 0.1418, n=76). 

 
 
When the locals were asked about the Black-browed Barbet only 13% (x2=54.76; DF=1; 
P=1.36184E-13) of the individuals has seen the bird. Out of those individuals only 1% 
had the name of the species correct (x2=13; G=38.28464315; gl=2; P=4.85954E-09). 
From the people that had seen the bird it was found that it was not significant (fig 6, 
fisher test: p < 0.8341; n=13).  
 

  
 

Figure 6: The frequency that the Monteverde population has seen the Blacked-browed 
Barbet through out different periods of time (fisher test p < 0.8341, n=13). 
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The locals were asked if they considered there is a change in this bird population, why do 
they think that might be happening. This portion was in fact significant. Mostly all the 
people said that it was due to global warming and or climate change. 
 
DISCUSSION 
 
The climate change questions were significant. In general locals knew that the climate 
has been changing for years now. As mentioned before, LEK can provide high-quality 
and low-cost information (Anadon et al. 2009) in order to gain more information about a 
study. Walking around Monteverde, it did not cost a lot to ask locals if they thought the 
climate was changing due to global warming and what species were being featured in my 
photos as well as their frequency. 
 Of the birds known by locals (quetzal, toucan and magpie Jay), two of them  
(toucan and magpie) are located in open areas, are big, colorful, and are easy species to 
ID, which confirms other studies that birds with distinct physical and behavioral traits are 
good indicator species to study due to its facility to be observed in a day to day basis 
(Karim, 2008; Anadon et al. 2009). The quetzal is also big and colofrful but mostly seen 
in forested areas (Skutch, 1994)) but it a charismatic specie, that symbolizes the region, 
which could influence the knowledge of its existence. Charismatic species are species 
with widespread populat appeal, which can often be used by environmental activists to 
achieve environmentalist goals (Ducarme et al. 2013). For the species unknown by 
locals, one is not from here, so it confirms the fact that people are not telling the truth. 
The second specie, is from the forested areas, which is why it might not be frequently 
seen by locals, at least as much as the other three species that are asked about. Even 
though people were not aware of differences in their presence through time, LEK knew 
that their populations were changing. In Monteverde, it could be possible if there are 
more Toucans than Quetzals the Quetzals will decrease even faster because Toucans are 
known to eat the Quetzals eggs (Skutch, 1994). 
 Reportedly, Quetzals disappear from their breeding grounds in Costa Rica from 
October and or November to December and or January (Skutch, 1994, 1983; 
Wheelwright, 1983). After this, Quetzals migrate generally to lower elevations ending in 
the premontane and lower montane rain forest (Skutch 1944, Slud 1964, Stiles 1983, 
Wheelwright 1983). The Quetzal, because of it’s long tail, vibrant red and green color, 
and it’s wings it makes it hard for locals to miss this large beautiful bird. It is easier for 
locals to remember birds that have distinct features. The Quetzal is also a very iconic bird 
and is featured in a lot of restaurants and stores in Monteverde, Costa Rica.  
 When asked about the Azure-hooded Jay, not a lot of people knew or had ever 
seen this bird. This could be because this species is not as big as the other birds and are 
forest birds, which are found in forest edges. Azure-hooded Jay is from the middle 
elevation and is soon make its way past Costa Rica due to the climate change and in order 
to relocate to an elevation that the species can survive.  
 The Toucan is a very iconic bird in Monteverde, Costa Rica. With it’s very 
distinct large beak, large black bird with a white or yellow bellow it is hard to miss this 
species when out in the public. The Toucan has made it’s way here but it is moving up in 
elevation due to the climate change. Even the locals that took the survey said that they 
have been seeing this species more recently now than the past years, studies have shown 
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its change in distribution. Toucan will eventually be abundant in Monteverde if the 
change in the climate is still rapid. As mentioned, the increase in abundance of Toucans 
will most likely re duce the abundance of Quetzals in the area. 
 When asked about the Black-browed Barbet, it was obvious when people were 
lying and making up stories when they would tell me when they came encountered with 
the bird. For this species there was no significant difference in the frequency of time that 
individuals had seen the Black-browed Barbet (fisher test: p < 0.8341). Though only one 
got the name of the bird correct a total of 13 individuals said they have seen the bird more 
so now than the past years. This shows that if organizations want to use LEK to gather 
more information they should not always believe what they saw and the questions they 
ask should be handed carefully 
 In general this study showed that even though the locals were able to correctly 
answer the name of the species, as a whole is not a good source to be used as a 
conservational tool in Monteverde, Costa Rica. This is because not everything that the 
locals are saying is correct and locals could be exaggerating their encounters with the 
birds. If they had known the frequency of the birds and the names of the five species the 
LEK could completely be used as a very valuable resource in gathering further 
information about birds moving up in elevation due to the climate change since there are 
not a lot of information out there about the study. In a similar study with the use of LEK 
it was concluded that there have many papers that say that though local community based 
resource management systems have been proven to be advantageous, the conclusion of 
many papers are not fully helpful because there are parts of the study that locals were not 
knowledgeable about (Olsson & Folke, 2001) which further proves that locals can not be 
fully used as a resource. 
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APPENDIX I. SURVEY 
 

 
Elevational change in different species of birds in Santa Elena 

 
Hello, my name is Sarah. I am a biology student from the Tropical Ecology program at 

CIEE. The purpose of this survey is to know if some species of birds are changing in 
elevation due to climate change.  

 
 
1. How much do you agree or disagree with the following statements? Mark the answer 
that is closer to your choice.  
 

Statement 
Strongly 
disagree 

 

Disagree 
 

Neither 
agree nor 
disagree 

 

Agree 
 

Strongly 
agree 

 

Mist is still very frequent here 
in Santa Elena O O O O O 

The weather in Santa Elena is 
getting hotter every year 

 
O O O O O 

We have the same amount of 
rain than before 

 
O O O O O 

This last two years, there 
were fewer days without rain 

 
O O O O O 

 
 

For	each	of	the	5	birds,	please	answer	the	following	questions:	
	
2.	Do	you	know	this	bird?	
O		 Yes	 	
O		 No		
O		 Not	sure	
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If	your	answer	was	yes,	continue	to	next	question,	if	not	continue	to	next	bird	
	
3.	What	is	the	name	of	this	bird?	_______________________	
	
	
	
4,	Have	you	seen	this	bird	before?	(anywhere)		
O		 Yes	 	
O		 No		
O		 Not	sure	
	
5.	Have	you	seen	this	bird	in	your	area?		
O		 Yes	 	
O		 No		
O		 Not	sure	
	
6.	Where	can	it	be	found?	
	
7.	When	did	you	see	it	last	time?		
O		 	Last	months	
O		 Last	year	
O		 Between	two	and	five	years	
O		 Between	five	and	ten	years	
O		 More	than	ten	years	
	
8.	How	frequently	have	you	seen	this	bird	in	this	different	time	periods	 	 	
	 Never	 Rarely	 Sometimes	 Often	 All	of	the	Time	
Now	 O	 O	 O	 O	 O	
Last	year	 O	 O	 O	 O	 O	
Between	2	&	5	years	 O	 O	 O	 O	 O	
Between	5	&	10	years	 O	 O	 O	 O	 O	
More	than	10	years	 O	 O	 O	 O	 O	
	
9.	If	you	consider	there	is	a	change	in	this	bird	population,	why	do	you	think	it	might	
be	happening?			
 
Personal information  
 
42. What is your name? 
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43. What is your gender? (circle one) 
 

Female O       Male   O 
 
44. Where do you live? 
 

Monteverde: ________ 
Cerro Plano: ________ 
Santa Elena: ________ 
Cementerio: ________ 
Cañitas: _________ 
Lindora: _________ 
Llanos: __________ 
Other    _________________ 
 

45. What is your age (circle one): 
18-24 
25-34 
35-44 
45-54 
55-59 
60-64 
65-74 
75-84 
85 mas 

 
46. Occupation: 

____________ 
 
47. In what province you were born?  

Puntarenas: ______ 
Guanacaste:_____________ 
Alajuela:_________ 
Limon: ____________ 
Cartago: ______________ 
San Jose: ____________ 
Heredia___________ 
Other country:________ 
 
48. If your province is Puntarenas, Can you mention where you were born? 
 ____________________ 

 
      49. For how long have you been living in there? (circle one) 

Less than a year: ______ 
Between a year and 5: _____ 

 285 



Between 5 and 10: _______ 
Between 10 and 15: _______ 
More than 15 . How long? ____________________ 

 
Thank you so much for your time! 
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ABSTRACT 

Coffee is the world’s most widely traded tropical agricultural commodity. There are environmental and socio-
economic factors associated with coffee production that can influence shareholders in coffee trade. The purpose of 
this study is to evaluate two shareholders in coffee trade (producers and local retailers) in the Monteverde region to 
determine drivers of their decision making. 29 different retailers consisting of coffee shops, souvenir stores, 
bakeries, hotels, and hostels from Monteverde to Santa Elena were surveyed along with 14 farms around the 
Monteverde region (from San Luis to Los Tornos). The retailers’ survey was intended to evaluate the factors that 
influence coffee selection. The farmers’ survey was intended to see if the practices used by each farm were 
promoting sustainability and to see who they were selling their coffee to. It was found that 69% of retailers were 
purchasing directly from producers. In total 48% of retailers responded that they knew some information about the 
sustainability of general coffee production and 69% believe that local production is sustainable. Quality, 
sustainability, and locality were factors that both retailers and producers placed high value on. There were few farms 
with certifications and for those without there was little interest in pursuing a certification. Many of the farms are 
already using sustainable practices that promote biodiversity and conservation of land and producers trust the 
integrity of the farmers supplying them. The direct trade system in the coffee commerce of the Monteverde region is 
connecting producers to their retailers and helping to keep money in the local economy.  

RESUMEN 
El café es la comodidad agrícola de mayor comercio en el mundo entero.  Existen factores ambientales y socio-
económicos asociados con la producción del café que puede influenciar a los accionistas en el comercio del café.  El 
propósito de este estudio es evaluar dos accionistas en el comercio del café (productores y vendedores locales) en la 
zona de Monteverde para determinar los factores en la toma de desiciones, 29 vendedores diferentes que consisten 
en cafés, tiendas de suvenirs, reposterías, hoteles y hostales de Monteverde a Santa Elena se entrevistaron junto con 
14 fincas en los alrededores de la región de Monteverde (desde San Luis hasta Los Tornos).  La entrevista a los 
vendedores se realizó con la intención de evaluar los factores que influencia la selección del café.  La entrevista a los 
agricultores para observar si las prácticas usadas por cada finca promueven la sostenibilidad y para observar a quien 
venden ellos su café.  Se encontró que 69% de los vendedores compran directamente de los productores.  En total 
48% de los vendedores respondió que ellos conocen alguna información sobre la sostenibilidad  en general de la 
producción de café y 69% cree que la producción de café local es sostenible.  Calidad, sostenibilidad, y localía son 
factores que tanto los vendedores como los productores colocan como de alto valor.  Hubieron pocas fincas con 
certificaciones y para estas sin la misma hay muy poco interés en buscar estas certificaciones.  Varias de las fincas 
ya utilizan prácticas sostenibles que promueven la biodiversidad y conservación de la tierra y los productores 
confian en la integridad del agricultor que los provee.  El sistema de comercio directo en el caso del café en la región 
de Monteverde está conectando productores con sus vendedores y ayudando a mantener el dinero en la economía 
local. 
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INTRODUCTION 

Coffee is the world’s most widely traded tropical agricultural commodity (Whelan & Newsom 
2014), and one of the most widely grown perennial crops (Castro-Tanzi 2012). It is cultivated in 
approximately 70 countries and provides a major source of revenue for many tropical countries 
(Castro-Tanzi 2012). In the tropics, over 25 million farmers in 56 countries export coffee, and an 
estimated 100 million people depend on it for income (Castro-Tanzi 2012).  As a cash crop, 
coffee cultivation gained great popularity and flourished under colonial regimes of the nineteenth 
and twentieth centuries in Costa Rica. The country was highly reliant on agro-exportation of a 
few products until the second half of the twentieth century. 90% of the total exports were coffee 
and bananas alone and they drove the country’s economic growth until the 1960’s (Ferreira 
2012). Traditional coffee plantations that utilize polyculture have a diversity of edible and 
income-producing shade trees and ground cover which can provide extra stability to the farmer 
when coffee prices drop. Since the ‘green revolution’, coffee plantations have been increasingly 
‘technified’; and developed into energy and chemically intensive, monoculture crops plantations, 
designed to increase yield in a time of high pricing and high demand (Adams & Ghaly 2007). 
The demand and productivity of the crop have varied throughout the country as market prices 
have shifted and fungal outbreaks have caused drastic declines in yield over the years (Peters 
2009).  

 The traditional coffee supply chain is comprised of seven principal nodes: the farmer, the 
mill, the exporter, the importer, the roaster, the retailer and the consumer (Wilson et al. 2013). 
When small farmers participate in this market, they typically sell their cherries to a local 
association or cooperative that pays them based on the price determined by the current 
international commodity market (Wilson et al. 2013). During the 1990s coffee production and 
marketing in the Monteverde area expanded considerably. The Santa Elena Cooperative was 
established and connected with the Montana Coffee Traders, in Montana USA, where the harvest 
of members could be sold at prices superior to international prices. Based on an agreement with 
Productores de Monteverde, the co-op created "Monteverde Coffee”, a brand sold regionally as 
"Coffee Produced in Harmony with Nature" (Stuckey et al. 2014). Beginning in 1989 Montana 
Coffee Traders purchased Monteverde Coffee at Fair Trade pricing, and donated an additional 
$1US to the community of Santa Elena for every pound sold (Montana Coffee Traders Inc. 
2010). This allowed Monteverde Coffee to be sold at higher prices in international markets. With 
a ready market and good prices, the area’s production increased. However, the cooperative later 
faced economic problems and weakened which caused a loss of confidence by farmers, a slight 
decline in the area’s coffee production, and encouraged the search for alternative marketing 
channels (Stuckey et al. 2014).  

 There are two key forces shaping the Monteverde region’s economy. First, international 
free trade agreements are opening Costa Rica to global competition, which putting small 
producers and businesses at a disadvantage relative to large scale, capital intensive ones. On 
November 1, 2002, the first Canada-Costa Rica Free Trade Agreement (CCRFTA) went into 
effect creating economic development, establishing free trade, eliminating trade barriers, and 
promoting fair competition and by 2010 Canada purchased $436 million worth of Costa Rican 
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export (Strange 2012). Second, the local shifting of a tourist economy into an agrarian economy 
has created population growth, with accompanying pressures and opportunities that influence 
land use (Stuckey et al. 2010). Commercial tourism in Monteverde has generated wealth and 
jobs, and has created important local synergies for economic opportunity. Agro-tourism has 
created economic opportunities for several Monteverde families, and has become the third most 
popular attraction for visitors after eco and adventure tourism (Stuckey et al. 2010). 
 Sustainability in an agricultural context in the simplest terms is using farming techniques 
that protect both the environment and the socio-economic aspects of trade. A sustainable coffee 
market is one in which producers are using practices such as utilizing shade, proper treatment of 
wastes, zero to minimal chemical use to reduce the chance of contaminating natural water 
supplies nearby, and are receiving fair wages for their labor. Five of the most prominent 
certifications in the coffee world are Rainforest Alliance, USDA Organic, Fair Trade, Bird 
Friendly and UTZ Certified (Committee 2009). In the coffee industry, the certification of a 
producer by one of these organizations often demonstrates concern for the environment, 
communities, and employees, as well as a valuable business accreditation (Blackman & Naranjo 
2012).  

 The purpose of this study is to evaluate two shareholders in coffee trade (producers and 
local retailers) in the Monteverde region to determine what factors are driving their decision 
making.   

 

METHODS 

Local knowledge was acquired through surveys of two target groups, coffee retailers and coffee 
producers. Surveys were created based on a baseline survey from the Borderlands Coffee Project 
(Sheridan 2012). For each target group a different survey was created with specific intentions. 
The objective of the retailers’ survey was to evaluate the factors that influence their coffee 
selection.  Coffee retailers are businesses that sell coffee locally in any presentation (cup or bags 
of ground or whole bean coffee); thus hotels, restaurants, bakeries and souvenir shops in 
Monteverde and Santa Elena were considered when selecting places to survey. The survey 
consisted of 14 open and closed answer questions describing the presentations of coffee, coffee 
supplier, importance of factors associated with coffee selection, familiarity with certifications, 
and the appeal of sustainable components associated with such certifications (Appendix I). In 
each of this businesses the manager or person in charge of the coffee inventory was asked to 
complete the survey. In case that these employees were unavailable, the assistance of average 
workers was appreciated.  

 The objective of the survey for local producers was to see if the practices used by each 
farm were promoting sustainability, biodiversity and land conservation; as well as to see what 
they prioritize in trade to gain knowledge of their market. Local producers were consider as 
farmers from San Luis to Los Tornos that utilized active coffee production as a primary or 
secondary source of income. This survey consisted of 40 open and closed answer questions in 
total separated into four different sections; general information, farm description, coffee 

 289 



 

production, and coffee process and trade (Appendix II). The farm description and coffee 
production sections were important in evaluating if the practices on the farm were promoting 
sustainability and conservation. The coffee process and trade section was meant to identify 
where the farm’s coffee was being sold to making the connection between retailers and farmers.  

 

RESULTS  

Retailers 

Twenty-nine retailers were surveyed, from this group twelve were managers and the remaining 
seventeen were service employees. The presentation of coffee for each establishment was mostly 
being sold as brewed cups but also in bags of ground or whole bean coffee. 21 retailers 
responded that there was a preferred brand of coffee that they were selecting (SUM X2= 5.83, df 
1, p=0.02) and 69% (20 retailers) were purchasing directly from producers (Figure 1). Those 
who were not buying directly from a producer, especially those that responded Britt or 1820 (two 
national coffee brands) mentioned they were choosing outside sources because the price 
premium of local coffee was too expensive. Another reason was that when doing accounting for 
the establishment’s budget, it was easier to justify the expenditures of a national coffee brand 
then it would be with a local producer. In response to the importance of factors influencing their 
coffee purchasing selection, there was importance in the accessibility or convenience, region of 
origin, environmental impact, packaging or label design, sustainability, social justice, locality of 
production, and the reputation of the producer, price, and consumer’s choice (Table 1). All of 
these factors showed significant p-values from a G-test, but the actual responses varied. 25 
retailers considered quality or taste to be very important followed by environmental impact and 
sustainability which each received 18 ‘very important’ responses. Social justice, accessibility or 
convenience, region of origin, producer reputation, and locality of production had high counts of 
‘very important’ responses. Packaging or label design received mostly neutral responses. Most of 
the responses to the importance of certifications were distributed between neutral, moderately 
important, and very important. Recommendation and variety were factors that had no significant 
value.  
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Figure 1: Response of 29 coffee retailers in the Monteverde to Santa Elena area as to where they purchase their 
coffee from.  (G-test, G= 34.51, df 4, p= 5.85899E-07) 

 

Table 1: Response of retailers in the Monteverde to Santa Elena area to the importance of factors influencing their 
coffee purchasing selection. The n-number of each response varied as some retailers gave no response. The (*) 
indicates significant p-values determined by a G-test.   

FACTORS Not at all 
Important 

Low 
Importance 

Neutral Moderately 
Important 

Very 
Important 

n G df P 

Price* 1 4 9 4 9 27 15.02 5 0.01 
 

Accessibility/Convenience* 0 2 3 9 13 27 12.49 3 0.006 

Recommendation 2 3 8 6 8 27 6.34 4 0.18 

Region of Origin* 4 1 4 6 13 28 13.90 4 0.008 

Environmental Impact* 1 0 5 4 18 28 29.28 4 0.000007 
 

Packaging/Label Design* 5 3 8 5 4 28 22.27 3 0.00006 

Variety 
(Arabica, Robusta) 

4 0 7 5 9 25 2.35 3 0.50 

Quality/Taste* 0 0 0 4 25 29 16.93 1 0.00004 
 

Sustainability* 1 0 3 5 18 27 23.62 3 0.00003 
 

Social Justice* 2 3 2 4 14 25 16.65 4 0.002 

Local Production* 2 2 4 7 13 28 14.09 4 0.007 

Producers/Roaster 
Reputation* 

0 0 6 7 15 28 4.90 2 0.09 

Certifications* 0 2 6 8 11 27 7.18 3 0.07 

Consumer’s Choice* 1 2 9 4 9 25 12.49 4 0.01 

 

Beneficio
7%

Brit
14%

Cooperative
3%

Producer
69%

Supermarket 
(1820)

7%

n= 29
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 When asked about their knowledge of the impacts of local coffee production, 72% of 
retailers responded that they either knew some information or were completely aware of the 
environmental, social, and economic impacts associated with production. When asked whether 
they considered coffee in Monteverde to be sustainable, 69% of retailers responded that they 
considered it sustainable. The most common reason that retailers gave was that they believed that 
farmers were environmentally conscious and therefore using sustainable practices. Retailer are 
not familiar to all coffee certifications and most of the retailers were not at all familiar with Bird 
Friendly and UTZ Certified (Table 2). Of the different positive components associated with these 
coffee certifications, the majority of retailers responded that each component was very appealing, 
except for third-party certification which received many neutral responses (Table 3). Though 
many of the retailers responded that they were unaware of the certifications, in a separate 
question 41% responded that they were purchasing products with these qualifications and 35% 
responded that they were not purchasing them now but had at least considered it (Figure 2).  

 

Table 2: Response of 29 retailers in the Monteverde to Santa Elena area of familiarity with different coffee 
certifications.  All p-values show significance as they are <0.05.  

Certification Not at all 
Familiar 

Slightly 
Familiar 

Somewhat 
Familiar 

Moderately 
Familiar 

Extremely 
Familiar 

SUM 
𝑋2 

df p 

Rainforest 
Alliance 

14 4 4 3 4 14.62 4 0.006 

USDA 
Organic 

19 1 3 3 3 38.07 4 0.0000001 
 

Bird Friendly 22 1 2 3 1 57.03 4 0.00000000001 
 

Fair Trade 19 0 3 3 4 25.48 3 0.00001 
 

UTZ 
Certified 

23 2 3 1 0 45.90 3 0.0000000006 
 

 

 

Table 3: Response of 29 retailers in the Monteverde to Santa Elena area on the appeal of components associated 
with coffee certification labels. All p-values are <0.05. 

Components of 
Coffee Labels 

Not at all 
Appealing 

Low 
Appealing Neutral Moderately 

Appealing 
Very 

Appealing 
SUM 
𝑋2 df p 

Bird conservation 1 1 2 8 17 32.90 4 0.000001 
 

Environmental 
Sustainability 0 0 1 6 22 24.90 2 0.000004 

 
Third-party 
Certification 2 1 11 4 10 15.21 4 0.004 

Social Justice 1 1 5 5 15 24.30 4 0.00007 
 

No pesticides 1 1 2 8 17 32.90 4 0.000001 
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Figure 2: Response of 29 retailers in the Monteverde to Santa Elena area on whether they purchase products with 
certifications (e.g. Rain Forest Alliance, Bird Friendly, USDA Organic, Fair Trade, and UTZ Certified).           
(SUM X2=9.76, df 3, p= 0.02) 

 

Coffee Producers 

Of the 14 coffee farmers surveyed, 3 were female and 11 were male with ages ranging from 30-
60 years. Most of the farms have 1-5 full-time employees and 1-5 people dependent on the 
production of the farm. 8 farms were between 1-5 hectares in size and those larger were farms 
used for tourism which also had higher numbers of employees and people dependent on them. 
93% of the farmers were locally raised and one was from Israel originally and has been farming 
in San Luis for the past 4 years. They gained their experience farming mostly from family but 
also from courses, and all but one had been farming for most of their lives. Coffee was the main 
activity on 57% of the farms and when it was not the main source of income, milk production or 
tourism was most commonly the primary source. Most farms were also generating income from 
other agricultural crops they produce. Only one of the farms surveyed was USDA Organic 
certified, two were Blue Flag certified, and another was certified by Eco-LOGICA, an organic 
products certifier, through a Costa Rican producers association called Organic Agriculture 
Movement of the Central Pacific (MAOPAC) (Stuckey et al. 2014) but according to the 
Agricultural Marketing Service, MAOPAC is considered a fraudulent organic certification 
(Agricultural Marketing Service). The rest of the farms had no certifications and no interest in 
becoming certified.  

 The production practices appear to be similar between farms. 86% of the farms have total 
or at least partially shade-grown coffee, which supports data showing that 11 farmers utilize 
polyculture with their coffee production (SUM X2= 4.57, df 1, p= 0.03). Most farms use 
composting, weed management, and all 14 use windbreaks. 10 farmers responded that they 

3%

35%

21%

41%

No No but considered No not considered Yes

n=29
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preform soil analysis and 12 said that they do not have problems with soil erosion on their farms. 
7 of the farms use organic fertilizer, 5 use a combination of synthetic and organic, 1 uses only 
synthetic, and 1 uses no fertilizer. Solid waste was managed mostly through trash collection, but 
a few farms also used recycling. None of the farmers knew how much water they are using for 
production and the main sources of water was coming from natural springs, streams, or rivers 
nearby in combination with government agencies such as AyA. There were 8 counts for farm 
management, 8 counts for a community group (ASADA), and an additional 5 counts for a 
government group (AyA) in response to who manages the water on the farms. These farms are in 
areas where birds and butterflies are seen always or frequently (birds, n=14, G= 12.39, df 2, 
p=0.002; butterflies, n=14, G= 7.92, df 1, p= 0.005).  

 Processing occurs on 50% of the farms and the stage at which coffee is sold varied from 
cherries to milled and roasted. 4 farmers were selling at cherry, and the rest were selling dried, 
roasted or milled. 3 of the farms were also selling their coffee in brewed cups. In response to the 
aspects of coffee production which they are concerned with, there was significance in quality, 
sustainability, and locality (Table 4). And when asked about whom they are selling their coffee 
to, 39% were selling directly to local retailers and 44% are selling directly to consumers, for 
example selling directly to students studying abroad (Figure 3).   

 

Table 4: Response of 14 active coffee producers in the Monteverde region on their level of concern with different 
aspects of their coffee production. The (*) indicates significant p-values.  

Aspect of 
Coffee 

Production 

Not at all 
Concerned 

Slightly 
Concerned 

Somewhat 
Concerned 

Moderately 
Concerned 

Highly 
Concerned n G df p 

Quality* 0 0 0 0 14 14 45.06 4 0.0000000
04 

Volume 2 5 2 0 5 14 2.66 3 0.45 

Price 1 0 4 3 6 14 4.11 3 0.25 

Sustainability* 1 0 0 0 13 14 12.20 1 0.0005 

Locality* 1 1 4 1 7 14 9.50 4 0.05 
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Figure 3: Response of 14 active local producers in the Monteverde region as to which entities are purchasing their 
coffee production. (G=9.14, df 3, p= 0.03) 

 

DISCUSSION 

Monteverde residents seek to produce and consume food that is grown with environmentally and 
socially sustainable practices. Both retailers and producers responded that quality, sustainability, 
and locality were factors of production that they placed high value on which is causing them to 
make the decisions that they are in the market. A small but growing number of integrated farms 
provide produce for local markets. Several farmers have linked their farming activities to eco-
tourism; some coffee farmers are marketing farm-branded products directly to clients (Stuckey et 
al. 2014) which was supported by the data collected on both producers and retailers. The 
majority of retailers in the Monteverde region are purchasing from the local market of producers. 
Of the 20 retailers that responded that they believed that coffee in the area was sustainable, their 
reasoning was almost unanimously that they believed farmers are environmentally conscious and 
thus their farms are sustainable. 72% retailers responded that they either knew some information 
or were completely aware of the environmental, social, and economic impacts associated with 
production and when asked whether they considered coffee in Monteverde to be sustainable, 
69% retailers responded that they believed that it was. By keeping trade in the local market, 
money is staying in the local economy. Two of the farms reported selling their coffee to a 
cooperative in Tilaran and are receiving $5-7US per cajuela (about 13kg) and others that were 
selling directly to retailers or roasters were receiving an average of $10-14US showing the 
benefit of having direct trade. The international price that producers would receive for per 
cajuela was $3 in March of 2016. 

 Private coffee processing and roasting initiatives began in the early 2000s and by 2014, 
there were 12 local coffee brands in the Monteverde area (Stuckey et al. 2014). Today the coffee 

Cooperative
11%

Direct to 
consumers

44%
Hotels

6%
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39%

n= 14
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economy is diverse with brands from outside the area such as Britt or 1820 that compete with 
Monteverde’s own brands. There are also some brands from Naranjo that retailers were choosing 
instead of local brands because they were cheaper. Some local entrepreneurs are seeking 
strategies for joint marketing of the region’s coffee and there is some support for collectively 
promoting Monteverde as a region that produces high quality coffee but, local producers who 
have successfully developed niche markets have a strong incentive to strengthen their own 
brands, rather than to subsume them under a collective identity. And with the fall of previous 
cooperatives in the area, there is lack of trust and little incentive for farmers to participate in such 
a system. 

 When the Santa Elena Cooperative weakened it caused a loss of confidence by farmers, a 
slight decline in the area’s coffee production, and encouraged the search for alternative 
marketing channels. Since then, some land-owners have abandoned farming to establish tourist 
businesses while others have integrated some tourism activities into their farms. With the 
cooperative’s weakening, and the rapid growth of tourism, some farmers moved into tourism, as 
employees, entrepreneurs, or by diversifying their farms to appeal to tourists (Stuckey et al. 
2014). An estimated 20,000 tourists each year participate in tours of coffee, sugar cane, cocoa 
and other farms developing more sustainable agro-ecological practice (Holland et al. 2010). 
Although agro-ecotourism has been more predominant on coffee plantations in the Monteverde 
area (e.g., Café Monteverde, Café San Luis, Café La Bella Tica, Café Don Juan), other farms 
have also taken advantage of tourism to diversify their productive activities. Other farms offer 
guided farm tours, and educational activities linked to the region’s natural history and culture; 
some offer lodging and entertainment for visitors (Stuckey et al. 2014). Some of the farms 
visited that had coffee as their secondary source of income had tilapia production or restaurants 
that were generating their main income.  

 Agroforestry systems, or polyculture is thought to offer increased opportunities for 
ecosystem services and consist of mixed tree and crop or livestock systems. The potential 
environmental benefits of having trees in coffee production include provision of habitat and 
refuges for biodiversity and even carbon sequestration (Meylan et al. 2013). Traditional 
plantations like those in the Monteverde region promote the diversity of edible and income-
producing shade trees and ground cover which provide some stability to the farmer if coffee 
prices should drop. They also seem to promote biodiversity of species of butterflies and birds as 
almost all farmers reported that they see both frequently or almost all of the time. Although 
farmers are using mostly sustainable practices there are still areas of their production that could 
be improved such as water use. Most of the farms utilize natural water sources near the farm and 
manage the water themselves or through a community group such as ASADA. Erosion and 
agrochemical inputs degrade the health of the soil that provides the basis for agricultural growth 
and contribute to the sedimentation and eutrophication of the waterways that provide clean water 
for human consumption and habitat for species (Adams & Ghaly 2007). Farmers’ responses 
indicated that there was little erosion and little chemical use which suggests that even though 
they do not know the exact amount of water they are using, they may not be having a drastic 
impact on the natural water sources near their farms. 
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 There seems to be little knowledge of certifications that are meant to validate the 
sustainability of coffee production and trade. This is because there is little incentive for farmers 
to get certified because they are already large actors in the local market. There are also costs and 
benefits for certifications. Using USDA Organic as an example, having the certification may 
improve access to markets, production inputs, and agricultural extension services, but it also has 
transaction costs for initial certification and sub-sequent annual monitoring and reporting that are 
too significant for a small farming operation (Blackman & Naranjo 2012). There is a high 
premium for the coffee in the Monteverde region and that was even a reason that some of the 
retailers chose to purchase from producers outside of the area. Conflicting data showed that 
retailers were unaware of the most common coffee certifications (Rainforest Alliance, USDA 
Organic, Bird Firendly, Fair Trade, and UTZ Certified)  but then responded that they either 
purchase products with certifications or at least have considered it. The lack of education on 
certifications in the area does not seem to have much of an effect on the sustainability of local 
production. In many European countries and in Japan solidarity groups of varying sizes have 
given support to coffee growers through the marketing of their products within a network of 
socially conscious consumers (Giovannucci & Koekoek 2003). Ethically traded coffees are the 
result of a trend in “green” retailing. “Relationship coffees” or “ethical coffees” are ones which 
involve a direct relationship between producers and either their retailers or the roasters who 
theoretically commit to paying an “ethical” price although not the standard fair trade price. 
Without certifications these coffees are then offered to special interest groups like tourists here in 
Monteverde which are similar to the average fair trade customer in that they tend to be socially 
conscious consumers. Since most of the coffees in the region lack independent third-party 
certification, they presuppose a consumer’s high level of trust in the roaster or retailer 
(Giovannucci & Koekoek 2003). 

 In conclusion, the data showed that most producers and retailers valued the quality, 
sustainability, and locality of coffee trade. With shifts in the local economy of Monteverde and 
opportunities such as tourism, producers and retailers have been influenced in their decision 
making while participating in coffee trade. Producers in the Monteverde area have become 
independent in the market after cooperatives have weakened and this is allowing them to benefit 
from direct trade. Though there is relatively no influence of third-party certifications most of the 
producers were found to be using sustainable practices on their farms and retailers believed in 
the integrity of the sustainability of local farmers.   
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APPENDIX 

I. Retailer Survey 

The following survey is being conducted by Jesyca, a student from the Tropical Ecology program in 
CIEE. Your participation is greatly appreciated by the researcher in an effort to better understand the 

sustainability of coffee production in the Monteverde area. 

It is completely confidential. 

Coffee production in Monteverde 

1. Company _______________________________  
2. What is your position in this company? 
3. In what presentations do you sell coffee the most 

 ☐ Cups  ☐Ground bags  ☐Coffee beans  ☐ Other: _____________ 

4. Approximately how much coffee do you sell per day? (it can be in cups, bags, kilograms, etc) 
 

5. Where do you buy your coffee? 

 ☐ Supermarket    ☐ Beneficio   ☐ Co-Op    

☐ Retailers    ☐ Producer  ☐ Other: _____________ 

6. Can you name the source(s)? 
7. Is there a specific brand you prefer?  

 ☐Yes     ☐No     ☐ I do not know 

If so, which one? 
8. How important are the following factors in your decision to purchase coffee? 

FACTORS Not at all 
important 

Low 
importance Neutral Moderately 

important 
Very 

important 
Price      
Accessibility/convenience      
Recommendation       
Region of origin      
Environmental impact      
Packaging/label design      
Variety 
(Arabica/Robusta) 

     

Quality/taste      
Sustainability      
Social justice       
Locality      
Roaster name/reputation      
Certifications      
Consumer’s choice      
Other (please specify)      
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9. Do you think coffee is sustainable in Monteverde?  

☐Yes      ☐No     ☐ I do not know 

Why? 

 
10. Are you informed of the actual environmental, social, and economic impacts of coffee 

production? 

☐ Yes, I am completely aware of the impact of coffee production 

☐ I know some information  

☐ I have heard information but did not pay attention 

☐ No idea 

11. How familiar are you with the following labels? 

 Not at all 
familiar 

Slightly 
familiar 

Somewhat 
familiar 

Moderately 
familiar 

Extremely 
familiar 

Rainforest 
Alliance  

     

USDA 
Organic 

     

Bird Friendly      
Fair Trade       
UTZ certified      

 

12. How appealing are the following components that coffee certifications hope to achieve? 

 Not at all 
appealing Low appeal Neutral Moderately 

appealing 
Very 

appealing 
Bird 
Conservation      

Environmental 
Sustainability      

Third-party 
Certification      

Social Justice      
No Pesticides      

 
13. Do you buy products with these certifications?  

☐ No, and not considered  
☐ No, but considered 
☐ Yes  
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14. What do you believe are the priorities of your consumers when they are buying coffee from you?  
Rank them from 1 to 7, 1 as the first priority and 7 the last one.  
 
___Price 
___Quality 
___Taste 
___Sustainability 
___Locality 
___Roaster name/reputation 
___Certifications 
 

II. Producer Survey 

The following survey is being conducted by Jesyca, a student from the Tropical Ecology program in CIEE. Your 
participation is greatly appreciated by the researcher in an effort to better understand the sustainability of coffee 
production in the Monteverde area.  

Coffee production in Monteverde 

General information 
1. Name:______________________________ 
2. Age: _______________________________ 
3. Gender     ☐Female     ☐Male 
4. Where are you from? __________________________ 
5. How long have you lived in this community? ____________ 
6. How many years of experience do you have as a farmer? _______And in coffee?_________ 
7. Where did you learn about coffee farming? 

Farm description  

8. What is the main activity (main source of income) on this farm?  
9. Are there any secondary (secondary source of income) activities? What are they? 
10. Fill in the following information: 

 
Number of full time 

employees (total) 
Number of 
temporary 
employees 

Number of full time 
female employees 

Average age of full 
time employees 

 
 

   

 

11. How many people depend on the production of this farm (family members of employees and land 
owner)? 

12. Fill in the following information: 
 

Total Farm Area Coffee Coverage Other crops /Pastures Forest 
  

 
  

 
13. If you have forest area, why do you keep it?  
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14. What of the following practices do you employ in your farm? 
☐Live barriers (wind breaks) 
☐Polyculture 
☐Monoculture 

☐Mulching/compost/organic matter 
☐Weed management 
☐None

 
15. Do you have shade-grown coffee plants?     ☐Yes     ☐No 

If yes, which are the most common shade trees in your plot? 
☐Poro 
☐Tubu 
☐Banana 
☐Citrus 

☐Avocado 
☐Wood species. Which one(s)? 
☐Other: which one(s)?__________

 
16. How frequent do you see the following species of animals on your farm? 

 Never Rarely Sometimes Often Always 
 

Birds      
Mammals      
Butterflies      

 
17. Do you conduct soil analysis on your farm?   ☐Yes    ☐No 
18. Do you currently have problems with soil erosion on your farm?   ☐Yes     ☐No 
19. If your answer was yes, How would you describe the level of erosion?  

1 – None  
2 – Minor 
3 – Moderate   
4 – Serious

 

20. What activities do you do to prevent/reduce it? 
 
Coffee production 
21. What type of fertilizers do you use? 

☐Synthetic 
☐Organic 
☐Coffee pulp 

 
☐None 
☐Other: ___________________

 
22. What type of pest/disease management do you perform? 

 
23. Do you stump your coffee plants?   ☐Yes     ☐No      How often? 
24. Do you prune your coffee plants?   ☐Yes     ☐No      How often? 
25. What is the water sources of your farm? 
☐Natural spring       ☐ River/stream/creek  ☐ Other (specify): ________________ 

26. Who manages that water source?  
☐ The Farm  ☐Community group (ASADA)  ☐ Government agency (AyA etc) 

27. Do you know how much water you use?   ☐Yes     ☐No 
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28. Do you have a grey water system?  
-No and I haven’t consider it 
 -No, but I considered it 
-Yes, but I do not use it frequently 
-Yes, and I consider it a priority 
-I do not know 

29. Do you have a black water system? 
-No and I haven’t consider it 
-No, but I considered it 
-Yes, but I do not use it frequently 
-Yes, and I consider it a priority 
-I do not know 

30. What type of management do you give to solid inorganic waste? 
☐Recycling 
☐Burial 
☐Burning 

☐Trash collection 
☐Nothing 
☐Other: ________________

Coffee process and trade 
31. Does processing (pulping, drying, milling) occur on this farm?   ☐ Yes     ☐No 
32. At what stage do you sell your coffee? 
☐Cherries 
☐Dried 
☐Roasted 

☐Milled  
☐Cup

 
33. Who are you selling your coffee to? 
☐ Beneficio    ☐ Cooperative   ☐ Retailers  
☐ Directly to consumers  ☐ Other: _____________ 

 Name of buyer(s): _____________________________________________  

If not sold at cherry,  
34. What do you do with your coffee pulp?  
☐Organic compost  ☐ Apply it directly to coffee plants 
☐ Nothing  ☐ Other (specify): _______________ 
 

35. Are there any organized groups (Organizations, Associations, Co-Ops) of coffee farmers in the 
Monteverde area? How many?  
Do you belong to any of them?    ☐Yes     ☐No 
If yes, which ones?  If no, why not? 
 

36. Is your coffee certified? 
☐Yes     ☐No    If yes, which? If no, why not? 
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37. Why do you think buyers purchase your coffee? (multiple choice)
☐Quality 
☐Volume 
☐Price 

☐Sustainability of your production  
☐Locality 
☐Other: ________ 

  

38. What is the price of your coffee? 
39. When producing coffee, which of these aspects are you concerned about? 

 Not at all 
Concerned 

Slightly 
Concerned 

Somewhat 
Concerned 

Moderately 
Concerned 

Highly 
Concerned 

Quality      
Volume      
Price      
Sustainability      
Locality      

 
 

40. If you could change any of your process of coffee production, what would you change?
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